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ABSTRACT

The mechanisms of arsenic’s atherogenicity, toxicity and carcinogenicity remain

to be elucidated.  The lung is an established target of arsenic exposure.  Therefore, the

present studies address the effects of arsenic on the lung and examine the role of arsenic-

induced oxidative stress as a mechanism of action.  Both inhalation and ingestion

exposure models were used to address this question.  Since oxidative damage of DNA

has been linked to cancer, we determined the synergistic ability of aerosolized arsenic

and cigarette smoke to increase DNA oxidation in the lung.  To test this hypothesis male

Syrian golden hamsters were exposed to room air, aerosolized arsenic trioxide, cigarette

smoke, or both smoke and arsenic for up to 28 days. Our results show that in the 28 day

group there was a significant increase in DNA oxidation, and a significant decrease in

both the reduced and total glutathione levels in the combined arsenic/ cigarette smoke

group when compared with arsenic or cigarette smoke alone. Using an ingestion model,

we determined whether arsenic exposure could lead to misregulation of oxidative stress

sensitive genes. To investigate this hypothesis, C57BL/6 mice ingested drinking water

with or without 50 ppb arsenic for five or eight weeks.  Six independent Affymetrix

mouse 430(A) arrays were used.  We ranked differentially expressed genes in ascending

order by the p-values and a limited number of altered genes were classified as redox

sensitive genes and these included Hsp105, Hspa1b, Osp94 and Dnaja1.  Of particular

interest were the matrix genes that had been down regulated.  Down regulation was

validated using real time PCR.  Staining for elastin, collagen and smooth muscle actin

demonstrated phenotypic changes.  We also identified twenty proteins as being altered (5
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up- and 15 down-regulated) by 50 ppb arsenic exposure for eight weeks. Analysis of

potential protein function indicated that nucleus/nuclear transport proteins, cancer related

proteins, and cytoskeleton related proteins were altered by arsenic.

These data, both inhalation and ingestion, support the hypothesis that arsenic acts,

at least in part, through oxidative stress/redox sensitive pathways.  These data provide

useful molecular targets and biomarkers for future study of the sites of action of inorganic

arsenic exposure.
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CHAPTER ONE

INTRODUCTION

1.1. Arsenic, a historical perspective

Humans have known of arsenic since antiquity.  Aristotle makes reference to

sandarach, or arsenic trisulfide (As2S3) in the 4th century B.C.  He also makes reference

to realgar or arsenic sesquisulphide (As4S4): “When arsenic and sulfur were combined to

form the substance realgar, the qualities in the two reactants either combined with each

other, or, if they were antagonistic, annihilated each other”.  To Aristotle, the realgar was

a new combination of qualities and elements, the sum total of which had been in the

separate reactants (Salzberg, 1994).

The Bronze Age began with the use of copper and bronze tools, and the role of

arsenic in metallurgical development at the beginning of this Age is well documented (JA

Charles, 1980).   The primitive furnaces would have generated toxic fumes of arsenic

trioxide (As2O3), which would have adversely affected the health of the ancient smiths.

Sandarach, later called orphiment (As2S3), and realgar (As4S4) were also used as

depilatories in the leather industry with a high probability of exposure of ancient workers

(Smith and Hawthorne, 1974)

From the time of the Roman Empire through the Middle Ages and the

Renaissance arsenic was the poison of choice in Europe.  By the 11th century three

species of arsenic were known in Europe, the white, yellow and red, since then

recognized as arsenic trioxide, arsenic trisulfide and arsenic disulfide, respectively.  The

German scholar Albertus Magnus is accredited with the discovery of metallic arsenic
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around 1250.  However, the first precise directions for the preparation of metallic arsenic

are found in the writings of Paracelsus, a physician-alchemist in the late Middle Ages

who is often called the father of modern toxicology (Klaassen, 1996).  The preparation of

elemental arsenic by reducing arsenic trioxide with charcoal was first reported in 1649 by

J. Schroder (Mellor, 1952).

In Italy during the Middle Ages the most widely accused of poisoners were the

Borgias, Pope Alexander VI and his son, Cesare. As the Pope, Alexander VI appointed

cardinals whose personal wealth increased through benefits granted by the church. The

cardinals would often be invited to one or more meals with the Borgias where arsenic-

laden wine was served. After the inevitable and untimely death of the victim/guest, by

church law, ownership of his property reverted to the Borgias (Klaassen, 1996).

As the symptoms of arsenic poisoning were not well-defined, and because of the

difficulty in detecting it, arsenic was frequently used for murder until the advent of the

Marsh test (1832), a sensitive chemical test for its presence.  In the Marsh test the sample

is mixed with zinc and sulphuric acid, and any arsenic present causes the production of

arsine gas. The gas is heated causing arsenic vapor to form, which when impinged on a

cold surface causes a mirror-like deposit of arsenic to form (The Columbia Encyclopedia,

Sixth Edition.  2001).

Although arsenic can be poisonous, it has been used therapeutically for more than

two millennia. Healing arsenic paste was mentioned in the great Hindu epic, the

Ramayana, 2500 years ago. In modern times, Thomas Fowler's potassium bicarbonate-

based solution of arsenic trioxide (As2O3) was reported in 1878 to reduce white blood cell
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counts in an individual with "leucocythemia”.  In 1910 Paul Ehrlich developed Salvarsan,

an organic arsenical for treating syphilis (Haler, 1975).  In the 1930s, arsenic was used to

treat chronic myelogenous leukemia (CML). In the mid-20th century arsenic use

declined.  However, reports from China described a high proportion of positive responses

in patients with acute promyelocytic leukemia (APL) who were treated with arsenic

trioxide. Randomized clinical trials in the U.S. led to FDA approval of arsenic trioxide

for relapsed or refractory APL in September 2000 (Antman, 2001).

At the turn of the last century, a meeting concerning the health effects of arsenic,

its modes of action, and areas in need of future research was held. The meeting noted that

there was little data on specific mechanism(s) of action for arsenic. However, there was a

large body of information on possible modes of action. The meeting attendee’s concluded

that among the most important research needs in the field of arsenic pathogenesis were a)

metabolism and interaction with cellular constituents; b) bioaccumulation c) interactions

with other metals; d) effects on genetic material; e) development of animal models and

cell systems to study effects; and f) a more robust characterization of human exposures as

related to health risks (Abernathy et al., 1999).

Although arsenite can inhibit more than 200 enzymes, events underlying the

induction of the noncarcinogenic effects of arsenic are not understood. With respect to

carcinogenicity, arsenic can affect DNA repair, methylation of DNA, and it can increase

radical formation and activation of the proto-oncogene c-myc, but none of these potential

pathways have widespread acceptance as the principal etiologic event. In addition, there
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are no accepted animal models for the study of arsenic-induced carcinogenesis

(Abernathy et al., 1999).

1.2. Arsenic, its many forms

Arsenic has been found in nature since antiquity and it is number twenty with

regard to abundancy of elements in the earth’s crust.  It most often occurs as the sulfide in

a variety of complex minerals containing copper, lead, cobalt, nickel and other metals.

These complex minerals include the red sulphide of arsenic used as a pigment

(realgar/As4S4) and arsenic sesquisulphide, produced artificially as an amorphous yellow

powder, and occurring naturally as a yellow crystalline mineral; formerly called orpiment

(an ore of arsenic) and now known as arsenic trisulfide (As2S3).  Arsenic is also found in

the environment combined with oxygen, sulfur, calcium or chlorine.  When found this

way it is referred to as inorganic arsenic.  Inorganic arsenic compounds include arsenic

pentoxide (As2O5), arsenic trioxide (As2O3), calcium arsenate (Ca2As5), disodium

arsenate (Na2AsO3), and sodium arsenite (NaAsO2).  The most common inorganic

arsenical in air is As2O3 with a number of inorganic arsenates or arsenites occurring in

soil, water and food. When combined with hydrogen and carbon arsenic is called organic

arsenic and once absorbed from the gut, arsenic readily undergoes a series of reduction

and methylation steps (Figure 1.1), resulting in both bioactivation and detoxication

(Cullen et al., 1989; Petrick et al., 2001).  Organic arsenic compounds include,

monomethylarsonic acid (MMAV), dimethylarsinic acid (DMAV), monomethylarsonous

acid (MMAIII) and dimethylarsinous acid (DMAIII) (Merck 1989).
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1.3. Arsenic inhalation epidemiology, tools and terms

Occupational exposure to arsenic occurs primarily by inhalation. The maximum

level or concentration of a hazardous substance, averaged over an eight-hour day, to

which employees may be exposed, is called the time weighted average (TWA).  The

American Conference of Governmental Industrial Hygienists (ACGIH) recommends a

TWA of 0.01 mg/m3, Occupational Safety & Health Association (OSHA) recommends a

TWA of 0.05 mg/m3 and National Industrial Occupational Safety & Health (NIOSH)

recommends that time-integrated exposure to arsenic in air not exceed 0.002mg/m3

(http://www.cdc.gov/niosh/homepage.html).  The permissible exposure limit (PEL) is the

maximum amount or concentration of a chemical that a worker may be exposed to, and it

can be defined in two ways: Ceiling values (C) or short-term exposure limits (STEL),

which at no time should be exceeded, and 8-hour Time Weighted Averages (TWA).

OSHA mandates that the PEL for arsenic be set at 10 µg/m3 averaged over an 8-hour

period for a 40-hour workweek. The recommended exposure limit (REL) set by NIOSH,

is 2 µg/m3 for a 15-minute ceiling based on classification of arsenic as a potential human

carcinogen (http://www.atsdr.cdc.gov/).  Chronic intoxication is characterized by

dermatitis, hyperpigmentation, keratoses, peripheral neuropathy, irritation of the upper

and lower respiratory tract, and occasionally by hepatic toxicity and peripheral

vasculopathy (Blackfoot disease). Acute poisoning is caused most commonly by

contaminated food or drink; it is rarely occupational

(http://www.cdc.gov/niosh/homepage.html).
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Arsenic is listed by the environmental protection agency (EPA), under

authorization of the Clean Air Act, as a hazardous air pollutant.  A hazardous air

pollutant is defined as a substance that may cause an increased mortality or serious illness

in humans after significant exposure. In 1986, the EPA declared National Emissions

Standards for Hazardous Air Pollutants for three sources known to emit inorganic

arsenic: copper smelters, glass-manufacturing plants, and arsenic plants.

The epidemiologic studies of concern in this portion of the dissertation review

work history and mortality data of smelter workers exposed to arsenic. Arsenic is found

in all copper, lead, and zinc sulfide ores and is present with those metals in the mining,

milling and concentrating process (Nelson, 1977).

1.4. Arsenic inhalation epidemiology, smelters

A carcinogenic role for inorganic arsenic has been suspected in smelter workers

for nearly a century.  In occupational studies, the standardized mortality ratio is used to

investigate cancer in smelter workers. The standardized mortality ratio (SMR) is the

relative measure of the difference in risk between the exposed and unexposed populations

in a cohort study.   This measure is usually standardized to control for any differences in

age, sex, and/or race between the exposed and reference populations.  By means of SMRs

and life-table analysis, comparisons are made with both the general and local populations.

For many causes excess mortality is higher in smelter workers relative to the general

population. This can mostly be ascribed to tumors and circulatory diseases. For tumors,

the excess mortality is mainly due to lung cancer for which the risk is much higher

relative to the general and local populations.  In view of the historic importance of
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smelter workers in the field of occupational medicine, it is surprising that until the 1970’s

little data was available on the mortality experience of these workers. The problem in

most pre-1970 studies lies in identifying the smelter workers, because smelting, strictly

speaking, refers to the melting or fusion of ores for the purposes of recovering metals,

whereas smelters sometimes perform the operations of roasting (converting sulfide

minerals to oxides), sintering (welding together powdered particles of a substance by

heating to form a sinter) converting (removing impurities by blowing air through a

molten copper bath) and refining (purification of crude metallic products).  These work

place distinctions were not made in most mortality studies previous to the 1970’s.  In

post-1970 studies, internal comparisons were made to analyze the importance of latency,

exposure, calendar time and place of work.  Dose-response analysis clearly indicates an

increased mortality from cancer and cardiovascular disease in this type of industry

(http://www.cdc.gov/niosh/homepage.html).

In a 1969 seminal occupational study, Lee and Fraumeni reported on the mortality

experience of white male smelter workers exposed to arsenic trioxide (As2O3) during the

1938-1963 period in Montana and other western states and compared them with the white

male population of the corresponding states.  For each year of the study period, men were

assigned to one of five cohorts based on total years of smelter employment. Each work

area in the smelter was rated with respect to relative As2O3 in the atmosphere resulting in

“heavy”, “medium” and “light” exposures.  Workers in each of the exposure groups had

significant excesses in respiratory cancer.  The relative risk (RR), or risk ratio is the ratio

of the probability of developing, in a specified period of time, an outcome among those
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exposed to a risk factor, compared with the probability of developing the outcome if the

risk factor is not present (i.e., the ratio of risk in the exposed group to the risk in the

control group).  The RR for respiratory cancer was 7.0, 5.0 and 2.5 in the “heavy”,

“medium” and “light” exposed groups respectively.  Smoking histories were not available

for people in this study at the time (Lee and Fraumeni, 1969).  A random sample from the

1969 Lee and Fraumeni study was stratified by exposure into “heavy” and “all other”

categories and smoking habits were accounted for.  A very high risk of lung cancer

among the “heavy” arsenic-exposed workers was reported and excess risks were much

less in those with lower arsenic exposures, which suggested that there may be some

interaction between smoking and arsenic exposure (Higgins et al., 1981).

In a follow-up to the 1969 Lee and Fraumeni study, work activities from a later

time period (1964-1977) demonstrated that the increase in respiratory cancer was linked

to work in plant “hot spots” where airborne arsenic concentrations were elevated and to a

cumulative arsenic exposure (CAE) index (11 mg/m3 for the heavy, 0.5 mg/m3 for the

medium and 0.2 mg/m3 for the light). These arsenic related risks for respiratory cancer

remained after adjustment for work in areas of the plant with elevated concentrations of

sulphur dioxide, which was not found to have an independent influence upon cancer risk

(Lubin et al., 1981).  From the 1969 report by Lee and Fraumeni, vital status was

established through 1977 for a sample of men from the original cohort.  Average arsenic

concentrations for each smelter department based on measurements of industrial hygiene

made from 1943 to 1965 was estimated. From the department measurements four

categories of exposure were constructed: 1) low (<100 µg/m3), 2) medium (100-499 µg/



20

m3), 3) high (500-4,999 µg/ m3) and 4) very high (>5,000 µg/ m3). In addition, three

indices of individual arsenic exposure were developed: TWA, 30-day ceiling, and

cumulative exposure.  Men in the “very high” exposure category had a sevenfold excess

risk of respiratory cancer and those in the low and medium categories had a risk close to

that expected for a non-exposed individual (Welch et al., 1982).  A broader follow-up to

the 1969 Lee and Fraumeni study utilized mortality data and employment histories for

both 1938-1963 and 1964-1977 cohorts.  This period of mortality follow-up (1938-1977)

found that the excess mortality among smelter employees was due largely to respiratory

cancer and diseases of the heart. The excess in respiratory cancer was seven to eight

times that expected among men who were heavily or moderately exposed to As2O3 and it

decreased in direct proportion to degree of As2O3 exposure which strongly suggested that

inhaled As2O3 was the primary agent associated with the excess respiratory cancer (Lee-

Feldstein, 1983).  In 2000, a follow-up of the 1969 Li and Fraumeni study was

undertaken because of the concern that inhaled arsenic may be associated with cancers of

the skin, bladder, kidney, and liver, which have been linked to ingested arsenic. Workers

were followed from 1938 through 1989 with a total of 62% being deceased, including 9%

from respiratory cancer. Significantly increased SMRs were found for all causes (1.14),

all cancers (1.13), respiratory cancer (1.55), diseases of the nervous system and sense

organs (1.31), nonmalignant respiratory diseases (1.56) and emphysema (1.73) and a

significant linear increase in the RR of respiratory cancer with increasing exposure to

inhaled arsenic was also found (Lubin et al., 2000).
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A contemporary of Lee and Fraumeni in the field of arsenic inhalation toxicity in

the 1970’s was P.E Enterline.  In 1978, Pinto and Enterline reported on the mortality

experience of pensioners aged 65 or over from a copper smelter from 1949-1973. An

index of arsenic exposure was developed for all operations in the smelter and was applied

to all individuals studied so that a comparison could be made of an individual's exposure

to arsenic throughout his working life. The overall mortality of the copper smelter

pensioners was 12.2% higher than for males living in the same area, of the same ages,

and in the same time periods. Respiratory cancer was the chief cause of the excess

mortality and it was three times the expected rate (Pinto and Enterline, 1978). Previous

studies of the relationship between arsenic and respiratory cancer in smelter workers did

not account for possible effects of SO2 exposure and cigarette smoking. Therefore, the

mortality experience of employees who worked at least 3 years between 1946 and 1976 at

one or more of eight United States copper smelters was investigated. Worker exposures

to arsenic, SO2, and other metals were estimated, and using internal controls, a dose-

response relationship for lung cancer was observed with exposure to arsenic and SO2.

However, when cigarette-smoking data was included with arsenic and SO2 exposure data,

only smoking and arsenic were statistically significant factors (Enterline et al., 1987).

 A historical-prospective study of males who worked a year or more during the

period 1940-1964 at a copper smelter in Tacoma, Washington was conducted. This

smelter/refinery processed a copper ore with a high arsenic content and produced As2O3

as a by-product.  For respiratory system cancers the SMR was 190.5 and respiratory

cancer rates were found to be elevated in both smokers and nonsmokers (Enterline and
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Marsh, 1980).  In a follow-up to the Tacoma Study, the life table method for

accumulating dose, a TWA and a 10-year lag period were used to demonstrate that the

excess mortality was found to range from 1.5 in the lowest exposure category to 2.5 in

the highest exposure category (Enterline and Marsh, 1982).  The Tacoma Study data was

reanalyzed and exposure estimates presented earlier were recalculated and improved.

While the previous analysis showed only a weak relation between respiratory cancer and

arsenic exposure the new analysis indicated that arsenic is probably more potent as a

carcinogen than indicated by other studies (Enterline et al., 1982).  In a follow-up to the

Tacoma Study, arsenic exposure was estimated from departmental air arsenic and

workers urinary arsenic. Analysis of the data demonstrated that, with respect to the

multistage cancer process, arsenic manifested a late stage effect although an additional

early stage effect could not be ruled out (Mazumdar et al., 1989).  An update of the

Tacoma Study showed significant increases in cancer of the large intestine and bone, and

SMRs > 150 for cancer of the buccal cavity and pharynx, rectal cancer, and kidney

cancer and there was a positive relation between exposure to arsenic in air and kidney

and bone cancer (Enterline et al., 1995).

In addition to Fraumeni and Enterline, other researchers have made contributions

to the field of arsenic inhalation toxicity.  Arsenic levels were determined in multiple

environmental media (air, soil, household dust, and tap water) and human tissues in two

zinc smelters (Bartlesville, Oklahoma and Palmerton, Pennsylvania) and two copper

smelter (Ajo, Arizona and Anaconda, Montana) communities. Results indicated that

increased environmental levels and body burdens (amount that is stored, mobile, and
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absorbed) were exhibited at distances closest to the smelters and hair was the most useful

in determining relationships between environmental levels, distance, and body burden

(Hartwell et al., 1983).  In an industrial city in northeastern China, called Shenyang,

where mortality rates were high among women and men a case-control study involving

patients with lung cancer and population-based controls was conducted.  Cigarette

smoking was found to be the principal cause of lung cancer, accounting for 37% in

females and 55% in males.  However, after adjustment for smoking, a threefold increase

in lung cancer risk was found among men who worked in the smelting industry, where

heavy exposures to inorganic arsenic were been reported. These findings suggest that

smoking and arsenic combine synergistically to account for the elevated rates of lung

cancer mortality in Shenyang China (Xu et al., 1989).  Cancer incidence among the male

white-collar employees was investigated at a copper smelter in Sweden, where an

increased lung cancer risk due to arsenic exposure had been demonstrated among blue-

collar workers. The incidence of lung cancer was found to be highest among those who

had worked in both blue collar and white-collar categories, most of them former blue-

collar workers (Sandstrom and Wall, 1993).  In addition to lung cancer, occupational

exposures to inhalation of arsenic aerosols can cause ulcers of the nasal mucosa and

perforated nasal septums in workers exposed to As2O3 in copper smelters (Sunderman,

2001).  In the period from 1950-1969, average mortality-rates from lung cancer were

significantly increased in U.S. counties with copper, lead, or zinc smelters, but not in

counties where other non-ferrous ores are processed.  Excess mortality was not attributed

to differences in socioeconomic status, urbanization, geographic region, population
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density, or other manufacturing processes, but rather it could be attributed to the

influence of air pollution from smelter emissions containing inorganic arsenic (Blot and

Fraumeni, 1975).

Arsenic is a hazardous air pollutant and as such is defined as a substance that may

cause an increased mortality or serious illness in humans after significant exposure.

Occupational exposure to arsenic has probably occurred since before antiquity but

modern day copper smelters, glass-manufacturing plants, and arsenic plants must be

monitored. More inhalation studies are needed to elucidate the mechanisms of arsenic

inhalation toxicity.

1.5. Arsenic Inhalation Epidemiology and cigarette smoke

A confounder is a variable that could alter a person's risk of disease and be related

to the risk factor under study. An example is lung cancer (disease) and arsenic exposure

(risk factor). A confounder in arsenic-induced lung cancer studies is smoking, since

smoking is a risk factor for lung cancer and studies have shown that people who work at

smelters may smoke as well. When a study mentions that it controlled for a factor, e.g

smoking, they have tried to remove the effect of that variable.  However, instead of

controlling for smoking as a confounder in arsenic/lung cancer studies, synergy of the

two has recently been explored.  Synergy or synergism, most often refers to the

phenomenon of two or more agents acting in common to create an effect, which is greater

than the sum of the effects each is able to create independently.  A few investigations

have postulated synergist, multiplicative, and additive pathological effects (e.g. cancer)

on smelter workers exposed to arsenic and cigarette smoke (Pershagen et al., 1981).
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The Department of Environmental Epidemiology, in Stockholm, Sweden, did a

series of studies using a group of Swedish copper smelter workers.  In a paper entitled

“On the interaction between occupational arsenic exposure and smoking and its

relationship to lung cancer” the Pershagen lab investigated the interaction between

arsenic and cigarette smoke in Swedish copper smelter workers.  In this study, the

interaction between occupational arsenic exposure and tobacco smoking and its

relationship to lung cancer mortality among deceased smelter workers was studied. The

age SMR for death from lung cancer was 3.0 for arsenic-exposed nonsmokers and 4.9 for

smokers without arsenic exposure in relation to nonarsenic-exposed nonsmokers. For

arsenic-exposed smokers the rate ratio was 14.6, indicating a multiplicative effect of the

two exposures (Pershagen et al., 1981).  The histological distribution of lung cancer in

Swedish copper smelter workers was compared with a group of patients with lung cancer

from the county where the smelter was located. Cases among smelter workers who had

never smoked showed a histological distribution resembling that in smokers, indicating

that the work environment at the smelter and smoking had a similar influence on the risk

for different types of lung cancer (Pershagen et al., 1987).  Arsenic exposure was

estimated for different time periods at each workplace within the Swedish copper smelter

and a cumulative arsenic exposure (CAE) for each worker was formed. Smoking histories

were collected and it was demonstrated that the interaction between arsenic and smoking

and its subsequent risk for developing lung cancer was intermediate between an additive

interaction and a multiplicative interaction (Jarup and Pershagen, 1991).
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The Legnica Copper Foundry is located in the southwest of Poland, and men

employed there, for over two years, were examined for plasma and urine concentrations

of arsenic and cadmium and neoplastic markers. A strong positive correlation between

urine arsenic concentration, blood cadmium concentration and some serum neoplastic

markers was found. There was a distinct synergistic reaction between the levels of

arsenic, cadmium and lead and the number of smoked cigarettes, so that copper smelter

workers who smoked and were exposed to these metals formed a high cancer risk group

(Szymanska-Chabowska et al., 2004).

Finally, in addition to smelter workers, steelworkers who smoke are also at risk

for the synergistic development of arsenic-induced lung cancer.  Significantly increased

levels of arsenic can be found in the macrophages and bronchoalveolar lavage fluid of

steelworkers. Arsenic found in the steelworker environment may act synergistically with

cigarette smoke, the result of which may be an increased incidence of lung cancer in this

industry (Corhay et al., 1995).

In addition to inhalation studies of synergy between arsenic and cigarette smoke,

researchers have also studied the potential synergy between arsenic in the drinking water

and cigarette smoke.  The objective of a 2004 study was to assess the affect of cigarette

smoking on the arsenic-lung cancer association. Residents in arseniasis-endemic areas in

Taiwan were followed for an average period of 8 years. The joint effect of arsenic and

cigarette smoking revealed a synergistic effect on lung cancer. These results demonstrate

that there is a significant dose-response trend of ingested arsenic on lung cancer risk,

which is more prominent among cigarette smokers (Chen et al., 2004).  Cities in northern



27

Chile had an arsenic concentration of 860 µg/l in their drinking water during the period

1958-1970. In studies from that country, there was evidence of synergy between cigarette

smoking and ingestion of arsenic in drinking water; the odds ratio for lung cancer was 32

among smokers exposed to more than 200 µg/l of arsenic in drinking water (lifetime

average) compared with nonsmokers exposed to less than 50 µg/l (Ferreccio et al., 2000).

Populations exposed to high arsenic levels in their water supply have reported elevated

bladder cancer mortality and incidence rates. A case-control study in New Hampshire,

where levels above 10 µg/l are commonly found in private wells, was conducted.  The

results demonstrate that among smokers, there is an elevated odds ratio (2.17) for bladder

cancer in the uppermost category of arsenic ingestion. Among residents who never

smoked, there was no association between arsenic and bladder cancer risk. These data

suggest that ingestion of low to moderate arsenic levels may affect bladder cancer

incidence, and that cigarette smoking may act as a co-carcinogen (Tosteson et al., 2004).

