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ABSTRACT

EXAMINING ASSOCIATIONS BETWEEN GLYPHOSATE EXPOSURE AND DNA ADDUCTS IN
OCCUPATIONALLY-EXPOSED ORCHARD WORKERS

By
Elizabeth J. Bloomfield
Glyphosate is a widely used herbicide. In 2015, The World Health Organization’s
International Agency for Research on Cancer (IARC) changed the category of glyphosate’s
carcinogenic potential from ‘possible carcinogen’ to ‘probable carcinogen’. Occupationally
exposed workers in the agricultural industry may be at a higher risk of developing cancer due to
glyphosate exposure, particularly if workers do not adhere closely to personal protection
guidelines. The IARC based the glyphosate reclassification largely on experimental animal
models, but additional human studies are needed to determine association and potential
causation between glyphosate exposure and increased cancer risk. The challenges posed by
human studies include the long follow-up and rarity of cancer in prospective studies and the
difficulty of getting accurate exposure measures in retrospective case-control studies. The
following literature review and R03 establishes rationale for the need for this research will
examine the association between glyphosate exposure in orchard herbicide sprayers and DNA
adducts post-exposure, a proxy for future cancer risk. The goal of this small-scale study is to
test logistics and generate data that would inform methods for a larger study of glyphosate

exposure and DNA adducts among orchard workers.
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Introduction

Glyphosate, also known by the trade name Roundup, is a broad-spectrum herbicide
widely used in the United States. Glyphosate kills plants and bacteria by inhibiting the bacterial
and plant enzyme enolpyruvylshikimate-phosphate synthase (EPSPS). The company Monsanto,
the maker of Roundup, has developed a way to introduce a bacterial gene for a glyphosate-
resistant EPSPS into plants, so that glyphosate can be used for weed control on otherwise
glyphosate-susceptible crops [1].

As of 2014, glyphosate accounted for 90% of agricultural herbicide use. Glyphosate was
introduced in 1974 and was not widely used until 1996 when genetically engineered soybeans,
corn, and cotton were developed to resist glyphosate. Glyphosate use increased from 12.5
million pounds in 1995 to 250 million pounds in 2014, a 20-fold increase [2].

Glyphosate is in a class of chemical substances known as organophosphates. Exposure
to organophosphates has been associated with disruption of acetylcholinesterase (AChE) in the
central and peripheral nervous system. AChE inhibitors can be divided into two groups:
temporary (therapeutic uses in pharmacology) and irreversible (such as from
organophosphorus compound exposure) [3]. Oxidative stress from AChE reduction may lead to
genotoxicity from both acute and chronic exposure. Oxidative stress is an imbalance between
reactive oxygen species, also known as free radicals, and the antioxidant defense system.
Organophosphate induced free radicals attack lipids, proteins, and DNA; within DNA the free
radicals cause single and double strand breaks [4].

Exposure to glyphosate through agricultural occupation routes may include faulty

spraying equipment, accidental spills, ignoring personal protection guidelines, and windy



conditions while spraying [5]. Personal protection guidelines for Roundup PRO and Roundup
PROMAX include long pants and shirts, closed-toe shoes, gloves and eye protection but do not
require or recommend breathing protection [6]. The Environmental Protection Agency Worker
Protection Standard does require the use of respirators, but owners of agricultural
establishments and immediate family members are exempt from complying with the standard
[7].

In August 2016, the International Agency for Research of Cancer (IARC), under the
World Health Organization (WHO), published an updated monograph on glyphosate. This
included rationale for upgrading their classification of glyphosate from possible carcinogen to
probable carcinogen [8]. There are five categories of carcinogenic levels in IARC monographs,

identified as follows [9]:

Group 1 Carcinogenic to humans

Group 2A Probably carcinogenic to humans

Group 2B Possibly carcinogenic to humans

Group 3 Not classifiable as to its carcinogenicity to humans
Group 4 Probably not carcinogenic to humans

The updated glyphosate monograph examined cohort, case-control, and experimental in
vivo animal and in vitro (human cells) glyphosate exposure studies. Exposure in cohort and
case-control studies was defined by ever personally mixing or applying products containing
glyphosate and was quantified by cumulative lifetime days of use. Glyphosate was not
associated with melanoma, multiple myeloma, Non-Hodgkin Lymphoma, leukemia, and cancers

of the oral cavity, colon, rectum, pancreas, kidney, bladder, or prostate, when analyzed



collectively, but was significantly associated with some of these cancers analyzed individually

[10].

