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Abstract

Arsenic is an environmental pollutant and a wethkshed human carcinogen that
causes a variety of health hazards affecting m#lioof people in the world.
Cardiovascular diseases (CVDs) and cancer arestitbnlg causes of arsenic-related
morbidity and mortality worldwide. Atherosclerosssthe main event of CVDs, and
angiogenesis is involved in the pathological depeient of cancer and CVDs. There
are severakirculating inflammatory, adhesion and angiogemiolecules that are
involved in atherosclerosis and angiogenesis. Antbeqn, C-reactive protein (CRP)
as an inflammatory molecule, intercellular adhesiomwlecule-1(ICAM-1) and
vascular cell adhesion molecule-1(VCAM-1) are irogled in the development of
atherosclerotic plaque, and vascular endotheliaivtr factor (VEGF) is involved in
angiogenesis. Although arsenic exposure is assocmith CVDs and cancer, the
biochemical events underlying the arsenic-induc&D€ and cancer have not yet
been fully documented. Therefore, this study hasnbgesigned to investigate the
relationships of arsenic exposure with the circ¢otatinflammatory, adhesion and
angiogenianolecules related to CVDs and cancer. Non-endéomean subjects were
selected from a village in the northern area ofddatesh with no history of arsenic
exposure, and arsenic-endemic subjects were selécm several villages in the
north-west region of Bangladesh. Arsenic concelotnatin water, hair and nails were
measured by Inductively Coupled Plasma Mass Spamipy (ICP-MS) and
circulating levels of CRP, ICAM-1, VCAM-1 and VEGWwere quantified using
respective enzyme-linked immunosorbent assay kitsugh micro plate reader.
Significant positive correlations were found betwegsenic exposure metrics (water,
hair and nails) and circulating levels of CRP, ICAMVCAM-1 and VEGF. All
these molecules showed dose-response relationstiiparsenic exposure metrics.
Further, the associations of CRP, ICAM-1, VCAM-1daWEGF with arsenic
exposure metrics were significant even adjustingrétevant covariates. Therefore,
the significant positive correlations and dose-oesg relationships ofirculating
inflammatory, adhesion and angiogenic moleculg arsenic exposure metrics

suggest the possible biochemical events of arsadisczed CVDs and cancer.



CONTENTS

TABLESOF CONTENTS Page No

Abstract

List of tables

List of figures

List of acronyms, abbreviations, and symbols

Dedication

Chapter 1 Introduction
1.1 Background
1.2 Physico-chemical properties of arsenic
1.3 Occurrence and exposure rout of arsenic
1.3.1 Natural sources of environmental arsenic
1.3.1.1 Earth crusts
1.3.1.2 Soil and sediment
1.3.1.3 Water
1.3.1.4 Food
1.3.1.5 Air
1.3.1.2 Anthropogenic source of arsenic
1.4 Environmental transport and distribution of arsenic
1.5 Recommended value of arsenic in drinking water
1.6 Arsenic contamination in the world
1.7 Arsenic contamination: Bangladesh perspective

1.8 Causes of arsenic contamination of groundwater in
Bangladesh

1.8.1  Pyrite oxidation theory
1.8.2 Iron oxyhydroxide reduction theory

1.9 Metabolism of arsenic

Vi

Vii

Xi

o o a0 A~ b

11
15

15
16
16



1.10 Signs and symptoms of arsenicosis 17

1.11 Biomarkers of arsenic 18
1.12 Health effects of arsenic exposure 20

1.12.1 Dermatological effects 20

1. 12.2 Carcinogenic effects 22

1. 12.3 Cardiovascular effects 22

1. 12.4 Respiratory effects 24

1. 12.5 Hepatotoxic effects 24

1. 12.6 Renal effects 25

1. 12.7 Neurological effects 25

1. 12.8 Reproductive effects 26

1.12.9 Genotoxic effects 26

1.13 Dissertation aim 27

1.14 References 29

Chapter-2  Exploring the association of arsenic exposure with inflammatory and
adhesion moleculesrelated to atherosclerosis  in theindividuals
exposed to arsenic in Bangladesh

2 Abstract 54

2.1 Introduction 55

2.2 Materials and Methods 57
2.2.1  Ethical permission 57
2.2.2  Selection of study areas and subjects 57
2.2.3  Water collection and arsenic analysis 59
2.2.4  Collection of hair and nails, and analysisskenic 60
2.2.5 Blood pressure measurement 60
2.2.6  Collection of plasma 61

2.2.7 Measurements of plasma CRP, ICAM-1 and 61
VCAM-1

2.2.8  Statistical analysis 62



2.3

23.1
2.3.2
2.3.3
2.3.4
2.3.5

2.4

2.5

2.6

Results 63
Descriptive characteristics of the studyipg@nts 63
Comparisons of the levels of plasma circulating 65
molecules related to atherosclerosis between a&rseni
endemic and non-endemic areas
Correlations of arsenic exposure metrics with pasm 67
circulating molecules
Association between arsenic exposure me@ind 71
plasma circulating molecules through multivariate
linear regression analysis
Dose-response relationship of arsenic exposure witly2
circulating molecules
Discussion 73
Conclusions 76
References 77

Chapter 3 Exploring the association of arsenic exposure with serum vascular

endothelial growth factor in arsenic-endemic individualsin

3.1
3.2
3.2.1
3..2.2
3.2.3
3.24
3.2.5
3.2.6
3.2.7
3.3
3.3.1

Bangladesh
Abstract
Introduction
Materials and Methods
Ethical permission
Selection of study areas and subjects
Water collection and arsenic analysis
Collection of hair and nails, and analydiarsenic
Collection of blood serum
Measurement of serum VEGF
Statistical analysis
Results

Characteristics of the study subjects

84
85
88
88
88
89
89
89
90

92
92

92



3.3.2 Correlation of water arsenic with hair and nailesis
concentrations

2.3.3 Correlation between arsenic exposure and serum
VEGF levels

3.3.4 Dose-response relationship of arsenic expoaith
serum VEGF levels

3.3.5 Comparison of serum VEGF levels in the three
groups based on the regulatory upper limit of a@csen
concentrations in drinking water

3.3.6 Effect of covariates on serum VEGF levels

34 Discussion
35 Conclusions
3.6 References

Chapter 4 Summary of thethesis

4.1 Objectives
4.2 Summary of results
4.3 Strengths and limitations

4.3.1 Strengths
4.3.2 Limitations
4.4 Public health relevance

Chapter 5  Publications during the PhD period

5.1 Paper published from PhD research
5.2 Paper published during the PhD period
Annexurel Questionnaires to the patient/subject

(personal information)

95

96

96

97

100
103
104

110
110
111
111
112
112

114
114
116



List of Tables

Table 1.1 Chemical nature of arsenic at a glance 3

Table 2.1 Descriptive characteristics of the study subjects 64
arsenic-endemic and non-endemic areas

Table 2.2 Association between arsenic exposure metrics andi1
plasma circulating molecules in individuals through
multivariate linear regression analysis

Table 2.3 Dose-response relationships between arsenic esgosu73
levels in water, hair, and nails, and the levels of
plasma circulating molecules

Table 3.1 Characteristics of the study subjects based orrwat 94
arsenic concentrations

Table 3.2 Associations of arsenic exposure with serum VEGEOO
levels through regression analysis

Vi



List of Figures

Figure 1.1 Bio-transformation of arsenic in environment tigbu 8
arsenic cycle

Figure 1.2 Arsenic in ground water across the world 11
Figure 1.3 Arsenic polluted areas in Bangladesh 14
Figure 1.4 Some typical symptoms of arsenicosis 21

Figure 2.1 Arsenic-endemic and non-endemic areas if9
Bangladesh selected for this study

Figure 2.2 Levels of plasma circulating molecules in the gtud66
subjects from arsenic-endemic and non-endemic areas

Figure 2.3A Correlation of arsenic exposure with plasma CRIB8
levels

Figure 2.3B Correlation of arsenic exposure with plasma ICAM-169
levels

Figure 2.3C Correlation of arsenic exposure with plasma VCAM-170
levels.

Figure 3.1 Schematic illustration of VEGF and VEGFRS86
expression pattern and ligand specificity

Figure 3.2 Some representative photograph of field activities 90

Vil



Figure 3.3 Stepwise assay of VEGF by ELISA kit 91

Figure 3.4 Correlations of water arsenic with hair and neskeaic 95
concentrations

Figure 3.5 Correlation between arsenic exposure and serum 96
VEGF levels

Figure 3.6 Dose-response relationships of serum VEGF leve8s
with arsenic exposure metrics

Figure 3.7 Serum VEGF levels in the three groups based on ti9e
regulatory upper limits of arsenic concentrations i
drinking water

viii



List of acronyms, abbreviations, and symbols

ANOVA One-way Analysis of Variance

As Arsenic

AS3MT Arsenic methyltransferase

BFD Black foot disease

BGS British Geological Survey

BMI Body Mass Index

Cl Confidence interval

CRM Certified reference material

CRP C-reactive protein

CVDs Cardiovascular diseases

DBP Diastolic blood pressure

DMA Dimethylarsinic acid

DPHE Department of Public Health Engineering
EDTA Ethylenediamine-tetraacetic acid

ELISA Enzyme-linked immunosorbent assay
EPA Environmental Protection Agency

HDL-C High density lipoprotein cholesterol

IAS Inorganic arsenic

IARC International Agency for Research on Cancer
ICAM-1 Intercellular adhesion molecule-1
ICP-MS Inductively Coupled Plasma Mass Spectroscopy
IL Interleukine

mg milligram



MMA

NMIJ

NO

ng

Ox-LDL

PY

ROS

SAM

SBP

SD

SE

SOES

SPSS

TNF

TWAS

UNICEF

USA

VCAM-1

VEGF

WHO

ug
8-OH-G

Monomethylarsonic acid

National Institute of Advanced Industrial Suoe and Technology,
Japan

Nitric oxide

Nano gram
Oxidized low density lipoprotein
Pico-gram

Reactive oxygen species
S-adenosylmethionine

Systolic blood pressure

Standard deviation

Standard error

School of Environmental Studies
Statistical Packages for Social Sciences
Tumor necrosis factor

the academy of sciences for the developinddvor
United Nations Children's Fund

United States of America
Vascular cell adhesion molecule-1
Vascular endothelial growth factor

World Health Organization

Microgram

8-hydroxyguanine



Xi



Chapter 1 £

| ntroduction

1.1 Background

Arsenic is a toxic metalloid widely present in fosil, air, and water. People are
generally exposed to arsenic through drinking ekmaic contaminated groundwater
and consumption of rice and vegetables irrigatedcbgtaminated groundwater.
Occupational exposure to arsenic is also occumedhining, pesticide, glass, and
pharmaceuticals industries. Drinking of groundwaseconsidered a major source of
arsenic to the people living in arsenic affectedaarin some parts of the world
(Meharg, 2004; Mondal and Polya, 2008; Rahman.e2@08). Rice grown in arsenic
affected areas where groundwater is extensiveld figeirrigation become second
major exposure route of arsenic (Brammer, 2009nBnar and Ravenscroft, 2009;
Meharg, 2004; Mondal and Polya, 2008; Roy chowdh26p8). On the other hand
arsenic exposure from air and soil are minimal.eirs can exist in both organic and
inorganic forms in the environment. Generally arses found as organic form in
different types of foods that are less toxic thiae ihorganic arsenic (Duxbury et al.,
2003; Meharg and Rahman 2003; Sun et al., 2008)eier, recent report suggests
that many food items from the badly affected aralae contain inorganic form of
arsenic (Meharg et al., 2008). Most poisonous fofnmorganic arsenic is found in
drinking water (IARC, 2004; Zheng et al., 2004)irf&ing water with elevated levels
of inorganic arsenic is a global health concermdbadesh has been grappling with
the largest mass poisoning of a population in hysb@cause of the contamination of
drinking water by inorganic arsenic greater thaam glermissive limit (10ug/L) for the
arsenic-endemic people set by World Health OrgdioizgWHO). Chronic exposure
to high levels arsenic is associated with dernsatdardiovascular diseases (CVDs),
multi-side cancers, diabetes mellitus, chronic bhatns, immune disorders, peripheral
neuropathy, liver damage, renal failure, adverseroductive outcomes,
hematological effects, and other ailments (Alilet2010; Argos et al., 2010; Chen et
al., 2007; Mazumder et al., 1998, 2000, 2005; Mslikt al., 2007; Mumford et al.,
2007; Tapio and Grosche 2006; Vahidnia et al., 200&8ng et al., 2002). Therefore,
arsenic toxicity along with the adverse health @ffehas also created social and

economical problems.
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1.2 Physico-chemical properties of arsenic

Arsenic is a metalloid has properties of both nsetahd non-metals. It is a
group V element with symbol As, atomic number 33l aveight 74.92. Arsenic
primarily exists at four different valence states, +3, 0 and —3. Elemental arsenic
has a valence state of 0. Arsine and arsenideséhaakence of-3. Arsenic is found to
exist in combination with oxygen, hydrogen, chlesisulphur, different metals, and
also as a pure elemental crystal. Arsenic can esigiowder, amorphous or vitreous
forms. Elemental arsenic has a specific gravity.gf3 sublimes at 615°C and has a
very low vapour pressure of 1 mm Hg at 373°C. Manhythe inorganic arsenic
compounds occur as white, odourless solids witkiperavities ranging from about
1.9 to more than 5. Elemental arsenic is insolublewvater. Both organic and
inorganic arsenic species can dissolve in watemdvieethylarsonic acid (MMA) and
dimethylarsinic acid (DMA) are the major form ofganic arsenic (Tamaki and
Frankenberger, 1992). Inorganic forms of arsengcraore toxic than organic form.
The trivalent form of inorganic arsenic (Ascalled arsenite) and the pentavalent
forms (AS, called arsenate) are the principal inorganic isseshich tend to be more
prevalent in water than the organic arsenic spd€€ieguson and Gavis, 1972). Under
reducing conditions arsenite is the dominant fowhereas arsenate is generally the
more stable form in oxygenized environments (NR®99). When heated to
decompose, arsenic compounds emit toxic arseniesu(hiSDB, 2003). Arsenic
trioxide, the most common arsenic compound in cornaanelts at 312°C and boils
at 465°C. Arsenic does react with hot acids to farsenous acid @AsOs;) or arsenic
acid (HAsQy).
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Table 1.1 Chemical nature of arsenic at a glance

Atomic number 33

Atomic mass 74.922 g/mol
Electronegativity according to Pauling 2.0

Density 5.7 g/lcnd at 14°C
Melting point 814 °C (36 atm)
Boiling point 615 °C (sublimation)
Atomic radius 0.139 nm
Oxidation states -3, +3, +5

Key isotope ®As

Electronic shell [ Ar] 3t 4< 4p°
Energy of first ionization 947 kJ/mol
Energy of second ionization 1798 kJ/mol
Energy of third ionization 2736 kJ/mol
Standard potential -0.3V (A% As)
Discovered by Albertus Magnus

Source: [Lenntech, Netherlands: Alumni from the Technidaiversity of Delft.
Available at: http://www.lenntech.com/periodic/ekemts/as.htm]

1.3 Occurrence and exposurerout of arsenic

Arsenic is a naturally occurring element found tlgioout the environment. It is
released into the environment from both natural @wach-made sources. It occurs in
more than 245 minerals. It ranks 20th in naturainalance, 14th in seawater and 12th
in the human body (Mandal and Suzuki, 2002). Peapeexposed to arsenic through
water, food, air, occupation and other sourcebtaft widespread use in agriculture,
medicine, ceramic and electrical industries (Nriamad Azcue, 1990). The sources

from where arsenic enters into environment are oeed bellow:

1.3.1 Natural sources of environmental arsenic
Arsenic is distributed ubiquitously throughout hetearth crusts, soil, sediments,
water, air and living organisms. The major soum@esaturally occurring arsenic are

as follows.
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1.3.1.1 Earth crusts

Arsenic is most abundantly present in earth crondtthe average concentration of
arsenic in different type of rock (igneous rockscrgstalline solids which form
directly from the cooling of magma and sedimentargks: a thin veneer of loose
sediment that cover the earth crust mostly compa$eidneous rock) is 2 mg/kg.
Arsenic occurs from 0.5 to 2.5 mg/kg in most rockisgd higher concentrations were
found in finer-grained argillaceous sediments ahdsphorites (Kabata-Pendias and
Pendias, 1984). Arsenic is concentrated in somecred marine sediment especially
those associated with gold mineralization up to36fy/kg. It is also concentrated
with iron hydroxides and sulfides in sedimentargk® Iron deposits, sedimentary
iron ores and manganese nodules were rich in arsAnsenic naturally occurs in
over 200 different mineral forms, of which approzi@y 60% are arsenates, 20%
sulfides and sulfosalts and the remaining 20% ohetuarsenides, arsenites, oxides,
silicates and elemental arsenic (Onishi, 1969)eAisin its most recoverable form is
found in various types of metalliferous depositee Tnajor deposits of this type are
categorized into seven major groups. It is comnmoinan pyrite, galena, chalcopyrite
and less common in sphalerite (Goldschmidt, 1994 most common arsenic

mineral is arsenopyrite.

1.3.1.2 Soil and sediment

Arsenic is found in the soils of various countriaage from 0.1 to 50 mg/kg and
mean 5 mg/kg, but varies considerably among gebgraggions (Colbourn et al.,
1975; Garelick et al., 2008; Mandal and Suzuki, Z0¥inogradov, 1959).
Concentrations of arsenic in soils are higher therse in rocks and lowest in sandy
soils and those derived from granites, whereasefaopncentrations are found in
alluvial and organic soils (Kabata-Pendias and Rend984; Peterson et al., 1981).
Arsenic concentrations in uncontaminated soil @megally in the range between 0.2—
40 mg/kg (WHO, 1981). The average arsenic content in agricultural land i
Bangladesh varied from 4 to 8 mg/kg but it roséaf3 mg/kg due to continuous use
of contaminated irrigation water (Ullah, 1998). éngc and its compounds are mobile
in the environment. Weathering of rocks converseaic sulfides to arsenic trioxide,
which enters the arsenic cycle as dust or by disisol in rain, rivers or groundwater.
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1.3.1.3 Water

Groundwater is the major source of arsenic and nsnage generally exposed to
arsenic through contaminated drinking water. Arsaan inter water supplies from
natural deposits which then enter into the foodrghaausing widespread distribution
throughout the plant and animal kingdoms. The maxmpermissible concentration
of arsenic in drinking water is 50 pg/L and recomaed value is 10 pg/L by EPA
and WHO (EPA, 1975; WHO, 2001). Many study repottesl presence of arsenic in
drinking water exceeding WHO recommended maximwelte(50ug/L). Arsenic is
found to exist in water both organic and inorgdomen. Inorganic species of arsenic
is more dominant in water. Under oxidation statetaealent (A¥) form is more
dominant, whereas in reduced environment trivajast') form of inorganic arsenic

is more stable.