In addition to epidemiology studies, in vivo animal studies help elucidate the

synergistic mechanism between arsenic and cigarette smoke.  Male Syrian golden

hamsters were given 15 weekly intratracheal instillations of As2O3 alone and in

combination with the toxic constituent of cigarette smoke, benzo-a-pyrene (BaP).  The

animals were divided into four groups: As2O3, BaP, As2O3 + BaP, and controls. An

instillation of 3 mg/kg body weight as As2O3 and/or 6 mg/kg body weight of BaP was

administered. Carcinomas of the larynx, trachea, bronchi, or lungs were found in 3/47 in

the As2O3 group, 17/40 in the BaP group, and 25/54 animals in the As2O3 + BaP groups.

The authors claim that the results reveal a positive interaction between arsenic and BaP in
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relation to adenomatous lung tumors, which could be of importance for the synergism

between arsenic and smoking observed in smelter workers (Pershagen et al., 1984).

Whether controlling for smoking as a confounder in arsenic-induced lung cancer

studies, or describing additive, multiplicative or synergistic effects of the two, more

studies need to be done in order to understand the nature of such complex interactions.

Future animal studies and risk assessments of lung cancer induced by ingested arsenic

should take cigarette smoking into consideration

1.6. Arsenic Drinking Water Epidemiology: Studies in Taiwan

In addition to arsenic exposure via metal smelters, acute and chronic arsenic

exposure via drinking water has been reported in many countries of the world, especially

in Argentina, Bangladesh, India, Mexico, Thailand, and Taiwan, where a large proportion

of drinking water is contaminated with a high concentration of arsenic. In many arsenic

polluted areas research has shown significantly higher standardized mortality ratios and

cumulative mortality rates for cancers of the bladder, kidney, skin, liver, and colon. Other

pathologies that are associated with drinking water arsenic exposure include

cardiovascular and peripheral vascular disease, developmental anomalies, neurologic and

neurobehavioral disorders, diabetes mellitus, hearing loss, portal fibrosis of the liver, lung

fibrosis, hematologic disorders (anemia, leukopenia, and eosinophilia), and carcinoma

(Tchounwou et al., 1999).

The objective of this section of the dissertation is to report the association

between high-arsenic artesian well water and various pathologies in regions of Southwest
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Taiwan endemic to a unique peripheral vascular disease (PVD) called Blackfoot disease

(BFD).

In the early part of the 20th century an odd disease involving the lower

extremities characterized by clinical symptoms and signs of progressive arterial occlusion

was reported in an area located along the southwestern coast of Taiwan. Taiwan is an

island located 100 miles off the coast of mainland China in the South China Sea.

Locally, this odd disease was called “blackfoot disease” (BFD) because the feet of the

afflicted villagers had a gangrenous appearance. Today BFD is known to be a unique

peripheral vascular disease related to continuous exposure to high-arsenic artesian well

water.  An artesian well is a layer of water-bearing permeable rock, sand, or gravel

capable of providing significant amounts of pressurized water, which will thus flow out

of an artesian well without pumping.  The predominant species in artesian well water are

inorganic arsenical compounds and the concentrations of organic methyl arsenicals are

present in minimal amounts (Lin et al., 1998).

The following section deals with the epidemiologic evidence, specifically from

Taiwan, for a relationship between arsenic and various pathologies including peripheral

vascular disease (PVD), namely BFD, chronic heart disease (CHD), ischemic heart

disease (IHD), diabetes mellitus (DM) and many different cancers.

At the beginning of the 1960’s a few epidemiologic reports investigating BFD

were published in the Journal of the Formosan Medical Association (Taipei, Taiwan)

(Blackwell, 1961; Chen and Wu, 1962; Tsai et al., 1966).  Many of these authors and

others continued the work in studying the effects of high-arsenic artesian well water in
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the hyperendemic BFD area of the coast of southwest Taiwan where various vascular and

cardiovascular diseases (CVD) may be related to well water arsenic in these areas.  In a

study of arsenic and PVD, residents of the area underwent Doppler ultrasound

measurement of systolic pressures on ankle and brachial arteries and estimation for long-

term arsenic exposure. The diagnosis of PVD was based on an ankle-brachial index

(ABI) of <0.90 (ABI is the ratio between ankle and brachial systolic pressures). Three

indices of arsenic exposure were estimated: (1) duration of living in BFD endemic

villages; (2) duration of arsenic well water consumption; and (3) cumulative arsenic

exposure (CAE in mg/l-years). A dose-response relation was discovered between the

prevalence of PVD and long-term arsenic exposure. After adjustment for several

variables, the odds ratios were 2.77 for those who had a CAE of <20 mg/l-years and 4.28

for those who had CAE of >20.0 mg/l-years, compared with those who were not exposed

(Tseng et al., 1996).  By the year 2002, the prevalence of BFD ranged from 6.51 to 18.85

per 1,000 in different villages and there was an association between preclinical PVD and

arsenic exposure in a dose-response pattern. Subclinical arterial insufficiency and defects

in cutaneous microcirculation could also be demonstrated in seemingly healthy subjects

living in the villages (Tseng, C.H., 2002).  Atomic absorption spectrophotometry was

used to determine arsenic concentrations in the tissue of plantar digital arteries of

residents with BFD and healthy controls.  The arterial tissue from BFD patients had

higher arsenic concentration (3.06 µg/g) compared to healthy controls (0.59 µg/g) (Wang

and Chang, 2001).
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In addition to PVD, circulatory diseases in residents such as ischemic heart

disease (IHD) induced by arsenic exposure have also been well documented, and a

significant dose-response relationship was also observed between arsenic concentration

in well water and the prevalence of cerebrovascular disease (Chiou et al., 1997).  Three

indices of long-term exposure to ingested arsenic, including the duration of consuming

artesian well water, the average arsenic concentration in well water, and the CAE, were

all significantly associated with prevalence of carotid atherosclerosis in a dose-response

relationship. The odds ratio was 3.1 for those who had a CAE of > 20 mg/l-years

compared with those without exposure to arsenic from drinking artesian well water

(Wang, C.H., et al., 2002).  The history of arsenic exposure in residents conclusively

demonstrated that IHD was associated with long-term arsenic exposure (Tseng, C.H., et

al., 2003).  To examine whether chronic heart disease (CHD)-related mortality decreased

in residents after cessation of consumption of arsenic-containing well water, SMRs for

CHD were calculated for the years 1971-2000.  Mortality attributed to CHD declined

gradually for approximately 20 years following cessation of consumption of high-arsenic

artesian well water thus, the association between arsenic exposure and CHD-related

mortality is likely to be causal (Chang et al., 2004).

The pathogenesis of arsenic-induced vascular diseases, including CVD and

cerebrovascular disease, and their possible mechanisms of action include endothelial cell

destruction and arsenic-associated atherogenesis (Yu et al., 2002).  In addition, the

atherogenicity of arsenic could be associated with its effects on smooth muscle cell

proliferation, somatic mutation, oxidative stress, and apoptosis (Barchowsky et al., 1999;
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Tseng, C.H., 2002).  Microcirculatory assessments revealed that deficits of capillary

blood flow and permeability existed in normal skin of patients with chronic arsenical

poisoning (Yu et al., 2002).

In 1968, the first report linking skin cancer to chronic arsenicism in residents was

published in the Journal of the National Cancer Institute (Tseng et al., 1968) and in 1978,

a report associated Bowen’s disease, an intraepidermal squamous cell carcinoma (SCC)

viewed as a skin marker for internal malignancy, with arsenic exposure (Jordano et al.,

1978).  The SMRs of various cancers were greater in villages where only high-arsenic

artesian wells were used. Therefore, lung, bladder, and liver cancer-deceased cases and

living controls were matched on age and sex and were evaluated for the association

between high-arsenic artesian well water and cancers. A positive dose-response

relationship was observed between cancers of the bladder, lung and liver and exposure to

high-arsenic artesian well water. The age-sex-adjusted odds ratios for developing these

cancers in villagers who had used this water for over 40 years were 3.90, 3.39, and 2.67,

respectively, as compared with those who never used artesian well water (Chen, C.J. et

al., 1985; Chen, C.J. et al., 1986).  After adjusting for urbanization and industrialization,

significant associations with the arsenic level in well water was observed for cancers of

the liver, nasal cavity, lung, skin, bladder and kidney in both males and females. An

increase in age-adjusted mortality per 100,000 person-years for every 100 ppb increase in

the level of arsenic in the well water was also reported (Chen, C.J., and Wang, C.J.,

1990).  The dose-response patterns for lung, liver, and bladder cancers among residents

were shown to display a nonlinear dose-response relationship with arsenic exposure and
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thus the data collected to date may not be suitable for inference of risk at the low arsenic

concentrations (Brown and Chen, C.J., 1995).

In the early 1960’s a tap-water supply system was implemented and high-arsenic

artesian well water was no longer used for drinking and cooking after the mid-1970s, so

after stopping ingestion of high-arsenic artesian well water for more than 20 years, the

relationship between arsenic and malignant tumors showed significantly declining trends

for mortality rate ratios of all malignant tumors. The decreases were due mainly to a fall

in internal cancer and skin cancer mortality rates (Tsai et al., 1998).  In addition, after the

improvement of the drinking water supply system, SMRs for lung and bladder cancer

were calculated for the years 1971-2000.  Results showed that mortality from lung and

bladder cancer declined gradually after the improvement, therefore the association

between arsenic exposure and lung and bladder cancer mortality is likely to be causal

(Chiu, H.F., et al., 2004; Yang et al., 2005).  However, the persistence of arsenic action,

as manifested by BFD, was still prevalent despite the discontinued use of well water for

two decades (Lin et al., 1998).  Tumor samples were collected from residents with

arsenic-related Bowen's disease, arsenic-related basal cell carcinomas (BCC) and arsenic-

related squamous cell carcinomas (SCC) and the results showed that p53 gene mutations

were found in all cases (Hsu et al., 1999).

Cancer risk assessments for the United States have been based largely on the

aforementioned epidemiological studies of villagers in Southwest Taiwan exposed to

inorganic arsenic in well water. These studies in Taiwan with arsenic levels in well water

(170-800 µg/l) were used to establish dose-response relationships between cancer risks
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and the concentration of inorganic arsenic in water supplies. At the previous EPA

standard of 50 µg/l, the lifetime risk of dying from cancer of the liver, lung, kidney, or

bladder from drinking one l/day of water could be as high as 13 per 1000 persons. For

average arsenic levels and water consumption patterns in the United States, the risk

estimate was around 1/1000.  More than 350,000 people in the United States may be

supplied with water containing more than 50 µg/l arsenic, and more than 2.5 million

people may be supplied with water with levels above 25 µg/l (Smith et al., 1992).

Criticisms of the use of the Taiwanese data for estimating arsenic cancer risks outside of

Taiwan have been expressed and include: 1) cancer incidence among the Taiwanese was

amplified by a number of host and environmental factors not applicable elsewhere, 2) the

cancer dose-response curve may not be linear at the lower exposures, and 3) there is a

toxicokinetic and metabolic threshold to cancer risk that was exceeded by the Taiwanese.

Therefore, it is important to understand the Taiwanese data in order to appreciate the

chronic exposure experimental design (Mushak and Crocetti, 1995).

Besides associations between arsenic and cancer, associations between arsenic,

cancer and BFD that imply both the atherogenicity and carcinogenicity of the high-

arsenic artesian well water in Taiwan have also been investigated.  In 1977, a report

demonstrated a dose response relationship for cancer and BFD with arsenic (Tseng,

1977).  The mortality of residents with BFD followed for 15 years showed a significantly

higher mortality from CVD, PVD (namely BFD), and cancers of the bladder, skin, lung,

and liver as compared with the general population in Taiwan. These results reveal the

atherogenicity and carcinogenicity of the high-arsenic artesian well water (Chen, C.J., et
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al., 1988).  The dual effect of arsenic on carcinogenesis and arteriosclerosis was revealed

using age-sex-adjusted mortality rates from various cancers and vascular diseases. A

significant dose-response relationship was observed between arsenic levels in well water

and cancers of the bladder, kidney, skin, and lung, and arsenic levels in well water were

also associated with PVD and CVD in a dose-response pattern (Wu et al., 1989).

Residents with BFD revealed a dose-response relationship between long-term arsenic

exposure and the incidence of lung cancer, bladder cancer, and cancers of all sites

combined after adjustment for age, sex, and cigarette smoking (Chiou et al., 1995).

As demonstrated in the reports presented thus far, an association between high-

arsenic artesian well water and cancer and cardiovascular disease are prevalent.  The

association between arsenic exposure and diabetes mellitus (DM) however, is a relatively

new finding. Type I diabetes is called non-insulin dependent diabetes mellitus (NIDM), is

an autoimmune disease, has associated with it extremely high blood sugar levels and

occurs in about 10% of the population. Type II diabetes is called insulin dependent

diabetes mellitus (IDDM), is not an autoimmune disease, has high blood sugar levels

associated with it and occurs in about 90% of the population.  It is known that age,

baseline glucose level, and obesity are important predictors for the development of DM,

but arsenic exposure may be a predictor as well (Longneck and Daniels, 2001).

Residents had a twofold increase in age- and sex-adjusted prevalence of type II DM

compared with residents outside the area and there was a dose-response relationship

between the CAE and the prevalence of type II DM (Lai et al., 1994).  Among both

diabetics and nondiabetics, a higher prevalence of microvascular and macrovascular
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diseases was observed in arseniasis-endemic versus the nonendemic areas.  Prevalence of

microvascular disease in endemic and nonendemic areas was 20.0% and 6.0%,

respectively, for diabetics, and 8.6% and 1.0%, respectively, for nondiabetics. The

corresponding prevalence of macrovascular disease was 25.3% and 13.7% for diabetics,

and 12.3% and 5.5% for nondiabetics (Wang S.L., et al., 2003).

From this large ecologic study in southwest Taiwan, came the primary source of

epidemiologic evidence that inorganic arsenic in drinking water is associated with BFD,

CHD, IHD and increased mortality from a variety of cancers at internal sites (bladder,

liver, lung, skin, and other organs) (Barchowsky et al., 1999).  Based on the findings

from this large study, the World Health Organization (WHO) currently recommends a

limit of 10 µg/l arsenic in the drinking water.  The risk assessment for cancers of the

bladder, liver, and lung from exposure to drinking water arsenic, based on the data from

Taiwan, demonstrated that some factors that may affect risk could not be evaluated

quantitatively.  These factors include: the ecologic nature of the data, the nutritional

status of the study population, and the dietary intake of arsenic. Despite all of these

sources of uncertainty, however, the analysis suggests that the current standard of 50 µg/l

is associated with a substantial increased risk of cancer and is not sufficiently protective

of public health (Morales et al., 2000).  Therefore in 2002, the U.S. Environmental

Protection Agency has recently revised its current standard to10 µg/l for drinking water

arsenic. The new standard is enforceable starting in January 2006.
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1.7. Arsenic Drinking Water Epidemiology: Studies in Chile

Reports of vascular effects associated with arsenic in the drinking water have

been published in Taiwan, Chile, Mexico, and China. This section deals with reports

from Chile, specifically the city of Antofagasta in Northern Chile.  Since 1955 arsenic

has polluted the public drinking water in Antofagasta where the concentration of arsenic

in the drinking water during the period 1955-1970 was 598.0 ppb (Burgoo and Gerber,

1977).  A group called Grupo para el Desarrollo de la Investigacion en Salud (GREDIS)

investigated cancer mortality in residents exposed to high arsenic levels in drinking

water. Average arsenic levels reached 570 µg/l between 1955 and 1969, and decreased to

less than 100 µg/l by 1980. SMRs were calculated for the years 1989 to 1993. Bladder

cancer mortality was markedly elevated (men, SMR = 6.0; women, SMR = 8.2), as was

lung cancer mortality (men, SMR = 3.8; women, SMR = 3.1) (Ferreccio et al., 1998).  A

case-control study involving patients diagnosed with lung cancer between 1994 and 1996

and frequency-matched hospital controls revealed a clear trend in lung cancer odds ratios

with increasing concentration of arsenic in the drinking water.  The odds ratio is a ratio of

the probability of events to the probability of non-events. The odds ratios were as

follows: 1, 1.6, 3.9, 5.2, and 8.9, for arsenic concentrations ranging from less than 10 µg/l

to a 65-year average concentration of 200-400 µg/l (Ferreccio et al., 2000).  Data (1968-

1971) on age, arsenic dose, and age-specific prevalence rate per 100,000 in the

population for arsenic poisoning demonstrates a strong positive correlation between the

age-specific prevalence rate and the mean arsenic dose (Zaldivar and Ghai, 1980).

Arsenic-induced skin lesions in residents from the arsenic endemic region (750-800 µg/l
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arsenic) and those from a village where the water contains approximately 10 µg/l arsenic

were examined by physicians with experience in studying arsenic-induced lesions.  The

prevalence of skin lesions were similar to that reported with corresponding arsenic

drinking water concentrations (750 and 800 µg/l) in Taiwan (Smith et al., 2000).  A 1971

report of arsenic in the drinking water in the city was investigated clinically and

epidemiologically, and prompted the installation of a water treatment plant. In the period

June 1970-March 1972, the concentration decreased from 598.0 ppb to 81.5 ppb, due to

the Water Filtration Plant which started operating in May 1970 (Burgoo and Gerber,

1977).

1.8. Arsenic Carcinogenisis

Arsenic is a metalloid compound that is widely distributed in the environment.

Human exposure to this compound has been associated with increased cancer incidence.

The exact molecular mechanisms of arsenic carcinogenesis are not well understood. It is

generally acknowledged that it does not act via a classic genotoxic or mutagenic

mechanism, because it is not a direct mutagen.  Mutagenesis is defined as a process by

which the genetic information of an organism is changed in a stable, heritable manner,

either in nature or experimentally by the use of chemicals or radiation.  Carcinogenesis is

defined as the process, which leads to development of cancer and it may be a matter of

induction by chemical, physical, or biological agents. The definition of a co-carcinogen is

a substance that works synergistically in association with a carcinogen or other physical

and chemical agents, and/or a particular genetic background in the production of cancer

(Stedman’s medical dictionary, 3rd edition, John H. Dirckx, M.D. Editor. 1987).  The
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etiology of cancer is complex and multifactorial and the concept of co-carcinogenesis is

derived from this complexity. Delineating the web of causation may lead to

understanding this complex process.

Although its carcinogenic mechanism is still unknown, arsenic does not directly

cause DNA damage or mutations and is therefore thought to act principally as a co-

mutagen and co-carcinogen.  Other potential carcinogenic actions for arsenic include

oxidative stress, genotoxic damage, DNA repair inhibition, epigenetic events

(perturbation of DNA methylation patterns), and activation of certain signal transduction

pathways leading to changes in gene expression.  It is probable that these mechanisms do

not act in isolation, but overlap, and contribute to the complex nature of arsenic-induced

carcinogenesis (Schoen et al., 2004). Studies may demonstrate a strong association

between arsenic and the development of cancer at any site, but they do not indicate

whether this reflects a causal link or an indirect association through other factors

(genotoxic partners). Findings obtained from experimental work are not conclusive with

respect to a direct carcinogenic role of arsenic, but they support a co-mutagenic and co-

carcinogenic role (Li and Rossman, 1991; Rossman, et al., 2002).  Low concentrations (5

µM) of arsenite, which are not mutagenic, can enhance the mutagenicity of other agents,

including ultraviolet radiation (UVR) and alkylating agents. Therefore, arsenite is not a

carcinogen per se but acts as an enhancer (cocarcinogen) with a genotoxic partner (UVR)

to inhibit DNA repair (Li and Rossman, 1991; Rossman, et al., 2002).  Partially DNA

repair-suppressing doses of arsenic trioxide (0.5 µg/ml) and sodium arsenate (5 µg/ml)

co-mutagenically enhanced the UVR induction of mutations in V79 Chinese hamster
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cells. Thus, such a repair inhibition may be one of the basic mechanisms for the co-

mutagenicity and presumably co-carcinogenicity of arsenic (Okui and Fujiwara, 1986). In

cultured human lung, arsenate enhances the level of single strand breaks detected in both

irradiated and nonirradiated cells in a concentration-dependent manner.  This

demonstrates that arsenate is acting as a cogenotoxin with irradiation and this co-

genotoxin/additive effect may also be co-carcinogenic  (Curnow et al., 2001).  Sodium

arsenite (10 mg/l) acts as a co-carcinogen with UVR in a hairless mouse skin model

(strain Skh1) (Burns, et al., 2004). Using Escherichia coli as a test system it was

demonstrated that arsenite inhibits a recA-dependent step in DNA repair (Rossman,

1975). This inhibition could lead to genomic instability and hence tumorigenicity

(Rossman et al., 2004).  In addition, it could lead indirectly to increased mutations from

other DNA damaging agents. The molecular mechanism underlying arsenic inhibition of

nucleotide excision repair after UVR is unknown, but could be due to decreased

expression of critical genes involved in nucleotide excision repair of damaged DNA

(Hartwig et al., 1997).  Normal human epidermal keratinocytes were exposed to nontoxic

doses (0.005-5 µM) of arsenite and microarray analyses revealed that arsenite decreased

the expression of genes associated with DNA repair and increased the expression of

genes involved in the cellular response to oxidative stress (Hamadeh et al., 2002).

Toenail arsenic levels from New Hampshire residents were inversely correlated with

expression of critical members of the nucleotide excision repair complex, and this

inhibition of DNA repair capacity may be a potential mechanism for the co-carcinogenic

activity of arsenic (Andrew et al., 2003). The cancer association for arseniasis-
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hyperendemic southwest Taiwan villages may be explained either by arsenic acting as a

high-dose carcinogen or as a co-carcinogen with some other aspect of artesian well water,

possibly humic acid (Lamm et al., 2003).

In addition to UVR, cigarette smoking has been implicated as a co-carcinogen in

arsenic-induced cancers.  In New Hampshire, where levels above 10 µM are commonly

found in private wells, among smokers there was an association between arsenic and

bladder cancer risk, but among those who never smoked, there was no such association.

This suggests that ingestion of low to moderate arsenic levels may affect bladder cancer

incidence by acting as a co-carcinogen with cigarette smoking (Karagas et al., 2004).

Epigenetic mechanisms have been implicated in arsenic-induced carcinogenesis.

These mechanisms include DNA methylation, RNA-associated silencing, and histone

modification, which are used to initiate and sustain epigenetic silencing.  In addition,

advances in understanding of chromatin structure have resulted in an increasingly

integrated view of epigenetics (Laird, 2005).  The main epigenetic modification is DNA

methylation, and one of the most characteristic features is the inactivation of tumor-

suppressor genes by CpG-island hypermethylation of the CpG islands located in their

promoter regions (Esteller, 2005). The arsenic-induced methylation status of the 5’

control region of the tumor suppressor gene, von Hippel Lindau syndrome (VHL), a gene

known to be silenced by CpG methylation, was assessed.  Eight differentially methylated

regions of genomic DNA from human lung A549 cells after arsenite exposure in culture

revealed hypermethylation of six fragments, and hypomethylation of two fragments,

relative to untreated controls (Zhong and Mass, 2001).  The exposure of the BEP2D cells
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to low dose sodium arsenite (2 µM) or high dose sodium arsenate (160 µM) produced

significant hypermethylation of p16 gene CpG islands, which may be one of the

mechanisms of arsenic-induced carcinogenesis (Lu et al., 2001).  The tumor suppressor,

p53, plays a role in the genesis of basal cell carcinoma (BCC), which can result from

exposure to arsenic.  Arsenic treatment has been shown to cause hypermethylation of this

gene in lung carcinoma cell lines (Boonchai et al., 2000).

Inorganic arsenic is enzymatically methylated for detoxication, consuming S-

adenosyl-methionine (SAM) in the process (Figure 1.1). The fact that DNA

methyltransferases require this same methyl donor suggests a role for methylation in

arsenic carcinogenesis. Arsenic-induced aberrant gene activation, including activation of

oncogenes, (i.e. cancer initiation) may result from DNA hypomethylation caused by

continuous methyl depletion. Induction of transformation in a rat liver epithelial cell line

by chronic exposure to low levels of arsenic resulted in global DNA hypomethylation in

the presence of depressed levels of SAM (Zhao et al., 1997).  Chronic arsenic exposure (5

µM) of the non-tumorigenic, human prostate epithelial cell line, RWPE-1, resulted in

malignant transformation and production of the tumorigenic chronic arsenic exposed-

prostate epithelial (CasE-PE) cell line. Methyltransferase activity and genomic DNA

methylation was significantly reduced in these cells (Benbrahim-Tallaa et al., 2005).

C57BL/6J male mice were administered a methyl-deficient diet in combination with

sodium arsenite via drinking water (14.6 mg sodium arsenite/kg/day for 130 days). In

hepatic DNA, sodium arsenite alone increased genomic hypomethylation in a dose

dependent manner. Methyl-deficiency and sodium arsenite reduced the frequency of



43

methylation at several cytosine sites within the promoter region of the oncogenic gene,

Ha-ras (Okoji et al., 2002).  Arsenite produced significant increases in the steady-state

expression of the proto-oncogene c-myc in a time- and concentration-dependent manner

during the malignant transformation process and the level of c-myc expression was

highly correlated (r = 0.997) with genomic DNA hypomethylation (Chen et al., 2001).

DNA methylation changes following arsenic exposure are equivocal, thus DNA hypo-

and hypermethylation are both important in the development of arsenic-induced cancers

(Sutherland and Costa, 2003).  The results, in total, support the existence of a state of

DNA methylation imbalance that could conceivably disrupt appropriate gene expression

in arsenic-exposed cells.

Recently, a growing amount of evidence has shown that arsenic shares many

properties with tumor promoters by inducing intracellular signal transduction, activating

transcription factors, and changing the expression of genes that are involved in promoting

cell growth, proliferation, and malignant transformation (Yang and Frenkel, 2002;

Schoen et al., 2004).  In the presence of a tumor initiator, tumorigenesis occurs via

dimethylarsinic acid (DMAV)- and dimethylarsinous acid (DMAIII)-mediated oxidative

stress in mice (Mizoi et al., 2005).  The tumor promoter effects of sodium arsenate on a

mouse skin tumor promoter model system showed development of a well-differentiated

squamous cell carcinoma on skin treated with an initiating agent and arsenate in drinking

water (Motiwale et al., 2005).  Signal transduction pathways leading to activation of AP-

1 and mitogen-activated protein kinases (MAPKs) are proposed to be responsible for the

tumor activity of arsenic in mouse epidermal JB6 cells (Huang et al., 2001). Sodium



44

arsenite exposed (1 µM) human foreskin keratinocytes enhanced both NF-kappa B and

AP-1 activity (Liao et al., 2004).

