Investigating the Association between Arsenic Exposure and Chronic Disease Using
Toenail Speciation Biomarkers: A Pilot Study in Atlantic Canada

by

Nathan Kyle Smith

Submitted in partial fulfilment of the requirements
for the degree of Master of Science

at

Dalhousie University
Halifax, Nova Scotia
August 2017

© Copyright by Nathan Kyle Smith, 2017



Table of Contents

LISt OF TAbIES....c.etiiicee et iv
LIST OFf FIQUIES ...ttt sttt et e s te e e e besraentesbeensesresrnens v
Y 015 1 =T S vi
List of AbDreviations USEd ...........coooiiiiiiiiiisee e vii
ACKNOWIEAGMENTS ...t viii
Chapter 1. INtrOAUCHION........cceiieeeee ettt s re et reeanas 1
1.1 Arsenic as a Global Health CONCErN ... 1
1.2 Cancer and Arsenic Exposure Risk in Atlantic Canada .........ccocveeevivieceneecenneee 1
1.3 Arsenic and Type |l Diabetes in Canada ..o 2
1.4 Toxicity and Metabolism Mechanisms of Arsenic EXposure..........ccccceveveveeeenieenenne 3
Chapter 2. Research Question and Hypothesis............ccocoviveieieininineeeeesee 6
Chapter 3. MENOAS .......ccviiieeecee ettt et e st e e be s teentesreennas 7
3.1 STUAY DESIGN ..ttt ettt 7
3.2 AHANTIC PATH ..ottt ettt s et 7
3.3 INClUSION/EXCIUSION CrILEIIA ......coveiieiieiiieiieeitce e 8
3.5 Arsenic Speciation and Covariates..........ccovvieviiiieeiiceecee e 9
3.6 ANAlytiCal MELNOAS .....c.oeceeeieeeeeee e et eneens 11
3.6.1 Chemicals and REAGENTS ........ccvviriiiicieeceeee sttt s 11
3.6.2 Analytical Method development ..o 11
3.6.3 Sample Preparation ...ttt eaeens 12
3.6.4 HPLC-ICP-MS ANGAIYSIS.....ccotrieueiiiririeieinieieieniseeieieesieie et ens 13

3.7 Statistical ANAIYSIS .....ooovieeeeeceeee e 16
Chapter 4. RESUIES ....ooeieeece ettt ettt ettt et et e e be e s be e s aeeabeebe e teestaesanesaneens 17
4.3 Arsenic Speciation and Heavy Metal Profiles by Disease Group .........cccccccevvruenenee. 20
4.4 Arsenic Speciation Regression Models for Cancer and Diabetes.............ccccocenen.e. 24
4.5 Regression Models for Heterogeneity in Speciation ..o 27
Chapter 5. DISCUSSION ......cciiieieiieieeceete ettt et e st s aesbe e e e tesreensesteenaeseeneenes 30
5.1 Digestion vs Extraction for Optimal Measurement of Metabolic Species ................ 30
5.2 Cancer, Diabetes, and Comorbidity Effects ........cccoeveeiiniirenireeeeeeeeen 30
5.3 Total Arsenic vs ArseniC SPeCIation .........ccocvvivereieiieieiresese e 31
T 1y ] o 7= o R RTRURSRPRR 31
5.5 Strengths and Limitations...........cceeveiiiiecececeeee e 32



5.6 Conclusions and FULUrE RESEAICH .......oooe oo e e e e e e e 33

BiIbIOGrapRY ......oveiieee e 35
Appendix A: Hypothesis Diagram.........ccceiveiiiiiiiiieiecseesee ettt seesee e s 39
Appendix B: Arsenic Metabolism Diagram..........ccocveviiiieieeniee e 40
Appendix C: Sample Size Calculations for Follow-up Study........c.ccoovvieeenienienieeeeeee, 41



List of Tables

Table 1. Operational Parameters of Microwave Digestion Method for Toenails ............. 13
Table 2. HPLC Mobile Phase Gradient................uuuueuiiiiiiriiiiiiiiiieiirieeiennneenneneennnnnnnnnnenne. 14
Table 3. HPLC Instrument ConditioNS..............uuuuiiieiiiiiiiiiiiiiiiiiiiiiiiieiiinneeeeeeeeeeeennnnnnnennes 15
Table 4. ICP-MS Method Conditions for Arsenic Speciation and Total Metal Analysis...15
Table 5. Arsenic Species Recovery after DIgestion ..................uueuiiiiiiiiiiiiiiiiiiiiiees 17
Table 6. Participant Characteristics by Disease Group Group ..........ccccoeeeeeveeeeiiiiiineeennn. 19
Table 7. Descriptive Characteristics and Frequency Estimates of Participants with and

without Missing Data on BMI ..o 20
Table 8. Arsenic Species Proportions by Disease Group............couuveeeeieeieiiiiiiiiceeeeeenne, 22
Table 9. Average Concentrations of Metals in Toenails by Disease Group.................... 23

Table 10. Diabetes Models for %MMA Exposure Using Exact Logistic Regression........ 24

Table 11. Crude and Adjusted Combined Cancer Models for %MMA Exposure............. 26
Table 12. Cancer Subgroup Analyses for %MMA Exposure using Exact Logistic

REGresSSion MOGEIS........uuiii e 27
Table 13. Regression Models for Influences on %MMA..........coooiiiiiiiiiii e 28
Table 14. Mean Sleep Time and %MMA by Province ................uuuuvuiiiiiiiiiiiiiiiiiiiiiiiiiinns 29

Table 15. Sample Size Calculations per disease Group for Select Arsenic-related
RV T =1 o[ PP 41


file:///C:/Users/User/Box%20Sync/CHE/Thesis/Thesis%20versions/MSc%20Thesis%20NS%20Final.docx%23_Toc491850244
file:///C:/Users/User/Box%20Sync/CHE/Thesis/Thesis%20versions/MSc%20Thesis%20NS%20Final.docx%23_Toc491850246
file:///C:/Users/User/Box%20Sync/CHE/Thesis/Thesis%20versions/MSc%20Thesis%20NS%20Final.docx%23_Toc491850247
file:///C:/Users/User/Box%20Sync/CHE/Thesis/Thesis%20versions/MSc%20Thesis%20NS%20Final.docx%23_Toc491850249

List of Figures

Figure 1. Mean %MMA by DiS€AS€ GrOUP.......ccceceririririerieieieieeeieste ettt 21
Figure 2. Toenail Selenium Concentration by Disease Group........c..coccecevevieveieneneneneenne. 24
Figure 3. Arsenic Speciation Hypothesis Diagram...........ccccceeeirinineneneneneeeeeseeeneee 39
Figure 4. Typical Arsenic Metabolism Pathway in Mammals.............c.ccoceoeveniinnncnene. 40



Abstract

Background: Long-term exposure to environmental arsenic has been associated with
many chronic diseases including several cancers, diabetes and cardiovascular disease.
Urinary studies have implicated arsenic speciation as a risk factor for certain cancers
and diabetes. However, no speciation studies to date have used long-term biomarkers of
arsenic exposure, or have done direct comparisons between disease groups. The main
objective of this study was to investigate the association between arsenic speciation and
skin, lung, bladder, and kidney cancer, and type |l diabetes, utilizing toenail biomarkers
of arsenic exposure.

Methods: A cross-sectional pilot study was carried out using toenail samples and
baseline questionnaire data from the Atlantic PATH study. Ten samples were selected
from each disease group (skin, lung, bladder, and kidney cancer, type Il diabetes, and a
healthy reference group), for a total of 60 samples. Arsenic speciation profiles were
determined using high performance liquid chromatography (HPLC) and inductively
coupled plasma mass spectrometry (ICP-MS). Logistic regression models were used to
estimate the associations between arsenic speciation and chronic disease.