1.3.1.4 Food

Food is another important source of human expoBurarsenic. Rice is staple
food in many areas of the world (Meharg and Zhd,220Rice and vegetables were
found to contain higher amount of arsenic in arsafiiected areas like Bangladesh
because of excessive use of arsenic-contaminatedndwater for irrigation
(Duxbury et al., 2003; Meharg and Rahman 2003).id morganic arsenic is present
relatively high proportion in rice with increaseavailabilities and bioaccessibilities
(Juhasz et al., 2006; Meharg and Raab, 2010; Tyestaal., 2012)Organic arsenic
such as arsenobetaine, arsenocholine, arsenosug@esnethylarsonium salts, and
arsenic-containing lipids have been found in highoant in seafood and marine
organisms, although some of these compounds haeebaen found in terrestrial
species (Francesconi and Edmonds, 1997; Grottil.et 2808). These arsenic
derivatives are not acutely toxic because of thmir biological reactivity and their
rapid excretion in urine. Arsenic concentrations@éafood amount 2.4-16.7 mg/kg in
marine fish, 3.5 mg/kg in mussels and more than rh@gkg in certain crustaceans
(Buchet et al., 1984shinishi et al., 1977). Appreciable amount of atent inorganic
arsenic have been observed in wine made from grapeshich arsenic containing
pesticide sprayed (Hughes et al.,, 1994). The amotimgested arsenic via foods
mainly depends on the seafood in the diet espgarikere seafood consumption rate

is very high. It has been reported that Japanepelgtion intake more amount of
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arsenic than in Europe and the United States becafisheir diet contain larger
amount of seafood’he diet in Japan was found to contain 5.7—17%giaic arsenic,
1.1-3.6% monomethylarsonate (MMA), 6.6—27% dimetigihate (DMA) and 47.9—
75.2% arsenobetaine (Yamauchi and Fowler, 1994).

1.3.1.5Air

In the atmosphere, arsenic exists as particulatteemanostly less than 2 um in
diameter. It is usually present in air as a mixtof@rsenite and arsenate. People are
generally exposed to arsenic through air is verw land normally arsenic
concentrations in air ranges from 0.4 to 30 rigand less than 1% of total arsenic
exposure (WHO, 1996). According to US EPA the ested average national
exposure in the U.S. is at 6 ng/arsenic. The amount of arsenic inhaled per day is
about 50 ng or less (assuming that about 2@fmair is inhaled per day) in unpolluted
areas (WHO, 1981). The daily respiratory intakeaxgfenic is approximately 120 ng
of which 30 ng would be absorbed (Zuane, 1990).i¢&fparsenic levels for the
European region are currently quoted as being tetve2 and 1.5 ngfin rural
areas, 0.5 and 3 ngfim urban areas and no more than 50 Adfmindustrial areas
(DG Environment, 2000).

1.3.2 Anthropogenic sour ce of arsenic

Elemental arsenic is produced commercially fromeraics trioxide. Arsenic
trioxide is a by-product of metal smelting operato About 70% of the world
production of arsenic is used in timber treatm@@&o in agricultural chemicals and
the remainder in glass, pharmaceuticals and metalloys [IPCS (International
Programme on Chemical Safety)]. Mining, metal smgland burning of fossil fuels
are the major industrial processes that contritat@rsenic contamination of air,
water and soil. The use of arsenic-containing pieles in the past has left large areas
of agricultural land contaminated. The use of acsanthe preservation of timber has
also led to contamination of the environment. Irdiadn, the use of arsenic-
contaminated groundwater for irrigation leads talegpread contamination of land
and additional exposure to human and livestockfota all over the world (Kile et
al., 2007; Lindberg et al., 2007; Meharg and Rahr2803).
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1.4 Environmental transport and distribution of arsenic

In the atmosphere, arsenic is emitted by high-teatpee processes such as coal-
fired power generation plants, burning vegetatiod @olcanism. Primarily, arsenic in
the atmosphere is released as@sand exists mainly adsorbed on particulate matter.
These particles are then dispersed through windretuined to the earth by wet or

dry deposition.

In soils or sediments arsines released from miard@urces undergo oxidation
in the air and reconverting the arsenic to nontleldorms that settle back to the
ground. The water soluble forms of arsenic incladgenate, arsenite, methylarsonic
acid (MMA) and dimethylarsenic acid (DMA). Almosli arsenic present in well-
oxigenated water and sediments is in more stablgapalent state (arsenate).
Depending on the redox potential, pH, and bioldgicacesses, some arsenic species
can interchange their oxidation state. There ig affinity of some arsenic species for
clay mineral surfaces and organic matter which leadffect their environmental
behaviour. Weathered rock and soil may be transdadoly wind or water erosion.
Many arsenic compounds tend to adsorb to soils laadhing usually results in
transportation over only short distances in solhef® are three major modes of
arsenic biotransformation in arsenic cycle foundd¢our in the environment: redox
transformation between arsenite and arsenate, @édaction and methylation of

arsenic, and the biosynthesis of organoarsenic oangs represented in Figure 1.1.
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Figure 1.1 Bio-transformation of arsenic in environment through arsenic cycle
SourceCenter fo Computational Physics University Gbimbre.
Available at: http://www.viveraciencia.org/

1.5 Recommended value of arsenic in drinking water set by WHO
According to WHO, arsenic is one of 10 chemicalsnodjor public healtl
concern.The toxic effects of arsenic depend on the natuck extent of exposur
particularly the frequency of exposure, durationexposure and type of arsel
presat. A lot of efforts were given by WHO to reducesemic poisoning include
setting guideline values, reviewing evidence anaviging risk managemei
recommendations. WHO publishes a guideline valueafsenic in its Guidelines ft
Drinking-Water Qualit. WHO established 200g/L as an allowable concentration
the first version of International Standards fomRing-Water in 1958. In 1963, in tt
second version a stricter concentration ¢ pg/L arsenic was set as a new stanc
In the last editiorof the WHO Guidelines for Drinkir-Water Quality published i
1993, a further stricter standard of pg/L arsenic was suggesten 2001, EPA in
the United Statesdapted a reduced standarc 10 pg/L for public water supplie:
However, highly contaminad countries of the world such as Bangladesh anch

of arseniteand
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have set up their standards 5 times higher thamts@mum permissive limit set by
WHO. Thus the maximum permissive limit of arsenmc drinking water set by
Bangladesh Government is 50 pug/L. The intentiothefguidelines is to be used as
the basis for regulation and standard setting wodd, for the development of
national standards that, if properly implemented| @nsure the safety of drinking
water supplies through the elimination, or reduttio a minimum concentration, of
constituents in drinking water that are known tohlagardous to public health. The
standard value of arsenic in guideline was desaghats provisional due to the
measurement difficulties and practical difficultiésremoving arsenic from drinking
water. It is when difficult to achieve the guidainalue, member countries may set
higher values as standards taking into accountl loceumstances, resources and

risks.

1.6 Arsenic contamination in the world

Since ancient times, arsenic is considered as bmigeomost notorious poisons.
Historical records show that arsenic was used loyeah Greeks, Persians, Romans
and Chinese. Arsenic is used worldwide as an ingneédof a different kind of
products in manufacturing industries, i.e. woodspreatives, herbicides, insecticides,
pesticides, fungicides, high-emitting diodes, seomnductors etc. resulting the work
places become a source of inhalation and dermabsexp to arsenic for human
population. On the other hand, groundwater in tifierént regions of the world is
contaminated with arsenic. As a result, arsenidcityxhas created a major public
health concern throughout the world. A major andstlaly the dominant route of
arsenic exposure to human and livestock is drinkafgarsenic-contaminated
groundwater. Millions of people are exposed to &led levels of toxic inorganic
arsenic through the contaminated drinking water faod (Meharg, 2008; Ng et al.,
2003; Smith et al., 2000). Most severely affectedntries that include Bangladesh,
China, Nepal, India, Myanmar, Pakistan, Cambodiatiam, Argentina, Australia,
Canada, Greece, Chile, Hungary, Japan, Mexico, MlamgNew Zealand, South
Africa, Philippines, Taiwan, Thailand, USA, etc. avh the main source of human
exposure is the mass use of arsenic-contaminatedndwater for drinking and
irrigation purposes (Berg et al., 2007; IARC, 2004colli et al., 1989; Nordstrom,
2002; Razo et al., 1990; Tseng, 1999).
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In Asia, arsenic menace is more devastating ineseountries specially the
arsenic poisoning in alluvial deltas of Gangs River India and Bangladesh
(Bhattacharya et al., 1997; Dhar et al., 1997; Méret al., 1996; Nickson et al.,
1998; Rahman et al., 2001; Smith et al., 2000).uGdwater of Pakistan, neighboring
country of India and Bangladesh has been contagdnby arsenic above 10ug/L
(Ahmad et al., 2004). Sun (2004) reported thatgitweindwater of the large areas of
China and Inner Mongolia has also been contaminai#gd arsenic resulting in the
toxicity of millions of people. Residents in thede alluvial deltas of the Mekong
River in southern Vietnam and Cambodia and the Re@r in northern Vietnam
have been exposed to arsenic mainly through dminiuater reported by Berg et al.
(2007). Taiwan is another severely arsenic affeated in Asia. In the 1960s, Tseng
et al. (1968, 1977) in Taiwan conducted epidemiclajudies and showed a strong
association and dose-response relationship bethigénconcentrations of arsenic in
drinking water taken from the artesian wells anoh glancer, keratosis and blackfoot
disease. Recently, groundwater contamination bgn&rshas also been reported in
Iran (Mosaferi et al., 2008).

In Europe, the arsenic problem is most alarminglimgary, Serbia and Croatia
(Gurzau and Gurzau, 2001; Sancha and Castro, 2@tdre in Hungary an inventory
of groundwater quality conducted which demonstrdbed arsenic concentrations in
drinking water for 400 towns and villages in thee@rHungarian Plain are several
times higher than the guidelines of WHO and Euragédaion (Csalagovits, 1999).

In the American region, Mexico, United States, €lahd Argentina are the most
affected areas and some wells in Latin Americauiticlg Bolivia and Peru, extremely
high concentrations of arsenic were found (Nicetlial., 1989; Razo et al., 1990;
Welch et al., 1988). Different regions of the woléving arsenic-contaminated

groundwater are shown in Figure 1.2.
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Figure 1.2 Arsenicin groundwater acrosstheworld
Available at: http://www.sickkids.ca/PGPR/Sympoarad-Workshops/Oct-
2007-china/arsenic-pollution/index.html

1.7 Arsenic contamination: Bangladesh per spective

Bangladesh is considered a land of natural disaftecause very often it has to
face floods, cyclones, tidal bores, droughts emdbadesh is an agro based country
where surface and groundwater is extensively usetrfgation purposes. There is an
abundance of surface and groundwater because fidtitdeltaic land formed by the
mechanical action of the great Himalayan rivers @Ganges, Brahmaputra and
Meghna (Safiullah, 2006). Unfortunately, Bangladbsiars the scar of poisoning by
the contamination of groundwater with arsenic. Hete groundwater used for
drinking has been contaminated with naturally ogogrinorganic arsenic which

poses a severe threat to the public health. THe sfdhis environmental disaster is
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greater than any such event seen before. WHO descrihe arsenic crisis in
Bangladesh as the largest mass poisoning of thetietle century (Smith et al., 2000;
WHO, 2000). Naturally-occurring arsenic contamidatgroundwater was first
detected in Bangladesh in 1993 by the Departmer®udflic Health Engineering
(DPHE) in the Nawabganj district. Bangladesh hathte a high rate infant mortality
due to drinking of unsafe surface water from hang-dells, rivers and ponds which
are contaminated by pathogenic bacteria. In théenhew of the 1970s, Department
of Public Health Engineering, Government of Bangkld and United Nations
Children's Fund (UNICEF) had set up millions of dggumped tube wells to get rid
from this burden of water-borne diseases (Ahsaal.et2000; Smith et al., 2000).
Certainly, the incidence of the water-borne dissagas decreased. It was considered
as a huge success for concern agencies sinceitharprgoal of hand-pumped tube
well was achieved. Unfortunately the situation Imeeacomplex when in 1993, a
substantial proportion of the tube wells yieldinghahigh levels of soluble arsenic
contaminated water were found (WHO, 2000). Afteznt a series of surveys were
conducted in between 1995-1998 which revealed ttiatgroundwater of southern
and north-eastern Bangladesh has been extensiwetgrninated with arsenic (BGS,
1999; Khan et al., 2003; Smith et al., 2000; Wabenet al., 2001). In 1998, a British
Geological Survey (BGS) collected more than 200@ewaamples from 41 of the
worst-affected districts. This project tested omeetwell in every 37 Kfin the two
third of the country’s most affected areas and ébthrat, 51% of the tube wells were
contaminated with at least 1@/L, 35% with at least 5Qg/L, and rest of them were
with at least 10Qug/L or more (BGS, 1999). Already an enormous nundbeoxicity
cases have been reported in the North-West redi@aingladesh and approximately
in between 80 to 100 millions of additional people at risk for arsenic toxicity in
the country (Caldwell et al., 2003; Chowdhury, 2D00%e situation is deteriorating as
the new cases of toxicity are still being reportedifferent parts of the country.
There are 61 one out of 64 districts (administetblocks) has been affected by
arsenic in Bangladesh (Khan et al., 2006). Theidistin Bangladesh having arsenic
contaminated drinking water exceeding WHO guidaliaee shown in Figure 1.3.

In 2002 and 2003, there were 4.7 million tube weafisBangladesh have been
screened for arsenic and among those 1.4 millibe wells were found to contain

arsenic above the Government drinking water stahd&r50 ug/L and painted red
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with rest of them of green (Mukherjee et al., 2008)nost one in five tube wells is

not providing arsenic-safe drinking water. Accoglito a recent survey (2009) of
Bangladesh Bureau of Statistics (BBS) and UNICEES Ipercent of households,
equivalent to about 20 million people still drinkat@r containing arsenic. Arsenic
becomes a serious public health concern and thoeagricultural sustainability here
in the country. Along with domestic use, huge amairwater from shallow aquifers
is being used for irrigation of rice and other gop the whole country. Most of the
people in Bangladesh depend on groundwater as phemary source of drinking,

cooking and irrigation which results in a signiftamount of arsenic being cycled
through environment each year with a sinister impan public health and

environment.

13



Chapter 1 £

Percentage of Household Drinking Water
Exceeding WHO Guideline Value in

B < 5%
[ >=5t0<10%
| >=10 10 < 20%

N >=20%

BAY OF BENGAL
|-
Hr

Kllometers \
N S 202
0 25 100 150 200

Figure 1.3 Arsenic polluted areas in Bangladesh. Arsenic contamination of
household drinkingwater in Bangladesh in 2009 defdidy the Bangladesh
Bureau of Statistics (BBS) and UNICEF Multiple lodior Cluster Survey

data.
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1.8 Causes of arsenic contamination of groundwater in Bangladesh

There is a great temporal and spatial variatiorgroundwater arsenic level in
different regions of Bangladesh. The precise remgonthe high level of arsenic in
groundwater in Bangladesh is controversial issuk that have not yet been clearly
established, although several theories have bemoged including role of microbial
mobilization, anthropogenic activities, etc. (Hanet al., 2002; Hossain et al., 2011;
Islam et al., 2004; Polizzotto et al., 2006; Sut&inal., 2009). However, it is now
widely believed that the elevated level of arsenigroundwater in Bangladesh have
a natural geological source which may be due to abstraction of water from
guaternary confined and semi-confined alluvial eltaic aquifers. There are a huge
number of diverse chemical and biological reacti@ueh oxidation, reduction;
adsorption, precipitation, methylation and volatlion participate actively in the
cycling of arsenicals in groundwater. There are psiacipal theories of groundwater
contamination by arsenic in Bangladesh.

1.8.1 Pyrite oxidation theory

Bangladesh is located in one of the major disasted environmentally
endangered areas of the world. In 1996, Das ebaducted a geochemical survey in
six districts of west Bengal, India bordering thestern part of Bangladesh and the
results indicate that the source of arsenic in igdaxater and soil is the arsenopyrite.
Arsenic pyrites or ferrous hydroxides are arseigh minerals which are generally
stable in reducing environment under the wateretald normally concentrated in
organic deposits. However, it is not understood glearly about how arsenic is
released in groundwater from arsenopyrite. In spiteeing insoluble in water, pyrite
decomposes when exposed to air or aerated watéeagible explanation for this
would be the changes of geochemical environment tudigh withdrawal of
groundwater resulting decomposition of pyrites éadus sulfate, ferric sulfate, and
sulfuric acid, thus arsenic in pyrites becomeslatség (Bridge and Husain, 1999; Das
et al., 1996; Welch et al., 1988). Due to massiwbdvawal of undergroundwater in
the last three decades, it may cause the deconguosit pyrites to oxides of iron,
arsenic and sulphuric acid which are soluble inrewabntaining sulphuric acid. In the
reducing condition below the water table and inghesence of organic matter, non-

toxic oxides of arsenic are reduced to toxic ofatens.
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1.8.2 Iron Oxyhydroxide reduction theory

In 1999, British Geological survey reported that thyrite oxidation' hypothesis
proposed by scientists from West Bengal is not gomarocess for arsenic
recruitment in groundwater and also stated thayhggroxide reduction’ hypothesis
proposed by Nickson et al. (1998) is probably tre@mntause of arsenic mobilization
in groundwater. According to this hypothesis, thigio of arsenic rich groundwater is
due to a natural process, and it seems that tkaiar& groundwater has remained for
thousands of years without being flushed from te#ad Arsenic is assumed to be
present in alluvial sediments with high concentriagi in sand grains as a coating of
iron hydroxide. The sediments deposited in valleysded in the delta when the
stream base level was lowered due to the drop anleseel during the last glacial
advance. Organic matter deposited in the sedinmediisce the arsenic adsorbed on
the oxy-hydroxides and releases arsenic into tbarglwater and dissolution occurs
during recharge, caused by microbial oxidation It brganic matter as bacteria

dissolves surrounding oxygen.