As mentioned, arsenics tumor promoting effects may be mediated by oxidative

stress. The presence of 8-Hydroxy-2’-deoxyguanosine (8-oxo-dG) in tissues of arsenic-

related skin neoplasms, arsenic-induced keratosis and arsenic-unrelated Bowen’s disease

have recently been demonstrated.  Reactive oxygen species (ROS) are hypothesized to be

one of the causes of arsenic-induced carcinogenesis and 8-oxo-dG is one of the major

ROS-induced DNA base-modified products that is a sensitive marker of oxidative DNA

damage. The frequency of 8-oxo-dG positive cases is significantly higher in arsenic-

related skin neoplasms than in arsenic-unrelated Bowen’s disease (Matsui et al., 1999).

The rate of 8-oxo-dG-positive tissue is significantly higher in arsenic-related human skin

cancer than in arsenic-unrelated human skin cancer and in all the arsenic-related skin

samples, 8-oxo-dG was detected not only in tumor tissues but also in keratosis and

normal tissues (An et al., 2004).  Urinary levels of arsenic were measured in 142

nonsmoking children, and subjects with higher urinary arsenic had greater urinary 8-

oxodG than did those with lower urinary arsenic (Wong et al., 2005).  The formation of

superoxide anion and hydrogen peroxide in keratinocytes incubated with arsenite was

shown to induce DNA damage in a concentration-dependent manner.  Catalase, a

hydrogen peroxide scavenger, reduced the arsenite-mediated DNA damage. Superoxide

dismutase, by enhancing the production of hydrogen peroxide and hydroxyl radical,

significantly increased the arsenite-mediated DNA damage and a competitive scavenger

for hydroxyl radical reduced the damage (Shi et al., 2004).  Male Sprague-Dawley rats
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received an intratracheal instillation of 1 mg/ml (as arsenic) of either sodium arsenite

(AsIII) or sodium arsenate (AsV), and pulmonary alveolar macrophages (PAM) lavaged

from AsV –exposed animals showed significant increases in O2
-. production (Lantz et al.,

1994).

Cancer risk assessment is one of the most controversial endeavors of

epidemiology and epidemiological approaches are very influential in informing policy

decisions to reduce cancer risk. The use of epidemiological reasoning to delineate the

form of causal criteria has placed greater reliance on controlled observations of cancer

risk as a function of putative exposures in populations. From this, epidemiology has

become a relatively precise science and its value is appreciated, but so too are its

limitations, one of which is the ultimate difficulty in distinguishing causation from

association. In light of this fact, there are a few well-established associations, which are

likely to be causal, such as exposure to arsenic and skin cancer (Brown et al., 1997).

1.9. Arsenic, Oxidative Stress and Inflammation

Inflammation is the first response of the immune system to infection or irritation

and it is characterized by the following quintet: redness (rubor), heat (calor), swelling

(tumor), pain (dolor) and dysfunction of the organs involved. Inflammation is a

stereotyped response that is identical whether the injurious agent is a pathogenic

organism, foreign body, ischemia, physical trauma, ionizing radiation, electrical energy,

extremes of temperature or a foreign compound e.g. arsenic. When the affected tissues

and adjacent blood vessels respond to tissue injury or infection the area becomes heavily

populated with white blood cells (WBC’s). The reactants produced during inflammation
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and repair may be harmful.  These reactants include ROS and RNS, which are generated

by inflammatory cells including macrophages and neutrophils, which go on to participate

in airway inflammation (Figure 1.3).  A prolonged over-production of nitric oxide (NO)

may cause inflammation and sustained induction of NO in chronic inflammation may be

mutagenic, through DNA damage induction and/or DNA repair inhibition. Arsenic can

either enhance or reduce NO production, depending on the type of cell and the species

and dose of arsenical tested. Suppression of NO production has been shown to reduce

arsenite-induced inflammation and oxidative DNA damage (Gurr et al., 2003).  There is a

link between arsenic-induced inflammation and RNS as arsenic-induced amplified

synthesis of peroxynitrite (formed between the superoxide anion radical and NO) results

in increased protein nitration (Bunderson et al., 2004).  ROS and RNS may contribute to

epithelial damage and may have effects on airway vasculature (Barnes, P.J., 1990).  The

effects may include vessel inflammation, morphological features of which include an

influx of mixed inflammatory cells including neutrophils, lymphocytes, and

macrophages. Partial and complete effacement of the normal vascular wall architecture is

observed, often with extension of the inflammatory process into the periarterial

connective tissue (Moyer et al., 2002).

Inhalation and ingestion of arsenic may directly and indirectly enhance generation

of ROS at a persistent level in concert with chronic inflammation. Perpetual ROS

generation can result in the activation or inactivation of transcription factors that may

alter gene expression leading to cell proliferation, differentiation, and carcinogenesis. It is

evident that ROS signaling is critical for the responses of cytokines, growth factors, and
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activation or inactivation of transcription factors that promote inflammation and

carcinogenesis (Ding et al., 2000).  For example, annexin I is involved in the regulation

inflammation and the annexin I gene promoter is inducible by sodium arsenite (Rhee et

al., 2000).  Arsenic-induced alteration in pulmonary alveolar macrophage (PAM)

function may alter the inflammatory response. Male Sprague-Dawley rats were exposed

to an intratracheal instillation of 1 mg/ml (as arsenic) of either sodium arsenite (AsIII) or

sodium arsenate (AsV), and PAMs were lavaged and analyzed for alterations in

prostaglandin E2 (PGE2), and tumor necrosis factor (TNF-alpha) production.  In vivo

exposure to either form of arsenic decreased basal and lipopolysaccharide (LPS)-induced

release of TNF-alpha production by PAMs. Suppression of LPS-induced release of TNF-

alpha also occurred at lower concentrations of AsIII, compared to AsV. While AsIII

exposure had no affect on PGE2 production, AsV caused inhibition of LPS-induced PGE2

production at concentrations above 1.0 µg/ml (Lantz et al., 1994).

During acute inflammation, the Nuclear Factor-kappaB (NFκB) signaling

pathway regulates growth arrest and DNA damage-inducible (GADD45 beta) expression.

Fusing the GADD45 beta promoter to firefly luciferase allowed for creation of a

transgenic mouse and in vivo GADD45 beta expression was assessed. Sodium arsenite

was able to induce luciferase expression throughout the entire animal (Zhang et al.,

2005).   During acute inflammation NFκB regulates the transcription of many genes. In

stimulated cells, phosphorylation of the inhibitor of NFκB (IκB) by the IκB kinase (IKK)

complex primes the IκB molecules for degradation by the proteasome thus allowing
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NFκB to translocate to the nucleus. NFκB and IKK activity are induced by arsenite (Tsai

et al., 2002).

The overexpression of inducible cyclooxygenase-2 (Cox-2) has been associated

with vascular inflammation.  Therefore, the effect of arsenite on Cox-2 gene expression

in human umbilical vein endothelial cells (HUVEC’s) was investigated. A two-fold

induction of Cox-2 protein in HUVEC’s by arsenite was seen and the level of Cox-2

mRNA was correspondingly elevated.  This induction was associated with a two-fold

increase of prostaglandin E2 (PGE2), another marker of inflammation, in the media (Tsai

et al., 2002).  At concentrations as low as 0.5 µM arsenic, expression of Cox-2 was

upregulated and there was an increase in the generation of PGE2 in aortic endothelial

cells (Bunderson et al., 2002).  Transfection of an immortalized human endothelial cell

line (ECV304) with Cox-2 reporter gene constructs demonstrated that the transcription of

Cox-2 gene was enhanced by arsenite and this induction was attenuated by an inhibitor of

NFκB.  Arsenite induced IKK activity, which demonstrates that the IKK signaling

pathway is involved in arsenite-mediated Cox-2 expression (Tsai et al., 2002). Production

of peroxynitrite, a strong oxidant formed from the coupling of nitric oxide and superoxide

anion, was significantly increased in bovine aortic endothelial (BAE) cells exposed to

sodium arsenite at concentrations as low as 0.5 µM.  Nitrotyrosine residues in proteins

are indicative of peroxynitrite generation and nitration of Cox-2 was detected in arsenic-

treated cells, but not in untreated control cells (Bunderson et al., 2002).

In summary, arsenic-induced inflammation is the response of the immune system

whereby the affected tissues and adjacent blood vessels respond in a stereotypical fashion
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including production of several markers of inflammation including Cox-2, ROS and

RNS. Specifically, ROS can result in oxidative DNA damage including formation of 8-

oxodG, which can ultimately lead to the formation of cancer.

1.10. Arsenic and Glutathione

Glutathione (gamma-glutamyl-cysteinyl-glycine; GSH) is an abundant natural

tripeptide found within almost all cells, and reduced glutatione (GSH)/glutathione

disulfide (GSSG) is the major redox couple in animal cells. The reduced form is GSH and

the oxidized form is GSSG.  Glutathione peroxidase (GPx) oxidizes GSH to GSSG and

glutathione reductase (GR) reduces GSSG to GSH (Figure 1.1).  Glutathione-S-

transferase class Omega (GSTO 1-1) belongs to a new subfamily of GSTs, which is

identical with human monomethylarsonic acid (MMAV) reductase (Figure 1.1), the rate-

limiting enzyme for biotransformation of inorganic arsenic.  Outside the cell, gamma-

glutamyltranspeptidase (GGT) catalyzes the initial breakdown of GSH-substrate

conjugates (Figure 1.1).  Glutathione is highly reactive and is often found conjugated to

other molecules via its sulfhydryl moiety. Although its mechanism of action is unclear,

arsenic is known to exert some of its toxic effects through interaction with sulfhydryl

groups, and GSH appears to play an important role in detoxication of arsenic. Thiol

chelators have demonstrated therapeutic efficacy in treating chronic arsenic intoxication

and were effective in restoring arsenic induced inhibition of the rat hepatic GSH level

(Flora et al., 1995).

The synthesis of GSH from glutamate, cysteine, and glycine is sequentially

catalyzed by two cytosolic enzymes, gamma-glutamylcysteine ligase (γ-GCL) and GSH
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synthetase (GS).  Evidence shows that GSH synthesis is regulated primarily by γ-GCL

activity, cysteine availability, and GSH feedback inhibition.  Glutathione is composed of

approximately one-third cysteine and intracellular cysteine levels may depend on uptake

and reduction of extracellular cystine. Glutathione synthesis can be limited by the activity

of the cystine transport system, which is induced by oxidants and other stresses e.g

arsenic. Lung endothelial cells, fibroblasts, smooth muscle cells, and macrophages, can

be induced to take up cystine in response to oxidants, sulfhydryl reagents like arsenic,

and electrophilic agents.  This uptake concomitantly increases GSH levels. This uptake

suggests that cysteine is a rate-limiting substrate for GSH synthesis (Susanto et al., 1998;

Bukowski et al., 1995).

Reagents often used in glutatione studies enhance or block GSH synthesis.  They

include N-acetylcysteine (NAC), a GSH inducer; buthionine sulfoximine (BSO), a

selective inhibitor of gamma-glutamylcysteine synthetase, i.e. it depletes GSH; diethyl

maleate (DEM), which also depletes GSH, and N-ethylmaleimide (NEM), which

removes thiols as a sulfhydryl derivatizing agent.

Glutathione plays important roles in antioxidant defense and regulation of cellular

events.  These cellular events include cell proliferation and apoptosis, gene expression,

DNA and protein synthesis, signal transduction and cytokine production and immune

response. Glutathione deficiency contributes to oxidative stress, which plays a key role in

the pathogenesis of many diseases including cancer, and diabetes mellitus (DM).

Several metal or metalloid ions such as arsenic exist in multiple oxidation states and can

undergo electron transfer reactions, and these reactions may be modulated by endogenous
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reducing agents such as GSH (Carter, 1995; Prestera et al., 1993).  The biotransformation

of arsenate to dimethylarsinous acid (DMAIII) requires several proteins in sequential

order: arsenate reductase, arsenite methyltransferase, monomethylarsonic acid (MMAV)

reductase (glutathione transferase omega) and MMAIII methyltransferase. Reduced

glutathione is required for full activity of the reductases (Carter, 1995).

Many studies have investigated the arsenic-induced depletion of GSH.  Incubation

of RBC’s with arsenate resulted in time and dose-dependent depletion of GSH (Winski

and Carter, 1995).  Depletion of GSH enhanced the cytotoxic effects of arsenite and

arsenate in BALB/c 3T3 mice (Ochi and Oya-Ohta, 1994), HL-60 cells (Ochi et al.,

1996), HaCaT cells (Sun et al., 2005), Swiss 3T3 mouse cells (Li and Chou, 1992),

porcine endothelial cells (PAEC’s) (Tsou et al., 2004) and UROtsa cells (Bredfeldt et al.,

2004).  In PAEC’s low concentrations of arsenite increased intracellular GSH

concentrations, whereas high concentrations decreased intracellular GSH concentrations

and NAC was shown to protect PAECs from arsenite-induced cytotoxicity (Tsou et al.,

2004).

Arsenic genotoxicity and its modulation by GSH is an important aspect of arsenic

exposure.  Pretreatment of CHO cells with GSH reduced the clastogenicity and co-

clastogenicity of arsenite (Huang, 1993). The enhancing effects of arsenite on

chromosome aberrations induced by ultraviolet radiation (UVR) were also reduced by

pretreatment with GSH. The inhibitory effect of arsenite on the strand-break rejoining

during UVR-induced DNA repair was reduced by GSH pretreatment and was enhanced

by pretreatment with BSO (Huang, 1993).  Co-exposure of mouse hepatoma (Hepa-1)
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cells to low concentrations of arsenite increased benzo[a]pyrene (BaP)-DNA adduct

levels by as much as 18-fold. Furthermore, BSO increased BaP-DNA adduct formation

by an even greater degree in cells co-treated with BaP and arsenite (Maier et al., 2002).

Polymorphonuclear neutrophils (PMN’s), isolated from volunteers showed a significant

increase in the rate of apoptosis on incubation with arsenite (80 and 160 µM arsenite) and

GSH was significantly protective against arsenite-induced apoptosis (Watson et al.,

1996).  Eosinophils cultured with sodium arsenite demonstrated that arsenite-induced

apoptosis could be prevented by GSH and NAC (Wedi et al., 1999).  Human

monocyte/macrophage GSH levels were increased by exposure to MMAV, which induced

apoptotic cell death upon treatment with BSO (Sakurai et al., 2004).  The results of these

studies, taken together, suggest that GSH plays a role in protecting cells against the

clastogenic and DNA damaging effects of arsenicals.

Arsenic compounds have been demonstrated to induce GSH-dependent messenger

RNA (mRNA) and proteins of various genes.  In vitro exposure of rat myoblast (L6) cells

to BSO resulted in large increases in arsenite-induced c-myc transcription (3.2-fold over

control), which might contribute to subsequent transformation (Shimizu et al., 1998).  In

arsenic-exposed C6 rat glioma cells, accumulation of the stress protein, hsp27, was

markedly enhanced by depletion of GSH (Ito et al., 1998). Proteome analysis conducted

on rat lung epithelial cells treated with arsenite identified global changes in defense

protein expression profiles.  Up-regulated proteins included heat shock proteins (Hsp)

and antioxidative stress proteins. Pretreatment with GSH before arsenite insult effectively

abrogated the induction of these defense proteins (Lau et al., 2004).
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In vivo animal studies of arsenic and GSH interactions are important in

elucidating the nature of this phenomenon.  A reduction of the hepatic GSH level in rats

greatly modified the metabolism of inorganic arsenic in vivo (Buchet and Lauwerys,

1987; Buchet and Lauwerys, 1988).  Rats given arsenic in the drinking water (100 ppb,

300 ppb and 3000 ppb) resulted in a decrease in brain GSH levels (Chaudhuri et al.,

1999).  Arsenic trioxide reduced the concentration of GSH in the cerebral hemisphere and

cerebellum of male mice at 0.5 and 1 mg/kg body weight/day (Rao and Avani, 2004).

Mice exposed to arsenic through repeated subcutaneous (sc) injections revealed

decreased hepatic GSH (35%) (Liu, J., et al., 2000). Male Wistar rats received an acute

intraperitonel (i.p.) exposure to sodium arsenite (15.86 mg/kg) and after one hour, GSH

concentration was significantly depleted (Maiti and Chatterjee, 2001). A single per orally

(po) dose of DMAV decreased mouse lung GSH (Yamanaka et al., 1991).  Rats

administered a single po dose of sodium arsenite decreased liver GSH levels and

pretreatment with NAC increased the levels. In kidney and heart, NAC protected the

tissues against sodium arsenite-induced depletion of GSH levels.  In the liver and kidney,

BSO had an additive effect with arsenic in lowering the levels of GSH (Ramos et al.,

1995).  In contrast to the above examples, male rats treated po with sodium arsenate (10

mg/kg) for 2 days, demonstrated an increase in hepatic GSH levels (Schinella et al.,

1996).

In addition to the various aforementioned routes of administration for arsenic, ad

libitum arsenic exposure in the drinking water of animals is a common method of

intoxication and the paradigm used in experiments for this dissertation. Male rats exposed



54

to 100-ppm sodium arsenite in their drinking water for 12 weeks were found to deplete

GSH levels in both the liver and brain (Flora, 1999).  Male BALB/c mice exposed to a

high dose of drinking water arsenic (3.2 mg/l) initially caused significant elevation of

hepatic GSH compared to control mice, while after 6 months of arsenic exposure, hepatic

GSH was significantly lower than that of the control group (Santra et al., 2000).  Male

BALB/c mice given water containing a low dose of arsenic (150 µg/l) for 12 months

showed significant depletion of hepatic GSH (Das et al., 2005).  BALB/C mice given

water dosed with arsenic (3.2 mg/l), and over 15 months, a progressive reduction of

hepatic GSH and enzymes of anti-oxidative defense system was observed (Mazumder,

2005).

Arsenic has long been known as a poison and environmental carcinogen.

However, arsenic trioxide (As2O3) has a long history of use in medicine and it was almost

forgotten in Western medicine in the recent centuries where is has recently found a use in

treating a type of leukemia known as acute promyelocytic leukemia (APL). Leukemia is a

bone marrow cancer in which white blood cells divide uncontrollably, affecting the

production of normal white blood cells, red blood cells, and platelets.  Prompted by

reports from China about successful treatment of APL with As2O3, there was again

increasing interest in this drug in the 1990s.

The cellular GSH level may be the most important determinant of arsenic

sensitivity in cancer cells.  Early studies indicated a relationship between the arsenical,

As2O3, and GSH, and recently therapies that decrease GSH in tumor cells have been

proven to be highly effective in reducing the tumor and allowing the patient to achieve
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remission status.  Sensitivity of hepatoma-derived cells to As2O3 was inversely related to

their intracellular GSH concentration and intensity of GSH synthesis (Oketani et al.,

2002).  Exposure of three colon cancer cell lines (SW480, DLD-1, and COLO201) to

As2O3 induced a concentration-dependent suppression of GSH, which tended to be

inversely correlated with the sensitivity of the cells to As2O3 (Nakagawa et al., 2002).

As2O3 in combination with BSO, sensitizes renal cell carcinoma (RCC) cells to As2O3-

induced apoptosis (Wu X.X., et al., 2004).  The combination therapy of As2O3 with BSO

effectively enhanced the inhibitory effect of As2O3 on prostate, breast, lung, colon, and

cervix, bladder, and kidney cancer cell lines, compared with As2O3 treatment alone

(Maeda et al., 2004).  Cancer cells intrinsically sensitive to As2O3 contain lower levels of

GSH, whereas resistant cancer cells contained higher levels of GSH and the cells became

more sensitive to arsenic after depletion of GSH (Yang, C.H., et al., 1999).

Acute promyelocytic leukemia (APL)-derived As2O3-sensitive NB4 cells

sensitivity was inversely proportional to the GSH content, and GSH depletion rendered

the cells more sensitive to As2O3 (Dai, 1999).  NB4 cells were 10-fold more resistant to

arsenic than their parental cell line and these cells failed to accumulate ROS in response

to As2O3 treatment, unless depleted of GSH (Davison et al., 2003; Qin et al., 2005).

Multiple myeloma (MM) is a clonal B-cell malignancy derived from hemopoietic tissues

of the bone marrow. In these cells, NAC attenuated As2O3 cytotoxicity (Grad et al.,

2001).  In addition, NAC abrogated As2O3-induced changes in MM cell death, caspase

activation, free radical production, and loss of mitochondrial membrane potential

(McCafferty-Grad et al., 2003).  Nuclear factor kappa-B (NFκB) is implicated in the
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pathogenesis of cancer. GSH-dependent As2O3 induction of in vitro apoptosis of

malignant lymphocytes, and myeloma cells was the result of suppression of DNA-

binding activity of NFκB (Han et al., 2005).

1.11. Arsenic and Gene Expression

In the relatively few years since their inception, DNA microarrays and Affymetrix

GeneChips have gained increasing use and acceptance in the study of genetic and cellular

processes. With time, gene chips and microarrays have matured into complex

technologies as biologists have teamed with applied mathematicians and statisticians to

increase the rigor of experimentation and address the problems associated with the

manipulation of large data sets. Several complementary microarray technologies for

measuring gene expression are now routinely employed. Microarrays promise dynamic

snapshots of cell activity, but microarray results are unfortunately not straightforward to

interpret.

Microarrays have been used to profile aberrant gene expression in arsenic-

exposed populations of cells, animals and humans. Epidemiologic studies link human

arsenic exposure to various diseases and cancers, including liver diseases and

hepatocellular carcinoma. However, the molecular mechanisms of arsenic toxicity and

carcinogenicity are poorly understood. To better understand these mechanisms

microarrays have been employed to study the problem.

At the turn of the last century, Mike Waalkes’ group employed microarry to

investigate many different aspects of arsenic toxicity both in vivo and in vitro.  In a 2001

in vivo microarray study in Guizhou, China, patients with a history of exposure to
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environmental arsenic (< 6-10 years), and arsenic-induced skin lesions and hepatomegaly

were biopsied for liver samples. Microarray results showed that approximately 60 genes

(10%) were differentially expressed in arsenic-exposed human livers compared to

controls. These genes included those involved in cell-cycle regulation, apoptosis, DNA

damage response, and intermediate filament production. In addition, the observed gene

alterations are reflective of hepatic degenerative lesions seen in the arsenic-exposed

patients (Lu et al., 2001).  Microarray technology was used to identify genes that not only

responded to As2O3 but whose response was reversed by a reactive oxygen species (ROS)

scavenger, N-acetyl-L-cysteine (NAC). Gene expression analysis demonstrated that

prolonged exposure of NB4 cells to low levels of As2O3 increased the expression of a set

of genes responsible for ROS production.  It was found that 26% of the genes

significantly responsive to As2O3 might have been directly altered by ROS as the Sp1

transcription factor was oxidized by As2O3 treatment.  This oxidation corresponded to a

decrease in Sp1 binding on the promoters of 3 genes, hTERT, C17, and c-Myc, whose

expressions were significantly suppressed. These results demonstate that ROS contributes

partly to As2O3-mediated gene regulation and that Sp1 oxidation contributes to gene

suppression by arsenic-induced ROS (Chou, W.C., et al., 2005).

Normal human epidermal keratinocytes (NHEK) were exposed to nontoxic doses

(0.005-5 µM) of arsenite and subsequent microarray analyses indicated a decrease in the

expression of genes associated with DNA repair and an increase in the expression of

genes indicative of oxidative stress.  Arsenite also modulated the expression of certain

transcripts associated with increased cell proliferation, oncogenes, and genes associated
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with cellular transformation (Hamadeh et al., 2002).  Rat heart microvessel endothelial

cells were used to study the differences in gene expression of antioxidative enzymes

between arsenite and arsenate-exposed animals.  Microarray analysis indicated that

arsenite (1-25 µM) increased mRNA levels of antioxidant enzymes such as heme

oxygenase-1 (HO-1), thioredoxin peroxidase 2, NADPH dehydrogenase, and glutathione

S-transferase P subunit. HO-1 mRNA levels showed the most remarkable increase in

response to arsenite (Hirano et al., 2003).

To investigate molecular targets involved in arsenic-associated atherosclerosis, a

Taiwaneese study using cDNA microarray was used to identify genes with differential

expression in arsenic-exposed healthy individuals. Array hybridization was performed

with mRNA isolated from lymphocytes of subjects with low (0-4.32 µg/l), intermediate

(4.64-9.00 µg/l), and high (9.60-46.5 µg/l) levels of blood arsenic. Transcripts were

analyzed, and 8.8% showed significant differences in the intermediate or high-arsenic

groups compared with the low-level arsenic group. Among these genes, several cytokines

and growth factors involved in inflammation, including interleukin-1 beta, interleukin-6,

chemokine C-C motif ligand 2/monocyte chemotactic protein-1 (CCL2/MCP1),

chemokine C-X-C motif ligand 1/growth-related oncogene alpha, chemokine C-X-C

motif ligand 2/growth-related oncogene beta, CD14 antigen, and matrix

metalloproteinase 1 (interstitial collagenase) were upregulated in persons with increased

arsenic exposure (Wu, M.M., et al., 2003).
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1.12. Arsenic and Protein Expression

Changes in expression can be more conspicuous at the protein level than at the

transcriptional level. This emphasizes the importance of proteomic and multi-Western

blot format analysis to complement transcriptional analysis of cell responses to

perturbation by arsenic.  Western blotting is an analytical technology that is often used to

detect expression of proteins in cells or tissues. Multi-Western blot formats have

overcome the limitations of 2-DE coupled with matrix-assisted laser-desorption

ionization-time-of-flight (MALDI-TOF) mass spectrometry including the limited

dynamic range resulting in a bias towards abundant proteins.  A powerful, new multi-

Western blot format is the BD PowerBlot system.  Control and experimental cell or tissue

lysate samples are analyzed using polyacrylamide gel electrophoresis and Western

blotting using over 1,000 monoclonal antibodies and the results are visualized using the

Odyssey® Infrared Imaging System.  Infrared detection effectively eliminates

background fluorescence, resulting in clear, sharp bands and infrared detection quantifies

low-abundance proteins. In addition, strong and weak bands on the same blot are

accurately imaged. High sensitivity is achieved using Alexa Fluor® 680-labeled

secondary antibodies and LI-COR IRDye™ 800 infrared dye-labeled secondary

antibodies.