Epidemiological and Experimental Studies Assessing Glyphosate as a Carcinogen

Glyphosate and its metabolite, aminomethylphosphonic acid (AMPA), induced
genotoxicity in studies of human cells (in vitro and in vivo) and laboratory animal studies that
included glyphosate exposure routes through ingestion or injection [10]. Epidemiological
studies observed of community-based exposure found positive associations between aerial
spraying with glyphosate and DNA damage two weeks to two months after spraying [10].
Six case-control or cohort studies assessed risk of various cancers in relation to glyphosate
exposure (Table 1). L. Fritshi et al used self-report, which is a study weakness, to determine
level of exposure and found the highest odds ratio (OR=3.09) for Non-Hodgkin Lymphoma
(NHL) [11]. De Roos et al used the Agricultural Health Study, a prospective cohort with over
50,000 participants, and found no association between glyphosate exposure and NHL.
However, even this large cohort may not be large enough to study NHL due to it being a rare
disease with a U.S. incidence of 3/100,000 [12]. The second De Roos et al study pooled data
from multiple case-control studies, making it hard to know the impact of recall bias and timing
of exposure and disease onset. Furthermore, if a study subject had a missing value for any one
of the 47 pesticides evaluated, that person was excluded from analyses, resulting in analyses on
a limited subset (about 75%) of the pooled study population. This may have created some
selection bias and decreased study statistical power [13]. Hardell et al relied on self-reports of

exposure and did not adjust for potentially important covariates of lifestyle and health history



[14]. Chang and Delzell’s et al’s systematic review and meta-analysis, funded by Monsanto,
reported a slight positive association between glyphosate exposure and NHL, though much of
the discussion was dedicated to the individual studies’ flaws [15]. Chang and Delzell’s et al
systematic review and meta-analysis shows consistency, since the combined studies used
different methods but a slightly positive association was found. Sorahan’s et al study, which

focused on multiple myeloma, had a relatively small number of cases [16].
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Some studies examined DNA damage, a potential intermediary to cancer, and its links to
glyphosate exposure. Though DNA can repair itself, DNA repair mechanisms that are ineffective
or error-prone may perpetuate mutations. This is a major way by which DNA damage, caused
by radiation or chemical carcinogens, induces tumor formation. Thus, cellular DNA-repair
processes have been implicated both in protecting against and contributing to the development
of cancer [17]. DNA Damage is measured by comet assay (single-cell gel electrophoresis), a
simple method for measuring deoxyribonucleic acid (DNA) strand breaks in eukaryotic cells.
Electrophoresis at high pH results in structures resembling comets, observed by fluorescence
microscopy. The intensity of the comet tail relative to the head reflects the number of DNA
breaks [18].

In-vitro studies have documented DNA damage from glyphosate and its metabolite,
AMPA (Table 2). All studies found significant levels of DNA damage from glyphosate and its
metabolite, AMPA. These studies represent biological plausibility that glyphosate and AMPA
lead to DNA damage, but do not test exposure levels that might occur under natural conditions

of glyphosate use, such as human exposure through inhalation.
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[21] F.
Mafias, et
al 2009

Genotoxicity of Experimental

AMPA, the
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metabolite of
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AMPA (metabolite of
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Two animal studies reported significant levels of DNA damage in mice 24 hours after in

vivo exposure to glyphosate (Table 3). These studies used injection as the route of exposure

and therefore dosing amounts cannot be directly compared to those from human studies.