1.9 Metabolism of arsenic

The liver is the primary target organ for the metam of arsenic compound.
The absorption of arsenic into the blood streamuiscat the cellular level and is
taken up by red blood cells, white blood cells attter cells that can reduce arsenate
to arsenite (Winski and Carter, 1995). Before mietign arsenate is reduced to
arsenite form (Miller et al., 2002; Vahter, 2002ahter and Marafante, 1983). The
primary metabolic step of inorganic arsenic in hanmits methylation in the liver.
The methylation of arsenic has been demonstrated thy presence of
monomethylarsonic acid (MMA) and dimethylarsinidda¢DMA) in the urine and
bile (Cui et al., 2004; Li et al., 2008). Arsenikl)(is methylated in the liver by
arsenic methyltransferase (AS3MT) to generate manloytarsonic acid (MMA)
which is reduced to monomethylarsonous acid (MMAJ ghen further methylated to
dimethylarsinic acid (DMA), followed by reduction tlimethylarsinous acid. In both
step of methylation, S-adenosyl methionine proviaeshyl groupThese metabolites
are more readily excreted through urine. Some othss important routes of
elimination of arsenic include feces, skin, swéwty and nails. Humans excrete a

mixture of inorganic, monomethylated and dimetlgdiatforms of arsenic. The
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pentavalent metabolites MMA (V) and DMA (V) are detoxic than arsenite or
arsenate (Marafante and Vahter, 1987). Inorgangerac and its methylated
metabolites are mostly excreted through urine i 8ays. Approximately 50% of
excreted arsenic in human urine is dimethylated 25% is monomethylated, rest of
them is inorganic (Buchet et al., 1981). Some stwidelated to arsenic metabolism
have also suggested that methylation of inorgarsierac may be a toxification, rather
than a detoxification pathway since the trivalengtinylated arsenic metabolites,
particularly monomethylarsonous acid (MMA I1ll) adimethylarsinous acid (DMA
lII) are unusually capable of interacting with cddir targets such as proteins and
DNA (Goering et al., 1999; Kitchin, 2001). Methytat capacity in human appears to
decrease at high arsenic doses. The type andnmtiEmethylated arsenic species in
urine are similar between siblings and betweenrgjbland parents that indicates that
arsenic methylation is genetically linked (Chungkt 2002). When the methylating
capacity of the liver is exceeded, exposure to & &&vels of inorganic arsenic results

in increased retention of arsenic in soft tissues.

1.10 Signs and symptoms of ar senicosis

Arsenicosis is a term defines as a chronic healtidition arising from prolonged
ingestion (not less than 6 months) of arsenic alaosafe dose, usually manifested by
characteristic skin lesions, with or without invehaent of internal organs. Chronic
exposure to increased levels of arsenic affectsamuimealth in many ways and
manifests its signs and symptoms. Hallmark featfrechronic arsenic exposure
include skin keratosis of the palms and soles, layper pigmentation of the limbs.
Skin lesions usually develop after 5-10 years @oaxire but shorter latencies are also
possible. Long-term exposure to arsenic via comtated drinking water can cause
both acute and chronic toxic effects in all theamg and systems of the human body:
skin, nervous system, liver, cardiovascular systemdocrine and respiratory system.
Acute toxicity may occur in short duration but ahimarseicosis take longer period
and may not become apparent clinically for a decadeore (Maidul et al., 1996).
Severity of arsenic toxicity depends on chemicall ghysical form of arsenic
compound, the route by which it enters the bodg,dbse and duration of exposure,
dietary levels of interacting elements, age and aethe individual (Khan et al.,

1997) Symptoms of acute toxicity are severe projectilmitmg and watery diarrhea,
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muscular cramp, facial edema, and cardiac abnareswaliKhan et. al., 1997; WHO,

1981). Chronic arsenic poisoning is associated faittwn pigmentation and keratosis
of palm, sole and rarely in the body along withewtBigns like anorexia, lethargy,

diarrhoea or constipation, anemia, abdominal pa@uropathy and so on (Bakshi,
1968; Hoque et al., 1996). Melanosis (spotted Busk), keratosis of palm and sole
(spotted or diffuse), leukomelanosis (rain dropnpegtation), and hyperkeratosis are
predominant skin symptoms of arsenicosis patiamtBangladesh. Melanosis is not
always associated with keratosis but keratosibnays associated with melanosis.

1.11 Biomarkers of arsenic

A biomarker is defined as a xenobiotically inducaiteration in cellular or
biochemical components or processes, structur&sotions, which is measurable in
a biological system or sampBiomarkers are classified as those of exposurecgff
and susceptibility. In toxicological point of vieselection of appropriate biomarkers
to be used for risk assessment is very much impoaad selection of biomarkers is
based on the mechanism of a chemically inducedhsiesstate (Goyer, 1996). Arsenic
is ubiquitously present in the environment. Contated drinking water and foods
are the principal routes of human exposure to aséifter absorption arsenic rapidly
distributed throughout the body via blood circwdatiand highest concentrations
accumulated in skin, nails and hair. In epidemiglegveral biomarkers have been
identified and used as arsenic exposure makeredBlarine, hair, nails are the most
commonly used biological samples for different gssstudying health risk of arsenic
exposure.

Blood: Blood arsenic levels are best suited to evalti@eaecent exposure to high
dose of arsenic exposures. Speciation of bloocharses been used as a biomarker
of arsenic exposure in many epidemiological studissng plasma, serum, and
hemolyzed blood (Bemramdane et al., 1999; Ebdal. e1999; Huang et al., 2008;
Mandal et al., 2004; Shibata et al., 1994; Slejkoge al., 2008). Quantification of
arsenic in the blood can be useful but it depemddhe kind of epidemiological study.
To study the dose—response relationship of indalslwith ongoing chronic exposure
and over a wide range of arsenic exposures areblgemhalyzing total blood arsenic
concentrations (Hall et al., 2006; Mandal et ab04).Recent seafood ingestion by

the subjects may show interference in the anabyfstetal arsenic in blood (Hughes,
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2006). In addition, blood samples are more diftidol obtain for epidemiological
research because the sampling is invasive. So l@domhic is not an ideal exposure
biomarker but it could be interesting to develgpuse in the investigation of the early
biological arsenic effects which precede overtakige(Marchiset-Ferlay et al., 2012).

Urine Urinary arsenic has been used as a biomarker Ilynast the
epidemiological studies. Total arsenic in urine bfien been used as an indicator of
recent arsenic exposure because most of the arspames are excreted from the
body through urine. Many epidemiological studiesndastrated the correlation
between water arsenic and urinary arsenic conderisa(Calderon et al., 1999;
Lindberg et al., 2006; Mandal et al., 2001, 2004zl et al., 2004; Sun et al., 2007).
Total arsenic as well as arsenic species [inorgargenic (iAs), methylarsonic acid
(MMAYV) and dimethylarsinic acid (DMAV)] have beenaasured from human urine
samples in several studies. Urinary arsenic spewiedetter indicator for assessing
the health risk of arsenic toxicity and methylatimapacity of human body (Chen et
al., 2005; Tseng, 2007; Vahter et al., 1999). Bterpretation of urinary arsenic as a
biomarker of arsenic exposure is difficult, becaoseny factors are associated with
arsenic metabolism (speciation) including age, sewerindividual variability,
capacity of methylation, smoking status, absorptdrarsenobetaine rich-products
such as seafood, dietary intake, folate deficieretianicity and chronic exposure
(Marchiset-Ferlay et al., 2012).

Hair and nails. Arsenic concentration in hairs or nails has besed historically
in forensic investigations to confirm acute poiswpisince high concentrations of
arsenic can be detected at the base of the nladioup to 10-14 days following death
(Slotnick and Nriagu, 2006). Human hair and naftseaic concentrations have been
reported to provide integrated measures of arsposure (Agahian et al., 1990; Ali
et al., 2010; Karagas et al., 1996). Sulfhydrylup® present in the keratin that
comprises hair and nails, arsenic is therefore dremthese parts of the body more
exclusively. Since these tissues grow slowly, seythan be used as indicators of
long-term exposure. Background arsenic levels indra <1ug/g (Hindmarsh, 2002)
and in nails range from < 1.5 to 71@/g (Agahian et al., 1990; Hinwood et al., 2003).
Many epidemiological studies demonstrated strondatiomship of arsenic
concentration in drinking water with arsenic cortcation in hair and nails (Ali et al.,
2010; Cavar et al., 2005; Chiou et al., 1997; Hiod/et al., 2003; Karagas et al.,
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2000; Mandal et al., 2004). Arsenic in human nhés been often associated with
concentrations of arsenic in drinking water, awil,sdust and food (Slotnick and
Nriagu, 2006).

Hair concentrations represent immediate exposwsepree centimeter of hair
reflects approximately one month of exposure. Oa dther hand, nails capture
historical exposure from several months to a yer po sampling (Michaud et al.,
2004). Therefore, blood and urine arsenic concgotrahave been considered to
reflect only recent and acute exposures, whereseniar concentrations in hair and
nails reflect long-term exposure (Marchiset-Ferdyal., 2012; Polissar et al., 1990;
Pomroy et al., 1980).

1.12 Health effects of ar senic exposure

Long-term exposure to arsenic is a major thredahéopublic health in the world.
The characteristic health effects that result frmgestion of arsenic contaminated
drinking water are slowly manifested, and the dasys is usually straightforward.
Several studies have clearly indicated that thecifiyxof arsenic depends on the
exposure dose, frequency and duration, age, and aexvell as on individual
susceptibilities, genetic and nutritional factofghgan et al., 2007; Maharjan et al.,
2007; Milton et al., 2004; WHO, 2000). Chronic egpre to arsenic in drinking
water is causally related to increased risks oteam the skin, lung, bladder, kidney,
liver, colon, and prostate (Chen et al., 2003a,3B0Bmith et al., 1998). Many
epidemiological studies have also shown that acserposure is associated with a
number of non-neoplastic diseases including cardis€ase, cerebrovascular disease,
pulmonary disease, peripheral neuropathy, dialretdbtus and different diseases of
the arteries, arterioles, and capillaries (Enged &mith, 2004; Lee et al., 2002;
Rahman et al., 1999; Tseng et al., 2003). In fsenic affects almost all vital organs
and systems of human body causing the damage imngy®n (Hossain et al., 2012,
Islam et al., 2011; Mandal et al., 2002). Advdrealth effects of arsenic toxicity are
manifested by increasing or decreasing levels okrsé soluble molecules and

enzymes in human blood.

1.12.1 Dermatological effects
Skin lesions are a classical sign of chronic acspnisoning. Chronic exposure to

arsenic by either ingestion or inhalation produseigety of skin symptoms including
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diffused and spotted melanosis, leucomelanosis, keratogperkeratosis, dorsur
Bowen’s disease, and can. Skin disorders are well documed in several
epidemiological studies conducted in different paof the world in which th

population are exposed to arsenic through drinkiveger (Ahsan et al., 200

Chakraborti et al., 200:Khan et al., 2003Mazumder et al., 199¢Rahman et al.,
2005). ResentlyyYoshida et al. (2004) reporteoseresponse relationship betwe
arsenic levels in drinkir water and risk of skin lesionselanosis and keratosis &
found at the primary stage of arse-induced all dermatological manifestati,

leuko-melanosis antlyperkeratosis in the second stage and ultimately tarnto

skin cancer such as Bowen’s disease, basal cels@qmamous cell carcinor (Khan

et al., 2003Milton et al., 2003Yoshida et al., 2004 Hyperpigmentation may occt
particularly n body areas where the skin tends to be a litthkede(Shannon and
Strayer, 1989)Photograph of some skin lesions are given be

(D) (B) (F)
Figure 1.4 Some typical symptoms of arsenicosis. Diffuse or spotted melanosis
palms (A) and on chest (Eblister on the solefC), hyperkeratosis and ulceration
foots (D) and on palm (E), gangrene in a big tge
[Sour ce: Department of Biochemistry and Molecular Biologyjitkrsity of Rajshahi
Rajshahi, Bangladesh]
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1.12.2 Carcinogenic effects

The International Agency for Research on CanceR{Ahas classified inorganic
arsenic as Group 1 human carcinogen (IARC, 1987gnyMdifferent systems or
organs within the body are affected by chronic expe to inorganic arsenic,
particularly because of its potential as a humarticagen. A carcinogen is any
substance that directly involved in causing can@Gancer is the leading cause of
arsenic-related mortality worldwide. The carcinagempotential of arsenic was
recognized over 110 years ago by Hutchison, wh@mks an unusual number of
skin cancer in patients treated for various diseagéh medical arsenicals (Klassen,
2008). Epidemiological studies have been carrigdirodifferent countries across the
world which clearly demonstrated an evident causalationship between
environmental, occupational and medical exposur@doganic arsenic and increased
risks of cancer of the skin, lungs, urinary bladd&iney, prostate, liver and other sites
(Chen et al., 1992; IARC 2004; Smith et al., 1988 et al., 1989; Yu et al., 2000).
Ecological studies in Taiwan, Chile, Argentina akustralia and cohort studies from
Taiwan and the USA demonstrated that long-ternrnézsexposure increased the risks
for kidney cancer (Chen et al., 1985, 1988a, 199@penhayn-Rich et al., 1998;
Kurttio et al., 1999). Lung cancer is the leadimgise of cancer-related mortality in
the United States and also in rest of the world.a&sociation between lung cancer
and exposure to inorganic arsenic through diffesmnirces has been confirmed in
several epidemiologic studies (Boyle and Maisoneed®95; Hopenhayn-Rich et al.,
1998). Liver is listed as a potential target ordanarsenic-induced carcinogenesis.
Liver cancers can be developed from specific clurdimer diseases. Liver cirrhosis
appears to be a primary cause of arsenic-relatethhitpin China, and is potentially
associated with hepatocellular carcinoma (Liu et 2992, 2002). The association
between environmental arsenic exposure and humandancers has been repeatedly
reported (Centeno et al., 2002; Chiu et al., 20@y et al., 2008).

1.12.3 Cardiovascular effects

Long-term arsenic exposure is associated with asgé morbidity and mortality
from CVDs. CVDs are leading cause of death globalyherosclerosis is the
fundamental step for the development of CVDs. Preraigenic action of arsenic has

been reported in several studies (Chen et al.,l1;98Biou et al., 1997; Hossain et al.,
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2012; Rahman et al., 1999; Sohel et al., 2009; gstral., 2003, 2005; Wang et al.,
2002). Cardiovascular system is a very sensitivgetaof arsenic toxicity. Arsenic-
induced CVDs in human may result from the inte@ctimong genetic, environment
and nutritional factors. Epidemiological studiesrdiashown that arsenic ingestion
through food or water may have serious effectshenhuman cardiovascular system
including heart damage (myocardial depolarizatioypertrophy of the ventricular
wall, cardiac arrhythmias), vascular damage (Raglisadisease, blackfoot disease,
arterial thickening), ischemic heart disease, aendscular diseases, and
hypertension (Chen et al., 1988b; Chiou et al.,719ssain et al., 2012; Rahman et
al., 1999; Sohel et al., 2009; Tseng et al., 2@IB5; Wang et al., 2002). The first
evidence of a link between CVDs and arsenic inkinign water came in 1980 from
Antofagasta, Chile, with a report of 17 deaths frotyocardial infarction in people
under the age of 40 (Yuan et al., 2007). Increasg#d of CVDs was reported in
smelter workers due to arsenic exposure (Axels@h. e1978; Lee-Feldstein 1989). It
is believed that vascular endothelial cells playi@otal role in arsenic-induced
cardiovascular diseases. Several epidemiologiadiest reported that chronic arsenic
poisoning through ingestion of arsenic contaminateder can affects the platelets
which increase the risk of death in humans fromowar form of CVDs (Axelson et
al., 1978; Lee et al., 2002; Lee-Feldstein, 1983 & al., 1989). A dose-response
relationship between prevalence of CVD and ingeatséenic was reported in north-
eastern Taiwan (Chiou et al., 1997). Ischemia t=llged tissue anaemia due to
obstruction of the inflow of arterial blood. Moumngj evidence indicated that arsenic
increases mortality from ischemic heart diseasea(@let al., 2004; Chen et al., 2011,
Tsai et al., 1999). Black foot disease a uniquefof peripheral vascular disease, has
been reported to be one of the important compbeatif chronic arsenic toxicity in
south-western Taiwan (Tseng, 1977). It is charasdr by the severe systemic
arteriosclerosis as well as dry gangrene and speats amputations of affected
extremities at end stages. Black foot disease des mainly observed in Taiwan and
it is possible that malnutrition contributes todsvelopment. Increased prevalence of
peripheral vascular disease has also been repartexhg residents with chronic
arsenic exposure through drinking water in Taiw&hjle, the USA, and Mexico
(Chen et al., 2007; NRC, 1999, 2001; Tseng efl@bg6; Wang et al., 2007).
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1.12.4 Respiratory effects

Chronic exposure to inorganic arsenic naturally aodupationally is associated
with variety of respiratory problems including lagjtis, tracheae bronchitis, rhinitis,
pharyngitis, shortness of breath, chest soundsal na@mngestion, hoarseness and
chronic cough and perforation of the nasal septDek(ndt et al., 1986; Mazumder
et al., 2000; Milton and Rahman, 2002). The refetiop between ingested arsenic
and non-malignant respiratory effects has beenrregpofrom Chile, India, and
Bangladesh (Smith et al., 1998). A fatal case sémic trioxide inhalation manifested
widespread as tracheobronchial mucosal and subsablcaemorrhages with mucosal
sloughing, alveolar haemorrhages, and pulmonaryadé&erhardsson et al., 1988).
Chronic asthmatic bronchitis and asthma is a comonmwnplication of groundwater

arsenic toxicity (Saha, 1995)

1.12.5 Hepatotoxic effects

Liver is the primary target organ for arsenic meten. Since the liver tends to
accumulate arsenic with repeated exposures, hepatitvement is reported most
commonly as a complication of chronic arsenic expesAbnormal liver function
manifested by gastrointestinal symptoms such asralml pain, indigestion, loss of
appetite and by clinical elevations of serum enzjmieequently occurs from
exposure to arsenic (Mazumder, 2005; Liu et al92)9Very recently Islam et al.,
(2011) have demonstrated the dose-response redhiphetween arsenic exposure
and serum hepatic enzymes used for liver functest in the individuals exposed to
arsenic in Bangladesh. Liver injury caused by clor@rsenic exposure is initially
manifested by degenerative lesions with jaundicegq@ssing to non cirrhotic portal
hypertension, fibrosis, cirrhosis and neoplasiahsas hepacellular carcinoma
(Centeno et al., 2002; Lu et al., 2001). Histolagiexamination of the livers has
revealed a consistent finding of portal tract fdso (Mazumder, 2005). The
individuals who exposed more frequently to arseniffer from cirrhosis, which is
considered to be a secondary effect of damage ¢o higpatic blood vessels.
Hospitalized Indian arsenicosis patients have Wgi rates of hepatoportal sclerosis
developed from drinking water contaminated withhhlgvel of arsenic (Dhawan et
al., 1983; Santra et al., 1999). Chronic arsenfmosire in animals can also produce

liver endothelial cell damage, which subsequentéijndges parenchymal cells (Straub
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et al., 2007). All these studies clearly revealeat {prolonged exposure to arsenic is

associated with hepatomegaly, hepatic fibrosiscamhbosis.