The study of the proteome, i.e. proteomics, is a promising new approach in

identification, separation and quantitation of functional changes in the genome. It aims to

gain a comprehensive understanding of the expressions, modifications, interactions, and

regulation of proteins in cells. The power of two-dimensional electrophoresis and
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advances in mass spectrometric techniques, combined with sequence data base

correlation, has enabled speed and accuracy in identification of proteins in complex

mixtures.  A proteomic approach was used to identify protein expression, which could

potentially be important for transformation induced by arsenite. Surface-enhanced laser

desorption/ionization time of flight (SELDI-TOF) analysis with ProteinChips revealed

several dramatically different protein peaks that appeared in lung cells after being

transformed by treatment with 1.5 µM arsenite for 12 weeks (He et al., 2003).  A

proteomic analysis of rat LECs (lung epithelial cells) treated with arsenite (40-µM),

revealed over 1000 protein spots separated by two-dimensional electrophoresis and

identified by MALDI-TOF mass spectrometry and database searching. The up-regulated

proteins were mostly HSPs (heat-shock proteins) and antioxidative stress proteins,

including HSP70, HSP27, aldose reductase, haem oxygenase-1, ferritin light chain and

alphaB-crystallin. The glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase

was down regulated (Lau et al., 2004).  Human epidermal cells were employed to find the

extent of arsenite-induced changes in protein patterns. Examining the profile of protein

expression by two-dimensional gel electrophoresis indicated that approximately 40% of

the distinct protein spots changed by at least two-fold.  Among the proteins identified that

showed prominent changes as a result of exposure to arsenite, enzymes of the glycolytic

pathway were substantially elevated as a result of the treatment (Lee, C., et al., 2005).

Proteomics has been used in the clam (Chamaelea Gallina) as a preliminary screening of

changes in protein expression caused by pollutants, potentially useful as new biomarkers.

Clams were exposed to arsenite, and cytosolic fractions were initially analyzed by two-
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dimensional electrophoresis. Arsenite had a mainly upregulating effect. Altered protein

expression was confirmed and the spots more drastically altered were excised and

analyzed by mass spectrometry, and actin was found to be upregulated by arsenite.  The

identification of cytoskeletal proteins could reflect their role as major targets of pollutant-

related oxidative stress (Rodriguez-Ortega et al., 2003).

Detecting proteins in a complex mixture of biomolecules serves as an important

research tool.  Multi-Western blot formats and two-dimensional electrophoresis coupled

MALDI-TOF mass spectrometry have overcome the limitations of single Western blots,

which do not provide a global picture of cells in response to toxic insults such as arsenic.

1.13. Statement of Problem and Hypotheses

The first data chapter of this dissertation is concerned with the problem of arsenic

inhalation toxicity and the work models exposure to arsenic in a smelter setting.  This

chapter serves to characterize the oxidative stress induced by arsenic trioxide, which is

the major species of arsenic found in smelters and whose in vivo DNA oxidation and

glutathione depletion were previously uncharacterized in an inhalation model of this kind.

In these studies the following general hypothesis was tested: Combined arsenic and

cigarette smoke exposure will synergistically lead to inflammation, oxidative stress and

DNA oxidation in male Syrian Golden hamster lungs.

The following specific aims were used to address this hypothesis: 1) arsenic

trioxide and cigarette smoke will synergistically increase the amount of DNA oxidation

in the hamster lung, 2) arsenic trioxide and cigarette smoke will synergistically increase

inflammation, and 3) arsenic trioxide and cigarette smoke will interact to alter the
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glutathione status in the lung.  To answer the first question “Does arsenic trioxide and

cigarette smoke synergistically increase the amount of DNA oxidation in the hamster

lung?” we used high pressure liquid chromatography (HPLC) and immunohistochemistry

to demonstrate an increase in 8-oxo-dG in exposed hamster lungs.  To answer the second

question “Is the synergistic increase in DNA oxidation between arsenic and cigarette

smoke due to an increase in inflammation?” we measured the amount of inflammatory

cells and the inflammatory cytokine, TNF-alpha.  From these measurements, there was

no increase in inflammation in the 4-day animals. Therefore the synergistic increase in

DNA oxidation seen in the arsenic trioxide/cigarette smoke exposed group was not due to

a synergistic increase in inflammation.  To answer the second question “Is the synergistic

increase in DNA oxidation between arsenic and cigarette smoke due to an alteration in

the glutathione system?” we measured total, reduced and oxidized glutathione and found

a decrease in both total and reduced glutathione.

Arsenic is present in all copper, lead, and zinc sulfide ores and is carried along

with those metals in the mining, milling and concentrating process. Refining of arsenic as

arsenic trioxide is achieved at smelters.  Because arsenic trioxide is the predominant form

of arsenic in the smelter environment, and because workers often smoke, we used an

inhalation model of arsenic trioxide exposure followed by cigarette smoke exposure to

study the pulmonary effects of this trivalent species of arsenic.  Several studies have cited

the toxic and carcinogenic effects of arsenic trioxide in smelter workers and a few studies

have taken cigarette smoking into account.  In smelters in Tacoma, Washington and

Montana, arsenic trioxide exposure was compared to that of the white male population of
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the same region and the excess mortality found among smelter employees was due

largely to respiratory cancer and diseases of the heart (Enterline and Marsh, 1980; Lee-

Feldstein, 1983; Lee-Feldstein, 1986).  In addition to epidemiologic studies, animal

models serve to investigate the synergy between arsenic trioxide and constituents of

cigarette smoke. The effects of intratracheal instillations of arsenic trioxide (3 mg/kg

body weight as arsenic) alone and in combination with benzo[a]pyrene (BaP) was studied

in male Syrian golden hamsters. Carcinomas of the larynx, trachea, bronchi, or lungs

were found in animals examined in the arsenic trioxide, BaP, and arsenic trioxide + BaP

groups. The incidence of pulmonary adenomas, papillomas, and adenomatoid lesions was

markedly higher in the arsenic trioxide group than in the control group. There was

evidence of a synergistic interaction between arsenic and BaP in relation to adenomatous

lung tumors (Pershagen et al., 1984).  Our results demonstrated a synergistic effect of

arsenic and cigarette smoke on reduced glutathione depletion and increase DNA

oxidation as manifested by increases in 8-oxodG in the lung.

The second and third data chapters in this dissertation are concerned with the

problem of ingested arsenic.  Arsenic is a potent human carcinogen to which there is

significant worldwide exposure through natural contamination of food and drinking water

sources.  The overall goal was to address the question “How do environmentally relevant

concentrations of arsenic (50 ppb) affect key cellular processes such as oxidative stress?”

The specific hypothesis was that environmentally relevant concentrations of arsenic

would differentially affect gene transcription.  The objectives were to determine low-
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level arsenic (50 ppb) concentrations effects on alterations in gene expression and to

evaluate the role of oxidative stress and DNA methylation in these alterations.

The conclusions from the microarray experiment revealed that drinking water

arsenic exposure (50 ppb) is associated with expression modification of genes in a variety

of functional groups including a pronounced down regulation of structural genes of the

extracellular matrix.  In support of this finding, histological analysis revealed disrupted

matrix around pulmonary blood vessels and airways.  Using computational methods

putative binding sites for transcription factors that may be important in regulating the

gene expression following arsenic exposure were discovered.  Of particular interest were

the extracellular matrix structural genes. Promoter analysis indicated that binding sites for

TFII-I, HNF-4 and MAZ appear in higher frequency in extracellular matrix down

regulated genes compared to all down regulated genes.  This suggests these transcription

factors may be important in the arsenic-induced alterations in expression of these genes.

Because arsenic-induced gene expression may be affected by the level of DNA

methylation; fibronectin, collagen 6a2 and collagen 4a1 were subjected to analysis for the

presence of CpG islands in their promoter regions.  CpG island analysis demonstrated

potential sites of interaction for binding of transcription factors including TFll-l, MAZ,

COMP1, E2F-1, v-Maf, CREB, ATF1, 3 and 4 and TGA1b.

Our hypothesis for the third data chapter is that chronic ingestion of arsenic will

alter protein expression in the lung.  To investigate this hypothesis, proteins from the

same arsenic-exposed (50 ppb) C57BL/6 mice used for our microarray were pooled and

arsenic-induced alterations in protein expression were determined using BD Power Blot
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analysis.  This technique can analyze over 1000 separate proteins. Twenty proteins were

identified as being altered (5 up- and 15 down-regulated). Analysis of potential protein

function indicated that nucleus/nuclear transport proteins, cancer related proteins, and

cytoskeleton related proteins were altered by arsenic.  These data may be useful in the

elucidation of molecular targets and biomarkers of inorganic arsenic exposure in drinking

water.
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FIGURE 1.1.  The biotransformation of arsenic. Monomethylarsonic acid = MMAV,
dimethylarsinic acid = DMAV, monomethylarsonous acid = MMAIII, dimethylarsinous
acid = DMAIII, GSH = reduced glutathione, GSSG = oxidized glutathione and SAM = S-
adenosyl methyltransferase.
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FIGURE 1.2.  Lung Inflammation.  PMN’s (Polymorphonuclear Neutrophils), PAM’s
(Pulmonary Alveoloar Macrophages), ROS (reactive oxygen species), RNS (reactive
nitrogen species), GSH (reduced glutathione), GSSG (oxidized glutathione), O2

.-

(superoxide anion radical), H2O2 (hydrogen peroxide), OH.  (hydroxyl radical).
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FIGURE 1.3.  The glutathione pathway.  GSH-reduced glutathione, GSSG-oxidized
glutathione, GST- glutathione-S-transferase, GPx- glutathione peroxidase, GR-
glutathione reductase, X-xenobiotic (e.g. arsenic), GSX-glutathione adduct, GS-
glutathione synthase, GCL- glutathione cysteine ligase, GGT-gamma glutathione
transpeptidase.
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CHAPTER TWO

CIGARETTE SMOKE AND ARSENIC SYNERGISTICALLY INCREASE DNA

OXIDATION IN THE LUNG

2.1. Abstract

Epidemiological evidence has indicated that cigarette smoking and arsenic

exposure act synergistically to increase the incidence of lung cancer. Since oxidative

damage of DNA has been linked to cancer, our hypothesis is that aerosolized arsenic and

cigarette smoke work synergistically to increase oxidative stress and increase DNA

oxidation in the lung.  To test this hypothesis male Syrian golden hamsters were exposed

to room air (control), aerosolized arsenic trioxide (3.2 mg/m3 for 30 minutes), cigarette

smoke (5 mg/m3 for 30 minutes), or both smoke and arsenic.  Exposures were for 5

days/week for 5 or 28 days. Animals were sacrificed one day after the last exposure.  In

the 28-day group, glutathione levels and DNA Oxidation (8-oxo-2’-deoxyguanosine (8-

oxodG)) were determined.  Our results show that in the 28-day group there was a

significant decrease in both the reduced and total glutathione levels in the combined

arsenic/smoke group when compared with arsenic or smoke alone.  This correlated with a

5-fold increase in DNA oxidation as shown by HPLC. Lungs processed for

immunohistochemical localization of 8-oxodG showed increase staining in nuclei of

airway epithelium and subadjacent interstitial cells.  Increases in DNA oxidation were not

due to increased inflammation.  These results show that dual exposure of arsenic and

cigarette smoke at environmentally relevant levels can act synergistically to cause DNA

damage.
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2.2. Introduction

Human exposure to arsenic has been correlated to lung cancer, both through

inhalation and through ingestion.  Arsenic is at best a weak mutagen and is considered a

co-carcinogen.  It is therefore plausible that co-exposure of arsenic and other lung

carcinogens, such as cigarette smoke could act synergistically.  Human exposure to

cigarette smoke has been shown to induce the initiation and promotion of lung cancer

(Lubin et al., 2000).  Epidemiological evidence has indicated that cigarette smoke and

inhaled arsenic exposure act synergistically to increase the incidence of lung cancer in

smelter workers (Xu, Z.Y., et al., 1989; LaPaglia et al., 1996; Chen, C.L., et al., 2004).

However, no animal data are present which examine the mechanisms of this effect. Our

overall goal with this research project was to use an animal model to compare the relative

risk of lung injury following inhalation of cigarette smoke and/or arsenic and to measure

early indicators of inflammation and toxicity.  Specifically, our aim was to investigate if

the toxicity induced by exposure to cigarette smoke and/or arsenic trioxide was related to

their ability to increase inflammation and oxidative stress. To carry out this aim we

decided to investigate three effects.  First, the effects of cigarette smoke and/or arsenic

trioxide exposure on inflammation were determined.  Second, the effects of cigarette

smoke and/or arsenic trioxide exposure on antioxidant defenses (e.g. glutathione (GSH)

levels) were determined.  Third, we determined the role of oxidative stress in the toxicity

of cigarette smoke and/or arsenic trioxide exposure by investigating levels of DNA

oxidation, by both high-pressure liquid chromatography (HPLC) and

immunohistochemistry.  With respect to cigarette smoke or arsenic there are many
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pertinent published investigations that are relevant to our work. However, reports

investigating the possible synergy between cigarette smoke and arsenic in animal models

are scarce (LaPaglia et al., 1996; Chen, C.L., et al., 2004).

Inflammation is the first response of the immune system to an injurious agent

(e.g. arsenic or constituents of cigarette smoke) and when the affected tissues and

adjacent blood vessels respond to the injurious agent then the area becomes heavily

populated with inflammatory cells. These include macrophages, neutrophils and

eosinophils.  These cells respond to injury via production of reactive oxygen species

(ROS), reactive nitrogen species (RNS) and cytokines, which participate in airway

inflammation.  Tumor necrosis factor-alpha (TNF-alpha) is an important mediator in

many cytokine-dependent inflammatory events. It is known that TNF-alpha can up

regulate adhesion molecules and facilitate the immigration of inflammatory cells into the

airway wall thus playing a role in the initiation of airway inflammation.  Proinflammatory

cytokines like TNF-alpha increase oxidative stress via the initiation of production of ROS

and RNS (Kofler et al., 2005).  Production of these cytokines and radicals can contribute

to the pathogenesis of cancer (Yao et al., 2005; Ekmekcioglu et al., 2005).

The pathogenesis of cigarette smoke or arsenic-induced lung injury may involve

the participation of toxic metabolites of both cigarette smoke and arsenic that elicit an

inflammatory response resulting in oxidative stress which may lead to neoplastic

transformation of cells (Chung-man et al., 2001; Wie et al., 2002). Production of

ROS/RNS from sources including cigarette smoke and arsenic can cause severe oxidative

stress in cells through the formation of oxidized cellular macromolecules, including
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lipids, proteins, and DNA (Bolton et al., 2000; Hartwig et al., 1997). Increased oxidative

stress resulting in oxidized macromolecules could occur by several mechanisms.  First,

cigarette smoke contains a broad range of carcinogens derived from tobacco and its

pyrolysis products, including free radicals, which induce oxidative stress and subsequent

lipid peroxidation (Godschalk et al., 2002). Second, cigarette smoke or arsenic induced

inflammatory processes can lead to increased ROS/RNS and these compounds may

compromise oxidant defense systems.

ROS/RNS may be related to lung carcinogenesis (Chen, F., et al., 2001; Ray et

al., 2002).  ROS/RNS has been shown to be involved in the initiation step of

carcinogenesis, either in the oxidative activation of a procarcinogen, such as

benzo(a)pyrene (BaP) found in cigarette smoke, or through direct oxidative DNA damage

(Pryor, 1997).  The molecular mechanisms involved in cigarette smoke-induced tumors

involves the reduction of oxygen to superoxide and hence hydrogen peroxide and the

hydroxyl radical (Bolton et al., 2000). Formation of oxidatively damaged bases such as 8-

oxodG, via the hydroxyl radical, has been associated with carcinogenesis (Bolton et al.,

2000). The glutathione system buffers the rise in oxidants such as hydrogen peroxide and

the hydroxyl radical (Maehira et al., 1999).  Glutathione prevents ROS/RNS-mediated

damage and loss of lung cell function and lung tissue injury (Kaplowitz, 2002; Lantz,

2001). Cigarette smoke and arsenic metabolites may promote depletion of GSH with

consequent effects on proteins, lipids, and DNA including DNA oxidation (Comhair et

al., 2002). Recent evidence indicates dimethylarsenic acid (DMAV), the methylated

metabolite of arsenic, is a complete carcinogen in rodents while evidence for inorganic
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arsenicals as carcinogens in rodents remains equivocal.  DMAV is probably conjugated in

some form with GSH (Sakurai et al., 2002).  When 8-oxodG is used as a biomarker of

DNA oxidation, DMAV has the ability to induce oxidative damage in the target organs of

arsenic carcinogenesis including the lung (Yamanaka et al., 2001).

Our working hypothesis was that the effects of cigarette smoke on the lung would

be enhanced by subsequent inhalation exposure to arsenic trioxide.  To gather evidence

for our hypothesis we used an animal model of inhalation exposure to fresh mainstream

cigarette smoke and/or to arsenic trioxide. Our aim with this work was to investigate if

the toxicity induced by exposure to cigarette smoke and/or arsenic trioxide was related to

their ability to increase synergistically increase oxidative stress, either through initiation

of inflammation or through interaction with glutathione.

2.3. Material and Methods

Male Syrian golden hamsters were used in these experiments. Four groups of

animals were used in the exposure protocol.  These included unexposed animals (controls

exposed to room air), animals exposed to smoke only, animals exposed to arsenic only

and animals exposed to both smoke and arsenic.  Animals were exposed 1 hr/day, 5

days/wk for either 5 or 28 days in order to examine the progression of changes seen in the

lung. 

Exposure systems: Two exposure systems were used in these experiments, one for

smoke exposure and a second for exposure to arsenic trioxide.  For the cigarette smoke

exposure, fresh mainstream smoke was collected from burning reference cigarettes (1R4,

University of Kentucky, Smoking and Health Effects Laboratory, Lexington, KY).



74

Smoke was mixed in a chamber with fresh air to provide the appropriate dilution.

Relative humidity, temperature and total suspended particulates were measured. Animals

were exposed in nose only fashion to 5 mg/m3 total suspended particulates over a thirty-

minute period.   Particulate concentration was determined from changes in plate weights

from a seven-stage cascade impactor (IN-TOX, Albuquerque, New Mexico).  The

particulate concentration was determined immediately after each exposure trial.  Cascade

impactor plates were weighed on an electronic analytical balance (Mettler Instrument

Corporation, Hightstown, New Jersey).

For the arsenic exposure, a fluidized bed particle aerosol generator was used to

generate aerosols of arsenic trioxide (IN-TOX, Albuquerque, NM).  Pressures and flows

for the fluidized bed particle aerosol generator were first adjusted to aerosolize titanium

dioxide at an average concentration of 200 µg/m3 for an eight-hour exposure (time-

weighted average or TWA).  After establishing conditions for titanium dioxide, arsenic

trioxide (As2O3) was introduced and tested.  Pressures and flows were adjusted and

samples were collected and analyzed for arsenic.  Concentrations were set for a 30-

minute exposure with a final 8-hour TWA concentration of 200 µg/m3.  This required that

the concentration during the 30-minute exposure be set at 3.2 mg/m3.  Once this

concentration was achieved in the exposure chamber, we began exposure of hamsters to

arsenic.

Combined arsenic and smoke exposures were performed on the same days.  After

stabilizing the airflow, animals were placed in the arsenic exposure chamber and exposed

for 30 minutes to 3.2 mg/m3 as arsenic using arsenic trioxide.  Air samples were collected
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for daily determination of the arsenic concentrations.  Following arsenic exposure,

animals were rested for 30 minutes prior to nose only exposure to cigarette smoke.

Exposures were carried out 5 days a week for either 5 or 28 days of exposure.

One day following the final exposure, animals were then sacrificed for determination of

the effects of the arsenic, cigarette smoke, or the potentially synergistic effects of the two

exposures.

Lung lavage and Fixation: After sacrifice, the heart and lungs were removed in

bloc immediately after exsanguination by transection of the abdominal aorta.  The

esophagus and cardiovascular structures were carefully dissected away and the

tracheopulmonary bloc weighed.   Total lung lavage was performed using a 14-gauge

catheter and 3 ml lavage volumes (repeated three times) delivered via the trachea (n= 5

animals for each group).  Return volumes were quantitated as percent returned and lavage

fluid was saved for total cell counts.  An aliquot of cell suspension from bronchoalveolar

lavage was used to determine total cell count.  Lungs from each group were fixed in situ

with gluteraldehyde fixative (2% gluteraldehyde, 2.5% formalin and 0.04% picric acid in

0.1 molar HEPES) at 20 centimeters H2O pressure.  The lungs were fixed for 1 hour

before being removed in bloc and immersed in fixative for 24 hours @ 4° C.  Sections

from the fixed lungs were taken from the left and the right inferior lobes and were

processed for light microscopy and immunohistochemistry.  Light microscopic sections

were stained with hematoxylin and eosin (H&E).  Intratracheal fixed tissue sections

(H&E) were also examined for signs of inflammation.
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  Glutathione and Oxidized DNA Determination: Oxidized and reduced

glutathione were determined from the whole lung using an HPLC method as described by

Reed et al. (1980).  DNA oxidation (8-oxo-2’-deoxyguanosine (8-oxodG)) was quantified

from genomic DNA extracted from lungs of animals exposed to arsenic and/or cigarette

smoke using the method of Shigenaga et al. (1994) with several modifications.  The DNA

was hydrolyzed by enzymatic digestion to individual nucleosides by nuclease P1 and

alkaline phosphatase.  The nucleosides were separated by HPLC (C18 column [4.6 x 150

mm] mobile phase 50 mM sodium acetate pH 5.5 with 2% acetonitrile).  Unmodified

nucleosides were detected by UV absorption at 278 nm and 8-oxodG was quantified by

electrochemical detection using a potential of +300 mV.  These detectors were run in

series to allow quantification of both normal and 8-oxodG from a single injection.

Results are reported as fmol 8-oxodG/µg DNA.

8-oxodG Immunostaining: Tissues were deparafinnized and the slides were placed

in citrate buffer in a microwave on high for 2-5 minutes and then an additional 5 minutes on

defrost.  The slides were left to cool at room temperature for 30 minutes and then rinsed

with deionized water.  After rinsing with deionized water, slides were incubated with

RNAse for 1 hour in a humid chamber.  DNA was denatured by treatment with 4 N HCl for

7 minutes at room temperature. The pH was adjusted with 50 mM Trizma base for 5

minutes at room temperature.  Cells were permeabilized with 3 drops of 0.1% NP-40 in PBS

for 10 minutes.  The slides were then incubated in blocking serum for 20 minutes at room

temperature to block non-specific binding.  Slides were incubated with primary antibody

(1:100) (R&D Systems, Minneapolis, MN) at 4° C overnight.  Slides were treated with goat
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antimouse IgG conjugated to biotin at 37° C for 60 minutes nd then incubated with cy-5

conjugated streptavidin at 37° C in a light-tight box in a humid chamber for 60 minutes.

Slides were incubated with Yo Yo iodide in a light-tight box for 15 minutes at room

temperature to identify nuclei and subsequently mounted with Dako mounting medium and

stored in a light-tight box at 4° C overnight.    The tissues were imaged with a LEICA

TCS-4D confocal microscope with an Argon-Krypton laser that simultaneously scanned

the slides with FITC and Cy-5 laser lines.  This microscope processed the images with

SCANWARETM software.

Statistical Analysis: Data were analyzed for significant differences by two-factor

analysis of variance (smoke and arsenic) (Winer, 1971).  This provides statistical analysis

of both main factors as well as interaction between each.  Levels of p<0.05 were

considered as significant.

2.4. Results

Inflammation following 5-day exposure

Both cigarette smoke particulate exposure and exposure to arsenic can lead to

increased inflammation. Therefore combined exposure to both agents may lead to an

enhanced inflammatory response and increased oxidative stress from inflammatory cells.

Three different arsenical compounds (calcium arsenate, Ca2As5; arsenic trioxide, As2O3; and

arsenic trisulfide, As2S3) were tested at 5-day exposures to see if there were any differences

in the early inflammatory response (Figure 2.1).  The level of inflammation was determined

by total cell count from bronchoalveolar lavage.  There were no significant differences

between any of the arsenicals.  Neither smoke alone, nor any of the arsenicals by themselves



78

led to significantly increased cell counts above control, untreated levels.   Combining arsenic

and smoke also did not lead to any synergistic increases in BAL total cell counts.

Inflammation following 28 day exposure

In the 5-day exposure animals, arsenic trioxide and cigarette smoke showed an

increase over arsenic trioxide alone, but this increase was not significant.  Arsenic trioxide is

the predominant arsenic form that is emitted during smelting processes.  This form of

arsenic was therefore used to determine the effects of longer (28 days) exposure.  Figure 2.2

shows total BAL cell counts from 28-day exposures to arsenic trioxide, smoke alone and to

both compounds. Combining arsenic and smoke did not lead to any synergistic increases in

BAL total cell counts.  Only exposure to cigarette smoke alone led to significant increases in

total cell counts compared to control animals.  While the arsenic and arsenic plus smoke

(ars/smoke) showed elevated cell counts, these data did not reach significance.  Our original

expectation was that arsenic would enhance the inflammation caused by cigarette smoke.

However, arsenic exposure decreased cigarette smoke-induced increases in the lung lavage

cell count.  These results were also validated by microscopic inspection of the lungs.  No

apparent inflammation was evident in the arsenic and smoke treated animals compared to

controls (Figure 2.3).