However, when considered with the in-vitro human cell studies in Table 2, these experimental

in-vitro and animal studies showing DNA damage resulting from glyphosate exposure motivate

studies of DNA damage from glyphosate exposure in occupational settings.
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group”.


https://www.sciencedirect.com/topics/earth-and-planetary-sciences/dna

Investigators also have explored DNA adducts, another possible intermediary of cancer,
and its relation to glyphosate exposure. A DNA adduct is a piece of DNA covalently bonded to a
chemical. When a chemical binds to DNA, the DNA becomes damaged, thereby increasing the
opportunity for abnormal replication. A higher DNA adduct burden is associated with a greater
cancer risk, perhaps alone or when accompanied by additional factors such as infections,
inflammation, or impairment of DNA repair [24]. A 2012 systematic review by M. Poirier
reviewed twelve studies and concluded that specific types of DNA adducts measured in humans
contribute a relatively modest (1.6- to 9.1-fold) increase in human cancer risk [24]. At least
three studies have reported significantly greater levels of DNA adducts in participants’ white
blood cells sampled after periods of high pesticide exposure compared to cells sampled after
low periods of exposure (Table 4). Thus, DNA adducts may be a useful measure for assessing

glyphosate’s impact on DNA in occupational settings.
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[27] Jerome DNA Adduct variationsin  Prospective cohort Various DNA Statistically
Gallois, et al. non-smoking crop farmers: insecticides, adducts medlcatlon significant
Potential relationship with herbicides, welding DNA adducts
occupational exposure to fungicides activities measured
pesticides? between April-
July from
randomly

sampled time
periods over a
three-year
study period.

Orchard Workers’ Exposure to Glyphosate

Orchard employees are an under-studied occupational group with respect to pesticide
exposures. While epidemiological studies exist examining DNA damage and DNA adducts in
other glyphosate-exposed agricultural workers, currently no studies are publicly available that
specifically study orchard workers, glyphosate exposure, and DNA adducts.
Northwest Michigan, with its abundant orchards and orchard workers, may be an ideal location
to examine effects of glyphosate exposure on rates of DNA damage. According to the United
States Department of National Agriculture Statistics Service (NASS), in 2015, 77% of Fruit and
Tree Nut Operations in Michigan used pesticides for weed control [28]. This database does not
denote type of pesticide, but as of 2014, glyphosate accounted for 90% of agricultural herbicide
use [2]. In 2012 in Michigan (the latest year available for this data), there were 1,265 orchard

operations with one operator, and 1,237 operations with at least two operators [29].
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An anecdotal account from a Northern Michigan orchard operator stated that glyphosate (trade
name RoundUp) is applied once a season, and is the sole herbicide applied. Standard personal
protective equipment of white suits and gloves is recommended, but they are rarely worn. The
concentration is about one quart of RoundUp per 100 gallons of water. The spraying boom

(spraying arm) is covered to prevent the wind from blowing it away from the ground [20].

Measuring Glyphosate Exposure

Glyphosate exposure can be measured by measuring glyphosate and its metabolite,
aminomethylphosphonic acid (AMPA) in urine, as described in the results of the following two
studies: Y. Hory et al determined that high ratios of glyphosate to AMPA were detected in a
human patient's serum 8 hrs (22.6 pg/mL glyphosate to 0.18 pg/mL AMPA) and 16 hrs (4.4
ug/mL glyphosate to 0.03 pg/mL AMPA) post-ingestion, as well as in the patient's urine. This
indicates that glyphosate metabolism was minimal [31]. Acquavella, J., et al analyzed data from
the Farm Family Exposure Study. Researchers collected urine samples from farm families in
South Carolina and Minnesota. On the day of application, 60% of farmers had a detectable
level of glyphosate in their urine of at least 1 ppb. The geometric mean of glyphosate detected
was 3 ppb, with a maximum value of 233 ppb. Mean urinary concentrations of glyphosate were

higher in farmers who did not use rubber gloves during application [32].
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Summary

The IARC Working Group concluded that though there is limited evidence of
glyphosate’s carcinogenicity in humans, there is sufficient evidence of its carcinogenicity in
experimental animals, and therefore they reclassified glyphosate as a ‘probable carcinogen’ [9].
However, animal studies of pesticide carcinogenicity often use doses and routes of exposure
that are not representative of exposures in humans. The limitations in human studies stem, in
part, from the long and difficult task of gathering enough cases of rare outcomes such as cancer
in prospective studies and the challenges of obtaining accurate pesticide exposure data through
retrospective case-control studies. To address these challenges, some investigators resort to
using intermediaries of cancer risk, such as DNA damage and DNA adducts, which occur more
often than cancer and appear soon after the carcinogen exposure period. This approach could
be useful in exploring links between occupational exposure to glyphosate and future cancer
risk, but to our knowledge it has not been applied to orchard workers. We will propose a study
that measures levels of DNA adducts in orchard workers pre and post glyphosate exposure. To
improve accuracy of glyphosate exposure levels, we will assess urinary levels of the glyphosate
metabolite, AMPA, and glyphosate as well as self-reported use of personal protection
equipment. In addition, we plan to consider potential effect modifiers such as demographics,
lifestyle and health history. The orchard industries in Northwest Michigan provide a unique
opportunity to include an understudied population in estimating glyphosate’s potential impact

on cancer risk.
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R0O3: Specific Aims