1.12.6 Renal effects

The kidneys are another important organ that actatesiinorganic arsenic with
frequent exposure. Several epidemiological studiase shown the relationship
between renal dysfunction and arsenic exposureigfwalrinking water (Chen et al.,
2011; Feng et al., 2013). The kidneys are the nrajote of arsenic excretion, as well
as major site of conversion of pentavalent arsenacthe more toxic and less soluble
trivalent arsenic (Tchounwou et al., 2003). Arsetbacentrates in the kidney during
its urinary elimination affects the function of gnmal convoluted tubules (Burton et
al., 1995; Parrish et al.,, 1999). Acute renal dysfion due to arsenic exposure is
characterized by acute tubular necrosis and castattton with increase in blood urea
nitrogen and creatinine levels (Kimura et al., 2008everal animal studies have
reported renal effects following intermediate omasfic-duration of oral arsenic
exposure (Brown et al., 1976, Karim et al., 2018hiRan et al., 2012). The effects
caused by arsenic include increased kidney weiglitamed mitochondria and
increased numbers of dense autophagic lysosomédiéies in the proximal tubules,
increased pigmentation in the proximal tubules, eysis.

1.12.7 Neurological effects

Exposure to arsenic is associated with several fafrmeurological complications
including impaired memory, poor concentration, Ra&n’'s disease, Guillain-Barre
like neuropathy, verbal comprehension, encephatgpand peripheral neuropathy
(Bardullas et al., 2009; Piao et al., 2005; Valadei al., 2006; Yip et al., 2002). The
postulated mechanism for arsenic-induced neuratgxmajorly involves oxidative
stress with increased reactive oxygen speciesl pproxides along with decrease in
superoxide dismutase and reduced glutathione le@lwivedi and Flora,
2011). Arsenic exposure has been reported to aibetabolism of various
neurotransmitters such as monoamines, acetylch@amama amino butyric acid and
glutamate (Rodriguez et al., 2002). The deficienfythiamine is well known to
induce neuronal complications. Arsenic exposureseauthiamine deficiency and
inhibits pyruvate decarboxylase which elevates dl@yruvate and hence causes

encephalopathy (Gopalkrisnan and Rao, 2006). Symgtaf chronic encephalopathy
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include persistent headache, diminished recent menabstractibility, abnormal
irritability, restless sleep, loss of libido, inased urinary urgency, and a bit increased
effects of ethanol (Morton and Caron, 1989). Mehihlth problem (depression) is
common neurological problem in the arsenic-endepeople in Bangladesh and
China (Brinkel et al., 2009). A significant assditia between decreased reading and
spelling performance and hair arsenic levels wasdoin a group of elementary
school children suggesting that arsenic may alsseaeurobehavioral effects (Moon
et al., 1985).

1.12.8 Reproductive effects

Arsenic is a reproductive toxicant and a terato&mlat, 1996). Arsenic and its
methylated metabolites are reported to cross theepta in both human and animals
and thus arsenic is easily transferred to fetlsast in late stage of gestation (Concha
et al.,, 1998; He et al.,, 2007). Several studiegyassigthat there is an association
between arsenic exposure and adverse pregnancgnoeg¢c such as spontaneous
abortion, stillbirth, low birth weights, fetal lossd infant death (Ahmad et al., 2001;
Milton et al., 2005; Rahman et al., 2007; von Ebktem et al., 2006). A significant
decrease in sperm count and motility along withrease in abnormal sperm were
observed at high concentration of arsenic expasungice (Pant et al., 2001). Arsenic
exposure also affects weight and length duringnicyaand early childhood (Saha et
al., 2012).

1.12.9 Genotoxic effects

Inorganic arsenic is generally recognized as aad@sic agent. Several studies
have been carried out exploring the genotoxic efhémorganic arsenicals (Cohen et
al., 2006; Yamanaka et al., 2004). There are dimsshanisms of arsenic-induced
genotoxic damages, chromosomal abnormalities, ept@gechanges that alter DNA
methylation have been proposed (Chanda et al.,;20@&in, 2001; Rossman et al.,
2004; Zhao et al., 1997). Chromosomal aberrati@$A-protein cross-links, and
sister chromatid exchanges were observed in hamstebryo cells, human
lymphocytes and fibroblasts after exposure to ianigarsenic (Dong and Luo, 1993;
Jha et al., 1992; Kochhar et al., 1996; Lee et1#85; Okui and Fujiwara, 1986;
Rasmussen and Menzel, 1997; Wiencke and Yager, )198dsenic-induced

chromosomal aberrations are characterized by chirdongaps, and fragmentation,
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endoreduplication, and chromosomal breaks. It h&ady been reported that both
arsenite and its metabolites can have a varietgeobtoxic effects, which may be
mediated by oxidants or free radical species. Athese species also have effects on
signaling pathways leading to proliferative resmsns There are interesting
differences in the activities of inorganic and argaspecies both in terms of target
organ carcinogenicity, toxic and genotoxic mechasisMass et al. (2001) indicated
that exposure of human lymphocytes to methylatadléant arsenic causes direct
DNA damage. A study using an earlier version of @iialine elution method has
indicated that arsenic induces DNA strand break&iiman fatal lung fibroblasts
(Dong and Luo, 1993). Vuyyuri et al. (2006) repdrtbat occupational exposure to
arsenic among workers in a glass plant in Indiasghlevels of blood arsenic were
five times higher than in the control group had@ased DNA damage in leukocytes.
Li et al. (2001) reported that arsenic induced dgpiand various extents of DNA
strand breaks in human cells via reactive oxygeatisg (ROS) in a dose-dependent
manner. The most extensively studied DNA lesion tle formation of 8-
hydroxyguanine (8-OH-G), one of the major productsDNA oxidation, which
originates from the reaction of hydroxyl radicaklwguanine (Valko et al., 2006). 8-
OH-G is a sensitive genotoxic marker of oxidatianéged DNA. Associations of
arsenic exposure with increased urinary 8-OH-G ebntrations have also been
observed (Hu et al., 2006).

1.13 Dissertation aim

Arsenic is a potent environmental pollutant andll westablished human
carcinogen. Arsenic is widely present in wategdiosoil, and airborne particles. It is
released in the environment from both natural amsh-made sources. Ingestion of
inorganic arsenic have been documented to be assdavith a variety of diseases
including cancers, CVDs, dermatitis, neurotoxaitigbetes mellitus, renal failure and
liver dysfunction (Chen and Ahsan, 2004; Hossaimalgt2012; Islam et al., 2011;
Mazumder et al., 1998; Meliker et al., 2007; Tapma Grosche, 2006; Vahidnia et
al., 2008; Wang et al., 2002). CVDs and cancertlaeeleading causes of arsenic-
related morbidity and mortality globally (Smithadt, 2000; Chen et al., 1988b; Sohel
et al., 2009; Lokuge et al., 2004). CVDs refer teedses that affect the heart or the
blood vessel system within a person's entire baodlyiis often manifest clinically as
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hypertension, coronary disease, stroke or peripleetarial diseases (Scott et al.,
1999). Atherosclerosis is the fundamental step tfe development of CVDs.

Cardiovascular system is a very sensitive targearsénic toxicity. Proatherogenic
action of arsenic has been reported in severalesg{@hen et al., 1988b; Chiou et al.,
1997; Hossain et al., 2012; Rahman et al., 1998elSet al., 2009; Tseng et al., 2003;
Wang et al., 2002). In fact, atherosclerosis isudtiffactorial disease mainly caused
by hardening of the arteries due to a thickeninthefartery lining from fatty deposits

or plaques. Chronic inflammation has an establistedel in the pathogenesis and
progression of atherosclerosis (Libby, 2002; RG@899; Steinberg, 2002). There are
several inflammatory and cell adhesion moleculeh sas C-reactive protein (CRP),
intercellular adhesion molecule-1(ICAM-1), vasculaell adhesion molecule

(VCAM-1) related to the biochemical event of atremierosis (Paffen et al., 2006;
Ross, 1999).

Angiogenesis is the process that new capillaries ganerated from the pre-
existing vasculature which plays a pivotal rolehe initiation of carcinogenesis and
tumor progress, vascular diseases, and variougnschand inflammatory diseases
(Carmeliet and Jain, 2000; Folkman, 1971). Vascwadothelial growth factor
(VEGF) is a potent angiogenic factor whose actsitinclude endothelial cell
survival, proliferation, migration, and tube forneet. Tumors are not able to grow
beyond a limited size (1~2 mm) without adequateothlcupply. Because of its
predominating role in angiogenesis compared tamther molecules, VEGF has been
recognized as a biomarker for angiogenesis (Multuk¢st., 2010). Endothelial cells
are the major target of arsenic-related CVDs amt@abut significant gaps remain in
the mechanistic understanding of arsenic-inducedbtielial cell dysfunction and
pathogenesis. This study has been designed tmrexghe association of arsenic
exposure with the circulating inflammatory, adhesiand angiogenic molecules

implicated in CVDs and cancer (Chapter 2 and 3).
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Chapter 2: Exploring the association of arsenic exposure with
inflammatory and adhesion molecules related to atherosclerosis in

the individuals exposed to arsenic in Bangladesh

This chapter was included as a part of a paper published in Toxicological Sciences (2013)

2. Abstract
Exposure to elevated levels of arsenic throughasomtated drinking water is a global
health problem. Arsenic exposure increases mortaldused by cardiovascular
diseases (CVDs). Atherosclerosis is the most compabnologic process underlying
CVDs. Several inflammatory and adhesion molecules cdosely related with the
biochemical event of atherosclerosis. However, @aton of arsenic exposure with
inflammatory and adhesion molecules have not yen lfelly documented. This study
has been designed to explore the association efiarexposure with plasma levels of
inflammatory molecule C-reactive protein (CRP) atthesion molecules including
intercellular adhesion molecule-1(ICAM-1) and vdacwell adhesion molecule-1
(VCAM-1) in the individual who exposed to arseniara@nically in Bangladesh. A
total of 324 study subjects, 218 from arsenic-endeaneas and 106 from non-
endemic area, were recruited. Arsenic concentrationwater, hair and nails were
measured by Inductively Coupled Plasma Mass Spaipy (ICP-MS) and plasma
levels of CRP, ICAM-1 and VCAM-1 were quantifieding respective immunoassay
kits through microplate reader. Plasma levels oPCRCAM-1 and VCAM-1 in the
arsenic-endemic areas were higher than those ofendemic area. We found that
plasma CRP, ICAM-1 and VCAM-1 levels were increaseith the increasing
concentrations of arsenic in water, hair and ndfgtther, to evaluate the dose-
response relationship between arsenic exposurecsetnd plasma levels of these
molecules; the study subjects were split into dgeagroups based on four different
concentrations of arsenic in water, as well asaiin &nd nails where study subjects in
the non-endemic area were used as a lowest (reBremposure group. Plasma CRP,
ICAM-1 and VCAM-1 levels were found to be higherthre higher exposure groups
as compared to the lowest exposure group. Assoosbf plasma CRP, ICAM-1 and
VCAM-1 levels with arsenic exposure metrics remaignificant even after
adjustment with relevant covariate such as age, B&K, smoking, hypertension,
occupation, education and monthly income. Thusthae results explicitly suggest
that arsenic exposure increase the circulatingumfhatory and adhesion molecules
that are implicated in atherosclerosis.
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2.1 Introduction

Chronic exposure to arsenic through drinking waserma major public health
hazards in certain parts of the world including @adesh. Arsenic toxicity through
drinking water represents one of the biggest aatplses in history, affecting millions
of people in the world. Bangladesh is one of thesthseverely affected regions in that
approximately 80 million people consume water cmirig arsenic levels greater than
the 10ug/L standard set by World Health Organization (WHO&ldwell et al., 2003;
Chowdhury A, 2004; Chowdhury U et al., 2000). Thisrgreat temporal and spatial
variation in groundwater arsenic levels in diffdrezgions of Bangladesh. Arsenic is
widely present in natural waters, in the form dfrganic arsenite (A5 and arsenate
(AsY). After consumption, inorganic arsenic is convérte methylated derivatives.
Although methylation of arsenic has been commomgsaered a mechanism for
detoxification, recent studies have shown that glated trivalent arsenicals are more
toxic than inorganic arsenic (Kligerman et al., 2D0Still there are no appropriate
animal models available for investigating healtieets of arsenic. Therefore,
significant uncertainties remain in the mechanisshdhe health effects of human
exposure to arsenic.

Cardiovascular diseases (CVDs) are the major cafsssenic-related morbidity
and mortality (Chen et al., 2011; Navas-Acien et aD05; Wang et al., 2007).
Clinical manifestations of arsenic-induced CVDduwe hypertension, coronary heart
disease, stroke, and peripheral arterial disesRahnfan et al., 1999; Tseng et al.,
2003; Wang et al.,, 2002, 2009). Atherosclerosighis central event of CVDs.
Atherosclerosis is mainly caused by hardening efalteries due to a thickening of
the artery lining from fatty deposits or plaquethéaoma). It is now well understood
that atherosclerosis is a multifactorial pathopblysjical process. The blood-
circulating molecules including lipoproteins, inflanatory and adhesion molecules
have been reported to be involved in the formatbratherosclerotic lesions and
many of them are predictive for atherosclerosis @wis (Blankenberget al., 2001;
Hwang et al., 1997).

Recent reports suggest that inflammation has arékeyin the pathogenesis of
atherosclerosis as well as CVDs (Libby 2002; R@891 Steinberg 2002). C-reactive
protein (CRP) is an acute-phase protein produceithlynhby the liver and also by

adipocytes and vascular smooth muscle cells inorespto interleukin-6 (IL-6), IL-1,
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and tumor necrosis factor-alpha (TNJ{Calabro et al., 2003; Castell et al., 1990;
Madjid et al., 2007, Tilg et al., 1992). Among atleflammatory markers CRP has
emerged as the most powerful inflammatory predictfofuture cardiovascular risk
(Haverkate, 1997; Hirschfield and Pepys, 2003; détafit al., 2006; Ridker, 2000).
Many clinical studies have demonstrated CRP as ratependent predictor of
atherosclerosis, cardiovascular events, atherothwsis, hypertension and
myocardial infarction, even after considering otbardiovascular risk factors such as
age, smoking, obesity, diabetes, hypercholesteralamd hypertension (Black et al.,
2004; Libby and Ridker, 2004; Pepys and Hirschfi@@01; Sesso et al., 2003). CRP
coupled with lipoproteins is found in atheroscler@agues and all acute myocardial
infarction lesions. Further, CRP can directly iat#rwith atherosclerotic vessels by
activating complement system that can ultimatelypnprte inflammation and
thrombosis (Lagrand et al., 2002). Recently, animadlel studies have suggested that
arsenic treatment causes the elevation of CRP (Cleéral., 2011; Druwe et al.,
2012). However, no human data are available inrdgards.

Circulating adhesion molecules have been showretadsociated with increased
risk of cardiovascular events (Mulvihill et al.,@) Ridker et al., 1998). Intercellular
adhesion molecule-1 (ICAM-1) and vascular cell aitre molecule-1 (VCAM-1),
are endothelial adhesion molecules of the immurimdio gene superfamily that play
important role in inflammation, immune responsesl am intracellular signalling
events (Gahmberg et al., 1997). ICAM-1 and VCAM-dvé been recognized as
markers of endothelial dysfunction. They are maiekpressed and secreted by the
vascular endothelial cells and circulating leukesyin response to inflammatory
stimulants. ICAM-1 and VCAM-1 participate in athgemesis by mediating the
inflammatory cells recruitment from the circulatiomnd their transendothelial
migration to the sites of inflammation, a crucitdpsfor initiation and progression of
atherosclerosis (Libby, 2002; Ross, 1999; Sprindegd94). Elevated levels of
circulating ICAM-1 and VCAM-1 have been reported be associated with
cardiovascular risk (Blankenberg et al., 2001; Hapd Meredith, 2003; Hwang et
al., 1997; Ridker et al., 1998, 2000; Rohde et #098; Schmidt et al., 2009;
Simundic et al., 2004).
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Although many epidemiological studies have showat thrsenic exposure
increases the risk of atherosclerosis, but limitedrmation is available on the
changes in biochemical markers for atheroscleiosisdividuals exposed to arsenic.
Therefore, the aim of this study was to investigate effects of arsenic exposure on
the circulating inflammatory and adhesion molecutdated to atherosclerosis in the

individuals exposed to arsenic in Bangladesh.

2.2 Materialsand Methods

2.2.1 Ethical permission

Ethical permission was obtained from the Institute Biological Sciences,
University of Rajshahi, Bangladesh (21/320-IAMEBBE&3c). The subjects who
participated in this study gave their written cants@ll sorts of confidentialities and

rights of the study subjects were strictly maineain

2.2.2 Selection of study areas and subjects

The arsenic-endemic and non-endemic areas and stumjgcts were selected as
described previously (Ali et al., 2010; Hossainakt 2012; Karim et al., 2010).
Arsenic-endemic study areas were selected from Nuwth-West region of
Bangladesh that included Marua in Jessore, Du#paidjri, Vultie and Kestopur in
Chuadanga and Bheramara in Kushtia districts. Cbbwk village in Naogaon
district with no history of arsenic contaminatiorasvselected as non-endemic area.
Arsenic-endemic study areas were chosen from thib-meest region of Bangladesh
according to the British Geological Survey rep&0(l). However, more detailed
information on the location of the endemic-villageas taken from the local health
offices. We found that all families did not haveithown drinking water (tube well
water) sources. In many cases, a group of familsesl drinking water from one tube
well. We recruited our study subjects based onalgest possible number of family
members or families who used water from the sealed¢tde wells. Many local
residents had typical skin symptoms of arsenic@sislanosis, hyperkeratosis, and
hard patches on the palms of the hands and soldsedket). Study subjects were
selected irrespective of their skin symptoms. Tha$® responded spontaneously
were asked to convene at a specific location inr thidage for initial screening
purpose in light of exclusion criteria. The adull$ to 60 years of ages) who had

lived for at least last five years in the arsemd&mic and non-endemic areas were
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recruited for this study. During the sample coll@ttprocess, we were blinded to
arsenic levels in drinking water, and to those he tair and nails of the study

participants. Attempt was made to match, as mugboasible the following: age, sex

and socioeconomic parameters (occupation, monthgpme and education) of

arsenic-endemic and non-endemic study subjects.raties of endemic and non-

endemic subjects were approximately 2:1, and maldemale ratios in both endemic
and non-endemic areas were also approximatelyEhhdemic and non-endemic study
subjects were individually matched on age (x 5 gedFfurther, both endemic and
non-endemic study subjects were villagers and atbeioeconomic parameters such
as occupation, monthly income and education lewelg almost closely matched.