Alterations in Glutathione

Protection from oxidative stress in the cell is provided in part by the glutathione

cycling system.  One site of action from exposure to cigarette smoke and/or arsenic might

be to lower the capacity of this system to protect the lung from oxidative stress, leading

to increased DNA oxidation.  We therefore examined the levels and oxidative states of
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the glutathione system.  The levels of reduced, oxidized and total glutathione after single

or combined exposures to arsenic and/or cigarette smoke were measured after 28 days of

exposure.  Individual exposures to either arsenic or smoke alone did not significantly alter

reduced, oxidized or total glutathione levels (Figure 2.4A – 2.4C).  Arsenic exposure did

lead to increased GSSG/GSH ratios (Figure 2.4D).  Two-factor analysis of variance

showed that, independent of smoke exposure, GSSG/GSH ratios were increased by

arsenic (Figure 2.4D), indicating a possible arsenic-induced mild oxidative stress. Total

glutathione levels were significantly decreased by combined exposure to arsenic trioxide

and cigarette smoke (Figure 4C). While GSH levels were drastically reduced by the

combined exposure, this was not accompanied by a corresponding increase in GSSG levels.

Rather, both GSH and GSSG levels were reduced by the combined exposure.

DNA oxidation in whole lung

Concomitant with the decreases in reduced and total glutathione, combined arsenic

and cigarette smoke exposure led to significant increases in DNA oxidation as demonstrated

by HPLC (Figure 2.5).  Levels of DNA oxidation were increased five fold in the lungs of

animals exposed to both cigarette smoke and arsenic.  In order to identify the site(s) of DNA

oxidation, lungs from animals exposed to both arsenic and cigarette smoke were processed

for immunostaining using an antibody against 8-oxo-2’-deoxyguanosine (8-oxodG).

Minimal staining is seen in the control animals (Figure 2.6A).  However combined exposure

resulted in detection of 8-oxodG in airway epithelial cells and in cells adjacent to the

airways (Figure 2.6B).
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2.5. Discussion

Existing knowledge in the field of epidemiology demonstrates that cigarette

smoking and arsenic exposure act synergistically to increase the incidence of lung cancer

(Hughes et al., 2002).  Animal data are needed to examine the mechanisms of this effect.

The significance of our work is based on our investigation of possible synergistic effects

of arsenic and cigarette smoke on inflammation, the glutathione system and DNA

oxidation in the lung.   In order to examine the mechanism(s) of the effect of cigarette

smoking and arsenic exposure on the lung, we designed experiments to test the

hypothesis that the effects of cigarette smoking on the lung would be enhanced by

subsequent inhalation exposure to arsenic trioxide.

An emerging hypothesis in the mechanistic studies of metal carcinogenesis is that

of the oxidative stress caused by exposure to metals. However, arsenic’s mutagenic

potential is weak and it has been suggested that arsenic is a co-carcinogen exerting its

carcinogenic effects in combination with other carcinogens such as those found in

cigarette smoke (Hughes et al., 2002). Inorganic arsenic in drinking water has been

associated with skin cancers in several countries. However, inorganic arsenic alone in

drinking water does not cause skin cancers in animals. It has recently been shown that

low concentrations of sodium arsenite and solar ultraviolet radiation (UVR) in mice

synergistically increase tumorigenicity in these animals (Rossman et al., 2004). Our

experiments were designed to explore the possible genotoxic synergy between cigarette

smoke and arsenic.  By high-pressure liquid chromatography (HPLC), 8-oxo-2’-

deoxyguanosine (8-oxo-dG), one of the major oxidative DNA adducts, was found to be
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significantly increased in cigarette smoke and arsenic co-exposed animals.  In addition,

immunohistochemistry showed an increase in 8-oxodG antibody staining in the airway

epithelium of co-exposed animals.  Experiments were carried out at environmentally

relevant levels of exposure for both arsenic and cigarette smoke.  Neither agent alone

caused any significant changes.  However combined exposures acted synergistically to

result in lung injury.

Lung cancer is the most common cancer in the world.  Tobacco smoking is well

established as the main cause of lung cancer and about 90% of cases are thought to be

tobacco related (Tyczynski et al., 2003).  Cigarette smoke is a complex mixture with over

4000 components.  Numerous hypotheses have been constructed and tested in attempts to

interpret the biological activity of cigarette smoke in relation to its complex chemistry but

the ultimate carcinogenic species is still not known (Rodgman et al., 2000). Although

tobacco smoking is the main cause of lung cancer other agents have been implicated in

the etiology of this disease, including arsenic.  Arsenic carcinogenicity occurs through

ingestion of contaminated water and food or occupational exposure, but it can also occur

through medicinal ingestion and the ultimate carcinogenic arsenic species is not known

(Lee and Bebb, 2005; Lubin et al., 2000).  Oxidative stress, through direct radical

generation, initiation of inflammation and/or depletion of glutathione have been

implicated in both cigarette smoke and arsenic carcinogenicity (Kadlubar et al., 1998;

Valko et al., 2005).

Inflammation and oxidative stress are closely linked states.  Inflammation

involves the recruitment and activation of inflammatory cells, including eosinophils,
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neutrophils, and macrophages, which is characterized by an increased expression of

components of the inflammatory cascade including cytokines, chemokines, growth

factors, enzymes, receptors and adhesion molecules. The increased expression of these

components is induced in a cell-specific manner during the inflammatory process.  At

sites of inflammation, eosinophils, neutrophils, and macrophages are capable of

generating reactive oxygen and nitrogen species (ROS/RNS). 

Oxidative stress is believed to involve the formation of pro-oxidants including

ROS and RNS species, and “free radicals” (Kadlubar et al., 1998).  The lung encounters

a high oxidant burden but is also endowed with efficient protection against these

oxidants.  The major oxidant-generating enzymes present in human lung include NADPH

oxidase, myeloperoxidase, eosinophil peroxidase, and nitric oxide synthases, which are

all induced during inflammation.  Inflammatory states have been shown to lead to serious

disturbances in the oxidant/antioxidant balance of the lung with consequent oxidant

mediated cell injury (Kinnula, 2005).

Cigarette smoke- and arsenic-induced inflammation in the lung has been well

established.  Following 24 weeks of cigarette smoke exposure, an influx of inflammatory

cells (i.e. neutrophils, macrophages and lymphocytes) was demonstrated in mice, which

progressively accumulated both in the airways and lung parenchyma (D'hulst et al.,

2005).  Chronic human smokers also show an increase in neutrophils in the lung.

Gallium arsenide (GaAs), indium arsenide (InAs) and arsenic trioxide (As2O3) particles

instilled intratracheally twice a week for a total of 16 installations, showed slight to

severe inflammatory responses, which was characterized by an accumulation of
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neutrophils and macrophages (Tanaka et al., 2000).  Arsenic, in the form of copper

smelter dust, was intratracheally instilled in the mouse lung and biochemical markers and

inflammatory cell number and type demonstrated that copper smelter dust bears distinct

inflammatory properties (Broeckaert et al., 1999).

Our original hypothesis was that combined exposure to arsenic and cigarette

smoke, by inhalation, would lead to an increased inflammatory response that would

correlate with increased oxidative stress and DNA oxidation.  However, for the doses

used in this study, that was not the case.  While a 28-day exposure to cigarette smoke

alone led to increased BAL cell counts, arsenic exposures actually decreased the cigarette

smoke-induced increases.  Arsenic treatment alone caused a slight but not significant

increase in BAL cell counts.   Differences in our results from other reports, with respect

to the ability of arsenic particulates to produce inflammation, is most likely due to the

type of exposure (inhalation versus instillation) and in the doses used.  Our doses, while

high, were in a range that would be seen in occupational exposures.   Our results also

indicate that the form of arsenic did not affect our results.  Inhalation of arsenic trioxide,

arsenic trisulfide or calcium arsenate either alone or in combination with cigarette smoke

did not result in increases in cell counts.  The ability of arsenic to inhibit inflammation

was not entirely unexpected.  Alveolar macrophages lavaged from animals that had

received intratracheal instillation of soluble and insoluble arsenic compounds did not

show any increases in basal or stimulated superoxide production in trivalent species

(Lantz et al., 1994, 1995).  In addition, in vitro exposure of control macrophages to

arsenicals inhibited the ability of the cells to produce superoxide in response to
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stimulation.  Based on these results, inflammation does not appear to play a significant

role in the observed synergistic effects between arsenic and cigarette smoke.

The glutathione redox system is the major antioxidant system in the cell and

changes in the ratio of the intracellular reduced and disulfide forms of glutathione

(GSH/GSSG) can affect signaling pathways that participate in various physiological

events. Adaptation to oxidative (ROS) and nitrosative (RNS) stress is observed in a wide

variety of cells including lung epithelial cells exposed to air-borne pollutants and

toxicants. This acquired characteristic has been related to the regulation of proteins that

control the synthesis of the intracellular antioxidant glutathione.

We have shown that combined exposure to arsenic and cigarette smoke leads to

depletion of total glutathione stores in the lung.  This suggests that, rather than just

altering the GSH/GSSG ratio, as would be expected during oxidative stress, the combined

exposure alters the synthesis/degradation pathways for glutathione homeostasis.  Arsenic-

and cigarette smoke-induced perturbations of the glutathione system have been

demonstrated using a variety of approaches.  The multidrug resistance protein (MRP1)

co-transports xenobiotics with GSH. MRP1 also confers resistance to arsenic in

association with GSH by transporting it as a tri-GSH conjugate (Leslie et al., 2004).

Intracellular GSH was significantly depleted by arsenite exposure in human pulmonary

epithelial cells (BEAS-2B) (Castranova et al., 2005).  In male Wistar rats exposed to 100

ppm arsenic for 10 weeks there was a significant decrease in GSH in the brain (Flora et

al., 2005).  In cultured lung epithelial cells, arsenic-induced toxicity increased as arsenic

decreased cellular GSH.  Buthionine sulfoximine (BSO), a GSH depletor, potentiated the
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arsenic toxicity in these cells (Li, M., et al., 2002).  Fetal fibroblasts from gamma-

glutamyl-cysteine ligase knock-out mice (Gclm (-/-)), which lack the modifier subunit of

glutamate-cysteine ligase, the rate-limiting enzyme in glutathione biosynthesis, are eight

times more sensitive to arsenite-induced apoptotic death. Because of a dramatic decrease

in glutathione levels, Gclm (-/-) fibroblasts have a high prooxidant status (Kann et al.,

2005).  In a rat liver epithelial cell line (TRL 1215), DMAV exposure decreased cellular

GSH levels (Sakurai, T., et al., 2004).  In porcine endothelial cells (PAECs), trivalent

arsenic compounds; arsenic trioxide (As2O3), sodium arsenite (NaAsO2) and sodium

arsenate (Na2HAsO4), increased total glutathione (Yeh et al., 2002).  In addition, short

term, in vitro exposures of human keratinocytes increased gamma-glutamyl-cysteine

ligase levels (Schuliga et al., 2002).  The effect of arsenic on glutathione appears to be

dose, time and cell-type specific.

In the rat kidney, the levels of GSH in cigarette smoke exposed animals were

significantly lower than that of control animals (Cigremis et al., 2004).  The redox state

of the GSH/GSSG couple in plasma of smokers and nonsmokers revealed that there was

an increase in GSSG in smokers versus nonsmokers, and GSH was lower in smokers than

in nonsmokers (Moriarty et al., 2003).  The cytotoxicity of gas phase cigarette smoke was

found to be dose-dependent and exposure resulted in the depletion of cellular GSH levels

(Piperi et al., 2003).  Cigarette smoke exposure for 10 weeks resulted in reduction in

GSH levels in the mouse heart (Koul et al., 2003).  Exposure of solutions of GSH to gas

phase cigarette smoke resulted in its rapid depletion, and about 50% of this depletion
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could be accounted for by reaction with acrolein and crotonaldehyde, the two major

alpha, beta-unsaturated aldehydes in cigarette smoke (Reddy et al., 2002).

It is possible that environmentally relevant concentrations of arsenic and cigarette

smoke (as were used in our experiments) induce a multicomponent response that involves

up-regulation of parts, but not all of the glutathione system.  Arsenic in conjunction with

cigarette smoke demonstrates a synergistic effect on this system as both total and reduced

glutathione are significantly decreased in arsenic and cigarette smoke exposed animals.

The exact mechanism of action of combined arsenic and cigarette smoke in the present

studies is unclear.  Alone, neither toxicant reduced the overall levels of glutathione.

Arsenic, independent cigarette smoke, did lead to an altered GSSG/GSH ratio, indicative

of a mild oxidative stress.  However, only the combined exposures decreased overall

glutathione levels.  This could be due to a synergistic inhibition of the glutathione

synthesis pathways.  While short term exposures have been reported to increase gamma-

glutamyl-cysteine ligase levels (Schuliga et al., 2002), effects of long term in vivo

exposures have not been reported.  In addition, the combined exposures could result in

increased secretion of glutathione complexes, resulting in loss of total glutathione.

Xenobiotic burdens deplete GSH as GST conjugates it to the xenobiotic with subsequent

export of the conjugated molecule, and GSH, out of the cell.  Arsenic alone or cigarette

smoke alone did not deplete the tissue of GSH and it may be that the lung can

accommodate either toxicant but when they insult the lung together the glutathione

system is strained and the GSH stores are depleted.
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The mutagen and major DNA adduct, 8-oxodG, has been demonstrated in both

cigarette smoke and arsenic studies. Autooxidation of major constituents in cigarette

smoke can result in hydroxylation of deoxyguanosine residues in isolated DNA to 8-

oxodG (Asmai et al., 1996).  Levels of 8- oxodG were significantly higher in the

leukocytes of current smokers versus non-smokers (Asmai et al., 1996).  Environmental

tobacco smoke (ETS)-related oxidative damage in rat lung was demonstrated by a

significant enhancement of 8-oxodG accompanied by a significant depletion of GSH

(Izzotti et al., 1999). Rats exposed to side stream cigarette smoke showed significant

increases in the accumulation of 8-oxodG (Maehira et al., 1999).  Inhalation of cigarette

smoke resulted in a significant decrease in GSH along with increased 8-oxodG in DNA in

the rat lung.  When these rats were treated with buthionine sulfoximine to deplete GSH,

the oxidative effect of cigarette smoke was greatly potentiated (Park and Gwak, 1998).

The sperm DNA of smokers contains a significantly higher amount of 8-oxodG than that

of nonsmokers (Shen et al., 1997). Human exposure to ETS resulted in a significant

increase of 63% of 8-oxodG in the blood of exposed subjects (Howard et al., 1998).

Smoking cessation significantly reduces the urinary excretion rate of 8-oxodG, giving

direct evidence that cigarette smoke causes an increased rate of oxidative DNA damage

(Prieme et al., 1998).

In addition to cigarette smoke-induced increases in 8-oxodG, arsenic has

demonstrated its potential to increase this DNA lesion.  These changes have been

attributed mainly to the methylated metabolites of arsenic.  Pentavalent dimethylated

arsenic (DMAV), in conjunction with a tumor initiator, increased 8-oxodG in mice.
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When the mice were topically treated with trivalent dimethylated arsenic (DMAIII), a

further reductive metabolite of DMAV, an elevation of 8-oxodG in the epidermis were

observed (Mizoi et al., 2005).  The appearance of 8-oxodG was examined

immunohistochemically in arsenic-related and arsenic-unrelated human skin cancer and

the rate of 8-oxodG-positive tumors was significantly higher in arsenic-related human

skin cancer (100%) versus arsenic-unrelated human skin cancer (15%) (An et al., 2004).

A significant increase in urine 8-oxodG was observed in 60% of patients with acute

arsenic poisoning from the accidental oral intake of arsenic trioxide, which was two- to

threefold higher than levels in normal healthy subjects.  In patients chronically poisoned

by the consumption of well water with elevated levels of arsenate, elevated 8-oxodG

concentrations in urine were also observed (Yamauchi et al., 2004).  The oral

administration of DMA, in mice, significantly enhanced the amounts of 8-oxodG in skin,

lung, liver, and the urinary bladder, whereas arsenite did not. The dimethylarsenics thus

may play an important role in arsenic carcinogenesis through the induction of oxidative

damage, particularly of base oxidation as made manifest by 8-oxodG (Yamanaka et al.,

2001).

While cigarette smoke and arsenic can independently cause DNA oxidation, as

made manifest by 8-oxodG, in a variety of tissues, we did not see increased DNA

oxidation when each of these compounds was administered independently. Only with

combined exposures was there a significant increase in DNA oxidation.  Since both

agents can affect oxidative stress, it appears that it is the overall level of oxidative stress

that determines the effects.  The glutathione system works to detoxify arsenic and
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cigarette smoke induced increases in DNA oxidation.  If the major sulfhydryl-containing

enzymes in the glutathione system are overwhelmed or impaired by arsenic this could

potentially lead to a significant increase in cigarette smoke-induced DNA oxidation in the

form of 8-oxodG.

In conclusion we hypothesize that arsenic and cigarette smoke may deplete GSH

synergistically and may alter the redox status of the cell and create a toxic situation. Our

studies showed a significant decrease in GSH in the combined arsenic/ cigarette smoke

group over the cigarette smoke or arsenic exposed groups. Potentially, arsenic may be

interfering with the enzymatic activity of the major proteins of the glutathione system and

this disruption then allows for an increase in DNA oxidation manifested as an increase in

8-oxodG.  This increase in DNA oxidation was demonstrated both chemically (HPLC)

and immunohistochemically.  It does not appear that arsenic enhances the effects of

cigarette smoke exposure by inducing a chronic inflammatory response in the distal lung.

Rather it appears that the overall oxidative stress level may maybe the determining factor

leading to DNA oxidation.
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FIGURE 2.1. Total Cell Count using different arsenic species – Male Syrian Golden
hamsters were exposed to aerosolized calcium arsenate, arsenic trisulfide and arsenic
trioxide with or without cigarette smoke for 5 days and on the 6th day bronchoalveolar
lavage was performed.  There were no significant differences between any of the groups
for lavaged cell counts.  Also, there were no significant differences between any of the
three arsenicals. (n=5 for each group)(Ca2As5 = calcium arsenate, As2S3 = arsenic
trisulfide, As2O3 = arsenic trioxide).
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FIGURE 2.2. Total Cell Count in arsenic trioxide exposed animals – Male Syrian Golden
hamsters were exposed to aerosolized arsenic trioxide with or without cigarette smoke for
28 days and on the 29th day bronchoalveolar lavage was performed.   Only exposure to
cigarette smoke alone led to significant increases in total cell counts compared to control
animals.  While the arsenic and arsenic plus smoke (ars/smoke) showed elevated cell counts,
these data did not reach significance.  Arsenic exposure decreased cigarette smoke-induced
increases in the lung lavage cell count. (A=significantly different from control, p<0.05).
(n=5 for each group).
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FIGURE 2.3.  Light microscopic examination of lung tissue.  Hematoxylin and eosin stain.
Representative photomicrographs of lung tissue from Male Syrian Golden hamsters 24
hours after exposure room air or to aerosolized arsenic trioxide with cigarette smoke for 28
days.  (A) room air control.  (B) aerosolized arsenic trioxide (3.2 mg/ m3 for 30 minutes)
plus cigarette smoke (5mg/m3 for 30 minutes).

.
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FIGURE 2.4.   Alteration in the glutatione cycling system.  Male Syrian Golden hamsters
were exposed to aerosolized arsenic trioxide (3.2 mg/ m3 for 30 minutes) with or without
cigarette smoke (5mg/m3 for 30 minutes) for 28 days. Sacrifice was one day after the final
exposure. Lungs were processed for HPLC to investigate levels of reduced glutathione
(GSH) (A), oxidized glutathione (GSSG) (B), total glutathione (C), and GSSG/GSH ratio
(D).  While neither arsenic nor cigarette smoke alone led to significant alterations in GSH
levels, combined exposure drastically decreased GSH (A), GSSG (B), and total glutathione
(C).  (Measurements are in nmoles/mg tissue.)
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FIGURE 2.5.  HPLC determination of DNA oxidation.  Male Syrian Golden hamsters were
exposed to aerosolized arsenic trioxide (3.2 mg/ m3 for 30 minutes) with or without
cigarette smoke (5mg/m3 for 30 minutes) for 28 days. Sacrifice was one day after the final
exposure.  Lungs were processed for HPLC to investigate the levels of 8-oxo-dG as a
marker of DNA oxidation. Concomitant with the decreases in total glutathione, combined
arsenic and cigarette smoke exposure led to significant increases in DNA oxidation.
(Measurements are in fmol 8-oxodG/µg DNA).  (A=significantly different from control,
p<0.05). (n=5 for each group.)
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FIGURE 2.6.  Immunohistochemical determination of DNA oxidation.  Lungs from control
(A) and arsenic plus cigarette smoke (B) exposed Male Syrian Golden hamsters were
processed for immunohistochemistry to investigate the location of 8-oxodG as a marker of
DNA oxidation. Combined exposure to arsenic and cigarette smoke lead to significant
increases in 8-oxodG in airway epithelial cells (arrows) and sub adjacent cells.
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CHAPTER THREE

IN VIVO EXPOSURE TO DRINKING WATER ARSENIC MODIFIES EXPRESSION

 OF GENES IN THE MOUSE LUNG

3.1. Abstract

Chronic ingestion of arsenic has been associated with increased incidence of

vascular and cardiovascular disease, diabetes, hyperkeratosis, and cancer in multiple

organs, including the lung.  However, the disease risks and biological effects associated

with arsenic ingestion at lower levels commonly found in the U.S. remain unclear. To

investigate these effects, C57BL/6 mice ingested drinking water with or without 50 ppb

arsenic for five or eight weeks.  RNA from three control and three arsenic exposed

animals was labeled and hybridized independently on six independent Affymetrix mouse

430(A) arrays, each containing over 14 k full length genes.  Signals were normalized

using Robust Multichip Analysis (RMA) and statistical analysis for differential gene

expression between the control and arsenic exposed groups was assessed using a

Bayesian approach.  Of the 65 genes that were differentially expressed, the levels of

expression for the majority of the genes in the arsenic exposed group were decreased in

comparison to controls. The genes with changing expression levels are involved in a

variety of functional groups including structural regulation, chaperones, receptors, signal

transduction and immunological pathway members, cytokines, and enzymes. The

extracellular matrix genes collagen and elastin were downregulated along with several

other matrix genes.  These results compelled us to further investigate the matrix of blood

vessels and airways in the lungs of our animals.  Collagen and elastin stains verified our
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microarray results as a distinct disregulation of the matrix in both vessels and airways

was demonstrated by histology.  We also stained lung tissue with monoclonal anti-α

smooth muscle actin and observed an increase in smooth muscle in the matrix of large

airways.  In a separate experiment C57BL/6 mice ingested drinking water with or without

50 ppb arsenic for eight weeks and real-time PCR confirmed the downregulation of

collagen 1a1, collagen 3a1, elastin and fibronectin, which are categorized as extracellular

matrix genes within the structural genes GO index.  These data indicate that significant

biological effects occur at drinking water arsenic concentrations routinely found

throughout the U.S (Zierold et al., 2004). The specific pattern of gene changes that were

observed will also guide further mechanistic studies of arsenic-induced disease.

3.2. Introduction

Our focus is the toxicogenomic effects of arsenic, a ubiquitous and toxic

environmental pollutant, on the lung.  Many studies have demonstrated that human

exposure to arsenic is associated with an increased incidence of lung cancer. However,

the mechanism(s) associated with sodium arsenite (AsIII)-mediated toxicity,

atherogenicity and carcinogenicity at low levels of exposure remains elusive. Arsenite

(AsIII) is the chemical species of arsenic thought to be the cellular toxic form of arsenic.

Aberrations in cell proliferation, oxidative damage, and DNA-repair fidelity have been

implicated in (AsIII)-mediated carcinogenicity and toxicity, but these events have been

examined in isolation in the majority of biological models of arsenic exposure (Yuan et

al., 2003; Li, M., et al., 2002; Schwerdtle et al., 2003). In contrast, compelling evidence

suggests that arsenic is an essential element, and by extrapolation from animal studies,
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the daily dietary intake of arsenic needed to prevent deficiency or to provide beneficial

action in humans is 12-25 µg (Uthus and Seaborn, 1996).

We hypothesized that the simultaneous interactions of arsenic-induced events

would manifest themselves in several gene categories.  From our previous studies we

predicted that oxidative stress genes would be upregulated.  Therefore, due to the

potential complex interactive nature of these arsenic-induced events, we chose the

Affymetrix gene chip system to study the differential expression of genes between mice

exposed to 50 ppb arsenic in their drinking water and control animals given tap water.

We employed GeneSpring software using robust multichip analysis to investigate the

gene expression changes potentially involved in environmentally relevant concentrations

of arsenic.

In many arsenic polluted areas research has shown significantly higher

standardized mortality ratios and cumulative mortality rates for lung cancer (Tchounwou

et al., 1999). Chronic arsenic exposure via drinking water has been reported in many

countries of the world especially in Taiwan, where a large proportion of drinking water is

contaminated with a high concentration of arsenic (170-800 µg/l).  Taiwanese studies

were used to establish dose-response relationships between cancer risks and the

concentration of inorganic arsenic in water supplies. Cancer risk assessments for the

United States have been based largely on the studies of villagers in Southwest Taiwan

exposed to inorganic arsenic in well water (Smith et al., 1992).

The effects of well water arsenic in the hyperendemic blackfoot disease (BFD)

area of the coast of Southwest Taiwan manifest themselves as peripheral vascular
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diseases (PVD, e.g. BFD), cardiovascular diseases (CVD), chronic heart disease (CHD),

ischemic heart disease (IHD), atherosclerosis, and diabetes (Tseng, C.H., 2002; Chiou et

al., 1997; Wang, C.H., et al., 2002; Tseng, C.H., et al., 2003). The pathogenesis of

arsenic-induced vascular diseases and their possible mechanisms of action include

endothelial cell destruction and arsenic-associated atherogenesis (Yu et al., 2002).  In

addition, the atherogenicity of arsenic could be associated with its effects on smooth

muscle cell proliferation, and oxidative stress (Barchowsky et.al, 1999; Tseng, C.H.,

2002).  Mortality attributed to chronic heart disease (CHD) and lung cancer declined

gradually for approximately 20 years following cessation of consumption of high-arsenic

artesian well water (Chang et al., 2004; Chiu, H.F., et al., 2004).  The dual effect of

arsenic on carcinogenesis and arteriosclerosis revealed a significant dose-response

relationship between arsenic levels in well water, lung cancer and PVD and CVD in a

dose-response pattern (Wu et al., 1989). Among both diabetics and nondiabetics, a higher

prevalence of microvascular and macrovascular diseases was observed in arseniasis-

endemic versus the nonendemic areas (Wang, S.L., et al., 2003).