Results: No statistically significant differences were found in total arsenic concentration
between disease groups. However, statistically significant differences were found with
the proportion of monomethylated species (%MMA). For every 1% increase in %6MMA,
the odds of cancer increased by 114% (OR = 2.14, 95% CI = 1.05, 4.37) when adjusted
for BMI, age, and having ever smoked. When analyzed by cancer type, for every 1%
increase in %MMA, the odds of skin cancer increased by 68% (OR = 1.68, 95% CI =
1.02, 3.23), the odds of bladder cancer increased by 31% (OR = 1.31, 95% CI = 0.98,
3.08), the odds of lung cancer increased by 46% (OR = 1.46, 95% CI = 1.03, 2.36), and
the odds of kidney cancer increased by 259% (OR = 3.59, 95% CI = 1.27 27.12). For
every 1% increase in %MMA, the odds of type Il diabetes increased by 89% (OR = 1.89,
95% Cl =1.03, 4.78).

Conclusions: The proportion of monomethylated arsenic species (%MMA) was found to
be significantly higher in the toenails of individuals with chronic arsenic-related diseases,
compared to healthy individuals with similar total arsenic exposure, suggesting that
speciation is associated with arsenic-related diseases. These results from indicate that
toenail arsenic speciation analysis has the potential to advance our understanding of

arsenic pathogenesis and carcinogenicity.
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Chapter 1. Introduction
1.1 Arsenic as a Global Health Concern

Arsenic exposure has been well documented as a significant risk factor for several types
of cancer, including skin (1), liver (2), bladder (3), kidney (4), prostate (5), lung (6) and
breast cancer (7), and has been classified as a group 1 known human carcinogen by the
International Agency for Research on Cancer (8). Additionally, arsenic is the number one
priority substance on the Agency for Toxic Substances and Disease Registry 2015
substance priority list, which ranks substances based on frequency of occurrence,
toxicity, and potential for human exposure (9). Arsenic has been consistently ranked as
number one on this list since 1997, and before that it was second only to lead (9).
Chronic exposure to environmental arsenic has been linked to a number of human
diseases affecting multiple organ systems, including several cancers, diabetes, and
cardiovascular and neurological disease (10). The greatest concern for such chronic
arsenic exposure is through contaminated drinking water. Inorganic arsenic that
contaminates water has no color, smell or taste, so testing is needed to identify its
presence (11). In fact, arsenic has previously been recognized as the second most
important health risk associated with drinking water globally, second only to infectious
microorganisms (12). This has been most prominently observed with the high levels of
arsenic contamination in drinking water in Bangladesh in 1993, which has been
described as the largest mass poisoning in history (13). In contrast with the case of
Bangladesh, lower-level arsenic contamination is likely having subtle, long-term effects

in other parts of the world.
1.2 Cancer and Arsenic Exposure Risk in Atlantic Canada

Areas with high levels of environmental arsenic are at greater risk for
groundwater contamination (11). Some areas of Atlantic Canada have high levels of
naturally occurring environmental arsenic (14). Nova Scotia in-particular has high levels
of naturally occurring environmental arsenic throughout the province (15). A 2008 soill
sample survey found that 56% of sites sampled had arsenic concentrations that
exceeded the national soil guidelines of 12 ug total arsenic/g (16). The results of this
2008 survey support previous water quality studies indicating that some areas of Nova

Scotia frequently exceed the national water quality guidelines of 10 ug total arsenic/L



(17). Water testing and treatment for contaminants is routinely performed for municipal
drinking water supplies to ensure they are within the acceptable health guidelines (17).
However, people who live in rural areas are at greater risk because they are more likely
to use a private well for their drinking water (18). An estimated 40% of households in
Nova Scotia use water from private wells, which are not regulated in the same way as
the municipal water supply. A recent study found that 12% of private wells sampled in
Nova Scotia had concentrations above the Canadian drinking water safety guideline of
10 pg total arsenic/L (18). The economic cost and burden of responsibility of regular
monitoring and testing is left to the homeowner. If homeowners do not follow the
provincial monitoring recommendations, they could be at risk of unknowingly consuming
contaminated drinking water. Nova Scotia Environment (NSE) recommends testing of
well water for arsenic and other chemical contaminants once every one to two years
(19). However, compliance is low — a recent survey in Nova Scotia showed that only

12% of private well users surveyed followed provincial recommendations (18).

Geological and environmental factors affecting well water contamination with
arsenic have been shown to be the main contributors to the arsenic body burden
(amount of arsenic present in tissues: in this case, measured by toenail concentrations)
in the Nova Scotian population (20). This is particularly interesting for the current study
as Atlantic Canada has the highest age-standardized incidence rates of all cancers
combined in the country (21). Atlantic Canada’s high cancer rates combined with
abundant environmental arsenic and prevalent well water usage make it a prime location

for an investigation of arsenic pathogenicity and carcinogenicity.
1.3 Arsenic and Type Il Diabetes in Canada

In addition to being associated with several cancers, arsenic exposure and speciation
has also been associated with another important and detrimental chronic disease: type I
diabetes. The Canadian Diabetes Cost Model has estimated that in 2015, 9.3% of the
Canadian population had diabetes, with an additional 22.1% of Canadians with
prediabetes (22). Between 2015 and 2025 the prevalence of diabetes is estimated to
increase by 44%. This chronic disease has a significant cost associated with it. In 2015
the estimated cost was $14 billion CAD. By 2025 that number is estimated to increase
by 25% (to $17.4 billion CAD) (22). Efforts to mitigate this health and financial burden

should be focused on prevention. In order to prevent this disease, we need to



understand how it develops, and what factors play an important role. While certain
important factors such as obesity have been identified, other less obvious ones such as

chronic arsenic exposure may play an important role as well.

Recent studies have shown an association between arsenic speciation in urine
and both cancer (1,23) and type |l diabetes (24). These studies have shown a different
association between arsenic speciation and cancer, compared to arsenic speciation and
diabetes. Whereas a higher percentage of monomethylarsonic acid (MMAY) is
associated with increased odds of cancer, a higher percentage of dimethylarsenic acid
(DMAY) is associated with increased odds of type Il diabetes and obesity. Considering
these contrasting associations from different studies, a comprehensive study
investigating the association of arsenic speciation with both cancer and diabetes
simultaneously is needed to help elucidate potential underlying mechanisms of arsenic-

related disease etiology.
1.4 Toxicity and Metabolism Mechanisms of Arsenic Exposure

The mechanisms behind arsenic-induced toxicity and carcinogenicity have not been fully
elucidated, but there is evidence to suggest that metabolism is an important factor. The
toxicity and bioavailability of arsenic is highly dependent on its form or species. Different
forms of arsenic can induce different effects on the human body, ranging from relatively
harmless to very toxic (11,25). The human body metabolizes arsenic by successive
methylation in the liver, and the metabolites are ultimately excreted in urine (which
serves as a short-term indicator) or deposited in keratin rich tissues such as hair or nails
(which serve as longer-term indicators) (26). However, metabolism of arsenic is
incomplete and a mixture of inorganic and mono and dimethylated species are
deposited/excreted (27). Previously, it was generally agreed upon that methylation was a
detoxification process; however, more recent findings suggest that methylation could

activate toxic and carcinogenic effects of arsenic (25).

Individuals may differ in their ability to process and metabolize arsenic, and
previous studies have found associations between the extent of metabolism and
different arsenic-related diseases including skin cancer, bladder cancer, and diabetes
(1,23,24). A higher percentage of monomethylated species (indicating incomplete
metabolism) in urine has been associated with skin and bladder cancer (1,23).

Conversely, a lower percentage of monomethylated species has been associated with



diabetes and obesity (24). These and other similar findings indicate that arsenic
metabolism plays a role in pathogenesis. However, further epidemiological evidence is
needed to confirm these associations. Additionally, these associations have not been
explored in other important arsenic-related diseases such as lung cancer, which has

also been linked to drinking water exposure (25).