1. Conduct a longitudinal study that compares prevalence of DNA adducts pre-and post-
glyphosate exposure (individuals serve as their own control) among orchard employees.
DNA adducts will be assessed from plasma samples and compared to levels of AMPA,
the metabolite of glyphosate, in urine. Both urine and blood will be collected within 24

hours before and within 24 hours after the first exposure of the season applications.

Hypothesis 1: Evidence of DNA adducts will increase in the period following glyphosate

exposure as compared to the period prior to glyphosate exposure.

2. Measure applicators’ adherence to personal protection guidelines and determine if
adherence reduces glyphosate exposure levels (lower urine AMPA) and thereby limits

any increase in DNA adducts.

Hypothesis 2: Greater adherence to personal protection guidelines will result in decreased

glyphosate exposure and less increase in DNA adducts from pre to post exposure.

Research Strategy Significance

Glyphosate, also known by the trade name Roundup, is a broad-spectrum herbicide
widely used in the United States [1]. Glyphosate kills plants and bacteria by inhibiting the
bacterial and plant enzyme enolpyruvylshikimate-phosphate synthase (EPSPS) [1]. The
company Monsanto, the maker of Roundup, has developed a way to introduce a bacterial gene
for a glyphosate-resistant EPSPS into plants so glyphosate can be used for weed control on

otherwise glyphosate-susceptible crops [1].
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As of 2014, glyphosate accounted for 90% of U.S. agricultural herbicide use. Glyphosate
was introduced in 1974 and was not widely used until 1996 when genetically engineered
soybeans, corn, and cotton were developed to resist glyphosate [2]. Glyphosate use increased
from 12.5 million pounds in 1995 to 250 million pounds in 2014, a 20-fold increase [2].
According to the United States Department of National Agriculture Statistics Service (NASS), in
2015, 77% of Fruit and Tree Nut Operations in Michigan used pesticides for weed control [28].
In 2012 in Michigan (the most recent year available for this data), there were 1,265 orchard
operations with one operator, and 1,237 operations with at least two operators [29]. Dr. Nikki
Rothwell, a Michigan State University Extension horticulturist, confirmed that glyphosate is
used in orchards Northwest Michigan [33].

Glyphosate is in a class of chemical substances known as organophosphates. Exposure
to organophosphates has been associated with disruption of acetylcholinesterase (AChE) in the
central and peripheral nervous system. AChE inhibitors can be divided into two groups:
temporary (therapeutic uses in pharmacology) and irreversible (such as from
organophosphorus compound exposure) [3]. Cellular DNA-repair processes have been
implicated both in protecting against and contributing to the development of cancer [5].
Oxidative stress from AChE reduction may lead to genotoxicity from both acute and chronic
exposures. Oxidative stress is the result of an imbalance between reactive oxygen species (free
radicals) and the antioxidant defense system. Organophosphate-induced free radicals attack
lipids, proteins, and DNA resulting in single and double strand breaks [4]. Though DNA can

repair itself, DNA repair mechanisms that are ineffective or error-prone may perpetuate
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mutations which is one way DNA damage caused by radiation or chemical carcinogens is known
to induce tumor formation [17].

In August 2015, The International Agency for Research of Cancer (IARC), under the
World Health Organization (WHO), published an updated monograph on glyphosate and their
rationale for upgrading their classification of glyphosate from possibly carcinogenic to humans
(Group 2B) to probably carcinogenic to humans (Group 2A) [8, 10].