From this large study in Taiwan, the World Health Organization (WHO) currently

recommends 10 µg/l arsenic in the drinking water.  In 2002, the U.S. Environmental

Protection Agency revised its current standard to 10 µg/l for arsenic in drinking water.

The new standard is enforceable starting in January 2006.

The large majority of arsenic studies involve acute effects and chronic low dose

arsenic studies in animals are almost non-existent. The few studies that do investigate

these parameters are presented here.  For four weeks, female B6C3F1 mice were treated
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with distilled water (control) or water containing 0.025 mg/l (low) or 2.5 mg/l (high)

arsenate. Hepatic non-protein sulfhydryl (NPSH) content in the high arsenic-exposed (2.5

mg/l) animals was significantly lower than control and low dose (0.025 mg/l) animals,

whereas no effects in lung and kidney were detected. The weights of liver, lung, and

kidney, as well as their tissue/body weight ratios, were significantly decreased in the high

arsenic-exposed (2.5 mg/l) animals (Hughes and Thompson, 1996).  For three weeks

mice were injected with 0.8-80 µg/kg arsenic/day. During the last two weeks, Matrigel

plugs were inserted in the abdominal wall. Low and high doses of trivalent arsenic were

synergistic with fibroblast growth factor-2 (FGF-2) in increasing vessel density in the

Matrigel assay, while a middle dose had no effect.  These results demonstrate the

angiogenic effects of arsenic (Soucy et al., 2003).  Chronic administration of trivalent

arsenic approaching the EPA action level of 10 ppb, given in the drinking water of mice 5

weeks prior to B16-F10 melanoma implantation, increased the growth rate of primary

tumors and the number of metastases to the lung (Kamat et al., 2005).

To date, there are thirty-eight articles concerning arsenic and microarrays

(Medline; October, 2005).  Different species of arsenic were used including arsenite

(AsIII), arsenate (AsV), and arsenic trioxide (As2O3) and all of the research groups used

cDNA microarray analysis. A variety of cell lines were exposed to arsenic including skin,

kidney, fibroblast and liver cell lines (Hamadeh et al., 2002; Zheng et al., 2003; Yih et

al., 2002; Chen, H., et al., 2001). However, very few whole animal studies of arsenic’s

effects are found in the literature.  Liver samples of male mice exposed to 45 ppm arsenic

in the drinking water (48 weeks) revealed differential gene expression including steroid-
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related genes, cytokines, apoptosis-related genes and cell cycle-related genes (Chen, H.,

et al., 2004).  Mice exposed to 0.01% sodium arsenite in drinking water demonstrated

that, in bladder epithelium, arsenite alters the expression of a number of genes associated

with cell growth, such as c-fos, c-jun, and EGR-1, as well as cell arrest, such as

GADD153 and GADD45 (Simeonova et al., 2000).

Taken together, these findings imply that arsenic, in its many forms, induces

complex cellular and tissue injury and that the adaptation to arsenic is associated with

alterations in the expression of many genes in several different tissue and cell types.  This

overview reveals the need for a genuine environmentally relevant chronic and sub-

chronic arsenic exposure study in whole animals, with a focus on the target organs of

arsenic including the lung.

Our aim was to investigate molecular targets of the inflammatory and oxidative

stress pathways possibly involved in long-term low dose arsenic-associated lung

pathologies. In order to achieve this objective, we conducted an exploratory study using

Affymetrix mouse 430(A) arrays, containing over 14,000 full-length genes, to identify

genes with differential expression in arsenic-exposed (50 ppb) versus control C57BL/6

mice.  The levels of expression for the majority of the genes in the arsenic exposed group

were decreased in comparison to controls. Genes were grouped using information

provided in the gene ontology (GO) annotation. The genes with changing expression

levels are involved in a variety of functional groups including structural regulation,

chaperones, receptors, signal transduction and immunological pathway members,

cytokines, and enzymes. Specifically, the decrease in the structural extracellular matrix
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genes; fibronectin, collagen type I and III, and elastin compelled us to histologically

investigate the ramifications of this decrease. In addition, we used an antibody to smooth

muscle actin to investigate the role that smooth muscle might play in arsenic-induced

differential transcription of genes affected by this metal.

Disregulation of the extracellular matrix has been linked to both cancer and

atherosclerosis through a series of common molecular pathways, which play a significant

role in the pathogenesis and progression of these two diseases. Shared mechanisms

implicated for both diseases include oxidative stress (e.g. arsenic) and the cellular

damage that results from it (Ross et al., 2001).  Long-term arsenic exposure is associated

with an increased risk of cancer in multiple organs and vascular diseases including

ischemic heart disease, cerebrovascular disease, and carotid atherosclerosis (Chang, C.C.,

et al., 2004; Chiou, H.Y., et al., 1997; Wang, C.H., et al., 2002). The pathogenic

mechanisms of arsenic-induced vascular diseases are not completely clear and the risks

and biological effects associated with arsenic ingestion at lower levels commonly found

in the U.S. remain unclear. A fundamental role for inflammation and oxidative stress in

vascular diseases, especially atherosclerosis, and their complications has become

appreciated recently (Lee, P.C., et al., 2005).

The data from this study indicate that significant biological effects, including

disruption of the airway and vascular extracellular matrix, and downregulation of

extracellular matrix genes, occur at drinking water arsenic concentrations routinely found

throughout the U.S (50 ppb). The specific pattern of gene changes will guide further

mechanistic studies of arsenic-induced disease.
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3.3. Material and Methods

Animals

Adult male C57Bl/6 mice were housed in the AAALAC-approved animal facility

of the Department of Animal Resources at the University of Arizona Health Sciences

Center.  The animal protocol was approved by the University of Arizona Animal Care

and Use Committee.  Animals were housed four mice per cage and fed ad libitum.

Affymetrix GeneChip system

The Affymetrix GeneChip system was used to screen differential gene expression

in C57BL/6 mouse lung tissue from mice exposed to either normal drinking water or

water containing 50ppb arsenic for 5 or 8 weeks.  The arsenical used was sodium arsenite

(NaAsO2).  Total lung RNA was extracted from three control and three arsenic treated

mice from each time point.  Briefly, approximately 100 mg of lung tissue was

homogenized in RNA STAT-60TM using a TISSUE TEARORTM (Biospec products,

Bartlesville, OK).  Chloroform extraction yielded RNA in the aqueous phase which was

subsequently cleaned up and concentrated using a Qiagen RNeasy kit. RNA quality was

determined using the Agilent 2100 bioanalyzer (Aglient Technologies, Foster City, CA,

USA). The RNA is further processed at the Arizona microarray core.  At the core, RNA

is first reverse transcribed with a T7-oligo(dT) primer followed by double strand

synthesis. The double stranded cDNA is used in an in-vitro transcription using T7 RNA

polymerase and biotinylated ribonucleotides, resulting in a biotinylated cRNA product.

The cRNA is purified, fragmented, mixed with hybridization buffer and cRNA controls,

and hybridized to 12 Affymetrix mouse 430(A) arrays.  Following hybridization, the
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GeneChip is washed, stained, and scanned to obtain data.  Affymetrix GeneChips are

synthesized by photolithography using 25-mer oligonucleotide probes. Each gene on the

array is represented by 22 probes, 11 of which are perfect match (PM) and 11 of which

are mismatch (MM). The mismatch probes are identical to the perfect match probes

except for one nucleotide in the center of the oligo.  Probe sets were normalized by

Robust MultiChip Analysis (RMA) using GeneTraffic (Iobion) software using perfect

match (PM) oligos only (ignoring mismatch oligos (MM)).  Briefly, the RMA procedure

calculates the chip background (*BG) and subtracts it from the PM, carries out intensity

dependent normalization of PM-*BG, and finally, normalized PM-*BG values are log

transformed.  Robust multichip analysis of all probes in the set was performed using

Tukey median polishing procedure and the signal was calculated as the antilog of

resulting value.  These normalized data were then analyzed using Statistical Analysis of

Microarrays (SAM) – t-Test or Cyber-T – Based on Bayesian statistics.

Real Time RT-PCR analysis

In order to validate the data from the gene chip analysis, selected genes were

subjected to real time PCR anlysis.  For this analysis, additional animals (3 control and 3

arsenic-treated) were used.  RNA was collected from whole lung as described above.  For

real-time RT-PCR analysis of  fibronectin, elastin, collagen 1a1 and collagen 1a2 gene

expression, a reverse transcription step was performed using TaqMan® Reverse

Transcription Reagents (Applied Biosystems, Foster City, CA, USA), and 50 ng of total

RNA in a 50 µl reaction.  The reverse transcription reaction was primed with random

hexamers and incubated at 25°C for 10 min followed by 48° C for 30 min, 95°C for 5
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min and a chill at 4°C.  Each PCR reaction consisted of 10µl of cDNA added to 25 µl of

TaqMan® Universal PCR Master Mix (Applied Biosystems, Foster City, CA, USA),

2.5µl of gene-specific primer/probe mix (Assays-on-Demand™, Applied Biosystems,

Foster City, CA, USA), and 12.5 µl of PCR water.  The PCR conditions were 95°C for 10

min, followed by 40 cycles of 95°C for 15 s alternating with 60°C for 1 min.

Fibronectin, elastin, collagen 1a1 and collagen 1a2-specific PCR was performed and the

data collected using the ABI Prism 7000 real-time sequence detection system (Applied

Biosystems, Foster City, CA, USA).  The gene-specific TaqMan probes were labeled

with the 5’ reporter dye, 6-FAM, and a 3’ end that contains a nonfluorescent quencher

and a minor goove binder.  To determine relative amounts of transcript between samples,

the comparative Ct method was used.  The Ct (threshold cycle) of any sample is defined

as the amount of cycles required to reach the mid-point of exponential increase in cDNA

amplification.  Therefore, the lower the Ct value the higher the initial concentration of the

cDNA.  The Ct of a given sample must be compared to a “calibrator” Ct. A calibrator

sample is defined as a control sample that is used as a basis (100%) for comparative

results.  Our calibrator samples were obtained from control animals treated with drinking

water from the tap.  The relative starting amount of each sample was determined by

normalizing the Ct of the fibronectin, elastin, collagen 1a1 and collagen 1a2 molecules to

the Ct of the reference molecule. The reference molecule refers to samples in which the

house-keeping gene, β-actin, is amplified.  After this is done, the Ct of the normalized

calibrator is used to determine the relative amounts (in %) of cDNA in the treated

samples.  The equation used is: amount of normalized target cDNA = (1 + efficiency (1))
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-∆∆Ct
 or 2-∆∆Ct, where the Ct value for each sample is subtracted from the Ct value of the

control.  Primer sequences are available upon request.

Histology

Animals were sacrificed with 100% CO2 and the thoracic and abdominal skin was

dissected free and the pleural cavity opened along the midline.  The trachea was

cannulated and lungs were perfused with 10% buffered formalin using a perfusion

apparatus at 20 cm of H2O pressure for 1 hour.  They were then placed in 10% buffered

formalin and left overnight in the 4° C.  The next day lung lobes were cut into 4 pieces/

lobe and placed in 70% ETOH.  They were then dehydrated, embedded in parafilm,

sectioned, and stained with trichrome for collagen and a stain for elastin (Verhoeff-

elastin).

Immunohistochemistry

Tissues were deparafinnized and the slides were placed in citrate buffer in a

microwave on high for 2-5 minutes and then an additional 5 minutes on defrost.  The slides

were left to cool at room temperature for 30 minutes and then rinsed with deionized water.

Cells were permeabilized with 0.2 % triton in 1X PBS for 20 min.  The slides were

incubated in blocking serum for 30 minutes at room temperature to block non-specific

binding.  Slides were incubated with monoclonal anti-α smooth muscle actin primary

antibody (1:100) (Sigma, Saint Louis, MO) in a humid chamber at room temperature for 1

hour.  Slides were washed and treated with alexafluor-488 mouse secondary antibody

(1:1000) in a light-tight box in a humid chamber for 60 minutes.  Slides were washed and

then mounted with Dako mounting medium and stored in a light-tight box at 4° C overnight.
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The tissues were imaged with a LEICA TCS-4D confocal microscope with a Argon-

Krypton laser that scanned the slides with Cy-5 laser lines.  This microscope processed

the images with SCANWARETM software.

3.4. Results

Genes prioritized by significance

C57BL/6 mouse lung tissue from mice exposed to either normal drinking water or

water containing 50ppb arsenic for 5 or 8 weeks was prepared for microarray, and data

were normalized using RMA and analyzed for significant changes in expression using

Cyber T software. Genes were ranked by p value and the genes with p values <0.0001 are

listed separately for the 5 week and 8 week experiments.  Gene abbreviations are color

coded to indicate expression modification in the arsenic exposed group relative to

control. Genes shown in red font had increased expression, while decreases in expression

are shown in blue font. Modified genes are prioritized by significance (Figure 3.1).

Significantly modified genes grouped by function.

Genes were grouped by function using information provided in the gene ontology

(GO) annotation of each gene.  The mean log2 ratio of the arsenic exposed to control

groups is shown for each gene (Table 3.1).  Categories of genes include receptors,

immunological, cell cycle, enzymes, cytokines, transcriptional, signal transduction and

chaperones.  In addition, redox sensitive genes as identified by Gene Ontology were heat

shock protein 40 (hsp40/Dnaja1), heat shock protein 105 (hsp105), heat shock protein 1b

(hsp1b) and osmotic stress protein 94 (osp94), a heat shock protein family member.



108

Structural genes

A large number of the genes that were found to be dysregulated are involved in

the extracellular matrix.  Graphic representation of the 5 and 8-week expression levels are

shown in Figure 3.2).  Genes that were altered included elastin (El), fibronectin (FN), and

several isoforms of collagen: 1a1 (col1a1), 3a1 (col3a1), 1a2 (col1a2), 4a1 (col4a1), 6a2

(col6a2), 6a3 (col6a3), the enzyme gene Lox1, and the down-regulated genes of the

chaparones including microfibril associated protein (Mfap-5) and fibulin-1 (Fbln1).  In

order to validate the changes in these structural genes, real-time PCR analysis was carried

out for fibronectin, elastin, collagen 1a1 and collagen 1a2.  Figure 3.3 compares the

microarray data versus fold change determined by real time PCR.  In all cases, the values

are consistent, demonstrating signifcant decreases in mRNA levels for these genes.

Histology

The morphological significance of down regulation of the structural, extracellular

matrix genes were examined using histological immunohistochemical stains for elastin,

collagen and smooth muscle actin.  The stain for elastin revealed the disorganization and

expansion of the extracellular matrix in blood vessels and airways.  The elastin fibers

were less compact and appeared to be damaged. The stain for collagen revealed a

disrupted and expanded extracellular matrix in blood vessels and airways as well.  The

collagen fibers appeared to be damaged as some fibers seemed to have lost some length

(Figure 3.4).  Missregulation of elastin and collagen can result in altered levels of smooth

muscle cells.  The effect of arsenic exposure of smooth muscle was determined using

anti-α smooth muscle actin antibody staining (Figure 3.5). In the 8 week 50 ppb animals,
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an apparent increase in smooth muscle cell density is seen around airways as would be

expected from elastin and collagen disruption.

3.5. Discussion

Exposure to the environmental toxicant arsenic is reported to produce a variety of

effects including disruption of signal transduction pathways, cell proliferation, and

apoptosis. This suggests that arsenic may not have specific targets but rather extremely

broad effects.  In the current study, we exposed mice to environmentally relevant

concentrations of arsenic (50 ppb) for 5 and 8 weeks.  In order to begin to understand the

nature of the broad effects of arsenic, our study utilized gene expression analysis along

with a histological and immunohistochemical approach in order to correlate differential

gene expression and morphological changes in the blood vessels and airways of the

mouse lung after exposure to environmentally relevant concentrations of arsenic (50

ppb).

Microarray technology facilitates a more complete and inclusive experimental

approach where alterations in the transcript level of entire genomes can be

simultaneously assayed in response to a variety of stimuli. The application of microarray

to identify specific genes that are modulated by arsenic is a powerful approach to

understanding the mechanisms of arsenic-induced pathologies. Affymetrix analysis

revealed that the levels of expression for the majority of the genes in the arsenic exposed

group were decreased in comparison to controls. The genes with changing expression

levels are involved in a variety of functional groups including: structural regulation,

chaperones, receptors, signal transduction and immunological pathway members,
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cytokines, and enzymes. While we would expect arsenic to potentially alter redox

sensitive genes, only a few such genes were identified in this analysis.  Of particular

interest to us were the down-regulated genes of the extracellular matrix including the

collagens: 1a1 (col1a1), 3a1 (col3a1), 1a2 (col1a2), 4a1 (col4a1), 6a2 (col6a2), 6a3

(col6a3), elastin (El), fibronectin (FN), the enzyme gene Lox1, and the down-regulated

genes of the chaparones including microfibril associated protein (Mfap-5) and fibulin-1

(Fbln1).  Because long-term exposure to ingested arsenic is associated with increased risk

for cardiovascular disease, peripheral vascular disease, and diabetes in the arseniasis-

hyperendemic area in Taiwan (Yang, C.Y., et al., 2005; Soucy et al., 2004; Tseng, C.H.,

2002), we focused on important blood vessel wall components; col1a1, col3a1,

fibronectin and elastin.  In the matrix, collagen type I is the predominant determinant of

tensile strength, collagen III forms thin fibers, is highly glycosylated and is found in the

arterial subendothelium, fibronectin is an adhesive glycoprotein implicated in tissue

injury and repair, and elastin is essential to lung function at the level of alveolar wall

resiliency and patency (Gartner and Hiatt, 1997).  In the present study, the morphological

significance of down regulation of structural, extra cellular matrix genes was examined

using histological stains for elastic fibers and collagen in the airways and blood vessel

walls in the lung.  Elastic fiber staining (Verhoeff elastic stain) techniques are used to

demonstrate pathologic changes in elastic fibers, including thinning or loss that may

result from arteriosclerotic changes. Trichrome stains were used to differentiate between

collagen and smooth muscle and to identify changes in collagenous tissue (Gartner and

Hiatt, 1997). The stains for elastin and collagen revealed the disorganization and
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expansion of the extracellular matrix in blood vessels and airways.  Both collagen and

elastic fibers were less compact and appeared to be damaged. Smooth muscle actin

staining demonstrated apparent increases in smooth muscle around the airways.

The extracellular matrix is an intricate network composed of an array of

macromolecules capable of regulating the functional responsiveness of cells. The

interaction of the extracellular basement membrane with cells of the blood vessel wall

(smooth muscle cells, fibroblasts and endothelial cells) plays an important role in the

maintenance of vessel wall integrity.  Fibroblast, epithelial, endothelial and smooth

muscle cell matrix molecules produce many types of collagens, SPARC (secreted protein

acidic and rich in cysteine), fibronectin, elastin microfibril associated proteins, fibrillins

and fibulin proteins (Hallmann et al., 2005; Saharinen et al., 1999). A dynamic cell

matrix presents differential information depending on the type of cell and/or

physiological state, and dysregulation of its metabolism contributes to its remodeling

during the pathogenesis of various diseases, including arsenic-induced vasculopathies

(Cooper et al., 2001).   

In the present study, microarray analysis revealed that elastin was downregulated

and histological analysis demonstrated its disruption in the extracellular matrix of

airways and blood vessels. Elastin is a component of elastic fibers and it is localized in

aorta, skin and lung (Gartner and Hiatt, 1997). The formation of elastic fibers requires the

assembly and cross linking of tropoelastin monomers and organization of the resulting

elastin matrix into functional fibers. Lysyl oxidase (LOX) oxidatively deaminates lysine

residues in elastin and collagen thus catalyzing cross-links in these and other matrix
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proteins. All LOX’s share multiple scavenger receptor cysteine-rich (SRCR) domains

(Csiszar, 2001).  LOX1 was down regulated in our microarray.  Because arsenic has a

high affinity for vicinal thiols (cysteine rich domains), it could induce cysteine mispairing

in LOX, thus decreasing the ability of LOX to catalyze cross-links in elastin which could

result in a disrupted extracellular matrix which we observed in our arsenic exposed

animals.

In addition to elastin and LOX, functional fiber assembly employs microfibril-

associated proteins including the fibulins and fibrillins, which are a family of secreted

glycoproteins rich in cysteines, which link cells to the elastic fibers of the extracellular

matrix (Saharinen et al., 1999; Freeman et al., 2005).  Elastic fibers and other proteins in

the matrix bind many molecules, including growth factors.  For example, elastase-

exposed lung fibroblasts release epidermal growth factor (EGF) from the matrix,

whereupon it binds to the EGF receptor (EGFR) thus invoking activation of extracellular

signal-regulated kinase (ERK).  This activation results in a decrease in elastin synthesis

(DiCamillo et al., 2002).  The EGF family of peptides is characterized by a six-cysteine

consensus motif that forms three intra-molecular disulfide bonds (Dunbar and Goddard,

2000).  Many connective tissue growth factors are cysteine-rich mitogenic peptides that

are implicated in various fibrotic disorders and are induced in fibroblasts after activation

with transforming growth factor-beta (TGF-beta). The transforming growth factor-beta

(TGF-beta) superfamily regulates extracellular matrix homeostasis. TGF-beta propagates

its signal via receptor serine/threonine kinases and SMAD proteins, which, when

phosphorylated, translocate to the nucleus to regulate transcription of target genes
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(Schiller et al., 2004).  Among cysteine rich growth factor domains, both kinetics and

thermodynamics drive the correct pairing of cysteines. Because arsenic has a high affinity

for vicinal thiols (cysteine rich domains), it could induce cysteine mispairing in the

growth factor domains of proteins. This mispairing could result in a non-functional

growth factor or a misregulation of its activities.

In addition to EGF, other growth factors and cytokines are known to regulate

elastin gene transcription.  In pulmonary fibroblasts, periodontal ligament cells and

smooth muscle cells (SMC), basic fibroblast growth factor (bFGF) represses elastin gene

transcription (Rich et al., 1999; Carreras et al., 2002; Palmon et al., 2001).   Transient

transfections of SMC with elastin-promoter/chloramphenicol acetyl transferase (CAT)

constructs show that activator protein-1-cAMP response element (AP1/CRE) mediates

the bFGF-dependent downregulation of elastin gene transcription (Carreras et al., 2002).

Cis acting elements in the elastin promoter also include the stress associated SP1 and SP3

elements (Kuang and Goldstein, 2003). Originally, SP1 was identified in SV40 early and

late promoters thus being described as a transcription factor that could discriminate

between different promoters recognized by RNA polymerase II and not just a general

transcription factor (Dynan and Tjian, 1983).  SP1 is a member of the subfamily of zinc

finger proteins with binding sites that have a high affinity for DNA (Berg, 1992).  Acting

through SP1 and SP3 promoter elements, interleukin (IL)-1beta induces the down-

regulation of rat elastin mRNA (Chadjichristos et al., 2003) and chronic arsenic exposure

produces elevations of serum IL -1beta in mice (Liu, J., et al., 2000).  Although we did

not see an increase in IL -1beta mRNA in our microarray, it is possible that the protein
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levels were increased as part of an inflammatory response and that this increase could

have induced the down-regulation of the elastin message.  Investigations of the cytokine

network are forthcoming to investigate this possibility.

In stressed cells, the ubiquitin-proteasome pathway is induced in all eukaroytes

probably because of the need for more extensive protein turnover in a stressful

environment.  Proteasome inhibitors decrease the steady-state level of elastin mRNA and

repress the rate of elastin transcription in lung fibroblasts, which implies that the

ubiquitin-proteasome pathway plays an essential role in maintaining elastin gene

expression.  NF-κB (nuclear factor-kappa B) and C/EBP beta (CCAAT enhancer-binding

protein) are both targets of the ubiquitin-proteasome pathway (Kuang and Goldstein,

2005).  Exposure to low-level arsenite causes an accumulation of ubiquitin-conjugated

proteins in human urothelial cells (UROtsa) (Bredfeldt et al., 2004), MC3T3-E1

osteoblasts (Aono et al., 2003), and rabbit renal cortex slices (Kirkpatrick et al., 2003).

Because arsenic causes an accumulation of ubiquitin-conjugated proteins, it may be

acting indirectly as a proteosome inhibitor by decreasing the steady-state level of elastin

mRNA and repressing the rate of elastin transcription.

In addition to elastin, the chaparone genes, microfibril associated protein (Mfap-

5) and fibulin-1 (Fbln1), were downregulated in arsenic-exposed animals. These genes

are associated with the elastic fiber and together with elastin they all play a role in

elastogenesis.  Fibulin function is mediated by cysteine-rich EGF repeats, which bind

elastin and are calcium-dependent.  Fibulin knock-out mice develop marked

elastinopathy resulting from the disorganization of elastic fibers, which manifests itself in
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vasculopathies and emphysematous lung. This phenotype demonstrates an important

function for fibulins as scaffold proteins (Yanagisawa et al., 2002).  Because fibulin is a

scaffold protein and because we found a decrease in its mRNA expression in arsenic-

exposed animals, it is possible that the disrupted architecture of the blood vessels and

airways, as shown by histology, is in part due to the decrease in fibulin gene expression.

In the present study, microarray analysis revealed that collagen was

downregulated and histological analysis demonstrated its disruption in the extracellular

matrix of airways and blood vessels.  Type I and III collagens are the most abundant

proteins within the lungs and the main extracellular matrix components of the lung

(Crystal and West, 1997). Type III collagen is involved in the early stages of wound

healing while type I collagen is involved in the later stages (Van Hoozen et al., 2000).   

The cysteine-rich epidermal growth factor (EGF) modulates increases in collagen gene

transcription (Saharinen et al., 1999).  The EGF pathway activates vasoactive peptides

called endothelins, which participate in vascular fibrosis by stimulating collagen I

formation (Flamant et al., 2003).  Because EGF is a cysteine-rich peptide and because

arsenic has high affinity for vicinal thiols, it is possible that the two could interact, which

could result in an arsenic-induced decrease in collagen transcripts and consequent

disruption of the extracellular matrix in blood vessels and airways.