Most studies assessing speciation have focused on analysis of urine, in which
arsenic has a short residence time (3 - 4 days), and which is thus better suited for
assessing short-term, acute exposure (28). Since many arsenic-related diseases arise
from chronic exposure, and can develop over the course of several years, measuring
longer-term biomarkers may prove to be a more relevant assessment. Toenails have
been shown to be more reliable as markers of long-term exposure than hair or
fingernails, as they are less prone to contamination and washout effects from things
such as shampoo, nail polish, or regular handling of items (29). Additionally, toenails
grow more slowly than hair or finger nails, so they can provide a longer period
(approximately 2 - 12 months) of exposure data (28). While toenails have been
demonstrated to be useful indicators of long-term arsenic exposure, arsenic speciation
analysis of different disease groups has not yet been conducted, and could provide

valuable insights into how arsenic causes disease.

Toenails are a relatively new biomarker for environmental heavy metal exposure.
They have several advantages: they are non-invasive to collect, provide a longer-term
exposure estimate than conventional biological samples (2 - 12 months, compared to a
few days from urine), and the samples are very stable and can be stored at room
temperature for long periods of time (28). These sample properties also make
biobanking for future studies a very feasible option for researchers and clinicians. While
a handful of studies have shown that toenails can provide a good measurement of long-
term exposure via contaminated drinking water, few studies have looked at arsenic
speciation in nail samples, and none have looked at toenail arsenic speciation in the
context of cancer or diabetes. The few studies that have investigated specific cancers or
disease groups have only used short-term urinary measures (1,3,23,24,30). The arsenic
speciation studies that have used the more appropriate toenail biomarker, have only
compared these findings to arsenic species in hair, nails, urine, water and food - but not
in the context of disease (26,31,32). To the best of our knowledge, this is the first study

investigating the associations between arsenic exposure, various cancers, and type |l



diabetes using toenail arsenic speciation analysis, a potentially important, more relevant

biomarker for chronic diseases.



Chapter 2. Research Question and Hypothesis

In Atlantic Canadians aged 35 - 69 who use private well water, are certain characteristic
arsenic speciation profiles of toenail biomarkers associated with increased odds of

having skin, lung, bladder, or kidney cancer, or type |l diabetes mellitus?

To address this question, we hypothesize that arsenic speciation may mediate
the effect of arsenic exposure on the development of arsenic-related diseases, thus
individuals with different arsenic-related diseases will have differential toenail arsenic
speciation profiles. Specifically, we hypothesize that there is a higher proportion of
monomethylated arsenic (MMA) species in individuals with cancer and a higher
proportion of dimethylated arsenic (DMA) species in individuals with diabetes mellitus,
when compared to healthy controls without either disease (refer to Figure 3, Appendix
A).

A limitation to testing this hypothesis is that we do not know what species of
arsenic individuals are ingesting. Thus, we will not know whether individual differences
are a result of differential metabolism, or differential exposure. This hypothesis was
tested assuming that the majority of exposure is in the form of inorganic arsenic via
drinking water, as previous work has demonstrated that drinking water is the main
contributor to arsenic body burden in the Nova Scotian population (20). Given this
assumption, results should indicate metabolic differences rather than exposure

differences.

The main goal of the study is to advance arsenic-speciation research in the
context of chronic disease. To achieve this goal, we have established the following

objectives:

1. Characterize toenail arsenic speciation profiles of individuals by disease
category: skin cancer, lung cancer, bladder cancer, kidney cancer, type I
diabetes mellitus, and a healthy reference group.

2. Determine if variation in arsenic speciation is significantly associated with cancer
and/or diabetes.

3. Identify factors associated with heterogeneity in speciation.



Chapter 3. Methods
3.1 Study Design

This project used a cross-sectional study design with arsenic speciation as the primary
exposure of interest (measured via toenail samples, indicating exposure over the year or
so prior to collection), among those with and without cancer and/or diabetes. We
analyzed exposure data and biological samples collected from the Atlantic Partnership
for Tomorrow’s Health (Atlantic PATH) study. Toenail samples from the selected groups
were analyzed using High Performance Liquid Chromatography (HPLC) coupled with
Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) to determine concentrations
of each arsenic species and other toxic metal as co-contaminants that have previously
been found in nails, such as lead, cadmium, chromium, and nickel (28). Additionally, we
measured levels of other heavy metals such as copper, zinc, iron, and aluminum.
Selenium was also measured, as previous studies have found that selenium can negate
the negative effects of arsenic exposure (33). For arsenic speciation analysis, three
forms were measured to assess exposure and estimate the extent of metabolism: 1)
inorganic arsenic (arsenite, As'"' plus arsenate, As"), 2) monomethylarsonic acid (MMAY),
and 3) dimethylarsinic acid (DMAVY).

3.2 Atlantic PATH

Atlantic PATH is part of the Canadian Partnership for Tomorrow Project (CPTP), a large
a multi-centred prospective cohort study spanning eight Canadian provinces. The CPTP
is comprised of five cohorts including Atlantic PATH, Alberta’s Tomorrow Project, the
Ontario Health Study, the BC Generations Project, and Quebec’s CARTaGENE. CPTP
has recruited more than 300,000 participants from across the country to examine the
biological and environmental factors that lead to the development of cancer and other
significant chronic diseases. Participants will be followed for 30 years. The only
exclusion criteria for participation was age (participants must be between 35 - 69). Data
collection took place between 2009 and 2015. All participants provided informed consent
as part of their participation in the study. Recruitment was done through advertising,
media coverage, community and workplace events, incentive programs such as
Airmiles, designated community “champions” who encouraged their friends and families

to participate, and invitations from the provincial health insurance provider (Nova Scotia



only). Participants provided data and samples in person at assessment centres, and had
the option to complete an online or paper questionnaire which could be mailed or

delivered in person at an Atlantic PATH office.

In total, Atlantic PATH has collected data from 31,173 individuals aged 35-69
years across the four Atlantic provinces (Nova Scotia, New Brunswick, Prince Edward
Island, and Newfoundland and Labrador). Participant data includes demographic
information, personal and family health history, lifestyle factors, body measurements, as
well as drinking water samples, and biological samples including blood, urine, and
toenails. Questionnaire data and biological samples (toenails only) collected at baseline

were used for the present study.
3.3 Inclusion/Exclusion Criteria

Participants included in the disease groups must have a current diagnosis (at time of
baseline data collection) of type Il diabetes mellitus, or have been previously diagnosed
(at any age) with primary skin, lung, bladder, or kidney cancer. Participants in the
healthy reference group must have never been diagnosed with type Il diabetes mellitus,
or any type of cancer. All participants must i) live in Atlantic Canada, ii) receive water
from a private source (i.e., not municipal treated water), and iii) have not moved
residence within the past ten years. The healthy comparison group was randomly
selected from a group of 8000 Nova Scotians that had previously been cleared as
“healthy” from another Atlantic PATH study. For the disease group selection, a few
exceptions were made to get 10 samples per group, given the small numbers of
participants with certain cancers who provided toenail samples. All participants in the
disease groups were first randomly selected from the entire Atlantic PATH cohort (all
provinces) based on the above criteria (if enough were available). If there were not
enough participants available to meet the target sample size of 10, additional
participants were randomly selected by ignoring the limiting exclusion criterion. After
selection of the 60 samples, four exceptions were made for a total of three individuals.
One individual used municipal water, the second had a residence dwell time of less than
ten years, and the third used municipal water and had a dwell time of less than ten
years. All data used for the inclusion and exclusion criteria, including health history, were

obtained via the Atlantic PATH questionnaire.