The 2016 WHO monograph examined cohort, case-control, and experimental in vivo
animal and in vitro human glyphosate exposure studies. Exposure was defined as ever
personally mixing or applying products containing glyphosate and was quantified by cumulative
lifetime days of use. Glyphosate was significantly associated with some specific cancers, but
not with cancers analyzed as a group (combined melanoma, multiple myeloma, Non-Hodgkins
Lymphoma, leukemia, and cancers of the oral cavity, colon, rectum, pancreas, kidney, bladder,
and prostate) [10].

Results from cohort and case control studies of glyphosate exposure and risk of Non-
Hodgkins Lymphoma (NHL) have been inconsistent. One case-control study noted a significant
association with an odds ratio (OR) of slightly over three [12], whereas a pooled analysis of
three case-control studies found a slightly significant association with an OR of 1.3 [13]. A
prospective cohort study found no significant association between glyphosate and NHL [16]. A
systematic review and meta-analysis, funded by Monsanto, combined six studies and reported
an OR of 1.3 for glyphosate exposure and NHL [15].

Glyphosate and its metabolite, aminomethylphosphonic acid (AMPA), show the

potential to induce genotoxicity in studies of human cells in vitro and in vivo, and in laboratory
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animal studies with exposure through ingestion or injection [10]. Epidemiological studies
assessing community-level glyphosate exposure observed increased DNA damage two weeks to
two months after aerial spraying [10]. In three separate in vitro studies of human cells,
investigators demonstrated significant increases in levels of DNA damage following exposure to
glyphosate [19, 20, 21]. Two case-control and one prospective cohort study determined
statistically significant increases in levels of DNA adducts from samples taken during periods of
high pesticide use versus low pesticide use [25, 26, 27].

Occupational exposures to glyphosate among agricultural workers may be of concern,
particularly in circumstances of faulty spraying equipment, accidental spills, not following
standards requiring use of personal protective equipment (PPE), and use during windy
conditions [5]. Personal protection guidelines for Roundup PRO and Roundup PROMAX include
use of long pants and shirts, closed-toe shoes, gloves and eye protection, but do not require or
recommend breathing protection [6]. The Environmental Protection Agency Worker Protection
Standard does require the use of respirators, but owners of agricultural establishments and
immediate family members are exempt from complying with the standard [7]. Personal
protective equipment (PPE) guidelines are often are ignored. Given the uncertainties of health
effects following glyphosate exposure, occupational groups involved in glyphosate spraying
would benefit from information about: 1) factors that contribute to individual-level exposure to
glyphosate; and 2) the cellular-level effects of glyphosate exposure. The latter may serve as a
motivating element to minimize exposure through maximum adherence to current PPE

guidelines, or the adherence to the EPA Worker Protection Standard.
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Innovation

The 2015 glyphosate monograph does not include information on DNA adducts induced
from occupational exposures. The Working Group concluded that limited evidence of
carcinogenicity in humans and sufficient evidence of carcinogenicity in experimental animals
was the rationale behind the reclassification of glyphosate to ‘probably carcinogenic to humans’
[10]. However, gaps in knowledge remain because the routes of exposure routinely used in
animal models, e.g. injection, do not match those of typical occupational exposure routes, and
there are a limited number of occupational epidemiological studies. To assess glyphosate’s
potential for carcinogenicity, without waiting years for a prospective cohort study of cancer in
orchard sprayers, this proposed workplace exposure study examines a frequently used
carcinogenic intermediate, i.e. DNA adducts. A DNA adduct is a piece of DNA covalently
bonded to a chemical; this adduct can lead to abnormal cell replication and in turn serve as a
precursor to cancer. The effects of DNA adducts may be compounded by additional factors
such as certain infections, other causes of inflammation, or impaired DNA repair [24]. Though
no specific studies were found that examine glyphosate or AMPA induced DNA adducts and
cancer outcomes, a 2012 systematic review examined twelve investigations showing 2- to 9-
fold increased Relative Risks (RR) or Odds Ratios (OR) for cancer in the 25% of individuals having
the highest DNA adduct levels, compared to the 25% of matched individuals with the lowest
DNA adducts [24]. This review does not include correlations with DNA adducts and Non-
Hodgkin Lymphoma, but does find relative risks and/or odds ratios of at least 2.8 in breast,

liver, stomach, colon, bladder, and lung cancers. Together, the data from these studies suggest
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that a reduction in human DNA adduct level is likely to produce a reduction in human cancer
risk.