Pregnant and lactating women, Hepatitis B positel the individuals who had a
history of drug addiction, chronic alcoholism, pm@stion of hepatotoxic and anti-
hypertensive drugs, malaria, kalazar, and hepatical or cardiac diseases were
excluded from this study. Of the 225 individualsrteted in arsenic-endemic areas,
seven individuals were excluded according to thevalmentioned criteria. In non-
endemic area, four individuals were excluded frdra 110 individuals recruited.
Thus, the numbers of participants from arsenic-endend non-endemic areas were
218 and 106, respectively.

The interview of the study subjects was carriedyuthe trained members of the
research team by visiting each household and usingtandard questionnaire.
Information obtained from the interview includeck thources of water for drinking
and daily house hold uses, water consumption lyistspcioeconomic status,
occupation, food habit, cigarette smoking, alcahtdke, personal and family medical
history, history of diseases, physiological comgtiicns, major diseases, previous

physician’s reports, and body mass index (BMI).

58



B

Chapter 2

Study area

N L
LEGEND

. Not affected / safe
Bl Very mild affected
& Mild affected

n Moderately affected
. Severely affected

BAY OF BENGAL

Figure 2.1 Arsenic-endemic (left panel) and non-endemic (right panel) areasin
Bangladesh selected for this study.

Sour ce: Groundwater Arsenic condition in GMB Plain at Imigtional Arsenic
Conference (1998) by SO-DCH at DhakaBangladest
Available at:http://www.soesju.org/arsenic/alb_37.h

2.2.3 Water collection and ar senic analysis

Water samples were collec from the tube wells which th&tudy subjec used
as aprimary source of drinking wal as described previoushlf et al., 201(). Water
samples were collected on the same day when heilr,and blood samples of tl
study subjects were collected. After the tube wels pumped for five minutes, t
water samples from these tube wells were collestegicic-washed containe (van
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Geen et al., 2008). Total arsenic concentratiowater samples was determined by
Inductively Coupled Plasma Mass Spectroscopy (IC®-MHP-4500, Agilent
Technologies, Kanagawa, Japan) after the additian solution of yttrium (10 pg/L
in 1.0% nitric acid) as an internal standard foP{IS analysis. All samples were
determined in triplicate and the average valuesewesed. Accuracy of ICP-MS
determination of water arsenic concentration wasficned using ‘River water’
(NMIJ CRM 7202-a No0.347 National Institute of Adwaa Industrial Science and
Technology, Japan) as a certified reference ma{@RM). The average value (mean
+ SD) of arsenic in the ‘River water’ determinediiplicate by ICP-MS analysis was
1.06 £ 0.04 pg/L (reference value, 1.18 pg/L).

2.2.4 Collection of hair and nails, and analysis of arsenic

Arsenic levels in hair and nails have been repottegrovide the integrated
measures for arsenic exposure (Agahian et al., ;189@lt et al., 2008). Hair and
nails of the study subjects were collected as de=ttrpreviously (Ali et al., 2010).
Hair samples with the length of about 1 cm werdectéd from the region of the head
close to scalp behind the ear. Nails were colledtech the toes of each study
subjects. Both hair and nails were washed by th#hededescribed by Chen et al.
(1999). Samples were immersed in 1% Triton X-1@hicated for 20 min, and then
washed five times with milli-Q water. The washednpées were allowed to dry at
60°C overnight and digested with concentrated ;magid using a hot plate at 70°C
for 15 min and 115°C for 15 min. After cooling, te@mples were diluted with 1.0%
nitric acid containing yttrium (10 pg/L). The comttions of arsenic and yttrium in
these samples were determined by ICP-MS. All sasnplere determined in triplicate
and the average values were used. Accuracy of iarse@asurement was verified
using “human hair” (GBW09101, Shanghai InstituteNafclear Research Academia
Sinica, China) as a CRM. The average value ofnarsa “human hair” determined

in triplicate followed by ICP-MS analysis was 0.60.12 ug/g (reference value, 0.59
Ha/g).

2.2.5 Blood pressure measur ement
The standard protocol for measuring blood preseeremmended by WHO was
used in this study. After study subjects had rebe@®0 min or longer, both systolic

and diastolic blood pressures (SBP and DBP) werasaored three times with a
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mercury sphygmomanometer with subjects sitting. 8B& DBP were defined at the
first and fifth phase Korotkoff sounds, respectwelThe average of three
measurements was used for the analysis. Hypertemsis defined as a SBP 2140
mm Hg and a DBP ¢f90 mm Hg on three repeated measurements.

2.2.6 Collection of plasma

The study participants were requested to fast ayetr(10-12 hours). Fasting
blood samples (5-7mL) were collected in ethylenedi@tetraacetic acid (EDTA)-
containing blood collection tubes from each indiaatl by venipuncture. The blood
was then placed immediately on ice and subsequeaetiirifuged at 1,600 x g for 15

min at £C. The plasma supernatant was then taken and stbré@C.

2.2.7 M easurements of plasma CRP, ICAM-1and VCAM-1

Plasma levels of CRP, ICAM-1 and VCAM-1 were meaduising commercially
available enzyme-linked immunosorbent assay (ELI&i#9 for CRP and VCAM-1
(R&D Systems, Inc. Minneapolis, USA), and ICAM-1nyltrogen Corporation,
Camarillo, USA) according to the manufacture’s poofs. On completion of the
assay, the observed color change was read on apfate reader (Mikura Ltd. UK)
and CRP, ICAM-1 and VCAM-1 levels were calculategl éxtrapolation from a
standard curve. A separate standard curve wasrootexd for each immunoassay. All
standards and samples were analyzed in duplicdtéhammean values were taken

Principle for CRP assay: CRP assay employs the quantitative sandwich enzyme
immunoassay technique. A monoclonal antibody speéifr CRP was pre-coated
onto a microplate. Standards and samples weretg@iogtto the wells and any CRP
present was bound by the immobilized antibody. Aft@shing away any unbound
substances, an enzyme-linked monoclonal antibodyifsp for CRP was added to the
wells. Following a wash to remove any unbound atjbenzyme reagent, a substrate
solution was added to the wells and color develapegroportion to the amount of
CRP bound in the initial step. The color developtwveas stopped by addition of acid
and then the intensity of the color was measuretb@tnm on a microplate reader.
The intra and inter assay coefficients of variai¢@Vs) were <10%.

Principle for ICAM-1 assay: An anti-ICAM-1 monoclonal coating antibody was
adsorbed onto microwells. ICAM-1 present in the glenor standard were bound to
antibodies adsorbed to the microwells; an HRP-aggated monoclonal anti-ICAM-1
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antibody was added and bound to ICAM-1 capturedhleyfirst antibody. Following
incubation, unbound enzyme conjugated anti-ICAM-dswemoved during a wash
step and substrate solution reactive with HRP wddea to the wells. A colored
product was formed in proportion to the amount afisle ICAM-1 present in the
sample. The reaction was terminated by additiorma@fi and the absorbance was
measured at 450 nm. A standard curve was prepaoed five ICAM-1 standard
dilutions and ICAM-1 sample concentration was dateed. The intra and inter assay
coefficients of variations (CVs) were <10%.

Principlefor VCAM-1 assay: VCAM-1 assay employs the quantitative sandwich
enzyme immunoassay technique. A monoclonal antitspebeific for VCAM-1 was
pre-coated onto a microplate. Standards, samplasirads, and conjugate were
pipetted into the wells and any VCAM-1 present wasdwiched by the immobilized
antibody and the enzyme-linked monoclonal antibagpecific for VCAM-1.
Following a wash to remove any unbound substaracespstrate solution was added
to the wells and color developed in proportionite amount of VCAM-1 bound. The
color development was stopped and the intensitthefcolor was then measured at

450 nm. The intra and inter assay coefficientsasfations (CVs) were <10%.

2.2.8 Statistical analysis

Statistical analysis for this study was performesing software of Statistical
Packages for Social Sciences (SPSS version 1735 $#., Chicago, IL). Statistical
analyses were performed after log transformatiorthef data due to the skewed
distribution of the raw data. The differences irsd®tive characteristics and the
profiles of plasma circulating molecules betweee #study subjects of arsenic-
endemic and non-endemic areas were analyzed byéndent Sample T-test and
Chi-square test. Spearman correlation coefficieistst were used to evaluate the
correlations between the circulating molecules arsgnic exposure metrics (water,
hair and nail arsenic). Multivariate linear regiessanalyses were performed to
assess the associations of arsenic exposure meititgirculating molecules before
and after adjusting for age, sex, BMI, smoking, drygnsion, occupation, education
and monthly income. To test the dose-responseigrdtip, the study subjects of
arsenic-endemic areas were split into tertile (lovedium and high) groups based on

the three concentrations of arsenic in water, hano nails. Non-endemic subjects
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were used as one group for the comparison. The-rdspense relationships were
analyzed by One-way ANOVA followed by Bonferroni Itipie comparison test. A

value ofp< 0.05 was considered statistically significant.

2.3 Reaults

2.3.1 Descriptive characteristics of the study participants

Table 2.1 shows the characteristics of the studbjests in the arsenic-endemic
(n=218) and non-endemic areas (n=106). Arsenic exanations in drinking water,
hair and nails of the arsenic-endemic subjects ve@mroximately 75, 17 and 7.5
times higher, respectively, than those in non-endesubjects. Since attempts were
made to match age, sex and socioeconomic paranfetaigpation, monthly income
and education) between arsenic-endemic and nomeadstudy subjects, no
significant differences were observed in those patars between the two study
groups. Most of the male study subjects were fasmand the females were
housewives in both areas. Hypertensive patientge wignificantly higher in arsenic-
endemic areas than in the non-endemic area. Hagreentage of male study subjects
were non-smoker. No female was found to be a smdkamne of the study subjects
drank alcohol. The average level of BMI of the stualibjects in arsenic-endemic
areas was slightly lower than that in non-endenmea.alhe average levels of diastolic
blood pressure (DBP) and systolic blood pressu&P§Sn arsenic-endemic study

subjects were significantly higher than that in +gmalemic subjects.
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Table 2.1 Descriptive characteristics of the study subjectsin ar senic-endemic and

non-endemic areas

Parameters Non-endemic Arsenl_c- p-value
endemic
Total subjects (n) 106 218
Sex (n)
Male 54 118
Female 52 100
Age 35.04 10.93  37.5%11.71 0.059
Duration of residence (years) 28432.76  31.3% 13.95 0.06
As concentration in drinking water (ug/L) 2.3Q.77 173.46 156.59 <0.001
As concentration in hair (ug/g) 0.33.25 5.63 6.41 <0.001
As concentration in nail (Lg/g) 1.251.32 9.2H4 6.79 <0.001
SBP (mmHg) 110.4% 14.43 120.7& 17.45 <0.001
DBP (mmHgQ) 70.1@ 9.51 78.65: 10.82 <0.001
Occupation [n, (%)]
Male
Farmers 44 (81.48) 99 (83.9) 0.242
Business 1(1.9) 3(2.5)
Students 4 (7.4) 4 (3.4)
Tailors 1(1.9) 3(2.5)
‘others 4 (7.6) 9 (7.5)
Female
Housewives 47 (90.4) 91 (91)
Farm workers 2 (3.8) 3(3)
Students 0 3(3)
‘Others 3(5.8) 3 (3)
Education [n, (%)]
No formal education 60 (56.6) 118 (54.1) 0.504
Primary 40 (37.7) 77 (35.3)
Secondary 5(4.7) 21 (9.6)
Higher 1(0.9 2 (0.9)
Income/month (US$) 23.245.46 23.96+ 8.37 0.332
Hypertension [n, (%)]
Yes 2 (1.9) 30 (13.8) <0.01
No 104 (98.1) 188 (86.2)
Smoking in male [n, (%)]
Yes 21 (38.89) 44 (37.29) 0.841
No 33(61.11) 74 (62.71)
BMI (kg/m?) 21.20+ 2.75 20.5+ 3.11 <0.05

Abbreviation: As, Arsenic. Data were presented aamt SD* p- and'p- values were from the
Independent Sample T-test and Chi-square testectgely. "Others included village doctor,
carpenter, rickshaw puller, security guard andredtiworker.*Others included farmer and

labourer.
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2.3.2 Comparisons of the levels of plasma circulating molecules related to
ather oscler osis between ar senic-endemic and non-endemic areas

Figure 2.2 shows the plasma levels of CRP, ICAMatl ¥ CAM-1 in arsenic-
endemic and non-endemic study subjects. Plasma IER#s were significantly
(p<0.001) higher in arsenic-endemic subjects tharsehaf non-endemic subjects.
Similarly, ICAM-1 and VCAM-1 levels were also fourd be significantly f<0.001)

higher in arsenic-endemic group than in non-enderoap.
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Figure 2.2 Levels of plasma CRP, ICAM-1 and VCAM-1 in the study subjects
from arsenic-endemic and non-endemic areas. Data were presented as mean + SD.
Differences were analyzed by Independent Sampkesi-t
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2.3.3 Correlations of arsenic exposure metrics with plasma circulating
molecules

Figure 2.3A, 2.3B and 2.3C show the correlationsvben arsenic exposure
metrics and plasma CRP, ICAM-1 and VCAM-1 molecul@svolved in
atherosclerosis. Plasma CRP levels were significaincreased with increasing
concentrations of arsenic in wateg0.354,p<0.001), hair (= 0.339,p<0.001) and
nails fs<= 0.227,p<0.001) (Figure 2.3A). Similar positive correlatoonvere also
observed in case of plasma ICAM+1+0.371,p<0.001 for waterr<= 0.376,p<0.001
for hair andrs= 0.334,p<0.001 for nail) and VCAM-1r{= 0.313,p<0.001 for water;
r< 0.372,p<0.001 for hair ands= 0.300,p<0.001 for nail) levels with water, hair and

nail arsenic concentrations (Figure 2.3B and 2.3C).
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Figure 2.3A Correlation of arsenic exposure with plasma CRP levels. Log-

transformed values of CRP, water, hair and naérdcswere useds andp-values were

from Spearman correlations coefficient test.
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Figure 2.3B Correlation of arsenic exposure with plasma ICAM-1 levels. Log-
transformed values of ICAM-1, water, hair and @adenic were used; andp-values
were from Spearman correlations coefficient.test
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Figure 2.3C Correlation of arsenic exposure with plasma VCAM-1 levels. Log-
transformed values of VCAM-1, water, hair and rei$enic were useds and p-
values were from Spearman correlations coeffidiesit
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2.3.4 Association between arsenic exposur e metrics and plasma circulating

moleculesthrough multivariate linear regression analysis

Multivariate linear regression analyses were perntat to evaluate the effect of

age, sex, BMI, smoking, hypertension, occupatiacation and monthly income as

covariates on the associations of plasma circyatmolecules with arsenic exposure

metrics (water, hair and nails).

All the assaora of plasma circulating molecules

with arsenic exposure metrics were statisticalyngicant even after adjusting for

those covariates (Table 2.2).

Table 2.2 Association between ar senic exposure metrics and plasma circulating
moleculesin individuals through multivariate linear regression analysis

Dependent Independent variable
variable Water arsenic Hair arsenic Nail arsenic
IQR? IQR" IQR®
Before After Before After Before After
adjustment  adjustment adjustment adjustment adjustment adjustment

CRP
B-Coefficient 0.136 0.139 0.27 0.276 0.275 0.269
(95% CI) (0.085-0.188)  (0.084-0.193) (0.175-0.364) (0.177-0.374) (0.158 - 0.392) (0.147 - 0.391)
Change by IQR 0.709 0.724 0.394 0.403 0.596 0.583
(95% CI) (0.658 - 0.759) (0.669, 0.779)  (0.3- 0.489) (0.305-0.501) (0.481-0.712) (0.462 - 0.705)
ICAM-1
B-Coefficient 0.045 0.042 0.096 0.091 0.092 0.087
(95% CI) (0.033-0.058)  (0.029-0.055) (0.073-0.119) (0.068 -0.114) (0.063 - 0.121) (0.058 - 0.116)

Change by IQR

0.234

0.219

0.14

0.133

0.199 0.187

(95% CI) (0.221 - 0.248) (0.205-0.233) (0.117-0.164) (0.109, 0.156) (0.170-0.229) (0.159 - 0.218)
VCAM-1

B-Coefficient 0.039 0.036 0.09 0.086 0.086 0.081
(95% CI) (0.025-0.052)  (0.023-0.05) (0.066 - 0.114) (0.062-0.110) (0.056 - 0.116) (0.051 - 0.111)
Change by IQR 0.203 0.188 0.131 0.125 0.186 0.176

(95% ClI)

(0.189 - 0.217)

(0.174 - 0.201)

(0.108 - 0.155)

(0.102 - 0.149)

(0.157 - 0.216) (0.146 - 0.205)

Abbreviation: IQR, Inter-quartile range. Log-tramshed values of arsenic exposure
metrics and plasma circulating molecules were ugegk, sex, BMI, smoking,

hypertension,

occupation,

education and monthlyormewere adjusted as

covariates®Water IQR (2.98, 186fhair IQR (0.393, 4.703) anthail IQR (1.430,
10.173).%Change in outcome associated with an IQR increaaesenic.
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2.3.5 Doseresponse relationship of arsenic exposure with circulating
molecules

In Table 2.3, dose-response relationships were etmin non-endemic and
tertile (low, medium and high) groups of arsenid@mic subjects. Results showed
that there were some general trends in changingl@fand VCAM-1 in the low,
medium and high arsenic exposure groups. ICAM-1\AGAM-1 were significantly
changed in the higher (low, medium and high) expwguoups compared to the non-
endemic group. Among the plasma biomarkers CRP stioelatively good shape of
dose-response relationships with arsenic expo<LiRF levels were also gradually
increased in the higher exposure gradients exteptrtedium group of hair arsenic
concentrations. CRP levels in the endemic tertdleugs of water, hair and nalil
arsenic concentrations were also significantlyedéht from the non-endemic group
with the exception of the low groups of water arail rarsenic concentrations.
Moreover, CRP levels were also significantly diéet for medium versus low, high

versus medium and high versus low group of watsgrac concentrations.
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Table 2.3 Dose-response relationships between ar senic exposure levelsin water,

hair, and nails, and the levels of plasma circulating molecules

Dependent Independent Non-endemic Low Medium High p-value
variable variable (F-test)
Water As 1.15+ 1.53 1.75+ 1.96*"  2.82+3.28*""  <0.001
(Cn?gF/’L) Hair As 0.78+0.88  1.74+2.22*  1.37+159%  2.64+3.19°  <0.001
Nail As 1.39+ 1.68 1.99+229*  2.33+3.14%  <0.001
Water As 518.1+ 155.2* 520.3+ 135.0° 549.2+ 170.3* <0.001
'(r?gA/r':]"L)l Hair As 371.4+112.2 548.9+160.1° 519.3+ 137.2 520.5+ 164.5° <0.001
Nail As 530.9+ 177.8* 533.5+ 143.2* 523.8+ 141.5* <0.001
Water As 589.7+ 184.8* 604.1+ 216.3* 623.7+ 261.1* <0.001
Eggfm'\f_;l Hair As 420.3+ 129.9 605.1+ 220.1* 588.4+ 201.3* 624.2+ 245.7* <0.001
Nail As 602.1+ 237.6* 627.3+200.1* 589.1+229.9° <0.001

Abbreviation: As, Arsenic. Data were presented asamm = SD. Statistically
significant association between exposure leveltardevels of circulating molecules
in One-Way ANOVA was examined by F-test, followedy Bonferroni
multicomparison test between each group of expdsna. ¢ Significantly difference
from non-endemic groug’ Significantly different from ‘low’ group® Significantly
different from ‘medium’ group. As levels in waterpn-endemic (0.03 — 13.17 pg/L;
n = 106), low (0.46-69.4 pg/L; n = 72), medium @@ ug/L; n = 72), and high
(214-546 pg/L; n = 74). As levels in hair; non-emae (0.03-1.62 pg/g; n = 106), low
(0.25-2.37 pg/g; n = 71), medium (2.45-4.95 pg/g; 13), and high (5-37.24 ug/g; n
= 74). As levels in nail; non-endemic (0.15-8.13g1ep = 106), low (0.53-5.14 pg/g;
n =72), medium (5.21-10.65 pg/g; n = 72), and {igh67-37.42; n = 72).