These criteria allow for a potentially long exposure window in which consistent
exposure necessary for disease to develop is conceivable. Participants are likely to have
similar and consistent exposure to private unregulated well water, maximizing the
chance of obtaining arsenic-exposed individuals. We wished to obtain study participants
who have been exposed to similar levels of arsenic, so we can test if the speciation that
constitutes the total arsenic is associated with disease. If we were to measure
unexposed or lesser-exposed individuals, it is likely that the levels of individual species
would have been below the limit of detection, yielding only total arsenic concentration (if

any) from those individuals.
3.5 Arsenic Speciation and Covariates

Arsenic can occur as trivalent or pentavalent species, denoted by the superscript Il or V.
Trivalent species are considered more toxic. Methylated trivalent species (MMA'",
DMA'") are also less stable, and act as intermediates in the metabolic pathway (27,33).
Thus, in speciation analysis generally both types of inorganic species (AsY, As'') are
measured, but only the pentavalent methylated species are measured (MMAY, DMAY).
Arsenobetaine is also commonly measured in speciation studies. This organic form of
arsenic found in seafood is relatively non-toxic and is rapidly excreted within a few days
(11). As a result of its non-toxic nature it is largely clinically insignificant, and must be
differentiated from the remaining arsenic. It is usually measured and taken into account
when analyzing urine so the total amount of clinically significant arsenic is not
overestimated (11,31). However, as a result of its rapid clearance from the body, it has
not been detected in nails and hair like the other forms of arsenic. In this study, we used
arsenobetaine as an internal standard to ensure accurate calibration and quantification
during HPLC/ICP-MS analysis.

The classical metabolic pathway is as follows: As¥ > As'' > MMAY > MMA"' >
DMAY - DMA!" (27,34). A detailed diagram of arsenic metabolism is shown in Figure 4,
Appendix B (modified from Aphosian et al. 2004 (34)). Individual differences in
methylation capacity lead to incomplete transformation, and a mixture of inorganic and
mono and dimethylated species are excreted (27). Previous studies using urinary
analysis have used the primary methylation index (PMI) and secondary methylation
index (SMI) as surrogate measures of methylation capacity (1,23,27). Simplified, arsenic

metabolism can be thought of as a two-step process: 1) the conversion of inorganic



arsenic (iAs) to MMA, and 2) the conversion of MMA to DMA (iAs>MMA->DMA). The
PMI is defined as the ratio of MMAV to inorganic arsenic (As'" + AsV) (step 1), and the
SMI is defined as the ratio of DMAY to MMAY (step 2). These measures give an estimate
of the extent of methylation and metabolism (23). However, these measures may not be
directly relatable to toenail concentrations, as the proportions and dominant species
between urine and nails are quite different (1,35). The differences between arsenic
species in urine versus toenails is likely due to the differences in the various species’
affinity for excretion or storage. However, studies have shown that urine and toenail
species are significantly positively correlated (36). Therefore, while the measures of PMI
and SMI may not be the same for toenail samples, it is worth exploring to see if the

same associations are observed, or if others arise.

The exposure in this study is not the amount of arsenic, but rather the
composition of the arsenic. The exposure measures are the proportions of each form of
arsenic contributing to the total arsenic concentration in toenail samples: iAs (As" +
As'), MMAY, DMA". From these measures, the PMI and SMI were calculated and used
as exposures in the regression model. In this study, only the pentavalent organic forms
were measured. For simplicity, the shorthand MMA and DMA used in this the remainder

of the document are referring to the pentavalent species (MMAY, DMAY).

The Atlantic PATH questionnaire has collected information on several potentially
significant variables which were included in the analysis. These include body mass index
(BMI) (current), sex, age, province, length of stay at current residence, tobacco use
(amount, frequency, duration, age started), environmental tobacco smoke (frequency,
duration), family history of cancer and diabetes (parents and siblings), use of tanning
beds (in the past year), alcohol use (amount, frequency and type in the past year),
physical activity (frequency and intensity in the last seven days), age of cancer
diagnosis, age of diabetes diagnosis, and chronic co-morbidities. All of these measures
are self-reported, and thus are subject to recall bias. Additionally, some measures are
current (e.g., BMI), in the past week (physical activity), or in the past year (alcohol). A
potential limitation of using these measures is that they may not be representative of
previous (or “usual’) exposure levels. Other metal co-contaminants in toenail samples
will also be measured during the arsenic speciation analysis. Lead, copper, cadmium
and selenium concentrations were tested in the models, as previous literature has noted

interactions with arsenic (33). All the variables tested were potentially associated with

10



either the exposure (e.g., metabolic differences as a result of tobacco use, age, sex), or
the outcome (e.g., increased risk of disease from family history, tobacco use, BMI) or
both.

3.6 Analytical Methods
3.6.1 Chemicals and Reagents

All analytical chemicals including standards and mobile phase used in this study were
trace metal grade. Arsenic Il and V standards (1,000 mg/L), dimethylarsinic acid
(cacodylic Acid, 500 mg), arsenobetaine (50 mg), ammonium carbonate (50 g) and
hydrogen peroxide were supplied from Sigma-Aldrich (MO, USA). Disodium methyl
arsonate hexahydrate (MMA standard, 500 mg) was purchased from Chem Service (PA,
USA). A multi-element standard was purchased from Inorganic Ventures (IV-ICPMS-
71A, VA, USA). Nitric acid was supplied from Fisher Scientific (NH, USA). All aqueous
solutions were prepared using high purity, deionized water (Milli-Q water system,
Millipore, Fisher Scientific, NH, USA). All analytical standards were matrix-matched to
the samples (1% HNOs3, 5% H205). Note, all percentage HNO3 concentrations listed in
the methods are referring to percentage of concentrated stock solution (70%), e.g., 1%

of the 70% concentrated HNO3 stock solution (approximately 157 mM).

3.6.2 Analytical Method development

Analytical methods for arsenic speciation analysis using the HPLC/ICP-MS in HERC
Laboratory needed to be established and validated prior to the speciation analysis of
toenail samples. Previous studies using toenails have shown poor extraction efficiency
for arsenic speciation. Mandal et al. (2003) reported an average extraction efficiency of
62.7% (37), while Button et al. (2009) reported and average of 53% (35). This is largely
a result of the fact that As' is easily oxidized to AsV, thus to accurately quantify As'" and
AsV extraction procedures cannot have oxidizing conditions. An alternative to this is to
measure summary inorganic arsenic (As" + AsV, all measured as AsV after As''is
oxidized). In this case, the analysis cannot differentiate the two forms of inorganic
arsenic, however it allows more options in the sample preparation method, and
potentially better recovery for the measured analytes. In this study, we tested the

feasibility of acid digestion for arsenic speciation analysis.
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A standard wet digestion method for toenails uses concentrated nitric acid, which
requires too much dilution for HPLC/ICP-MS speciation analysis (e.g., final concentration
of nitric acid in samples needs to be lower than 1%) leaving the concentrations of
arsenic species below the detection limit. Thus, we needed to establish a digestion
method to use a lower concentration of nitric acid (10% vs the usual 50%). To test if this
dilute acid digestion performed as well as typical acid digestions (in terms of releasing
bound arsenic inside toenail into solution), two equal toenail samples were digested and
compared for total arsenic concentration; one with the standard acid concentration (50%
H2.02 and 50% concentration HNO3), and one with the modified mixture proposed for this
study (50% H202 and 10% HNO3).

After verifying the two digestion methods perform similarly, the next step was to
test if certain arsenic species were being lost or modified during digestion. To ensure
species stability through digestion, analyte standards were digested and compared to
non-digested equivalents to determine recovery: Enough of each arsenic species (AsB,
As'" AsV, MMA, DMA) to get a final concentration of 1 ug/L after dilution were spiked into
a reagent blank (50% H202 and 10% HNO3) and digested. A matching non-digested
spiked blank was used to determine the recovery after digestion (% Recovery =
[digested spike/blank spike]). We used the modified digestion method (10% nitric acid)
for toenails in this study because it provides good recovery of all target arsenic species
(refer to Table 5).