This proposed small-scale study focused on glyphosate exposures in agricultural workers
has several innovative components that can inform methodology needed for a larger study. The
focus of this proposed work is to evaluate exposure to glyphosate in workers involved in
spraying fruit, a major farm product of Michigan. We use a pre and post spraying design to
assess: 1) individual glyphosate exposure by measuring one of its metabolites, AMPA, detected
in urine; and 2) DNA adducts in white blood cells. The study also considers factors that might
modify a relationship between glyphosate spraying and DNA adducts, e.g. adherence to PPE,
lifestyle, and health history. Before launching a larger, definitive study, the innovative methods
proposed here need testing on a smaller group in the field. Results from this smaller study will
generate estimates of glyphosate exposure levels in fruit tree sprayers, and effect size
(correlation between AMPA levels and levels of DNA adducts) to guide sample size
determinations for the larger study. This study also can identify additional covariates that affect
individual levels of glyphosate metabolite, and therefore would need to be incorporated in
future studies. The orchard industry in Northwest Michigan provides a unique opportunity to
include an understudied population and closely examine opportunities to reduce glyphosate

exposure and its impact.
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Approach

The research team will collaborate with the Michigan Department of Agriculture and
Rural Development, the Northwest Michigan MSU Extension Office and Northwest Michigan
Community Action Centers (for migrant workers) to reach out to commercial applicator teams
and owners of privately owned orchards (whom typically apply their own pesticides). A

Spanish-English translator will be available for Spanish speaking participants.

Methods

Study Sample and Design:

This study will enroll 20 glyphosate applicators, ten from corporate orchards and ten
from privately owned and operated orchards. The two main orchard products in Michigan [34]
are apples and cherries; we will try to have both of these orchard types represented in our
study. Enrollment will begin in February of the study year, in preparation for the spraying
season. This longitudinal study will compare the prevalence of DNA adducts pre-and post-

glyphosate exposure (individuals serve as their own control) among orchard applicators.

Eligibility and Exclusion Criteria and Recruitment:

An initial questionnaire will be used to determine eligibility based on inclusion and
exclusion criteria. Eligible individuals are those who plan to work as an applicator of glyphosate
during the year of the study in Michigan orchards. Exclusion criteria are history of organ

transplantation, human immunodeficiency virus infection and/or current cancer diagnosis.
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Eligible applicators will be randomly selected to participate in this study. Study staff will
describe details of the study and obtain participant consent along with contact information for
the purpose of regular follow-up (2/month) by study staff. Through these contacts study staff

will learn about participants’ scheduling of first glyphosate spraying in the season.

Data Collection:

Approximately 24 hours before glyphosate spraying, study staff trained in phlebotomy
will meet with the applicator to: 1) administer a baseline questionnaire that asks about
potentially relevant covariates such as history of pesticides applied, age, gender, recent
smoking and alcohol use, and welding activities in the past year, and typical use of PPE; 2)
collect a urine sample; and 3) collect a blood sample. Urine will be collected in 500 mL high-
density polyethylene wide mouth containers and blood will be collected in EDTA Vacutainer
tubes.

Approximately 24 hours after glyphosate spraying, the same study staff will meet with
applicator to: 1) administer a follow-up questionnaire that asks about exact time of spraying,
duration of spraying time, PPE used, and levels of alcohol and smoking in the interval between
first sample collection and second sample collection. The PPE questions will be based off of the
Agricultural Health Survey’s questionnaire regarding PPE [35], and; 2) collect a urine sample;
and 3) collect a blood sample.

Exact times of sample collection and spraying will be recorded. All biological samples
will be placed in dry ice immediately after collection and promptly transported to the study
laboratory for freezer storage. Laboratory personnel analyzing AMPA levels and DNA adducts
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will be blinded to timing of sample collection, i.e. before or after exposure. Following collection
of pre and post exposure information and biological samples, all identifying information will be

eliminated and information will only be linked by an ID number, not traceable to an individual.

Exposure Measure:

AMPA, the metabolite of glyphosate, will be measured in pre and post exposure urine
samples as an indication of glyphosate exposure levels. AMPA specimen collection will be
within 24 hours of exposure based on a previous study that detected AMPA 24 hours after
glyphosate exposure but not by 3 days post-exposure [32]. Samples will be aliquoted and
frozen in a -40 degree Celsius freezer and analyzed in a CLIA certified lab using creatinine to
measure urine concentration and liquid-chromatography-mass spectrometry to measure AMPA

concentration.