2.4 Discussion

Although it has been well established that chroekposure to arsenic is
associated with CVDs, uncertainties remain in ti@agy of arsenic-induced CVDs.
In the present study, we demonstrated the chaistatechanges in biochemical
indicators for atherosclerosis; high levels of CREAM-1 and VCAM-1 among the
residents in arsenic-endemic areas in Bangladestompared to the non-endemic
residents. Arsenic exposure (water, hair and naitsenic) showed significant
associations with those biochemical indicators Feg2.3A, 2.3B and 2.3C). Further,
in the dose-response relationship, although theesewsome general trends in
changing plasma biomarkers in the higher expostadignts compared to the lower

exposure gradients but the significant changeshefplasma markers were largely
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limited to non-endemic versus each tertile of endesubjects. Among these
circulating molecules CRP showed relatively goodapgh of dose-response
relationships in arsenic-endemic tertile groups(@2.3).

Mounting evidence has suggested that arsenic expasareases the risk of
vascular diseases (Chen et al.,, 2011; Tseng et 2803). Development of
atherosclerosis is the fundamental step of CVDsclPical manifestations of
atherosclerosis as examined by carotid artery pkgand thickness have been
observed in the residents exposed to arsenic boflaiwan and in Bangladesh (Chen
et al., 2006; Wang et al., 2009). However, very &udies have reported the changes
in biochemical indicators for atherosclerosis imfan exposed to arsenic (Chen et al.,
2007; Wu et al., 2012). Recently, the significanEdiochemical indicators for pro-
oxidative and pro-inflammatory lesions such as @ed low-density lipoprotein (Ox-
LDL), ICAM-1, VCAM-1, and CRP rather than traditiahlipid markers such as total
cholesterol and LDL has been highlighted for assgsghe development of
atherosclerosis.

ICAM-1 and VCAM-1 expressed in endothelial cellsylimportant roles in the
recruitment and trans-endothelial migration of lecikes, leading to the initiation of
atherosclerosis (Galkina and Ley, 2007). Reactigen species, pro-inflammatory
cytokines, CRP, and Ox-LDL have been shown to iedhe expression of ICAM-1
and VCAM-1 in the endothelial cells, resulting imetelevation of soluble forms of
ICAM-1 and VCAM-1 in blood plasma (Cook-Mills et.aR011; Zhanget al., 2012).
The studies conducted previously in the differeefa of Bangladesh showed slight
but significant increases in soluble ICAM-1 and VI@A levels in plasma of arsenic-
endemic residents (Chen et al., 2007; Wu et alL.220n the present study, however,
plasma ICAM-1 and VCAM-1 levels were increased anaert with those of CRP
among arsenic-endemic individuals. These resuligigge much clearer insight into
the interaction of pro-inflammatory events and ailbre molecules induced by arsenic
exposure.

Emerging evidence has suggested an important fol@R® both as a powerful
predictor of CVDs and as a player in the developgnoéatherosclerosis (Blake et al.,
2003). The circulating CRP as well as endogenopsbhduced CRP is known to
induce the release of pro-inflammatory cytokinesnfr monocytes (Ballou and
Lozanski, 1992) and promote the expression of ICAlEIkd VCAM-1 in endothelial
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cells (Wadhamet al., 2004). Furthermore, CRP acatele the monocyte adhesion to
endothelial cells and the uptake of Ox-LDL by em@dital cells via the activation of

LOX-1, which is a receptor for Ox-LDL (Li et al.,0R4). Thus, the increases in
plasma levels of ICAM-1 and VCAM-1 concomitantlyttviCRP in arsenic-endemic

residents suggest that arsenic-induced inflammatewents are involved in

pathological activation of ICAM-1 and VCAM-1 in thendothelial cells. CVDs are

major cause of mortality worldwide. Even a smakreased risk associated with
arsenic exposure can cause a large number of extssshs. Therefore, arsenic
exposure related CVDs could be of a public heatthcern in countries whose
population are exposed to elevated concentrati@msanic.

The major strengths of this study were: 1) widegeaaf arsenic concentrations in
drinking water, hair and nails of the study sulgebiat provided strong dose-response
relationship between arsenic exposure and biocteémiarkers for atherosclerosis 2)
all associations were shown using three ways obsxe metrics (water, hair and nail
arsenic). Drinking water arsenic is recognized xeraal exposure metric, whereas
hair and nail arsenic are recognized as internabsure metrics. Arsenic levels in nall
and hair samples have been reported to providentegrated measure for arsenic
exposure (Agahian et al., 1990; Karagas et al.6)l99ne centimeter of hair reflects
approximately one month of exposure. On the othardh nail capture historical
exposure to arsenic from several months to a y&herefore, correlations of
biochemical markers for atherosclerosis with thtesee exposure metrics reduced the
possibilities of misclassification of exposure aftects of other confounders on the
observed associations. Although this study reptesean extensive epidemiological
research, the present study should be interpreiibddcautions. First, we adjusted age,
sex, BMI, smoking, hypertension, occupation, edocatand monthly income as
covariates (Table 2.2) but there may be some ddleitional factors that might
influence the results. Second, this study was desigo be cross sectional, but not
prospective. A cohort based study is required iturtu for precise cause effect
relationship between circulating molecules relatedatherosclerosis and arsenic
exposure. Third, the most of the study subjects p@at socioeconomic conditions
and their BMI were in the lower end of normal rargd3MI. Thus, the results of the
current study may not be generalizable to othedystoopulations because of the

different distribution of risk factors for atherésmsis that may influence the effect of
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arsenic exposure. Nevertheless, this study sugg@iestsexposure to arsenic causes

pro-inflammatory conditions that may lead to theelepment of atherosclerosis.

2.5 Conclusion

The present study has demonstrated that circulbgireds of plasma CRP, ICAM-
1 and VCAM-1 were significantly higher in arsenitdemic subjects than those in
the non-endemic subjects. Further, CRP, ICAM-1, &@AM-1 showed dose-
response relationships with arsenic exposure msetilthe associations of these
biochemical indicators with arsenic exposure metrigere significant even after
adjusting for relevant covariates. Therefore, ladl &ssociations observed in this study
may be the hallmark features of arsenic-inducediqftammatory events leading to
atherosclerosis. The biochemical indicators measurehis study strongly suggest
that the residents in arsenic-endemic areas arskafor atherosclerosis and future

development of CVDs.
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Chapter 3: Exploring the association of arsenic exposure with
serum vascular endothelial growth factor in arsenic-endemic

individuals in Bangladesh
This chapter has been published in Chemosphere (2014)

3. Abstract

Arsenic is an environmental pollutant that causeareety of health hazards affecting
millions of people in the world. Arsenic exposure dssociated with cancer and
vascular diseases. Angiogenesis is an importaptfstehe pathological development
of cancer and vascular diseases. Vascular endalttggibwth factor (VEGF) is a
specific marker for angiogenesis. However, humamystshowing the association
between arsenic exposure and serum VEGF leveladiaget been documented. This
study was aimed to investigate the association dmtwarsenic exposure and serum
VEGF levels in the arsenic-endemic individuals ianBladesh. A total of 260
individuals were recruited for this study. Arsemixposure levels were measured by
Inductively Coupled Plasma Mass Spectroscopy (IC®-lind serum VEGF levels
were quantified using VEGF immunoassay kit. Thegtsubjects were stratified into
tertile (low, medium and high) groups based ondtsenic concentrations in water,
hair and nails. Serum VEGF levels were significardbrrelated with waterr{ =
0.363,p < 0.001), hairrs = 0.205,p < 0.01) and nailr¢ = 0.190,p < 0.01) arsenic.
Further, serum VEGF levels showed dose-responséiamthips in medium versus
low (p < 0.05), and high versus loy € 0.001) exposure groups of water arsenic and
medium versus lowp(< 0.05), and high versus low € 0.01) exposure groups of hair
and nail arsenic concentrations. Dose-responséasaips were also tested when
the subjects were divided into three groups0( pg/L, 10.1-50 pg/and >50 ug/L)
based on the regulatory upper limit of water ars&oncentrations set by WHO (10
png/L) and Bangladesh Government (50 pg/L). Mean WH&vels in<10 ug/L, 10.1-
50 pg/Land >50 pg/lgroups were 91.84,29.54, and 169.86 pg/mL, respectively,
however, significant < 0.01) differences in VEGF levels were only found>50
pg/Lversus<10 pg/Lgroups. Significant association of arsenic exposute VEGF
levels were found even after adjusting for relevavariates. Therefore, these results
provide evidence that arsenic exposure has a mie@enic effect on humans, which

may be implicated in arsenic-induced tumorigenasd vascular diseases.
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3.1 Introduction

Arsenic is a potent environmental pollutant and &ontarcinogen that is
ubiquitously present in food, soil, water and air® particles. Chronic arsenic
poisoning has become a major public health conggrmany countries. Arsenic
poisoning has taken a serious turn affecting nmliof people in Bangladesh (Smith
et al., 2000). Many people have died of the chrahgeases caused by prolonged
exposure to arsenic. It has been assumed that>ap@ately 80 million people are at
risk of arsenic poisoning in the country (Caldwetllal., 2003; Chowdhury A, 2004;
Chowdhury U et al., 2000). World Health Organizat{®8VHO) has described arsenic
toxicity in Bangladesh as the largest mass poigpnina population in history. The
major forms of arsenic detected in groundwater inoeganic arsenite (AY and
arsenate (A9. Ingestion of inorganic arsenic through drinkimgiter has been
reported to be associated with a variety of cancEsnatitis, cardiovascular diseases,
peripheral neuropathy, diabetes mellitus, rendlifaiand liver dysfunction (Chen C
et al.,, 2007; Chen Y et al., 2011; Hossain et2112; Islam et al., 2011; Lai et al.,
1994; Mazumder et al., 1998; Meliker et al., 200&pio and Grosche 2006; Vahidnia
et al., 2008).

Vascular endothelial growth factor (VEGF) is a &ep-binding homodimeric
glycoprotein. It is also known as vascular permiggifactor because of its ability to
induce vascular leakage. VEGF plays a central moldoth vasculogenesis, the
formation of new blood vessels frothe embryonic origin, and angiogenesis, the
formation of new blood vessels from pre-existing®nVEGF is released into the
circulating system by hypoxic cells, activated glets, leukocytes, and cancer cells
(Banks et al., 1998; Gunsilius et al., 2000; Moéleal., 1997; Verheul et al., 1997;
Webb et al., 1998). VEGF family consist of VEGFMEGF-B, VEGF-C, VEGF-D,
VEGF-E and placental growth factor, each of whlranscribed by individual genes
(Ferrara 2002; Neufield et al., 1999). VEGF-A engrally called VEGF because of
its key role in vasculogenesis, angiogenesis arfterentiation of progenitor
endothelial cells (Takahashi et al., 2011). VEGFexsts in at least four different
isoforms of 206, 189, 165, and 121 amino acidsthayg are generated by alternative
splicing of mRNA (Houck et al., 1991; Leung et dl989; Tischer et al., 1991). It
appears that VEGE and VEGHkgsare secreted as a soluble form, whereas other two

isoforms remain as cell-associated forms. All VE&HRsoforms apparently show
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identical biological activity, but VEGks is dominant form because of its larger
amount and greater extent of biological activitfeGFe5 has been implicated in

pathological angiogenesis associated with tumogvascular diseases and other
conditions. Because of its specific role in tumengsis and cancer development,
VEGF-mediated signals have been targeted for theafieutic intervention of cancer
(Shinkaruk et al., 2003).

VEGF expression have been observed in a varietycalf types during
atherosclerosis, myocardial ischemia, diabetic amthemic retinopathy,
tumorigenesis, arthritis, psoriasis and wound hega({Carmelietand Collen, 2000).
The biological effects of VEGF are mediated by Inigdwith its receptor. VEGF has
three structurally similar type of receptor tyrasiinases, designated VEGFR1 (also
known as FLT1), VEGFR2 (also known as KDR) and VIER3Halso known as
FLT4) (Figure 3.1), which differ considerably irgealing process. VEGF receptors
have seven immunoglobulin-like domains in the extelular part, a single
transmembrane domain and a tyrosine kinase domatmeiintra cellular part mostly
found in endothelial cells.

G o> Cper> D
QECEDD QEer®> ek D
@D o> @D @D
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VEGFR-1
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VEGFR-1 VEGER-1 VEGHR-2
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macrophages and monocytes o
TiBS

Figure 3.1 Schematic illustration of VEGF and VEGFRexpression pattern
and ligand specificity (Cross et al., 2003).
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Circulating VEGF binds to VEGF receptors (VEGFR)ISI ligand-receptor
engagement triggers the signaling pathways foratttesation of endothelial cells.
Activation and subsequent proliferation of endadietcells are prerequisite for
angiogenesis since newly proliferated endothek#isarticipate in the formation of
proximal new blood vessels. The molecules secrétmoh activated endothelium
include vascular cell adhesion molecule-1 (VCAMahd matrix metalloproteinases
(MMPs). VEGF also acts as a proinflammatory cytekby increasing endothelial
permeability and inducing adhesion molecules thatl beukocytes to endothelial
cells (Detmar et al., 1998; Melder et al., 1996he Tdistinct signal transduction
mechanisms by which VEGF induces survival, prodifem, migration, and nitric
oxide (NO) production in endothelial cells have aegentified (Kim et al., 2001).
Previously, Hossain et al. (2012) reported thagr@rsexposure increases plasma Big
endothelin-1 (Big ET-1), a precursors of endothdlirPlasma Big ET-1 is a specific
marker of endothelial activation/dysfunction. Ferthpositive association of arsenic
exposure with the plasma VCAM-1 levels in arsemdemic population in
Bangladesh was observed (Chapter 2). Although thmegious studies provide
evidence that arsenic exposure is associated ezl@dthactivation/dysfunction,
biochemical events in arsenic-mediated activatibermlothelium in human remains
to be clarified. Binding of circulating VEGF to iteceptors causes the activation of
endothelial cells which ultimately lead to the stiom of several molecules required
for the proliferation of these cells. Experimergaldies have examined the effect of
arsenic exposure on VEGF expression using culteedt lines. Duyndam et al.
(2001) have shown that arsenic increases VEGF ssiore in both human umbilical
vein endothelial cells and cervical cancer celsucy et al. (2004) have reported that
arsenic exposure causes VEGF expression in smoagiclencells dose-dependently.
More recently, Liu et al. (2011) has reported tlasenic exposure induces
angiogenesis through VEGF expression in both hummemnortalized lung epithelial
cells and adenocarcinoma cells. In contrast, theerogroups have reported that
arsenic exposure causes the inhibition of VEGF esgon in various cell lines
(Roboz et al., 2000; Xiao et al., 2006; Yu et @D06). Therefore, contradictory
results in cell line experiments have necessitapdemiological studies to clarify the
association of arsenic exposure and serum VEGHsleve
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Several epidemiological studies have establishedré¢hationship of cancer and
vascular diseases with VEGF (Di Raimondo et al012&imura et al., 2007; Poon et
al., 2001). Arsenic exposure has been shown tesecated with a variety of cancers
and several forms of vascular diseases such aatherosis, ischemic heart disease
and peripheral vascular disease (Chen and Ahsa; Zilen et al., 2011; Chiou et
al., 1995; Hossain et al., 2012; Smith, 2009; Tseeig al., 1996). However,
mechanistic insights into the vulnerability of ameeexposed individuals to cancers
and vascular diseases are largely unknown. Itpeebed that arsenic exposure causes
the expression of VEGF or other molecules makiragapgiogenic micro environment
favourable for the development of tumor and vascdiaeases in humans. In an
attempt to investigate the proangiogenic effeclooig-term arsenic exposure, this
research for the first time explored the assoamatietween arsenic exposure and

serum VEGF levels in human exposed to arsenic atathyin Bangladesh.
3.2 Materials and Methods

3.2.1 Ethical permission

Ethical permission for the human study was grabtethe Institute of Biological
Sciences, University of Rajshahi, Bangladesh. Tiigests who participated in this
study gave their written consent. All sorts of adahtialities and rights of the study

subjects were strictly maintained.

3.2.2 Selection of study areas and subjects

Study areas were selected from the north-west megidBangladesh. The study
areas included Marua in Jessore, Dutpatila, Jjitie and Kestopur in Chuadanga,
and Bheramara in Kushtia districts of Bangladedhidy areas and study subjects
were chosen as described previously in the maseaiadl methods section of chapter
2. Of the 267 individuals recruited, seven indiatiuwere excluded according to the
exclusion criteria [i.e., study candidates (n=3)owiad resided in the arsenic-endemic
areas for less than 5 years, pregnant and lactatweghers (n=2), and had
hepatological diseases (n=2)]. Thus, a total of 26@0ividuals were finally

participated.
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3.2.3 Water collection and arsenic analysis

Water samples were collected in acid-washed coersifrom the tube wells
which the study subjects are using as a primarycsoof drinking water as described
in materials and method section of chapter 2. Tataénic concentration in water
samples was determined by ICP-MS as describedquslyi (Chapter 2). River water
was used as a CRM to confirm the accuracy of waitesenic concentration
determined by ICP-MS.