3.6.3 Sample Preparation

Toenail samples were washed prior to analysis using a modified protocol
previously described by Slotnick et al. (38). Visible contamination was manually removed
(scraped with a quartz fragment). The samples were then weighed prior to washing and
drying to obtain the wet mass. Samples were weighed with a target of approximately 55
mg, to ultimately get a dry mass of approximately 50 mg for digestion. This amount is
based on the preliminary data and allows for accurate speciation analysis. However not
all samples had sufficient mass. In these cases, the entire sample was used. Samples
were then sonicated in acetone for five minutes, consecutively rinsed with acetone and
Milli-Q water, sonicated in Milli-Q water for 10 minutes, and rinsed with Milli-Q water

three times before being dried in an oven for twelve hours at 105°C. Dried samples were
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then weighed again to correct for moisture content (calculation for percentage moisture

content: (wet mass / dry mass - 1) x 100).

A microwave-assisted digestion was used to digest the toenails samples using a
Discovery SPD Microwave Digester (CEM Corporation, NC, USA). Briefly, toenails were
added into 10 mL quartz pressure vials (CEM Corporation, NC, USA) with 1 mL solution
containing 50% hydrogen peroxide and 10% nitric acid, and a disposable magnetic
PTFE coated stir-bar (10 x 3 mm, VWR, PA, USA). A digestion reagent blank (toenail-
free reagent solution) was run with every batch to check for trace contamination during
sample preparation and digestion. A water clean sample was run after every 5 samples
to keep the system clean during the run. Following digestion, the samples were allowed
to cool in an autosampler rack for at least 10 minutes. Digested samples were diluted
ten-fold with Milli-Q water to obtain approximately 1% nitric acid concentration (1% of
concentrated HNO3 solution - approximately 157 mM), and syringe filtered through a
0.45 um cellulose acetate filter before analysis. Operational parameters of the

microwave-assisted digestion method for toenails are shown in Table 1.

Table 1. Operational Parameters of Microwave Digestion Method for Toenails

Parameter Value
Control Style Ramp to Temperature
Pressure Mode Organic
Temperature 165 °C

Ramp Time 4:00 min

Hold Time 4:00 min
Pressure 400 PSI
Power 300 W
Stirring Medium
Sample Weight 50 mg
Reagents 100 puL HNOs3, 400 pL H20, 500 pL H20-
Total reagent volume 1mL

3.6.4 HPLC-ICP-MS Analysis

Arsenic species were separated using an inert/biocompatible HPLC (Spectra System,

Thermo Fisher Scientific, MA, USA). An anion exchange column (Dionex AS7, Thermo
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Fisher Scientific, MA, USA) was used with an ammonium carbonate (99.999% trace
metal basis, Sigma, MO, USA) mobile phase gradient ranging from 20 - 200 mM (Table
2) to separate the arsenic species. For quantification, the outlet of the column was
connected directly to the inlet of the ICP-MS with PEEK tubing (ICAP-Q, Thermo Fisher
Scientific, MA, USA). Full instrument conditions for both HPLC and ICP-MS are listed in
Tables 3 and 4, respectively. A calibration curve was constructed using a mixed
standard solution of the three arsenic species using the following concentrations: 0.02
Ma/L, 0.05 pg/L, 0.1 ug/L, 0.5 pg/L, 1.0 pg/L, and 2.0 pg/L. This calibration curve enabled
us to determine unknown concentrations in the biological samples, within the trace-metal
range described by previous literature (31,35). Internal standardization was also used to
correct for instrumental drift. Using an internal standard (IS) compound similar to, but not
identical to our target analytes ensures that factors which affect the response of one
should similarly affect the response of the other. Internal standardization uses the ratio
of response between the analyte and the IS to correct for drift. Arsenobetaine was used
as the internal standard, and was added to all samples and calibration standards at a
concentration of 0.05 ug/L. Arsenobetaine was chosen as the internal standard because
it is similar to, but not identical to the other arsenic compounds, and is not found in
toenails. A continuing calibration verification quality control check standard was analyzed

every 10 samples to ensure the quality of data.

Table 2. HPLC Mobile Phase Gradient

Time H20 20 mM 200 mM
(min) (%) (NH4)2C03 (%) (NH4)2C0O3 (%)
0 75 25 0

0.5 45 35 20

0.6 0 0 100

21 0 0 100

2.2 75 25 0

6.2 75 25 0

Method modified from Ellingson et al. (39) to allow for faster analysis while not needing
to separate out As''.
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Table 3. HPLC Instrument Conditions

Injection Volume 25 uL

Flow Rate 0.4 mL/min

Flush Volume 1000 uL
Sample Loop Size 100 pL
Injection Type Push Loop
Analytical Column Dionex AS7, 2 x 250 mm
Guard Column Dionex AG7, 2 x 50 mm

Table 4. ICP-MS Method Conditions for Arsenic Speciation and Total Metal Analysis

Arsenic Speciation All Metals
Gas Argon (99.999%)
Mode Kinetic energy discrimination (KED)
Collision Cell Gas Helium (99.999%)
Instrument Setup HPLC Autosampler
Dwell Time 0.5 seconds 0.1 seconds*
Internal Standard Arsenobetaine Scandium
Main Runs N/A 3
Quality Control Frequency Every 10 Samples

*All elements were analyzed with 0.1s dwell time except arsenic, which was analyzed
with 0.5s to match the speciation analysis.

For determination of total arsenic and other metals, a separate ICP-MS analysis
was performed. A calibration curve was generated for 18 metals (Ag, Al, As, Cd, Ce, Co,
Cr, Cu, Fe, Mn, Ni, Pb, Rb, Se, Sr, U, V, Zn) with the following concentrations: 0.05 pg/L,
0.1 pg/L, 0.5 ug/L, 1.0 pg/L, and 5.0 pg/L. All elements were analyzed in KED mode with
0.1s dwell time (with the exception of arsenic, which was kept at 0.5s), and scandium
was used as the internal standard (Table 4). A quality control check was run every 10

samples.

All final toenail metal concentrations including arsenic species were calculated

using the toenail sample dry mass (measured after washing samples and drying at
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105°C for 12 hours) to adjust for moisture content. All concentrations were reported as

nanograms of arsenic per gram of toenail (ng/g).
3.7 Statistical Analysis

A variety of statistical techniques were employed to achieve our objectives. A one-way
analysis of variance (ANOVA) of MMA percentages was used to determine if the disease
sub-groups have significantly different speciation patterns, and a Dunnett’s pairwise
multiple comparison of means was used to compare mean MMA percentages of each
cancer group to that of the healthy reference group (Objective 1). Multiple logistic
regression models using disease/no disease as the outcome, and arsenic speciation
(%MMA) as the exposure of interest were used to determine if arsenic speciation was
significantly associated with increased odds of having cancer or diabetes, while
adjusting for significant confounders: An “all cancers combined” analysis was performed,
in addition to subgroup analyses by cancer type. The cancer subgroup and diabetes
analyses were performed using exact logistic regression models, due to small numbers
of participants with those specific conditions (N < 10), (Objective 2). Exact logistic
regression was chosen because it is a method designed to work with small samples of
data to achieve high accuracy (40). Biologically plausible interaction terms were also
tested for significance in the multiple logistic regression models. To identify factors
associated with heterogeneity in speciation, we used a multiple regression model using
the percentage of MMA as the outcome, and dataset covariates (disease status,

demographic information and other exposures) as the predictor variables (Objective 3).