Several laboratories have identified cis-acting elements in the promoter of the

collagen1a1 gene. One element binds a ubiquitously expressed CCAAT binding factor

and another binds a transcription factor called C-Krox in a G-rich region (Karsenty and

Park, 1995).  The gene products of the Krox gene family belong to a set of immediate
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early genes. In response to stress, there is a rapid induction of a set of genes called

immediate early genes, which participate in the regulation of gene transcription. The c-

Krox protein contains three zinc fingers of the Cys2His2 type and c-Krox binds

specifically to a guanine-rich cis-acting element present twice in the promoter element of

the mouse collagen1a1gene (Galera et al., 1994).  Because zinc fingers have cysteine

domains that coordinate zinc to form a functional c-Krox protein, and because arsenic has

a high affinity for thiols, it is possible that arsenic could cause a malfunction in this

collagen gene transcription factor.  This could result in a dysregulation of collagen

transcription.

In addition to arsenic-induced decreases in collagen transcription, decreases in

collagen transcription have been shown in human lungs fibroblasts exposed to N-

propeptides, prostaglandin E2 (PGE2) and phorbol 12-myristate-13-acetate (PMA), (Wu,

C.H., et al., 1991; Baum et al., 1980; Goldstein et al., 1990) and in human smooth muscle

cells when exposed to platlet-derived endothelial cell growth factor (PD-ECGF) (Tan et

al., 1991).  N-propeptides are part of procollagen and they control collagen fibril shape,

PGE2 is a COX-2 dependent mediator of inflammation, PMA induces mitogen-activated

protein kinase activity and PD-ECGF is a platlet derived angiogenic endothelial cell

growth factor, which is highly expressed in tumors (Wu, C.H., et al., 1991; Baum et al.,

1980; Goldstein et al., 1990; Focher and Spadari, 2001).  Tumor biopsies from patients

with metastatic breast cancer reveal that type 1 collagen is regulated by EGF (Yang et al.,

2005).  Defects in collagen structure and a deranged regulation of matrix biosynthesis

involving endothelial and smooth muscle cell abnormalities have been demonstrated in
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arsenic-induced atherosclerosis and diabetes mellitus (Cooper et al., 2001).  Co-ordinate

down-regulation of smooth muscle-specific genes and acquisition of unregulated

proliferative characteristics have been proposed as hallmarks of the atherosclerotic

process (Lundberg et al., 1997). Taken together, these investigations reveal that collagen

gene regulation can be induced or repressed by many different molecules and in different

cell types.  In our study, arsenic-induced down regulation of many of the collagen genes

was further investigated using a trichrome stain for collagen to observe the matrix of

blood vessels and airways.  This experiment revealed an arsenic-induced highly disrupted

matrix in both blood vessels and airways.

In the present study, microarray analysis revealed that the fibronectin gene was

down regulated in arsenic exposed animals compared to controls. In HeLa cells,

fibronectin promoter constructs fused to the chloramphenicol acetyltransferase reporter

gene were specifically repressed by wild-type p53 and the mRNA amounts for

fibronectin were increased in p53 antisense-transfected HeLa clones (Iotsova and

Stehelin, 1996).  The normal function of the p53 protein is to arrest cell division and to

turn the cell towards apoptosis in the case of DNA damage, thereby to protect the

integrity of the genome. Fibronectin is a structural glycoprotein that plays a dual role in

the organization of matrix by acting through cell-surface integrins and interacting with

other matrix components, both of which are crucial for the regulation gene transcription

(Gartner and Hiatt, 1997).  Fibronectin is critical for scaffold vascularization because it is

the only mammalian adhesion protein that binds and activates alpha5beta1 integrin

(Magnussen et al., 2005).  Glycosylation affects the ability of fibronectin to bind to
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matrix constituents such as collagen.  In vitro studies demonstrate that glycosylated

fibronectin does not bind to matrix components, which suggests that this process

contributes to the faulty integrity of extracellular matrices in diabetes (Cohen and Ku,

1984). Arsenic is diabetogenic and manifests its effects through vasculopathies such as

peripheral vascular disease as evidenced in arseniasis hyperendemic regions in Taiwan

(Chiou, J.M., et al., 2005).  Diabetes is a disease of glucose dysregulation and it is

possible that if arsenic is inducing a diabetogenic effect then abberant glycosylation of

fibronectin could result in a disrupted extracellular matrix of airways and blood vessels,

which we observed with our histological analysis.

The development of transgenic technology has given researchers a powerful tool

to examine biological effects, and the response to injury is no exception. Techniques such

as pronuclear injection, targeted homologous recombination, and Cre/loxP gene excision

are being used to learn the role of specific genes. Transgenic technology has been used to

develop knock-out and knock-in mice for both collagen and elastin.  Osteogenesis

Imperfecta (OI) is a dominant negative disorder of connective tissue. Defects in the

col1a1 or col1a2 genes, coding, respectively, for the alpha1 and alpha2 chains of type I

collagen, are the causative mutations. A knock-in murine model (the Brittle mouse)

carrying a glycine substitution in type I collagen allow for structural and functional

studies of collagen. Collagen from the osteogenesis imperfecta mouse has altered

stability, fibrillogenesis and collagen-collagen interactions (Kuznetsova et al., 2004). The

study of elastin knock-out mice (homozygous or heterozygous) reveals elastin to be a

major developmental regulator of the vascular smooth muscle cell (VSMC) life cycle and
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it is involved in smooth muscle tissue organization (Faury, 2001). The research obtained

from these animals will further our investigations of arsenic-induced dysregulation of

extracellular matrix genes.

When analyzed in the context of the downregulation of critical extracellular

matrix genes (collagen, elastin and fibronectin) and other genes including Lox1, Mfap-5,

Fbln1 and Fbn1, our results imply a mechanism for arsenic-induced vasculopathies.  This

mechanism includes both misregulation of gene transcription and direct disruption of

extracellular matrix components.  Data presented here are the first to demonstrate such an

effect of arsenic.  These changes are occurring at environmentally relevant, chronic

exposure levels.  Analysis of the molecular mechanisms of altered matrix expression will

further our understanding of the sites of action of arsenic.
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FIGURE 3.1.  Significantly altered genes. C57BL/6 mouse lung tissue from mice
exposed to either normal drinking water or water containing 50ppb arsenic for 5 or 8
weeks was prepared for microarray. Modified genes prioritized by significance. Genes
shown in red font had increased expression, while decreases in expression are shown in
blue font.  Data are from three control and three arsenic-treated animals.
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FIGURE 3.2.  Significantly altered structural genes.  Microarray data were normalized
using RMA and analyzed for significant changes in expression using Cyber T software.
Genes were ranked by p value and the genes with p values <0.0001 were grouped and
designated as stuctural genes using information provided in the gene ontology (GO)
annotation.  A blue bar represents a single gene from the 5 week group and a yellow bar
represents a single gene from the 8 week group.   The mean log2 ratio of the arsenic
exposed to control groups is shown for each gene.
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Name of Data and Genes Log2 ratio 5 week Log2 ratio 8 week
Immunological
Igh-VJ558  2.1  1.3
Reg3g -0.9 -1.1
edr -2.5 -1.1
Cell Cycle
Fos -1.5 -1.2
Surb7  0.5  0.7
Cyr61 -0.7 -1.2
Enzymes
Arg2  0.4  1.2
Mmp2 -0.9 -1.0
Cth  0.5  0.7
Muc5b -0.8 -1.5
Aldh2 -1.3 -0.5
Dusp1 -0.9 -1.0
Cpxm1 -0.7 -0.8
Gcnt2  0.5   0.5
Loxl -0.5 -1.0
Pcolce (ECM) -0.7 -0.7
Cytokines
Ogn  0.7  0.3
Scgb3a1 -0.6 -1.7
Gdf10 -0.5 -0.4

TABLE 3.1. Gene ontology categorized genes. C57BL/6 mouse lung tissue from mice
exposed to either normal drinking water or water containing 50ppb arsenic for 5 or 8
weeks was prepared for microarray. Microarray data were normalized using RMA and
analyzed for significant changes in expression using Cyber T software.  Genes were
ranked by p value and the genes with p values <0.0001 were grouped using information
provided in the GOannotation.  The mean log2 ratio of the arsenic exposed to control
groups is shown for each gene.
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Name of Data and Genes Log2 ratio 5week Log2 ratio 8 week
Receptors
Nr4a -1.3 -1.5
Ebag9   0.5 0.3
Agtrl1 -0.4              -1.2
Transcriptional
Egr1 -1.6 -1.4
Dbp -2.2 -2.2
Arntl 0.7 0.8
E230015K02Rik -0.4 -1.2
Hh2A -0.3 -1.0
Signal transduction
Fstl -0.8 -1.3
Rgs2 -0.7 -0.9
Rp2h 0.5 0.3

Map4k4              -0.4             -0.2
Ppm1b 0.5 0.6
Hsp105 0.6 2.2
Hspa1b 0.6 1.3
Osp94 0.6 1.1
Dnaja1 0.3 0.7
Chaperones
Fbln1 -0.65 -0.50
Sparc -0.55 -0.73
Tna -0.60 -0.80
Fkbp10 -0.28 -0.75
Fbn1 -0.85 -1.00
Al173274 -0.75 -1.00

TABLE 3.1 CONTINUED. Gene ontology categorized genes. C57BL/6 mouse lung
tissue from mice exposed to either normal drinking water or water containing 50ppb
arsenic for 5 or 8 weeks was prepared for microarray. Microarray data were normalized
using RMA and analyzed for significant changes in expression using Cyber T software.
Genes were ranked by p value and the genes with p values <0.0001 were grouped using
information provided in the GOannotation.  The mean log2 ratio of the arsenic exposed to
control groups is shown for each gene.
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FIGURE 3.3.  Microarray and Q-PCR comparison. C57BL/6 mouse lung tissue from
mice exposed to either normal drinking water or water containing 50ppb arsenic for 8
weeks was prepared for real time PCR. The fold change of the arsenic exposed to control
groups is shown for elastin, collagen 1a1 (Col1a1), collagen 3a1 (Col3a1) and
fibronectin.  The red bars represent real-time (Q) RT-PCR and the blue bars represent the
microarray experiment. Data are from three control and three treated animals, analyzed
separately.  Animals are different from those used to perform microarray analysis.
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FIGURE 3.4.  Lung histology using collagen and elastin stains.  C57BL/6 mouse lung
tissue from mice exposed to either normal drinking water or water containing 50ppb
arsenic for 8 weeks was prepared for histology.  Histological stains for elastin and
collagen were used.  The left hand panels are from lungs of control animals, while the
right hand panel shows lungs from arsenic treated animals.  Elastin staining is shown in
the top row and collagen is shown in the bottom two rows.  The upper and middle rows
demonstrate staining around blood vessels and the bottom row is adjacent large airways.
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FIGURE 3.5.  Immunohistochemistry for smooth muscle actin.  C57BL/6 mouse lung
tissue from mice exposed to either normal drinking water or water containing 50ppb
arsenic for 8 weeks was prepared for immunohistochemistry. Slides were incubated with
monoclonal anti-α smooth muscle actin primary antibody (1:100), washed and treated with
alexafluor-488 mouse secondary antibody (1:1000) and mounted.  The tissues were
imaged with a LEICA TCS-4D confocal microscope with a Argon-Krypton laser that
simultaneously scanned the slides with FITC and Cy-5 laser lines.  This microscope
processed the images with a SCANWARETM software. Alpha smooth muscle actin
antibody staining in small and large airways.
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CHAPTER FOUR

ALTERED PROTEIN EXPRESSION AND POTENTIAL REGULATION OF GENE

TRANSCRIPTION FOLLOWING IN VIVO EXPOSURE TO ARSENIC

4.1. Abstract   

Inorganic arsenic is a known human carcinogen and common drinking water

contaminant affecting millions of people worldwide.  Using an in vivo exposure model,

we have previously identified genes that are altered by exposure to arsenic in the drinking

water.  A more complete understanding of the in vivo effects of arsenic requires analysis

of alterations in protein expression.  We hypothesize that in vivo exposure to inorganic

arsenic via the drinking water causes altered protein expression in the lung, indicative of

downstream molecular and functional changes.  To investigate these effects, C57BL/6

mice ingested drinking water with or without 50 ppb arsenic for eight weeks.  Protein was

isolated from 3 separate arsenic exposed mice and 3 separate control mice.  Samples were

pooled for both groups and arsenic-induced alterations in protein expression were

determined using BD PowerBlotTM analysis.  This technique can analyze over 1000

separate proteins.  Only those proteins in which expression was 1.25 up or down

regulated by arsenic in each sample were considered as being altered.  Twenty proteins

were identified as being altered (5 up- and 15 down-regulated). Analysis of potential

protein function indicated that cancer related proteins, cytoskeleton related proteins,

nucleus/nuclear transport proteins, cell adhesion related proteins, calcium signaling

related proteins and tyrosine kinase substrates were altered by arsenic.  In addition, we

wanted to further investigate the potential transcriptional regulation of gene and protein
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expression.  In a previous study we used Affymetrix to demonstrate differential gene

expression in animals exposed to arsenic. Sixty-five differentially expressed genes from

this previous study along with the differentially expressed proteins were further analyzed

for transcription factor binding sites using TRANSFAC® and Metacore analysis.  Of the

65 genes differentially expressed, we were able to determine putative transcription factor

binding sites for 46 of them. Overall, 136 different putative transcription factor binding

sites were identified in the promoter regions of the 46 genes analyzed.  In extracellular

matrix down regulated genes, analysis indicated that binding sites for MAZ, HNF-4 and

TFII-I all appear in higher frequency compared to all down regulated genes.  This

suggests these transcription factors may be important in the arsenic-induced alterations in

expression of the extracellular matrix structural genes in particular.  From the 46 genes

that had putative binding sites assessed, 9 structural genes were selected for CpG island

analysis. Sequence analysis tool from Emboss (European Molecular Biology Open

Source Software Suit) was used for identifying CpG rich regions in the sequences.

Finally, an annotated database (Metacore) was queried to identify transcription factors

that occurred with the highest incidence in all differentially expressed proteins and genes.

SP1, AP-1 and NFκB were found in the highest percentage of differentially expressed

genes and proteins.  It total, these data suggest potential transcriptional regulators

involved in arsenic-induced changes in gene expression and will be useful in the

elucidation of molecular targets and biomarkers of inorganic arsenic exposure to

environmentally relevant concentrations of arsenic.
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4.2. Introduction

Our focus is the toxicogenomic effects of arsenic, a ubiquitous and toxic

environmental pollutant, on the lung.  Contaminated drinking water is consumed in many

developing countries, at levels up to hundreds of parts per billion (ppb).  Because the

lung is a target organ for arsenic, it may be at risk for arsenic induced toxicity. We are

interested in the effects of chronic, low-dose arsenic exposure on gene and protein

expression alterations in the lung and ultimately, the physiological consequences of this

aberrant expression.

Epidemiological evidence shows an association between inorganic arsenic in

drinking water and increased risk of lung cancer (Rossman, 2003). However, the

mechanism(s) associated with arsenic-mediated toxicity, atherogenicity and

carcinogenicity at low levels of exposure remains elusive. Arsenite is the chemical

species of arsenic thought to be the toxic form of arsenic and oxidative damage, and

DNA-repair fidelity have been implicated in arsenite-mediated carcinogenicity and

toxicity, but these events have been examined in isolation in the majority of biological

models of arsenic exposure (Yuan et al., 2003; Li, M., et al., 2002; Schwerdtle et al.,

2003). We hypothesized that the simultaneous interaction of these toxic events, and

potentially others, may be important in arsenic-mediated toxicity in the lung.  To

investigate arsenic-induced affects on protein expression, lung proteins were extracted

from the same C57BL/6 mice that were exposed to arsenic (50 ppb for 8 weeks) and

subsequently processed for microarray in our previous experiments.  Protein analysis was

performed using the BD PowerBlotTM platform.  This analysis determines alterations in
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total protein expression levels of over 1000 proteins.  It was our expectation that

pathways and interactions identified from the protein analysis would extend and support

our previous gene expression data.  In our previous study, the levels of expression in the

majority of genes in the arsenic exposed group were decreased in comparison to controls.

The genes with changing expression levels were involved in a variety of functional

groups including structural regulation, chaperones, receptors, signal transduction and

immunological pathway members, cytokines, and enzymes.  In our protein analysis, the

levels of expression for the majority of the proteins in the arsenic exposed group were

also decreased in comparison to controls.  The proteins with changing expression levels

were involved in a variety of functional groups including: cancer-related, nucleus and

nuclear transport, cell biology, cell cycle, cytoskeleton, adaptors and tyrosine kinase

substrates and neuroscience.

Previous reports have implicated NFκB and AP-1 as being important

transcriptional regulators in response to arsenic exposure (Wijeweera et al., 2001).  In

addition, because of the role of methylation in arsenic metabolism, arsenic-dependent

alteration in DNA methylation has been proposed to altered gene expression (Kitchin,

2001; Mass and Wang, 1997).  However, these reports analyzed only acute, high dose

exposure effects of arsenic on transcriptional regulation.  In order to further investigate

potential arsenic-induced changes in putative transcriptional regulation of extracellular

matrix genes from our previous study, we used a transcription factor and CpG island

analysis approach of promoter regions of altered genes.  Our previous affymetrix

experiments revealed 65 genes that were differentially expressed following arsenic



132

exposure.  These genes were further analyzed for transcription factor binding sites using

TRANSFAC®.  Of the 65 genes differentially expressed, we were able to determine

putative transcription factor binding sites for 46 of them.  Overall, 136 different putative

transcription factor binding sites were identified in the promoter regions of the 46 genes

analyzed.  In extracellular matrix down regulated genes, transcription factor analysis

indicated that putative binding sites for MAZ, HNF-4 and TFII-I all appear in higher

frequency compared to all down regulated genes.  This suggests these transcription

factors may be important in the arsenic-induced alterations in expression of the

extracellular matrix structural genes in particular.

We used an epigenetic approach to further investigate arsenic-induced changes in

putative transcriptional profiles of extracellular matrix genes and their potential

transcription factor binding sites.  Inorganic arsenic is enzymatically methylated for

detoxication, consuming S-adenosyl-methionine (SAM) in the process. The fact that

DNA methyltransferases require this same methyl donor suggests a role for methylation

in arsenic carcinogenesis as depletion of SAM results in aberrant gene activation,

including oncogenes.   In the current study, fibronectin, Col4a1, and Col6a2 have been

analyzed for CpG islands just 5’ to their start sites.  Finally, all genes and proteins that

were identified as being altered by arsenic exposure in our study were subjected to

analysis using an annotated database (Metacore) to identify common transcription

factors.

The human respiratory system represents a vital but vulnerable system. It is a

major target for many diseases such as arsenic-induced cancer. In the search for possible
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new therapies, genomic and proteomic approaches have gained a lot of attention. After

the major scientific breakthroughs in the field of genomics, it is now widely accepted that

to understand biological processes, large-scale protein studies through proteomics

techniques are required. Taken together, the protein analysis and the microarray with

subsequent transcription factor and CpG island analysis provide a powerful approach to

study the complex nature of arsenic-induced celluar interactions in an in vivo model of

lung toxicity.

4.3. Material and Methods

Animals

Adult male C57Bl/6 mice were housed in the AAALAC-approved animal facility

of the Department of Animal Resources at the University of Arizona Health Sciences

Center.  The animal protocol was approved by the University of Arizona Animal Care

and Use Committee.  Animals were housed four mice per cage and fed ad libitum.

Protein Analysis

After mice were exposed to 50 ppb arsenic their lungs were harvested and protein

was extracted as described by BD Biosciences Pharmingen (San Diego, CA).  Protein

from one mouse from each of three different control or arsenic treated animals was

collected and pooled.  Gels were run in triplicate and probed with well-characterized

antibodies.  Protein extracts were additionally analyzed as follows. A total of 3 x 10 cm

gradient gels were used to separate the protein, and 300 µg of protein were loaded onto

each gel (10 µg/lane). The gels were run for 1.5 hours at 150 volts and then transferred to

Immobilon-P membrane. The membranes were clamped with Western blotting manifolds
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capable of isolating 40 channels across each membrane. In each channel, a complex

antibody mixture was added and allowed to bind for 1 hour at 37°C. The blots were

removed from the manifold, washed, and incubated for 30 minutes at 37°C with

secondary goat anti-mouse antibody conjugated to Alexa-680 fluorescent dye. Densities

were determined by scanning the gels using the Odyssey IR Imaging System and were

also verified visually. The data from three independent runs were analyzed using a 3 x 3

matrix comparison method. Each run of the treated proteins was compared against each

of the control gels.  Only those proteins that showed 1.25 fold or greater alterations in all

nine comparisons were considered as significantly altered.

Transcription factor analysis

The Affymetrix mouse 430(A) array experiments revealed sixty-five (65) arsenic-

induced differentially expressed genes.  For the transcription factor analysis,

TRANSFAC® Professional 8.2, which provides information about transcription factors of

the eukaryotic kingdom, was used. TRANSFAC® is a relational database system that

comprises collective and integrated information on transcription factors, their binding

sites and nucleotide distribution matrices of aligned binding sequences. Procedurally, the

sequences of the 65 genes that were found to be up or down regulated were searched

against the database using the Match search tool.  We analyzed 1000 bases 5’ from the

start site of the gene. High quality nucleotide matrices defined by TRANSFAC® and cut-

off scores to minimize false positives were selected as options. With these parameters the

algorithm finds a relatively low number of matches per nucleotide but with promising

potential binding sites in the sequence.  The output yielded a list of matches found in the
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input sequences with matching scores. Of the 65 genes differentially expressed, we were

able to determine putative binding sites for 46 of the genes (Figure 4.2).

CpG island analysis

From the 46 genes that had putative binding sites assessed, 9 structural genes

were selected for CpG island analysis. Sequence analysis tool from Emboss (European

Molecular Biology Open Source Software Suit) was used for identifying CpG rich regions

in the sequences. The program scanned for CpG islands in sequences using a window

size (100), with a condition of minimum CpG composition of 50% and calculated CpG

Obs/Exp ratio over 0.6 over a minimum length of 200 bases. The program reported a

putative CpG island in the sequence when the minimum given criteria is met.

MetaCore™ analysis

All altered genes and proteins were entered into the analysis module of Metacore

analysis system.  The data was subsequently queried to determine transcription factors

that have been reported in the literature to alter the gene expression of the arsenic altered

genes and proteins.

4.4. Results

Comparison of gene and protein expression data

Of the 65 genes that were originally identified with altered expression, none were

represented in the protein analysis.

Differentially expressed proteins

C57BL/6 mouse lung tissue from mice exposed to either normal drinking water or

water containing 50ppb arsenic for 8 weeks was prepared for Powerblot analysis.
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Powerblot is an antibody-based Western array that can rapidly analyze the expression

levels of 1000 proteins (see Materials and Methods). Using the original PowerBlot

Western array, we observed that 20 proteins or post-translationally modified proteins

were altered by at least 1.25 fold in all nine comparisons made between the three control

and three arsenic treated blots.  Of the 20 proteins, 5 were up regulated and 15 were down

regulated (Table 4.1). Within the broad functional categories the majority of proteins are

involved in cancer related (4), nucleus & nuclear transport (4), adaptors and tyrosine

kinase substrates (3) cell cycle (1) and cytoskeleton (5) (Figure 4.1, Note some proteins

occur in more than category).  Several of the proteins are of particular interest and these

include IKKγ/NEMO, caspase 3, β-catenin and HIC-5 (down regulated) and RAC1 (up

regulated).

TRANSFAC® analysis

C57BL/6 mouse lung tissue from mice exposed to either normal drinking water or

water containing 50ppb arsenic for 8 weeks was prepared for microarray and subsequent

TRANSFAC® analysis.  Procedurally, the sequences of the 65 genes that were found to

be up or down regulated were searched against the database using the Match search tool.

Analysis was performed on 1000 bases 5’ from the start site of the gene. High quality

nucleotide matrices defined by TRANSFAC® and cut-off scores to minimize false

positives were selected as options. The output yielded a list of matches found in the input

sequences with matching scores. Of the 65 genes differentially expressed, we were able

to determine putative binding sites for 46 of the genes (Figure 4.2).  Overall, 136

different putative transcription factor binding sites were identified in the promoter
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regions of the 46 genes analyzed.  On average, any one particular transcription factor

appeared in about 7.5% of the genes.  This average frequency of appearance was similar

for both up and down regulated genes.  Transcription factors determined by

TRANSFAC® analysis were segregated into three groups; those that appear

predominantly (greater than 20% of the genes) in up regulated genes (red in Table 4.2),

those that appear predominantly in down regulated genes (blue in Table 4.2) and those

with the high frequency of occurrence, irregardless of the altered expression (green in

Table 4.2).

Preferential binding sites in matrix genes

In our previous microarray experiments, a significant number of arsenic-induced

misregulated genes were related to structural components. Therefore, we selected nine

structural genes (elastin, lumican, the six collagen genes and fibronectin) and calculated

the percentage that contained at least one potential binding site for a particular

transcription factor.   For each transcription factor listed, the percentage of the nine

structural genes that contained a potential binding for the particular factor is listed (Table

4.3).  Binding sites for TFII-I, HNF-4 and MAZ appear to be preferentially found in this

class of genes, compare to all down regulated genes.

CpG island analysis

Arsenic-induced gene expression may also be affected by the level of DNA

methylation.  Nine extracellular matrix structural genes (elastin, lumican, collagens and

fibronectin) were subjected to analysis for the presence of CpG islands in their putative

promoter regions.  Thus far we have obtained CpG island analyis for fibronectin,
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collagen 6a2 and collagen 4a1 just 5’ to their start sites.  The overall distribution of

potential transcription factor binding sites and CpG islands (in orange) for those three

genes is shown in figure 4.3.

MetaCore™ data analysis

MetaCore™ is an integrated software suite for functional analysis of microarrays,

proteomics and other experimental data. MetaCore™ is based on the curated database of

human protein-protein and protein-DNA interactions, transcriptional factors, signaling,

metabolism and bioactive molecules. The analytical package includes tools for data

visualization, mapping and exchange, multiple networking algorithms and in silico filters.