3.2.4 Collection of hair and nail samples, and angsis of arsenic
Collection of hair and nail samples from each stadlgject and analysis of total
arsenic concentrations in both hair and nails sasplere determined by ICP-MS as

described previously in the materials and methatiae (chapter 2).

3 .2.5 Collection of blood serum

All study subjects were requested to fast ovemn{@b—-12 h) to collect fasting
blood samples. Blood samples (5-7 ml) were lefoatn temperature for 30 minutes
for clotting and were subsequently centrifuged,20Q x g for 20 minutes. The serum

supernatant was then taken and stored at - 80°C.
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(D) (E) (F)

Figure 3.z Some representative photographs of field activities. (A) A visit to the
study area,(B) and (C) Personal interview(D) BMI measurement(E) Physical
examination of a study subject by a physici&),Blood sample collection.

3.2.6 Measurements of serum VEGF

Serum levels of VEGHswere measured using commercially available sandwich
enzyme-linked immunoassay kits (R&D Systems, Inmndapolis, USA) according
to the manufacture’s protocols. On completion efalssay, the observed color change
was measured using a microplate reader (Mikura Wid) and VEGF level was
calculated by extrapolation from a standard cuiveseparate standard curve was
constructed for each immunoassay. All standards sardples were analyzed in
duplicate and the mean values were taken. The amtdainter assay coefficients of
variations (CVs) were maximum 10%. According to thanufacturer’s protocol the
sensitivity and the assay range of serum VEGF @drgog/mLand 31.2-2000 pg/mL

respectively.
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Basic principle for VEGF assay: VEGF assay employs the quantitative
sandwich enzyme immunoassay technique. A monochortddody specific for VEGF
was pre-coated onto a microplate. Standards angleawere pipette into the wells
and any VEGF present was bound by the immobilizétbady. After washing away
any unbound substances, an enzyme-linked polyclantbody specific for VEGF
was added to the wells. Following a wash to remawe unbound antibody-enzyme
reagent, a substrate solution was added to the wedl color developed in proportion
to the amount of VEGF bound in the initial stepeTdolor development was stopped

by adding acid and the intensity of the color wasasured at 450 nm.

Stepwise assay:

@ - Ap coated well (@ Anti-VEGF antibody (Ab) coated well
|
Q
- oo @ Assay Diluents
@ I @ Assay diluents was added to anti-VEGF coated well
o000 .\./EGF (Ag) in serum
@ e @ 9
@ | | @ Serum wa added to plate and antigen (VE!
presenwas bound to antibody (Ab)
NG Conjugate
LA y |
@ @ Addition of HRP labelled polyclonal anti-
!““ <» | VEGF Ab (conjugate) which also boutwlthe
antigen (Ag) present in the plate
TMB substrate
®—| G % » r (B TMB substrate was added to the plate
f 7%
— @ o w— Substrate was converted by HRP to a detectable
@ form (from blue to yellow
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Figure 3.3 Stepwise assay of VEGF by ELISA kit
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3.2.7 Statistical analysis

Statistical analysis for this study was performesing software of Statistical
Packages for Social Sciences (SPSS version 178S $ft., Chicago, IL) after log
transformation of the values of water, hair and aegenic, and levels of serum VEGF
due to the skewed distribution of the raw data. ity of the distribution of
variables was verified by a Q-Q plot. The studyjscis were divided into three
groups (low, medium and high) with approximately&qgpopulation size based on
arsenic levels in water, hair and nails. In additiine study subjects were divided into
three groups<{ 10 pug/L, 10.1-50ug/L and > 50ug/L) based on the regulatory upper
limit of water arsenic concentration set by WHOQ (ig/L) and Bangladesh
Government (5Qug/L). The mean age, arsenic concentration, moritidpme and
BMI of the study subjects in low, medium, and highoups of water arsenic
concentrations were compared Bytest (One-way ANOVA), whereas the smoking
status, occupation, and education were comparedCluysquare test. Spearman
correlation coefficient tests were used to evaltia¢ecorrelations of arsenic exposure
metrics with serum VEGF levels. Dose-response icglahips of arsenic exposure
metrics with serum VEGF levels were analyzed by @ag ANOVA followed by
Bonferroni’'s multiple comparison test. Finally, Wariate linear regression analyses
were used to examine the associations of arsepgsexe metrics with serum VEGF
levels after adjusting for age, sex, BMI, and smgki A value ofp<0.05 was

considered statistically significant.

3.3 Results

3.3.1 Characteristics of the study subjects

Table 3.1 shows the characteristics of the stwdbyests in the low, medium and
high exposure groups depending on the concentgtbrarsenic in drinking water.
There were total 127 female and 133 male subjeittsavmean age of 38.56 + 12.35
years. The concentrations of water, hair and maérac in the low, medium and high
groups were significantly different. Most of therfale study subjects were house
wives (93.70%) and remaining 6.30% were farm warland students, and most of
the male subjects were farmers (81.20%) and ren@indi8.80% were students,
businessman, and others (small vendors, rickshawerpu and tailors).

Socioeconomic characteristics (occupation, monthbpme and education) of the
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study subjects in each group were almost simildre Ppercentage of the study
individuals who completed primary education werer2639.53 and 30.68 in the low,
medium and high exposure groups, respectively.niimbers of non-smoker in each
group were higher than those of smokers. We didfimot any female smoker as
generally Bangladeshi women do not smoke cigarbiibestudy subject had admitted
to drink alcohol. This is because of the social egljious restriction on drinking of
alcohol. The averages of BMI (mean £ SD) of the¢hexposure groups were almost

similar.
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Table 3.1 Characteristics of the study subjects bad on water arsenic

concentrations
Characteristics All Low Medium High p-value
(0.29 - 546ug/L)  (0.29 —57.0mg/L) (57.26 —20g/L) (214 - 546ug/L) O
No. of subjects 260 86 86 88
Sex [no. (female/male)] 127/133 35/51 47/39 45/43
Age [years (mean + SD)] 38.56 + 12.35 38.90 +13.27 39.97 +12.44 36.86 +11.22  0.243
Water As concentratiorug/L) 70.22 (6.23) 8.22 (4.87) 121 (1.43) 335.92 (1.31) 0.081

Geometric mean(SD)

%

Hair As concentrationug/g) 2.91 (2.66) 1.6 (2.54) 3.29 (2.22) 4.64 (2.44) 0.0
Geometric mean (SD)

Nail As concentrationug/g) 7.08 (2.24) 4.8 (2.23) 7.65 (2.08) 9.58 (2.06) )
Geometric mean (SD)

Occupation [n, (%)]

Female
Housewife 119 (93.70) 35 (100) 45 (95.74) 39 (86.67) 0.719
Farm worker 6 (4.72) 0 2 (4.26) 4 (8.89)
Student 2 (1.57) 0 0 2 (4.44)
Male
Farmer 108 (81.20) 40 (78.43) 32 (82.05) 36 (83.72)
Student 4 (3.01) 3(5.88) 1 (2.56) 0
Business 4 (3.01) 2(3.92) 0 2 (4.65)
Others 17 (12.78) 6 (11.76) 6 (15.38) 5 (11.63)
Education [n, (%)]
No formal education 151 (58.08) 49 (56.98) 46 (53.49) 56 (63.64) 0.124
Primary 84 (32.31) 23 (26.74) 34 (39.53) 27 (30.68)
Secondary 24 (9.23) 13 (15.12) 6 (6.98) 5 (5.68)
Graduate 1(0.38) 1(1.16) 0 0
Monthly income (U.S.$) 26.09 +14.22 25.12 +13.18 26.36 + 17 26.71+12.22 0. 742
Smoking habit [n, (%)]
Yes 57 (21.92) 21 (24.42) 20 (23.26) 16 (18.18) 0.571
No 203 (78.08) 65 (75.58) 66 (76.74) 72 (81.82)

Alcohol intake - - - - R

BMI® (mean + SD) 2051+ 3.23 20.69 *3.18 20.63.093 2022+350 0571

Data were presented as mean = SD, and geometrin (8&2) for log transformed
value. Abbreviation: As= Arsenic, BME Body Mass Index was calculated as body
weight (kg) divided by body height squared®(mp-, and 'p-values were from the
one way ANOVA E-test) and Chi-square test, respectively.
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3.3.2 Correlation of water arsenic with hair and mil arsenic
concentrations

First, correlations of external arsenic exposurerimgdrinking water) with
internal exposure metrics (hair and nails) wereckbd. Water arsenic concentrations
showed a strong positive correlatiqns = 0.811, p< 0.001) with hair arsenic
concentrations (Figure 3.4). A similar positiveatenship (s = 0.772,p< 0.001) was
also observed between water and nail arsenic ctiatiems (Figure 3.4). All these
strong positive associations suggested that dripkuater arsenic was the major
source of accumulated arsenic in hair and naite@ttudy subjects.

Water arsenic

-1 0 1 2 0 0.5 1 15 2
Hair arsenic Nail arsenic

Figure 3.4 Correlations of water arsenic with hair and nail arsenic
concentrations Log-transformed values of arsenic concentrationsevusedrs and
p-values were from Spearman correlations coeffidiesit

95



Serum VEGF

Chapter 3 L

3.3.3 Correlation between arsenic exposure and s8n VEGF levels

Figure 3.5 shows the correlation between arsenpo@xe metrics (water, hair
and nail arsenic concentrations) and serum VEGEIde\A significant increase in
serum VEGF levels was observed with the increasorgentrations of total arsenic
in drinking water (s = 0.363, p<0.001). Almost similar relationships were also

observed between serum VEGF levels and hair arsmmcentrationsr{= 0.205,

p<0.01), and between serum VEGF levels and naiharsmsmncentrationsr{= 0.190,
p<0.01).

1 4 1 4
| n O n L] n O L] L ]
1 2 3 4 -15 -05 05 15 2505 0.5 1.5
Water arsenic Hair arsenic Nail arsenic

Figure 3.5 Correlation between arsenic exposure and serum VEGFevels. Log-
transformed values of arsenic concentrations anahrs& EGF were useds and p-
values were from Spearman correlations coeffidiesit

3.3.4 Dose-response relationship of arsenic exposuwith serum VEGF
levels

Figure 3.6 shows the dose-response relationshgrsanic exposure with serum
VEGF levels. At first, serum VEGF levels were measun tertile (low, medium and
high) groups based on the three concentrationsabémarsenic (external exposure
metric). Serum VEGF levels were gradually increasedthe higher exposure
gradients, however, the differences were statibtisgynificant in medium versus low
(p< 0.05), and high versus lowp< 0.001) exposure groups (Figure 3.6A). Next,
dose-response relationships of hair and nail arssmcentrations (internal exposure

metrics) with serum VEGF levels were checked. SexiEGF levels were found to
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be higher in the higher exposure gradients budifierences were significant in the
medium versus lowp(< 0.05), and high versus low € 0.01) exposure groups of hair

and nail arsenic concentrations (Figure 3.6B a6 3.

3.3.5 Comparison of serum VEGF levels in the thregroups based on the
regulatory upper limit of arsenic concentrations indrinking water

Next, dose-response relationship was evaluated guhenthree groups<10 ug/L,
10.1-50 pg/L and >50 pg/L) based on the regulatgyer limit of water arsenic
concentrations set by WHO (1@/L) and Bangladesh Government (50 pg/L). Serum
VEGF levels were significantly higher in >5@/L group compared teg10 pg/L
groups. Serum VGEF levels were also found to bhadrign 10.1-50 pg/L group than
<10 pg/L group but the difference was not statiijfcagnificant (Figure 3.7).
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Figure 3.6A Figure 3.6B
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Figure 3.6 Dose-response relationships of serum VHEGlevels with arsenic
exposure metrics Data were presented as geometric mean ($lues were from
one-way ANOVA followed by Bonferroni multiple compson test between each
group of exposure level. Arsenic levels in watewy 1(0.29 - 57.01ug/L; n = 86),
medium (57.26 - 20hg/L; n = 86), and high (214 - 54&)/L; n = 88). Arsenic levels
in hair; low (0.05 - 2.141g/g; n = 86), medium (2.16 - 4.2@/g; n = 86), and high
(4.26 - 33.51ug/g; n = 88). Arsenic levels in nail; low (0.56 03 pg/g; n = 86),
medium (5.06 - 10.78g/g; n = 86), and high (10.85 - 47.88/g; n = 88).

3Statistically significant from low group , p< 0.001;", p< 0.01;", p < 0.05.
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Figure 3.7 Serum VEGEF levels in the three groups Isd on the regulatory upper
limits of arsenic concentrations in drinking water Data were presented as
geometric mean (SDp-values were from one-way ANOVA followed by Bonfemr
multiple comparison test between each group of sxymlevel.

3Statistically significant fronx 10 pg/L group. , p < 0.01

3.3.6. Effect of covariates on serum VEGF levels

Univariate linear regression analyses were perfdrioevaluate the effects of age,
sex, BMI, and smoking as covariates on the arsexiigeed elevation of serum VEGF.
Table 3.2 shows the results of univariate linegression analyses on the association
of serum VEGF levels (dependent variable) with @icseexposure metrics
(independent variable) after adjusting with theseaciates. Water, hair and nail
arsenic concentrations showed significant contidouto serum VEGF levels as

evidenced b-coefficient values.
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Table 3.2 Associations of arsenic exposure with san VEGF levels through
regression analysis

Independent Dependent Variable
Variable Serum VEGF

Before adjustment After adjustment

B-Coefficient (95% CI)  0.160 (0.109 - 0.211) 0.163 (0.111 - 0.215)

Water arsenic p-value <0.001 <0.001

B-Coefficient (95% CI)  0.177 (0.076 - 0.278) 0.181 (0.077 - 0.284)

Hair arsenic p-value <0.01 <0.01

B-Coefficient (95% CI)  0.225 (0.102 - 0.348) 0.232 (0.107 - 0.357)

Nail arsenic p-value <0.001 <0.001

Abbreviation: Cl= Confidence interval; Log-trangfued values of arsenic and serum
VEGF were used. Data were adjusted for age, sex, &h smoking.

3.4. Discussion

Several epidemiological studies have shown thagnérsexposure is associated
with the development of variety of solid tumorsves| as cancers (Chen and Ahsan,
2004; Chiou et al., 1995; Smith, 2009)ternational Agency for Research on Cancer
(IARC) has classified arsenic as a Group-1 humanirmagen.To the best of our
knowledge this is the first human study to show #ssociation between arsenic
exposure and serum VEGF levels. VEGF is a key outdeof angiogenesis which is
deeply implicated in cancer, various ischemic arfhinmatory diseases. Arsenic is a
well established human carcinogen that causesietyaf cancers. Cancer is one of
the major causes of arsenic-related morbidity armdtatity (Lokuge et al., 2004).
This study demonstrated that arsenic exposure wasisantly correlated with the
increased serum VEGF levels in arsenic-endemic lpopn in Bangladesh
(Figure3.5). Furthermore, serum VEGF levels showede-response relationships
with arsenic exposure metrics including water, Jhaird nail arsenic concentrations
(Figure 3.6 and 3.7).

No human study has ever shown the relationship dewarsenic exposure and
serum VEGF levels. However, several studies hawmeed the relationship of
arsenic exposure with VEGF expression using cultwedl lines. Increased levels of
serum VEGF with the arsenic exposure observed is $tudy were in good

agreement with the results of cell line experimeaforted by Duyndam et al. (2001),
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Liu et al. (2011) and Soucy et al. (2004). Howewapposite results have been
reported by other groups in various cell lines (&olket al., 2000; Xiao et al., 2006;
Yu et al., 2006). The reasons for such discreaneiight be due to the differences
in cell types and concentrations of arsenic usedndlation of laboratory arsenic
toxicology studies to human health is important ibus complicated by exact dose
conversion between in vitro, animal, and human exp® and species-specific
metabolic and genetic differences. In fact no &letaanimal model for arsenic
toxicity has been developed yet that can well gpoad to the toxic effects of arsenic
exposures observed in humans. Therefore, this histualy showing association and
exposure-response relationship between arsenicsarg®and serum VEGF levels is
noteworthy.

In normal physiological conditions, there is a bak between pro- and anti-
angiogenic molecules. The angiogenic switch is’‘afthen the effect of pro-
angiogenic molecules is balanced by that of angieagenic molecule, is ‘on’ when
the net balance is tripped in favour of angiogen@ouck et al., 1996; Neiberg et al.,
2005). Therefore, the positive correlations anded@sponse relationships of serum
VEGF levels with arsenic exposure metrics providelence in support of shifting
physiological balance towards pro-angiogenic emvitent by arsenic exposure.

In this study, the mechanisms how arsenic incretsetevels of VEGF in serum
remain to be clarified. Several in vitro studiesywever, have proposed the
mechanisms of arsenic-induced VEGF expression @a., 2010; Duyndam et al.,
2001). Arsenic induces VEGF expression through kigoonducible factor-a& (HIF-
la) in human prostate cancer and ovarian cancer @illgndam et al., 2001; Gao et
al., 2004). HIF-&-mediated VEGF expression depends mainly on reaciygen
species (ROS), which enhances transcription ofymee encoding VEGF (Carpenter
et al., 2005; Fisher et al., 1999; Maulik and D@62). Activating transcription factor
4 (ATF4) has been found to be another mediatoVi&GF expression. Arsenic also
causes ATF4 expression through redox-linked meshaiiRoybal et al., 2005). On
the other hand, Meng et al. (2010) showed thanhaseduced heme oxygenase-1 is
able to stimulate VEGF expression in human micrscubar endothelial cells through
ROS-independent pathway.

VEGF has been recognized as a reliable surrogatkemaf angiogenic activity
for tumor progression (Poon et al., 2001). In additto the tumor angiogenesis,
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VEGF has been implicated in the pathophysiologgnahy diseases such as ischemic
diseases, atherosclerosis and diabetes becauke ability of VEGF for increasing
vascular permeability (Weis and Cheresh 2005). dfoee, strong correlation and
dose-dependent association of arsenic exposureseitim VEGF levels observed in
this study shed light, at least in part, on the maacstic insight into the development
of cancer and vascular diseases in humans exposedenic.