The strategy for fitting best regression models for objectives 2 and 3 was as
follows: 1) Backward stepwise regression starting with a full model, removing everything
with p > 0.1, one variable at a time. 2) The significant variables were kept, and a few of
the variables with p-values closest to the 0.1 cut off that were dropped, were sequentially
added back into the model. 3) Sequential models were compared, and the goodness of
fit of each model was determined by comparing Akaike information criterion (AIC). The
final model included variables that resulted in the lowest AIC score. All statistical

analyses were performed with Stata/SE 13.
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Chapter 4. Results

4.1 Method Development and Laboratory Analysis

Comparing the standard acid digestion (50% H202and 50% concentration HNO3) with
the modified mixture proposed for this study (50% H>O- and 10% HNO3) resulted in
mass balance of 95.5% (SD=4.9, n=2) between the two methods, indicating that the two
performed similarly, and that the modified method was suitable for this study. Spike
recovery tests with the modified digestion method showed that all arsenic species
remained stable through the digestion process, with the exception of As'", which was

fully oxidized and almost completely recovered as AsY (Table 5).

Table 5. Arsenic Species Recovery after Digestion

Spike Recovery SD (n=2)
MMA 97.9% 4.1%
DMA 99.3% 9.2%
As'™* 98.4 % 0.7%
AsY 110.3% ** N/A
iAs (As'! + AsY)* 108.1% 0.8%

1 ug/L standards were spiked and digested. A matching non-digested spiked blank was used to
determine % recovery after digestion. Calculation: % Recovery= (digested spike/blank spike).

*Recovered as AsV (As'' completely oxidized to AsY under digestion conditions).
**n=1.

After validation of the analytical method, 60 toenail samples from Atlantic PATH
(10 from each disease category: skin, lung, bladder, and kidney cancer, type |l diabetes
and healthy controls) were analyzed for a panel of 18 metals, with 46 of the samples
allowing for quantifiable arsenic speciation analysis. The average moisture content of the
60 toenail samples was 11.30% (SD = 3.00%). A few of the samples provided were less
than 15 mg (4 samples), and thus were not suitable for speciation analysis. Samples
with recoveries off by >30% were dropped (9 samples). Additionally, one sample had
total arsenic content too low to determine speciation (15.19 ng/g). Interestingly, three of
these samples with poor recoveries had similar characteristic chromatograms. The
reason for this is unknown, but is likely due to some sort of interference by something
released from the toenails after digestion. The column had to be rinsed by injecting

several blanks after each of these samples to return the baseline to normal. The average
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extraction efficiency (measured by mass balance of combined As species/total As) of the

included 46 speciation samples was 97.6 % (SD = 14.0).
4.2 Participant Characteristics

The mean age of the sample was 59.25 years, and 56.67% were women (Table 6). All
healthy individuals were from Nova Scotia as a result of sampling from a different
participant pool for the healthy group and disease groups. All lung cancer cases got their
drinking water from a dug private well, and skin cancer cases had the longest average
residence dwell time. There were no other significant differences between groups.
Additionally, BMI had the most missing observations of all variables tested (28.33%). All

sample population characteristics are summarized in Table 6.

Since BMI had so many missing observations, we tested if these observations
were missing in a systematic fashion by comparing the characteristics of those missing
BMI, to those with a BMI observation (Table 7). No significant differences were found
between the two groups, so we moved forward under the assumption that the data are
missing at random (MAR). Hotdeck imputation was performed for BMI so we did not
have to drop those data points from the regression models. Imputation was based on the
two variables most highly correlated with BMI that had no missing values, i.e., cancer

history and age.
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Table 7. Descriptive Characteristics and Frequency Estimates of Participants with and
without Missing Data on BMI

Variable Not Missing Missing P-value
% (Mean) % (Mean)
Age (60.09) (58.06) 0.3261
%MMA (5.33) (6.52) 0.2694
Male 80.77 19.23
Sex 0.171
Female 64.71 35.29
NS 65.00 35.00
NB 72.73 27.27
Province 0.284
NL 90.91 9.09
PEI 50.00 50.00
Healthy 70.00 30.00
Skin Cancer 100.00 0.00
Bladder Cancer 44.44 55.56
Status 0.115
Lung Cancer 60.00 40.00
Kidney Cancer 66.67 33.33
Type |l Diabetes 90.00 10.00

No significant differences, data are assumed missing at random (MAR). P-values are results from
Student’s t-test (age and %MMA) and one-way analysis of variance (sex, province, status).

4.3 Arsenic Speciation and Heavy Metal Profiles by Disease Group

A one-way analysis of variance (ANOVA) was performed for all speciation
variables using all six groups, and was only significant for %MMA (p = 0.0430, Table 8),
and total MMA (p = 0.0002, Table 9). An ANOVA comparing %MMA of the four cancer
groups was not significant (p = 0.2436), thus we are unable to reject the null hypothesis
that they are all the same. This suggests that we may pool the four groups for an “all
cancers” analysis. A Dunnett’s pairwise comparison for %MMA was significant for lung
cancer (p = 0.025) and kidney cancer (p = 0.023), indicating that the mean %MMA for
lung and kidney cancer are significantly different (higher) than that of the healthy group.
A combined analysis of all cancers vs the healthy group using a two-sample t-test
indicated that the mean %MMA was significantly different (higher) in the combined

cancer group, compared to the healthy group (p = 0.0084).
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For total metal concentrations, Dunnett’s test indicated that average selenium
(82Se) in the lung cancer group was significantly different (lower) than the healthy group
(p = 0.016, Table 9). Total MMA and DMA were also significantly different (higher) in the
lung cancer group, compared to the healthy group (p < 0.001, p = 0.031, respectively,
Table 9). No significant differences in means were found for the other metals measured,
including total arsenic. Interestingly, lung cancer was the only group with a higher total
arsenic concentration than the healthy group, although the difference was not

statistically significant (Table 9).

Aside from the statistically significant results, Tables 8 and 9 also show some
interesting trends. While not statistically significant, possibly as a result of the small
sample sizes, trends in Table 8 indicate that on average, healthy individuals had the
lowest %DMA, the highest %iAs, the lowest PMI, and the highest SMI, agreeing with
previous literature (Table 8). Additionally, on average healthy individuals had the highest
selenium concentration (82Se, Table 9), and individuals with diabetes had the
highest %DMA (Table 8).

Figure 1. Mean %MMA by Disease Group

[}
—

I Healthy I skin Cancer
I Bladder Cancer [ Lung Cancer
[ Kidney Cancer [ Diabetes

N=9,7,5,7, 8, 8 from left to right respectively. Means not including comorbid type Il
diabetes. Error bars indicate 95% confidence intervals.
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Figure 2. Toenail Selenium Concentration by Disease Group
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N = 10 per group. Error bars indicate 95% confidence intervals.

4.4 Arsenic Speciation Regression Models for Cancer and Diabetes

An odds ratio estimate for the association of %MMA with type Il diabetes was generated
using exact logistic regression, given the small sample size. %MMA was significantly
associated with having diabetes: for every 1% increase in the proportion of MMA, there
was an 89% increase in the odds of having type Il diabetes (Table 10). Including the two
cases with both diabetes and cancer caused the odds ratio to change from 1.89 to 1.41,

becoming not statistically significant (p = 0.0837, Table 10).

Table 10. Diabetes Models for %MMA Exposure Using Exact Logistic Regression

n OR P-Value 95% CI
Diabetes 17 1.89 0.0319 (1.03, 4.78)
*Including Cancer 19 1.41 0.0837 (0.97, 2.38)

*Includes the two comorbid cancer cases

For the “all cancers combined” analysis, there was sufficient sample size to
conduct regular logistic regression. Starting with a full model, %MMA and BMI were the
only remaining significant variables after backwards stepwise elimination. Age, vigorous

physical activity frequency, and ever smoked were sequentially added back in and
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compared, with the final model consisting of %MMA, BMI, age, and ever smoked (Table
11).