Outcome Measure:

DNA adducts will be evaluated in blood cells collected within 24 hours before and within
24 hours after glyphosate exposure, thereby minimizing effects of individual-based DNA repair
time. Experimental in-vivo studies have shown statistically significant DNA damage 24 hours
after glyphosate exposure in mice [22, 23]. The 24-hour pre and post exposure sample
collection protocol is also efficient because it allows research staff to collect blood and urine at
the same time. Samples will be centrifuged to separate plasma from erythrocytes. Plasma will
be aliquoted and frozen in a -40 degree Celsius laboratory freezer. DNA from white blood cells

in plasma will be processed using the PureGene kit to isolate DNA and assayed using the P -
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postlabeling assay due to its high sensitivity and the low study sample size [36]. Following the
process in Gallois et al, the DNA adducts will be separated with thin layer chromatography, and
given a radioactive labeling indicator. Levels of radioactivity in the adducts will be read with a
scintillator and will be measured against the standard control to determine the relative adduct

level (RAL) [37].

Statistical Analysis:

Means and percentages will be used to describe study participant demographics of age,
gender, smoking and alcohol use, welding activity, and PPE use.

Aim 1: Participants will serve as their own controls. AMPA levels and DNA adduct levels
before and after exposure will be analyzed as a paired t-test using a two-sided alpha = 0.05.
AMPA levels will be measured in parts-per-billion and DNA adducts will be measured by
determining the RAL, described above. The RAL is not normally distributed and will need to be
log-transformed. Based on Gallois et al, 40% of our samples may have non-quantifiable RALs,
which will however be an indicator for the sample size needed in a larger RO1.

The DNA samples will be assayed twice and the mean RAL for each participant will be
compared to the AMPA ppb in urine. Relationships between changes in AMPA concentrations
and changes in DNA adducts, along with time varying covariates that could serve as
confounders (e.g. smoking , alcohol use) will be evaluated in regression models that account for

clustering within individual, e.g. generalized estimating equation.

25



Aim 2: Analyses in Aim 1 will be repeated after stratifying applicators by: 1) spraying on
cherry vs apple orchard on test day; 2) corporate-owned versus privately owned orchard; and
3) reported level of PPE use, e.g. divided at the median level. The small sample sizes generated
in these stratified models may preclude firm conclusions but can be used to motivate the
design of a larger study. Points will be assigned to each PPE used, and PPE will be stratified into
non-porous gloves, surgical/cloth mask, respirator, long shirts and pants, and liquid-resistant
boots. While this small study does not have adequate statistical power to detect moderate

levels of effect modification, these analyses will inform plans for larger studies.

Strengths and Limitations:

The strengths of this study include the use of a biomarker (AMPA) to measure
glyphosate exposure and the assessment of PPE per regulatory standards and its relation to
exposure levels. Laboratory personnel analyzing AMPA levels and DNA adducts will be blinded
to timing of sample collection, i.e. before or after exposure to avoid bias. Study subjects
serving as their own controls increases the study’s power while using fewer participants and
reduces the chance of confounding.

Limitations of this study include the possibility that participants will not accurately
report their adherence to personal protection guidelines during the study period
(misclassification of effect modifier), or will alter their adherence behaviors just during the
study period (exposure levels won’t represent usual exposure when not in study). This will be
minimized to every extent possible by ensuring confidentiality, explaining the importance of the

study to participants and the use of study staff to interview participants. In addition, the small
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sample size of this study will result in wide confidence intervals around effect size estimates;
but these estimates are necessary for planning a large-scale study.

If the hypotheses of this RO3 are supported by the results, this study would motivate a
larger study to examine relations between glyphosate exposure and DNA adducts, a precursor
for cancer, in glyphosate sprayers working in orchards. Results of this study may also provide
evidence of potential risk reduction of DNA adducts with PPE use and be used as an educational
resource for PPE use in the industry, as well as support the need for continued scientific study

to examine the effectiveness of regulatory standards aimed at worker protection.
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