There are several unique features in the presady .sFirst, all the associations
were found across the three kinds of exposure osefwater, hair and nail arsenic
concentrations). As we reported previously (Alakt 2010; Hossain et al., 2012), in
this study we also found that these three kindexgfosure metrics were strongly
correlated with each other (Figure 3.4). Thereftre assessment of arsenic exposure
by three kinds of exposure metrics and their cati@hs with VEGF may exclude the
possibilities of miss classification. Second, a djommber study population with a
wide variation of arsenic exposure levels that stubihe precise nature of dose-
response relationship between arsenic exposuresandn VEGF levels. Further
dose-response relationship among the three groagsdbon the permissive limit of
water arsenic set by WHO and Bangladesh Governstemwed that serum VEGF
levels in 10.1-50 pg/L group were higher thar<itD pg/L group. The differences
were not statistically significant. However, thesuk might be of note from policy
perspectives as the permissive limit set by thegBalesh Government is 5 times
higher than that of the WHO. There are severaltéitians in our study that warrant
further discussion. First, although we showed dbsociation between the arsenic
exposure and serum VEGF levels before and aftersadg for age, sex, BMI, and
smoking habits (Table 3.2), there may be some ddwors such as co-exposure to
other metals, insecticides or pesticides or indigidsariations that could influence the
VEGEF levels. If any accompanying metals or othertaminants could influence the
observed associations, then they would also be ctegbeto follow the same
concentration gradients as arsenic in the drinkivager, hair and nails. This is
unlikely, but more extensive study of the other ateetand their association with
serum VEGF levels are required in future. Secdamd,dtudy was designed to be cross
sectional, but not prospective. A cohort basedystsicheeded in future to verify the
cause-effect relationship between arsenic expoandeserum VEGF levels. Third,
most of our study individuals were at the lower @fichormal range of BMI (Table
3.1). Thus, the results of the current study malylb®generalizable to other study
populations and the study needs to be replicatether population.
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3.5 Conclusion

The present study showed that serum VEGF levelsfsigntly correlated with
increasing concentrations of arsenic in drinkingemahair and nails of the study
individuals exposed to arsenic chronically in Bauigish. Dose-response relationships
between arsenic exposure and serum VEGF levelstiemme observed. Further, dose-
response relationship were also observed amonthtee groups<10 pg/L, 10.1-50
pg/L and >50 pg/L) based on the regulatory uppenitliof water arsenic
concentrations set by WHO (1@/L) and Bangladesh Government (50 pg/L). The
associations of arsenic exposure with serum VEG/EIdeobserved in this study
remain significant even after adjusting for ages, &MI, and smoking as covariates.
Thus, the results of this study provide evidencsupport of the proangiogenic effect
of arsenic exposure on humans that may induce fabtiphysiological environment

for the initiation and progression of tumors andotdar diseases.
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4.1 Objectives

Arsenic is a naturally occurring toxicant ubiquisbu present in the earth crust.
The general people are exposed to different (ocgand inorganic) forms of arsenic
through water, food, occupation and other enviramiale sources. Exposure to
elevated levels of arsenic is a major health conedirover the world especially for
Bangladesh where millions of people are currentlysk of arsenic poisoning. WHO
has described arsenic toxicity in Bangladesh asobiiikee largest mass public health
poisoning in the history of human civilization. Aréc exposure is associated with a
variety of cancers and vascular diseases. Cancevasctular diseases are the major
cause of arsenic-related mortality. There are sdveirculating inflammatory,
adhesion, and angiogenic molecules that are as$sdcwith vascular diseases and
cancer. Alteration of such molecules in blood caovgle insight into the chronic
diseases. This research has been designed toigatesthe relationship between
arsenic exposure and circulating molecules relateccancer and cardiovascular
diseases (CVDs). Particularly this research hassied on 1) the investigation of the
associations of arsenic exposure with C-reactiotepr (CRP), intercellular adhesion
molecule-1 (ICAM-1), and vascular cell adhesion ecale-1 (VCAM-1), the soluble
markers of atherosclerosis that lead to the dewedop of CVDs, and 2) the
investigation of the associations of arsenic exposuth vascular endothelial growth
factor (VEGF), a surrogate angiogenic marker ingdhn initiation and progression

of variety of cancers and vascular diseases.

4.2 Summary of results

Chapter 2 represented the associations of arsemicsere with plasma CRP,
ICAM-1 and VCAM-1 related to atherosclerosis. Thedweee proatherogenic
molecules were significantly higher in arsenic-engeindividuals than those of non-
endemic individuals. Then the dose-response relstips of these molecules were
tested in non-endemic and tertile (low, medium high) groups of arsenic-endemic
subjects. Results showed that there were some gjetnends in changing ICAM-1
and VCAM-1 levels in the low, medium and high aisexposure groups and these
changes were statistically significant in the higfiew, medium and high) exposure
groups compared to non-endemic group. Plasma CRReshgood shape of dose-

response relationships with higher exposure grésliand these differences were
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statistically significant in the endemic tertile\{l, medium and high) groups of water,
hair and nail arsenic concentrations from the naskeenic group with few exceptions.
Age, sex, BMI, smoking, hypertension, educationd amonthly income were
considered as covariates. The effects of thesariades on the observed associations
of arsenic exposure with circulating molecules wevaluated. Interestingly, all the
associations of arsenic exposure metrics with latog molecules were significant
even after adjusting for those covariates.

Chapter 3 represented the relationship of serum WH&els with arsenic
exposure metrics. Significant positive correlatiomere observed with increasing
concentrations of arsenic in water, hair and ndilee observed associations between
arsenic exposure and serum VEGF were remain sgnifieven after adjusting for
relevant covariates such as age, sex, BMI, and simokose-response relationship
of serum VEGF levels in tertile (low, medium andji groups based on the three
concentrations of arsenic in water, hair and na#se tested. Serum VEGF levels
were found to be significantly higher in the mediand high groups compared to the
low group in water arsenic concentrations. Simiimse-response relationship of
serum VEGF levels were found in the medium and kigbosure groups compared to
the low groups in hair and nail arsenic. Furthessedresponse relationship were
tested among three groupslQ pg/L, 10.1-50 pg/L and >50 pg/L) based on the
regulatory upper limit of arsenic in water set byH®@ (10 pg/L) and Bangladesh
Government (50 pg/L). It was observed that serunGWHevels were significantly
higher in >50 pg/L group than tRelO pg/L group. Interestingly, increased levels of
serum VEGF levels were observed in the 10.1 — 5Q ggpup compared to thel0
Hg/L group, although the difference was not staafly significant.

4.3 Strengths and limitations
4.3.1 Strengths

There were several unique features in the research.

First, the major strength of this dissertation washow all the associations of
CRP, ICAM-1, VCAM-1, and VEGF across the three lenof exposure metrics
(water, hair and nail arsenic concentrationg)herefore, the assessment of arsenic
exposure by three kinds of exposure metrics anid toerelations with CRP, ICAM-

1, VAM-1, and VEGF might exclude the possibilitigsmiss classification.
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Second, a good number study population with a wdeation of arsenic
exposure levels that showed the dose-responsénrship of arsenic exposure with
CRP, ICAM-1, VAM-1, and VEGF levels.

4.3.2 Limitations

Despite major strengths, limitations can be attebduto some unmeasured or
imprecisely measured potential confounding factors.

First, although we showed the association betwéen arsenic exposure and
circulating CRP, ICAM-1, VCAM-1, and VEGF levelsfoes and after adjusting for
relevant covariates there might be some other fagach as co-exposure to other
metals, insecticides or pesticides or individualateons that could influence the level
of circulating molecules. If any accompanying metal other contaminants could
influence the observed associations, then they dvaldo be expected to follow the
same concentration gradients as arsenic in th&idgrwater, hair and nails. This is
unlikely, but more extensive study of the other atgetand their associations with
CRP, ICAM-1, VAM-1, and VEGEF levels are requiredfurture.

Second, this study was designed to be cross sattibence causality was
difficult to infer. A cohort based study is needeadfuture to verify the cause-effect
relationship of arsenic exposure with CRP, ICAMYAM-1, and VEGF levels.

Third, most of the study individuals were at thevéo end of normal range of
BMI. Thus, the results of the current study may betgeneralizable to other study

populations and the study needs to be replicatethier population.

4.4 Public health relevance

Arsenic is a potent environmental pollutant thas ltaused an environmental
tragedy in some parts of the world especially im@adesh where tens to thousands
of people have been affected because of the dgnkinwater contaminated by
arsenic. Recent reports suggested that arsenieritased the food chain including
rice and vegetables. Since arsenic enters the ¢bath, the exposure to arsenic is
unavoidable. Arsenic has been associated with akwronic diseases such as
dermatitis, variety of cancers, CVDs, diabetes mosl| liver and kidney dysfunctions.
CVDs and cancer are the major causes of arsemteceimortality in arsenic-endemic
areas. CVDs are also the leading causes of déailies the world. Therefore, even

small contribution of arsenic in the developmenCdDs can cause a huge number of
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excess deaths. Millions of people have already ladf=cted by arsenic. Additional
approximately 80 million are at risk of arsenicgmiing. This is the estimation in the
case of Bangladesh. However, there are many othertiies where arsenic toxicity
has also taken as an endemic form. Therefore, @pidemiological research is
completely relevant to the public health of thosendries which are now under the
threat of arsenic poisoning.

In this study, circulating molecules related to thevelopment of CVDs and
cancer have been measured. Circulating molecules iaportant in blood
biochemistry to asses or predict the diseases tondi Increased levels of CRP,
ICAM-1, VCAM-1, and VEGF may provide indication ftine development of CVDs
and cancer in future in arsenic-endemic individlile endemic people, clinician, and
health worker can take preventive measures ag#mse diseases by monitoring
those blood parameters. Further, the results ofebearch may be the valuable for the
development of awareness among the arsenic-engmuoe, policy makers, health
workers and government about the adverse healgletefbf the chronic exposure to
arsenic. Therefore, the results of this study maymportant from policy perspective.

This research also stated that arsenic exposuedEendently associated with
circulating CRP, ICAM-1, VCAM-1 and VEGF. All theseolecules are implicated in
the biochemical events of CVDs and cancer. Thusetlresults shed light on the
mechanisms of those diseases. Understanding meahasicritically important for
the prevention and therapeutic intervention ofdiseases. Therefore, objectives and
findings of this study are very much relevant te thublic health concern of

Bangladesh and other arsenic-endemic countridseoivorld.

Acknowledgments. This work was supported by the Grants of MinistfyScience
and Technology, Government of the People’s Repulfli@angladesh; The World
Academy of Sciences (TWAS), Italy; Grant-in-Aidr fBcientific Research, Japan,
and NST fellowship, Ministry of Science and Teclogy, Bangladesh.

113



Chapter 5 AN

Publications during the PhD period

5.1 Paper published from PhD research

Rahman, M., Mamun, AA., Karim, MR., Islam, K., Amin, AA., Hossain, S,,
Hossain, MI., Saud, ZA., Noman, ASM., Miyataka, H., Himeno, S., and Hossain,
K (2014). Associations of total arsenic in drinking water, hair and nails with
serum vascular endothelial growth factor in arsenic-endemic individuals in
Bangladesh. Chemosphere 120, 336-342 (I mpact Factor: 3.499).

. Rahman, M*., Karim, MR* ., Islam, K., Mamun, AA., Hossain, S., Hossain, E.,

Aziz, A., Yeasmin, F., Agarwal, S.,, Saud, ZA., Nikkon, F., Hossain, MM.,
Hossain, M., Mandal, A., Jenkins, OR., Haris, PI., Miyataka, H., Himeno, S., and
Hossain, K. (2013). Increases in oxidized low-density lipoprotein and other
inflammatory and adhesion molecules with a concomitant decrease in high-
density lipoprotein in the individuals exposed to arsenic in Bangladesh. Toxicol.
Sci. 135(1), 17-25 (Impact Factor: 4.478) [Editorially high lighted
article].*equally contributed.

5.2Paper published during the PhD period

Huda, N., Hossain, S., Rahman, M., Karim, MR., Idam, K., Mamun, AA.,
Hossain, MI., Mohanto, NC., Alam, S., Aktar, S., Arefin, A., Ali, N.,Saam,
KA., Aziz, A., Saud, ZA., Miyataka, H., Himeno, S., and Hossain. (2014).
Elevated levels of plasma uric acid and its relation to hypertension in arsenic-
endemic human individuals in Bangladesh. Toxicol. Appl. Pharmaco.
doi: 10.1016/j.tagp.2014.09.011. (Impact Factor: 3.63). In Press

ii. Hossan, E., Islam, K., Yeasmin, F., Kaim, MR., Rahman, M., Agawal, S,

Hossain, S., Aziz, A., Mamun, AA., Sheikh, A., Haque, A., Hossain, T., Hossain,
M., Haris, PI., Ikemura, N., Inoue, K., Miyataka, H., Himeno, S., and Hossain, K.
(2012). Elevated levels of plasma Big endothelin-1 and its relation to hypertension
and skin lesions in individuals exposed to arsenic. Toxicol. Appli. Pharmacol.
259, 187-194 (Impact Factor: 3.63).

114



Chapter 5 AN

Vi.

Vil.

Isam, K., Haque, A., Karim, MR., Fgjol, A., Hossain, E., Salam, KA., Ali, N.,
Saud, ZA., Rahman, M., Rahman, M., Karim, MR., Sultana, P., Hossain, M.,
Akhand, AA., Miyataka, H., Himeno, H., and Hossain, K. (2011). Dose-response
relationship between arsenic exposure and the serum enzymes for liver function
tests in the individuals exposed to arsenic: a cross sectional study in Bangladesh.
Environ. Health 10, 64. (Impact Factor: 2.71).

Reza, T., Aktar, S., Amin, HA., Rahman, M., Arefin, A., Mohanto, NC., Alam,
S, Mamun, AA., Habib, MA., Asafudullah, SM., Hossain, K., and Saud, ZA.
(2014). In vivo andysis of toxic effect of hydrose indiscriminately used in food
preparations in Bangladesh. Asian Pac. J. Trop. Med. 4(11), 884-889.

Sheikh, A., Yeasmin, F., Agarwal, S., Rahman, M., Isam, K., Hossain, E.,
Hossain, S, Karim, MR., Nikkon, F., Saud, ZA., and Hossain, K. (2014).
Protective effects of Moringa oleifera Lam. leaves against arsenic-induced toxicity
in mice. Asian Pac. J. Trop. Med. 4 (Suppl 1), S353-S358.

Rahman, M., Saud, ZA., Hossain, E., Idam, K., Karim, MR., Hoque, MM.,
Yeasmin, T., Nikkon, F., Mandal, A., and Hossain, K. (2012). The ameliorating
effects of Zingiber zerumbet Linn. on sodium arsenite-induced changes of blood
indicesin experimental mice. Life Sci. Med. Res, LSMR-41.

Isam, MS., Alam, AHMK., Rahman, MAA., Ali, Y., Mamun, A., Rahman, M.,
Hossain, AKMM., and Rashid, M. (2012). Effects of combination of antidiabetic
agent and statin on alloxan-induced diabetes with cardiovascular diseases in rats.
J. Sci. Rese. 4(3), 709-720.

115



Annexure [nN)

Annexur e-|

Questionnaires to the patient/subject (personal infor mation)

(Confidential)
Resear ch Conducted by:

Department of Biochemistry and Molecular Biologyitkrsity of Rajshahi.

SUDJECHPALIENT 1D ...ttt e e e e e e e e e e e e e
Place of sample COlleCtioN: ... ..o e

Date of data COBCHION: ... .eo et e e e e e e e e e

PERSONAL INFORMATIONS

Name of the sUDJeCt: ... e
Father’'s /[Husband’s / Spouse’s Name:

0 [0 =3
Tl NO: (I AN ) ot e e e e e e e
0
Sex: M F

@ o o1 ] = 11 0] o

Body weight: ... (in Kg)

Body height: ......................... (inm) .........ooeennn. (in 1)

BlOOd PrESSUIE: ..ottt e e e e

Marital status: 1) Yes i) No

Members in the family: 1) One iyTwo iii) Three i) Four
iv) Five v) More

Socioeconomic conditions:

Monthly income: i) Individual income i) Hous@ld income iii) others

Monthly average income (In taka):
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14. Education level: i) No ii) Primary )ilsecondary iv) Higher secondary
v) Graduate level
15. Housing Status:
a) Brick with concrete roof (Pakka)
b) Brick with corrugated tin roof
c) Mud with corrugated tin roof
d) Straw (wall) with corrugated tin roof
e) Others (thatched and tin wall with corrugated tiof)

16. Sanitation: i) Yes i) No

If yes,

i) Kacha (slab with straw or chat or bamboo wigllsemi pakka iii) Pakka
17. Television: i) Yes i) No
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I nformation on arsenic exposure-related health problems

1. How many members in the family have been aftebtearsenic?

2. Relationship of the arsenic-affected family menshwith the subject:
1) Father ii) Mother iii) Husband iv) Brother) Sister vi) Son
vii) Daughter or viii) Wife
IX) Others (SPECITY)....u i e e

3.  What are the age and sex of children:

) 2% child......ccooeeiiiiiiieiee . SEXE M F
i) 29 Child e sex: M F
i) 39 Chld. ..o sex: M F

4.  From when symptoms of arsenicosis have beerigmactin the child?

5.  How long is he/she residing in the study area?

i) Lyear ii)2year iii)5years iMore (specify the year)...........

6. Drinking water sources: ) Tube-Well i) Kua
Is the source of drinking water contaminated?
i) Yes i) No iii) Not yet confirmed.

If yes, from when he/she came to know?
cieee..YeQ@rs

Has the drinking water source been checked fonarsentamination?

1) Yes ioN i) unknown
Has the tube well marked by red color?
1) Yes ioN
7. How long did he/she drink water from that so@rce............... years.

g. Major symptoms of arsenicosis
(Specify the SYMptomsS) ... e

a) Skin (specify the symptoms):
1) Melanosis i) Hyperkeraitos  iii) Both
b) Respiratory complications (specify the pyoms):
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i) Asthma i) COPD iii) DPLD iv) Cough
v) Haemoptysis v) SOB vi) Chest pain
c) Urinary related problems (specify the symptoms)...................
d) Eye related problem (specify the symptoms):......... coweeenn.n.

€) DIADEIES: ..t e

g) Taste (decrease, increase or UNKNOWN):.......cooeiveiiiiiiieieiienennen,
h) Cardiovascular system (specify the symptoms):

i) IHD ii) Hypertension iii) Heart faite
) TR = V1 10 1S
j) Allergy (specify the symptoms):........coviviiiiiiiiiiiie e e
K) Hearing Problem: ... e e

[) Others problems: ...

9. a) Has the subject already gone to the physician? Y@s i) No
If yes, for what problem (Specify it}?--------------------ommom--

b)Did the physician give you any medicine? i) Yesi) No i)
Unknown

c) What types of medicine (specify the drugs)...ccceeeeeeeeeieeeeeeennnnnne.

d) Did the physician give you any medicine for theatneent of
arsenicosis? i) Yes i) No

e)What types of medicine (specify the drugs) ...........ccccovvvneen.

10. Has any agencies/person checked arsenic ievitls food/vegetables/fishes
which are consumed by subject? i) Yes i) No

(If yes, please specify the types of food whichtam high level of arsenic)

Thanks for your participation and cooperation.

Name & Signature of the Investigator (s):

Date:

Additional comments:
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