For every 1% increase in MMA (proportion of total Arsenic) there was a
significant increase (114%) in the odds of ever having had primary skin, lung, bladder, or
kidney cancer (OR = 2.14), when BMI, age and smoking were held constant (Table 11).
Including cases with comorbid diabetes decreased the odds ratio from 2.14 to 1.85

(Table 11). No interaction terms tested were found to be significant in the final models.
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Table 12. Cancer Subgroup Analyses for %MMA Exposure using Exact Logistic
Regression Models

n OR P-Value 95% ClI
Skin Cancer 17 1.68 0.0390 (1.02, 3.23)
*Excluding Diabetes 16 1.61 0.0645 (0.98, 3.08)
Bladder Cancer 15 1.31 0.2665 (0.84, 2.27)
*Excluding Diabetes 14 2.11 0.0679 (0.97, 8.63)
Lung Cancer 16 1.46 0.0288 (1.03, 2.36)
Kidney Cancer 17 3.59 0.0016 (1.27, 27.12)

*Excluding comorbid diabetes cases

Subgroup analyses were performed with and without the comorbid diabetes
cases. %MMA was significantly associated with an increase in the odds of skin cancer
(OR =1.68), lung cancer (OR = 1.46), and kidney cancer (OR = 3.59), but the
association with bladder cancer (OR = 1.31) was not statistically significant (Table 12). In
the skin cancer group, including the case with comorbid diabetes did not cause much of
a change in the odds ratio (1.68 down to 1.61), though it did cause it to become not
statistically significant (p = 0.0645, Table 12). Conversely, including the case with
comorbid diabetes in the bladder cancer analysis caused a large increase in the odds

ratio (1.31 to 2.11), and brought the estimate closer to significance (p = 0.0679).

4.5 Regression Models for Heterogeneity in Speciation

Backwards stepwise regression for %MMA (as the dependent variable) left cancer
history and province in the model as significant predictors. Sleep time and selenium
(isotope 82) were close to the significance cut off and were added back into the model,
but the best model included only cancer history and province as predictor variables
(Model 1, Table 13). Given this model, living in PEI compared to Nova Scotia increases
an individual’s proportion of MMA by 6.95%, when cancer history is held constant. We
are 95% confident that the true % increase in proportion of toenail MMA for the
population, for living in PEI compared to Nova Scotia is between 3.86 and 10.04. Having
ever had cancer increases an individual’s proportion of MMA by 2.39% compared to
those with no cancer, when province is held constant. We are 95% confident that the
true % increase in proportion of toenail MMA for the population, in patients with cancer

history (compared to those without) is between 0.35 and 4.44.
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In terms of the distribution of the correlated variables by province, PEI had lower
sleep time (N = 6), and higher %MMA (N = 4) (Table 14). Considering these differences,
and the fact that all healthy individuals were from Nova Scotia, we made a second model
excluding province. Excluding province, the final model included cancer history, sleep
time, and toenail selenium concentration as the best predictive variables (Model 2, Table
13). In this model, having ever had cancer increases an individual's proportion of MMA
by 2.08% compared to those with no cancer, when sleep time and selenium
concentration are held constant. We are 95% confident that the true % increase in
proportion of toenail MMA for the population, in patients with cancer history (compared
to those without) is between 0.14% and 4.02%.

With every 1 hour increase in sleep time, the proportion of toenail MMA
decreases by 0.78% (for 1 min, 0.013% decrease), when cancer history and selenium
concentration are held constant. We are 95% confident that the true % decrease in
proportion of toenail MMA for the population, for every additional hour of sleep is
between 0.07% and 1.50%.

Adding selenium to the model, even though statistically insignificant, changed the
odds ratio for cancer slightly, from 2.22 to 2.08. This addition also increased the adjusted

R2, and decreased the AIC. Thus, it was included in the final model.

Table 13. Regression Models for Influences on %MMA

Model 1* Model 2**
B P value 95% Cl B P value 95% Cl
Province
Nova Scotia Ref.
New Brunswick -0.10 0.928 (-2.33, 2.13)
Newfoundland 1.27 0.339 (-1.38, 3.91)

Prince Edward Island 6.95 <0.001 (3.86,10.04)
Cancer History

No Ref. Ref.

Yes 2.39 0.023 (0.35, 4.44) 2.08 0.036 (0.14, 4.02)
Sleep Time (min) -0.013 0.033 (-0.025, -0.001)
Selenium (ng/g) -0.019 0.177 (-0.048, 0.009)

N=45 for both models
*Model 1 includes Province and Cancer history, Adj. R2 = 0.3598
**Model 2 includes Cancer history, Sleep time, and selenium Adj. R2 = 0.1827
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Table 14. Mean Sleep Time and %MMA by Province

NS NB NL PEI P Value
Sleep Time 451.25 462.86 428.18 345.0* 0.0107
(min) (416.21-486.29)  (429.24-496.47)  (375.56—480.81) (268.53 —421.47)
N=20 N=21 N=11 N=6
%MMA 4.35 5.67 5.97 11.65** 0.0007
(2.97-5.73) (4.35-6.98) (2.95—8.99) (4.14—-19.16)
N=17 N=18 N=6 N=4

*significantly different than all using pairwise comparison with bonferroni correction
**significantly different than NS and NB, but not NL, using pairwise comparison with bonferroni
correction
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Chapter 5. Discussion
5.1 Digestion vs Extraction for Optimal Measurement of Metabolic Species

By using digestion rather than extraction to measure arsenic species, this study was
able to achieve an average extraction efficiency of 97.6%, which is much higher than
previously reported extraction efficiencies using toenails (35,37). The major drawback to
this method is that it cannot distinguish between the forms of inorganic arsenic (As"' and
AsV) due to the oxidative conditions of digestion. However, by forgoing this differentiation
we were able to accurately measure the other species found in toenails. In addition to
accurate measurement, by using a total inorganic measure we could shorten the time
required for speciation analysis by a significant margin. The total run time per sample for
Ellingson et al. was 15 minutes (39). By modifying this method and using a summary
inorganic measure, we were able to achieve a run time of 6.2 minutes per sample. This
considerable time saving also translates to cost savings, as high purity argon and helium

gas are required throughout the run.

5.2 Cancer, Diabetes, and Comorbidity Effects

Though the diabetes group had the highest average %DMA as we hypothesized, it was
not much higher than the cancer groups, and the difference was not statistically
significant (Table 8). In fact, rather than showing the expected “opposite” association
compared to cancer, the results showed a similar association, i.e., a higher proportion of
monomethylated species associated with increased odds of both cancer and type Il
diabetes. This result differs from previous findings that diabetes is associated with a
lower percentage of MMA in urine (24). This difference in findings could arise from using
a different biomarker, or perhaps a different population. The relationship between
arsenic speciation patterns in cancer and diabetes will need to be investigated further in

future studies.

Including the comorbid cases in both the cancer and diabetes models had some
impact on the odds ratios and p-values (Tables 10 - 12). This could be purely a result of
chance and the small sample size per group, or could reflect an interaction or effect
modification. Having speciation data for only two cases with both diseases makes it
impossible to tell from this pilot study, however it would be interesting to investigate

further in a subsequent study. Including a full comorbid group would address this
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question and allow for more external validity in a future study, as the prevalence of type

Il diabetes is quite high, and is a common comorbidity in cancer cases.

5.3 Total Arsenic vs Arsenic Speciation

When designing this pilot study, we wanted to get similar arsenic exposure between
cases and controls to tease apart the effects of arsenic exposure vs arsenic speciation.
We managed to achieve that as the groups did not significantly differ in regards to their
total arsenic concentration. No association between total arsenic and cancer or diabetes
was found. Instead, we found an association with arsenic speciation, specifically %MMA.
This is an interesting finding with serious potential implications. Several studies have
found that arsenic is related to multiple forms of cancer at moderate to high exposure
levels, but at lower levels, the way the body processes and metabolizes the arsenic
could be more important to health than the total amount. It is even possible that there
could be an association between arsenic speciation and other cancers previously
thought to be unrelated to arsenic exposure. If this were the case, it could call for a re-
evaluation of arsenic exposure limits and maximum allowable concentrations in drinking

water. However, much more work on a larger scale is needed to inform appropriate

policy.
5.4 Impact

This pilot study was the first step toward a better understanding of how arsenic affects
human health, and has provided a strong foundation for subsequent larger scale studies
to completely characterize the interrelated roles of environmental arsenic exposure,
metabolism and body burden (arsenic speciation), lifestyle factors, genetic factors,
disease risk, and prognosis. By identifying how potential risk factors and preventative
factors interact, not only with arsenic exposure, but with individuals’ arsenic
speciation/metabolism and body burden, future research has the potential to significantly
advance our understanding of arsenic carcinogenicity, and thus allow us to help develop

and inform targeted population-level prevention strategies.

The ultimate goal of this research is to contribute to improving health for Atlantic
Canadian residents, as well as the millions of people affected by environmental arsenic
exposure around the world. Understanding how arsenic causes disease is the first step

toward developing and implementing effective intervention programs. This information
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can help lead to the improvement of our ability to predict diseases in high-risk sub-
populations, and aid in the development of target intervention strategies to prevent the
adverse effects of chronic exposure to environmental arsenic. By determining the
associations between arsenic speciation profiles and chronic diseases using toenail
biomarkers as an indicator of long-term arsenic exposure, this preliminary research has
the potential to provide a strong foundation to help generate new hypotheses and guide
future research in the exploration of arsenic pathogenesis. The information gained here
will add to the growing body of literature to help elucidate the toxic and carcinogenic

mechanisms of this global health hazard.

5.5 Strengths and Limitations

The major strengths of this study lie in its novelty: This was the first study to research
various cancers and diabetes using toenail arsenic speciation analysis, a potentially
important, more relevant biomarker for disease. The current study has improved upon
previous speciation research by: 1) extending the scope of arsenic-related cancers being
studied, 2) providing a direct and detailed comparison of arsenic speciation profiles
between cancer and diabetes, 3) using a more appropriate, longer-term biomarker
(toenails) for studying chronic disease associated with long-term arsenic exposure, and
4) providing a detailed arsenic speciation profile (rather than just total arsenic), along
with other toxic metal co-contaminants. Additionally, the laboratory portion of the study
was able to streamline toenail speciation analysis with far better recoveries than
previously reported by opting for a summary inorganic measure rather than

differentiating between As'' and As".

The limitations of this study include: 1) The sample size was small, and thus the
statistical power was limited, 2) The data were cross-sectional, so we cannot infer
causality, 3) The Atlantic PATH cohort is a convenience sample, so selection bias may
be an issue. Additionally, the sampling procedure used in this study was province-
biased, resulting in all healthy individuals being from Nova Scotia, 4) The questionnaire
variables were self-reported and less reliable than objectively measured variables, 5)
Given the limited information in the health questionnaire, we were unable to specify the
type of skin cancer participants had, 6) With such low survival rates for individuals
diagnosed with lung cancer, the sample used in this study may be unrepresentative of

typical lung cancer cases, and 7) There was a paucity of arsenic exposure data. We
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have assumed that the majority of exposure was from drinking water, though we cannot

be certain that this was the case.

5.6 Conclusions and Future Research

Preliminary speciation results indicate that on average, healthy individuals have
the lowest percentage MMA, the lowest primary methylation index (PMI), and the highest
secondary methylation index (SMI), agreeing with our original hypotheses. Additionally,
total metal analysis indicated that selenium was highest in the healthy group. This is

interesting as previous work has indicated that selenium can negate arsenic toxicity (33).

Based on these data, we would like to move forward with a larger scale follow-up
project, including more participants from each group, and more arsenic-related cancers,
especially breast cancer, in which arsenic speciation has been implicated in urinary
studies (7). Additionally, it would be interesting to investigate a few cancers that have not

been previously associate with arsenic exposure.

The numbers of samples available for analysis from eligible participants at
Atlantic PATH have been identified. In addition to the samples already analyzed, toenail
samples are available for another 591 skin cancer cases, 19 lung cancer cases, 25
bladder cancer cases, 33 kidney cancer cases, 399 breast cancer cases, and 1472
diabetes cases. In addition to the baseline data, the Atlantic PATH database will
continue to grow with regular follow up (every 1 - 2 years), and as such there will be new
incident cancer cases to work with, yielding stronger evidence regarding the association

between arsenic speciation and cancer.

Given the calculated minimum sample size numbers in Table 15 (Appendix C),
we propose to analyze the remainder of the toenail samples available for lung (19
samples), bladder (25 samples), and kidney cancer (33 samples), in addition to another
35 skin cancer, 45 breast cancer, 35 type Il diabetes, and 35 healthy samples. Overall,
this follow-up work would analyze another 227 samples. Given the minimum numbers
calculated in Table 15, these additional samples should allow us enough power to detect

significant results for hypothesized associations.

In conclusion, these preliminary speciation results support our central hypothesis
that arsenic speciation differs between healthy people and those with chronic arsenic-

related diseases. This study provides the first data of its kind using toenails, and
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provides solid evidence that this research is both feasible and important, and that further

investigation is warranted.
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Appendix A: Hypothesis Diagram

Figure 3. Arsenic Speciation Hypothesis Diagram

Exposure to inorganicarsenic (As'",AsY) via contaminated drinking water

The body metabaolizes arsenicto a varying degree, giving rise to
varying amounts of As'', AsV, MMAY, and DMAV

Higher % of MMAY Higher % of DMAY
Increased odds of arsenic Increased odds of diabetes
related cancers mellitus

Arsenic speciation is hypothesized to mediate the effect of arsenic exposure on the
development of arsenic-related diseases. Specifically, a higher proportion of MMA will
increase the odds of having cancer, and a higher proportion of DMA will increase the
odds of having diabetes.

*Conventional Studies: Chronic Arsenic exposure > Disease Outcome

*Our Hypothesis: Chronic arsenic exposure = Metabolism and Speciation - Disease
Outcome
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Appendix B: Arsenic Metabolism Diagram

Figure 4. Typical Arsenic Metabolism Pathway in Mammals

Y OoH 2 oH ¥’ oH

O:As—OH > /l\s—OH E—— O:/l\s—CHS —
(|)H cl)H OH
Arsenate Arsenite Monomethylarsonic Acid
AsY As'l! MMAY

® on ? CH, 4 oH
/%\s—CH3 «——— O=As—CHj; = As—CH; «—
CHj cl)H OH

Dimethylarsinous Acid Dimethylarsinic Acid Monomethylarsonous Acid
DMA™ DMAY

MMAIII

Pathway modified from Aphosian et al. 2004 (34). Individual differences in methylation
capacity lead to incomplete transformation, and a mixture of inorganic and mono and
dimethylated species are excreted (27).
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Appendix C: Sample Size Calculations for Follow-up Study

Table 15. Sample Size Calculations per disease Group for Select Arsenic-related
Variables

Skin Lung Bladder Kidney Combined Diabetes
Cancer
%MMA 15 12 11 5 10 15
PMI 29 22 28 8 22 31
SMI 694 23 91 24 52 103
82Se 57 6 18 313 32 47
%iAs 33 36 117 17 34 25

All calculations were performed using 95% CI, 80% power, and 1:1 ratio for comparison of two
means (each cancer group or combined cancers to healthy). Number were calculation using the
group means and standard deviations from the preliminary data (excluding comorbid
cancer/diabetes cases) in the equation given below.

2
(0f + 05 /k)(Z1—aj2 + Z1-p)
nl = AZ

2
_ (kx of +03)(Zi—ay + Z1-p)
n, = A2
N1= sample size for group 1

N2= sample size for group 2

o1=SD group 1

62=SD group 2

A=difference in group means

K= ratio=n2/n1

Z1.a12 = two-sided Z value (e.g., / Z=1/96 for 95% CI)
Zyg=power

Ref: Bernard Rosner. Fundamentals of Biostatistics (5th edition) (based on equation
8.27).
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