Our arsenic altered genes and proteins were subjected to analysis for identified

transcriptional regulators.  The SP1 regulation was identified as being invovled in the

highest number of genes and proteins on our list, followed by NFκB and AP-1.  All of

these transcription factors are redox-sensitive.  Graphical representation of the altered

genes and proteins are shown for NFκB (Figure 4.3) and SP1 (Figure 4.4).

4.5. Discussion

In this report, we used a proteomic approach to identify novel arsenic-induced

proteins. With the use of antibody-based arrays, we have identified a group of proteins

that are induced during arsenic exposure in drinking water (50 ppb) in a

posttranscriptional manner. Using this method, we characterized the protein expression of

1000 proteins with specific antibodies.  From the proteins detected, we found that 20

were significantly altered by arsenic (Table 4.1). Overall, within this group of 20 proteins

identified, we did not find any correlation between gene expression at the mRNA level
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with gene expression at the protein level. This suggested that consequent to arsenic

exposure; posttranscriptional mechanisms such as translational regulation, protein

degradation, and protein stability may significantly influence arsenic-induced protein

expression.

Several of our arsenic-induced protein alterations (Table 4.1) have been reported

in the literature.  Of particular interest, nuclear factor kappa B (NFκB)/Rel proteins are

heterodimeric, sequence-specific transcription factors involved in the activation of an

exceptionally large number of genes in response to many types of stress which require

rapid reprogramming of gene expression. In non-stimulated cells, NFκB is sequestered in

an inactive form in the cytoplasm bound to inhibitory IκBα and IκBβ proteins. The

multisubunit IκB kinase (IKKα, IKKβ, and IKKγ/NEMO) is responsible for the inducible

phosphorylation of IκB and IKKγ/NEMO showed a 1.72 fold down regulation in arsenic

exposed animals in our powerblot analysis.  In response to cell stimulation, mainly by

proinflammatory cytokines, the rapid phosphorylation, ubiquitination, and proteolytic

degradation of IκB occurs, which frees NFκB to translocate to the nucleus and activate

the transcription of its target genes. The multisubunit IKK is responsible for the inducible

phosphorylation of IκB and it appears to be the initial point of convergence for most

stimuli that activate NFκB. When phosphorylated, the IKK recognition site on IκB serves

as a specific recognition site for the ubiquitin-protein ligase, which targets them for rapid

degradation by the 26S proteasome (Karin and Delhase, 2000).  Despite the involvement

of a large number of distinct gene products in the NFκB activation pathway, the critical

target for inhibition by arsenite is on the IKK catalytic subunits (Kapahi et al., 2000).
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Exposure of human bronchial epithelial (BEAS 2B) to 500 µM arsenite, prior to adding

the pro-inflammatory cytokine TNF-alpha, completely inhibited the TNF-alpha

dependent IκBα degradation, NFκB translocation, and NFκB -dependent gene

transcription. Arsenite inhibited these events by directly blocking the activity of IKK

(Roussel and Barchowsky, 2000). Arsenic rapidly down-regulated constitutive IKK as

well as NFκB activity and induced apoptosis in Hodgkin/Reed-Sternberg (HRS) cell lines

containing functional IκB proteins and it down-regulated NFκB target genes, including

interleukin-13 (IL-13). In contrast, cell lines with weak constitutive IKK activity showed

no alteration of NFκB activity and were resistant to arsenic-induced apoptosis (Mathas et

al., 2003).  A direct role of the NFκB pathway in arsenic-induced apoptosis is shown by

overexpression of NFκB -p65 in L540Cy HRS cells, which protected the cells from

arsenic-induced apoptosis (Mathas et al., 2003). Treatment of NOD/SCID mice with

arsenic trioxide induced a dramatic reduction of transplanted Hodgkin tumors

concomitant with NFκB inhibition (Mathas et al., 2003).  Arsenite exerts its biological

effects through reaction with sulfhydryl groups, especially pairs of adjacent thiols.

Activation of NFκB depends on the integrity of the IKK complex and arsenite potently

inhibits NFκB and IKK activation by binding to Cys-179 in the activation loop of the

IKK catalytic subunits, IKKα/β (Kapahi et al., 2000). The affinity of IKKβ for trivalent

arsenic was verified in vitro by the ability of IKKβ to enhance the fluorescence of an

arsenic-substituted fluorescein dye. The addition of 1,2-dithiol antidotes or replacement

of Cys-179 with an alanine residue abolished dye binding to and arsenite inhibition of

IKKβ (Kapahi et al., 2000).  In contrast to these studies, arsenite induced a two-fold
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induction of NFκB -dependent Cox-2 mRNA and protein in HUVECs (Tsai, S.H., et al.,

2002).  Transfection of an immortalized human endothelial cell line (ECV304) with Cox-

2 reporter gene constructs demonstrated that the transcription of the gene was enhanced

by arsenite and attenuated by an inhibitor of NFκB, as NFκB and IKK activity were

induced by arsenite (Tsai, S.H., et al., 2002). Taken together these results reveal that

arsenic has a direct effect on IKK that is cell type dependent and gene specific.  Our

results, demonstrating an arsenic-induced decrease in IKKγ/NEMO, part of the IKK

protein complex, support the studies found in the literature that show a down regulation

or inhibition of IKK in response to arsenic.

Caspase-3 is a member of the family of cysteine proteases involved in apoptosis

and it showed a 4.4 fold down regulation in arsenic exposed animals in our powerblot

analysis.  An apoptotic signal induces the intracellular cleavage of Caspase-3 from the

inactive to the active form which then goes on to cleave several other apoptotic proteins.

Arsenite-generated hydrogen peroxide induces apoptosis via activation of caspases

(Chen, Y.C., et al., 1998).  An arsenic-induced apoptosis study revealed that after 24 hour

treatment with low a dose (0.1 and 1 µM) of arsenite, and 24 hours in arsenite-free

medium, a small amount of apoptosis could be detected, which was increased

significantly after 48 hours. In contrast, high dose (10 µM) arsenite induced rapid

necrosis and failed to activate caspase 3 (Komissarova et al., 2005).  It is possible that at

our very low doses of arsenic, a chronic apoptotic state could lead to a decrease in

caspase-3 protein.
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Hic-5 is a focal adhesion protein and it showed a 3.53 fold down regulation in

arsenic exposed animals in our powerblot analysis.  Focal adhesions are cell structures

associated with actin-stress fiber bundles and they attach cultured cells to the

extracellular matrix. These adhesions occur through the integrin receptor molecules,

which link cytoskeletal proteins and extracellular matrix. Induction of Hic-5 is

accomplished by pro-oxidants including hydrogen peroxide and can be inhibited by

scavengers of reactive oxygen species (ROS) (Shibanuma et al., 2005). Hic-5 shuttles in

and out of the nucleus through the redox-sensitive nuclear export signal, and it

accumulates in the nucleus under oxidative conditions and participates in the

transcription of c-fos and p21 (Cip1) genes through two of five Sp1 sites in the promoter

(Shibanuma et al., 2004).  In addition to Hic-5, melusin is a signal transduction protein

that binds to the cytoplasmic domains of beta-1 integrins and it showed 10.5 down

regulation in our arsenic exposed animals in our powerblot analysis.  Low micromolar

concentrations of sodium arsenite in epidermal keratinocytes exhibited elevated levels of

beta1-integrin (Patterson et al., 2005).  Because arsenic induces oxidative stress in

cultured lung cells (Li, M., et al., 2002), it is possible that the down regulation of Hic-5

could have been the result of an arsenic-induced oxidative stress, which resulted in the

nuclear accumulation and DNA binding of Hic-5. This potential arsenic-induced

oxidative stress could have resulted in elevated integrin levels, which could allow for

increased binding of melusin to these proteins thus decreasing the cellular content of

melusin.
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The cadherins are transmembrane adhesion molecules found with catenins at

adherens junctions. The cytoplasmic tail of E-Cadherin binds the 92-kDa protein β-

Catenin.   β-Catenin showed a 1.25 fold down regulation in animals exposed to arsenic.

Arsenite-treated (2µM for 4 days) epidermal keratinocytes exhibited elevated levels of

beta-catenin (Patterson et al., 2005).  In rats given a 4-month arsenic exposure, livers

showed decreased expression of beta-catenin at several different doses (Cui et al., 2004).

From these studies, it is evident that arsenic-induced changes in β-catenin protein levels

are duration-dependent.  Because our exposures were for 2 months, it is possible that our

results coincide with the rat model of subchronic exposures to arsenic resulting in

decreased expression of β-catenin.

Rac1 is a member of the expanding family of Ras-related GTPase proteins and the

Rac1protein showed 5.82 fold up regulation in arsenic exposed animals in our powerblot

analysis.   Rac1, like many of its relatives, contains the consensus sequence Cys-X-X-X-

COOH, which localizes it to the plasma membrane. Constitutive expression of Rac1 leads

to cell transformation. Rac is required for arsenate and arsenite activated c-Jun N-

terminal kinase (JNK) (Porter et al., 1999).  In contrast to the other proteins discussed,

Rac1 is the only up regulated protein that is mentioned.  Because Rac is required for

arsenite-induced JNK activation, it is possible that in our arsenic exposed animals the

Rac1 protein was upregulated via a similar mechanism as demonstrated in the Porter

study.

From arsenic-induced protein changes, we turned our investigations to

transcriptional regulation of genes in animals exposed to arsenic, and for this we used
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TRANSFAC® analysis.  Of the 65 genes differentially expressed from our previous

microarray experiments, we were able to determine putative transcription factor binding

sites for 46 of them.  Because our focus is on extracellular matrix down regulated genes,

we were interested in transcription factor analysis of potential binding sites in these genes

that appeared in higher frequency compared to all down regulated genes.  We found that

MAZ, HNF-4 and TFII-I all appear in higher frequency in matrix genes compared to all

other genes.  This suggests these transcription factors may be important in the arsenic-

induced alterations in expression of the extracellular matrix structural genes.

The zinc finger protein MAZ (Myc-associated zinc finger protein) was originally

identified as a factor that binds to the c-myc promoter (Ashfield et al., 1994). MAZ is a

zinc finger protein and each zinc finger protein exerts its own sensitivity towards toxic

metal ions such as arsenic. Zinc finger proteins are cysteine-rich, with two-cyteine/two-

histidine (Cys2His2) coordination sites. Arsenic interacts with zinc finger proteins

involved in DNA repair and/or DNA damage signaling (Hartwig et al., 2002), and with

zinc finger proteins involved in estrogen receptor signaling (Kitchin and Wallace, 2005).

The nucleoprotein complexes that form on promoter regions in endothelial cells contain

MAZ. Functional domain studies in endothelial cells revealed examples of positive and

negative protein-protein cooperativity involving MAZ (Karantzoulis-Fegaras et al.,

1999). Although no studies have shown an interaction between arsenic and MAZ, it is

possible that arsenic’s affinity for dithiols could interfer with the cysteine coordination

site of zinc in this transcription factor thus decreasing gene transcription of extracellular

matrix genes in arsenic exposed animals.
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The zinc finger protein, hepatocyte nuclear factor 4 (HNF-4) is a potent

transcriptional activator that controls the expression of a wide variety of genes, including

those involved in fatty acid and cholesterol metabolism, and glucose metabolism (Sladek,

1993). Diabetes is a disease of glucose disregulation.  There is an association between

arsenic ingestion and increased risk of vascular diseases associated with diabetes (Chiou,

J.M., et al., 2005).  Because arsenic is diabetogenic, it is possible that the glucose

metabolism transcription factor, HNF-4, whose binding site appeared in high frequency

in matrix down regulated genes, played a role in the down regulation of these genes.  In

addition, as in the MAZ zinc finger protein, it is possible that arsenic’s affinity for

dithiols could interfer with the cysteine coordination site of zinc in HNF-4 thus

modulating gene transcription of extracellular matrix genes in arsenic exposed animals.

Originally, TFII-I was discovered as a basal factor required for initiation-

dependent transcription.  TFII-I has recently been shown to be an inducible transcription

factor with many functions.  TFII-I responds to a plethora of extracellular signals

whereupon it translocates to the nucleus to turn on a variety of genes (Roy, 2001). TFII-I

is a member of a family of multiprotein corepressor complexes that function through

modifying chromatin structure to keep genes silent. These findings reveal an

unanticipated role for TFII-I in transcriptional repression (Hakimi et al., 2003).

Chromatin remodeling after stress, e.g. arsenic, depends on the interdependence of

phosphorylation and acetylation, which reveals patterns of inducible modification at

specific genes. It has been shown that the inducible phosphorylation of histone H3 is

brought about by arsenite (Bode and Dong, 2005; Li, J., et al., 2003). Genes of the TFII-I
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family encode proteins with multiple helix-loop-helix domains. In recent work, a new

member encodes a protein with several features characteristic of regulatory factors,

including, two leucine zippers, and a single Cys2/His2 zinc finger (Makeyev et al., 2004).

As with the MAZ and HNF-4 zinc finger proteins, it is possible that arsenic’s affinity for

dithiols could interfer with the cysteine coordination site of zinc in TFII-I thus

modulating gene transcription.

Taken together, the transcription factors, MAZ, HNF-4 and TFII-I, all have a link

to arsenic-induced alterations in cellular activity whether it’s the MAZ or HNF-4’s zinc

fingers potential interaction with arsenic or HNF-4’s involvement in glucose metabolism

and arsenic’s role in diabetes or TFII-I and arsenic both being involved in chromatin

remodeling. These results suggest that these transcription factors may be important in the

arsenic-induced alterations in expression of genes.

We used an epigenetic approach to further investigate arsenic-induced changes in

transcriptional profiles of extracellular matrix genes and their potential transcription

factor binding sites.  Metals are known to affect DNA methylation and other epigenetic

processes, but the mechanism by which arsenic dramatically affects gene expression

remains poorly understood.  Inorganic arsenic is enzymatically methylated for

detoxication, consuming S-adenosyl-methionine (SAM) in the process. The fact that

DNA methyltransferases require this same methyl donor suggests a role for methylation

in arsenic carcinogenesis as depletion of SAM results in aberrant gene activation,

including oncogenes.   While specific genes are hypermethylated in the genome of cancer

cells, overall methylcytosine content is often decreased as a consequence of
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hypomethylation affecting many repetitive sequences.  Global hypomethylation is highly

prevalent across all cancer types and it is intimately linked to chromatin restructuring and

nuclear disorganization (Hoffmann and Schulz, 2005).  Several studies have

demonstrated an interaction between arsenic and methylation status of DNA.  In rats,

arsenic-induced hepatic DNA hypomethylation was a function of dose and exposure

duration (Zhao et al., 1997; Uthus and Davis, 2005). Liver samples of male mice exposed

to 45 ppm arsenic in the drinking water (48 weeks) demonstrated hepatic global DNA

hypomethylation (Chen et al., 2004).   In arsenic-exposed human lung A549 cells,

methylation within the promoter region of p53 was altered and eight differentially

methylated regions of genomic DNA were found; six fragments were hypermethylated,

and two were hypomethylated (Zhong and Mass, 2000).  These investigations imply a

non-genotoxic mechanism of arsenic-induced carcinogenesis that could involve

hypermethylation or hypomethylation of cytosine(s) in the promoter region CpG sites of

genes, which could modulate the binding of transcription factors and thus alter gene

expression.   In the current study, CpG island analysis of fibronectin, Col4a1, and Col6a2

have been performed just 5’ to their start sites.  Col4a1 contains MAZ, COMP1, E2F-1,

Col6a2 contains MAZ, v-Maf, TFll-l and fibronectin contains CREB, ATF1, 3 and 4 and

TGA1b.

Various transcription factors, such as MAZ and Sp1, include Cys2His2-type zinc-

finger motifs and are able to bind to GC-rich cis-elements that are distributed in the

promoter regions of numerous mammalian genes. CpG islands located in promoters of

human genes overlap with clusters of binding motiffs for the zinc-finger transcription
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factor Sp1 (Oei et al., 2004).  The consensus sequence of Sp1-binding sites is very similar

to that of MAZ-binding sites. It appears that two consecutive zinc-finger motifs of Sp1

and MAZ might be essential for the interaction of each protein with DNA (Song et al.,

2003). The nucleoprotein complexes that form on promoter regions in endothelial cells

contain Sp1 and MAZ. Functional domain studies in endothelial cells revealed examples

of positive and negative protein-protein cooperativity involving Sp1, and MAZ

(Karantzoulis-Fegaras et al., 1999).  Compounds of arsenic displace zinc in zinc finger

structures of DNA repair proteins (Hartwig et al., 2002). Because arsenic interferes with

zinc finger structures such as those found in MAZ and Sp1, which potentially can bind to

CpG islands, it is possible that arsenic could dysregulate gene transcription on two fronts;

interference with zinc finger proteins and modulation of SAM pools thus creating a

situation for abberent CpG island methylation.  In addition, this effect would be

widespread in the lung because endothelial cells make up greater than 40% of the lung.

The Maf protein family forms a unique subclass of basic-leucine zipper

transcription (bZIP) factors. Maf family members appear to play important roles in

embryonic development and cellular differentiation. V-Maf forms heterodimers with all

Jun and Fos proteins, and v-Maf recognizes sequences related to the AP-1 target site

(Ogata et al., 2004).  V-Maf can bind as a homodimer in the mouse p53 promoter. V-Maf

and its cellular counterparts are shown to activate p53 expression through this site. The

ability of v-Maf to activate p53 expression is modulated by AP1 family members (Hale et

al., 2000).  In human cells, arsenite increased maf mRNA levels within two hours after

exposure (Suzuki et al., 2001). In the current study, the putative v-maf binding site in
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collagen 6a2 is located in a potential CpG island.  As we have shown in a previous study,

extracellular matrix genes such as collagen 6a2 are downregulated.  This implies a

potential role for inhibition of v-maf binding in arsenic stressed cells.

The mammalian ATF/CREB family of transcription factors dimerize via a leucine

zipper motif and were originally defined by their ability to bind to the consensus

ATF/CRE site (van Dam and Castellazzi, 2001).  Activating transcription factor (ATF)

forms protein dimers with Fos and Jun yielding the AP-1 transcription factor, which

binds to the consensus ATF/CRE site found in the promoters of many genes.  AP-1

mediates gene regulation in response to a plethora of physiological and pathological

stimuli, including cytokines, growth factors, stress signals, bacterial and viral infections,

as well as oncogenic stimuli (Hess et al., 2004).  Arsenic activates signalling pathways

involving redox-sensitive transcription factors, such as AP-1, NF-kappaB, and p53

(Valko et al., 2005). Arsenite induces upregulation of ATF-4 in HepG2 cells (Ord and

Ord, 2005). The down-regulated extracellular matrix gene fibronectin contains putative

CREB, ATF1, 3 and 4 binding sites in putative CpG islands.  It is possible that as an

oxidative stressor, arsenic could upregulate CREB and ATF transcription factors that

subsequently could not bind to their DNA elements because of disrupted methylation

patterns.  This could result in misregulation of genes.  Based on the Transfac and

Metacore analysis it appears thatredox-sensitive and/or zincfinger transcription factors

may be important in regulation of genes that are altered by environmentaly relevant

exposures to arsenic.
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In conclusion, our previous microarray studies have directed us toward

extracellular matrix genes of interest including many collagens, elastin and fibronectin.

In the current study, to further our investigations, we have established putative promoter

elements and potential methylation maps of several extracellular matrix genes of interest

from our microarray.  In the future, we will evaluate the actual promoter elements and

transcription factors that bind them along with the methylation status of CpG islands

within the promoters of these genes.  Gelshift assays would show that methylation

specifically inhibits particular transcription factors from binding to their recognition site

in the collagen or elastin promoters. Furthermore, because SP1 elements within

promoters are methylation sensitive, we will investigate this transcription factors role in

arsenic induced gene regulation.
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        TABLE 1. DIFFERENTIALLY EXPRESSED PROTEINS
Protein Fold change up/down
Acetylcholinesterase 3.38 down
Hic-5 3.53 down
Rac1 5.82 up
CapZ a 2.79 down
Stat3-90KD 1.91 down
Calretinin-31KD 4.97 down
Caspase-3/CPP32-32KD 4.40 down
Melusin 10.5 down
b-Catenin 1.52 down
4.1N-128KD 2.65 up
DMPK 2.54 down
GelsolinG37820 1.94 down
IKKg/NEMO 1.72 down
Nucleoporin p62 3.15 down
OPA1-94KD 3.13 down
Rab4 2.23 up
RCC1 2.65 up
Dynactin p50-47kd 3.35 down
p38/SAPK2a 2.3 down
Rap2 3.38 up

TABLE 4.1. Differentially expressed proteins. C57BL/6 mouse lung tissue from mice
exposed to either normal drinking water or water containing 50ppb arsenic for 8 weeks
was prepared for subsequent Powerblot analysis.  The table shows that 20 proteins were
altered by at least 1.25 fold in all nine comparisons made between the three control and
three arsenic treated blots.  Of the 20 proteins, 5 were up regulated and 15 were down
regulated.
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Cell Cycle RCC1
Stats Stat3-90KD

Neuroscience 4.1N-128KD Calretinin-
31KD

Caspase-3/
CPP32-
32KD

Melusin Acetylcholinesterase

Cancer
Related IKKg/NEMO GelsolinG3782

0 b-Catenin Calretinin-
31KD

Nucleus &
Nuclear

Transport
RCC1 4.1N-128KD Nucleopori

n p62 IKKg/NEMO

Cell Biology Rab4 IKKg/NEMO Syntaxin 8
Adaptors &

Tyrosine
Kinase

Substrates

b-Catenin Melusin Hic-5

Cytoskeleton 4.1N-128KD Stat3-90KD DMPK GelsolinG37820 Hic-5

FIGURE 4.1. Categorization of altered proteins. C57BL/6 mouse lung tissue from mice
exposed to either normal drinking water or water containing 50ppb arsenic for 8 weeks
was prepared for subsequent Powerblot analysis.  Categories of proteins altered by in vivo
arsenic exposure.  Red are up regulated while green are down regulated proteins.  The
proteins within a category are ordered left to right from the most up regulated to the most
down regulated.
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FIGURE 4.2.  Genes chosen for TRANSFAC® analysis.  C57BL/6 mouse lung tissue
from mice exposed to either normal drinking water or water containing 50ppb arsenic for
8 weeks was prepared for microarray and subsequent TRANSFAC® analysis. Gene
abbreviations are color coded to indicate expression modification in the arsenic exposed
group relative to control. Genes shown in red font had increased expression, while
decreases in expression are shown in blue font.
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TABLE 4.2.  Transcription factors found in genes. Transcription factors that have
potential binding sites in the promoter regions in greater than 20% of up regulated genes
are shown in Group 1 (red).  Those sites that appear in greater than 20% of down
regulated genes are shown in Group 2 (blue).  Potential binding sites that appeared in
greater than 20% of both up and down regulated genes are shown in Group 3 (green).
Values are the percentage of genes that contained the potential binding sites.

50.021.4SREBP-1
37.521.4TFII-I
28.128.6MAZ

Group 3

25.00HNF-3
28.17.1LXR
34.314.3OCT1
37.514.3HNF-4

Group 2

9.421.4Pax-3
9.421.4Nkx2.5
9.421.4NF-Y
9.421.4NFκB
9.421.4COMP1
6.321.4c-REL
12.528.6E2F
9.442.9HNF-1

% of down
regulated genes

% of up
regulated genesGroup 1
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TABLE 4.3.  Structural gene transcription factor binding sites.  For each transcription
factor listed, the percentage of structural genes that contained a potential binding site in
the promoter region is listed in the first column.  For comparison, the overall percentage
of down regulated genes that contain sites for each of the transcription factors is also
listed.

9.411.1NF-Y
9.411.1NFkB
9.422.2COMP1

12.522.2E2F
9.422.2HNF-1

28.133.3LXR
34.333.3OCT1
50.044.4SREBP-1
28.155.6MAZ
37.555.6HNF-4
37.566.7TFII-I

% in all down
regulated genes

% of structural
genes
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FIGURE 4.3.  METACORE NFκB links. Red on the genes represents up regualted genes
or proteins, whil blue is down regulated.  TR=transcriptional regulator.  A green regulator
is positive regualtion while red is negative regulation.  Black is unspecifed.
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FIGURE 4.4.   METACORE SP1 links. Red on the genes represents up regualted genes
or proteins, whil blue is down regulated.  TR=transcriptional regulator.  A green regulator
is positive regualtion while red is negative regulation.  Black is unspecifed.
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FIGURE 4.5.  Potential CpG islands in putative promoters. Sequence analysis tool from
Emboss (European Molecular Biology Open Source Software Suit) was used for
identifying CpG rich regions in the down regulated extracellular matrix genes,
fibronectin, collagen 6a2 and collagen 4a1.  These genes all contained CpG island just 5’
to their start sites.  The overall distribution of potential transcription factor binding sites
and CpG islands (in orange) for those three genes is shown.
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CHAPTER FIVE
CONCLUSIONS AND FUTURE STUDIES

5.1. Oxidative stress

The common definition of oxidative stress is a breach of antioxidant defenses by

oxygen and nitrogen radicals leading to damage of critical molecules and disrupted

physiology. In the research field of free radicals and oxidative stress, redox state is a term

widely used and this state can be investigated using the glutathione cycling system. The

redox state of the oxidized glutathione/reduced glutathione (GSSG/2GSH) couple and

levels of reduced glutathione and total glutathione can serve as important indicators of

the redox environment and therefore as a measure of oxidative stress.  The levels and

activites of other components of the glutathione cycling system can also serve as a

measure of oxidative stress. These include; glutathione reductase, glutathione peroxidase,

glutathione-S-transferase, superoxide dismutase, catalase, gamma-glutamyl transferase,

gamma-glutamyl synthetase and glutathione synthase. In a review of the literature, there

were very few studies investigating the glutathione system under stress from low doses of

chronic arsenic or cigarette smoke.  Two studies revealed a decrease in glutathione in the

lungs of rats exposed to cigarette smoke and in the lungs of mice given a single dose of

dimethylarsinic acid (Park et al., 1998; Yamanaka et al., 1991).  We hypothesized that

low dose, long-term exposure to ingested arsenic and inhaled arsenic and/or cigarette

smoke could possibly lower the capacity of the glutathione system to protect the lung

from oxidative stress, thus leading to increased DNA oxidation.  In our arsenic inhalation

experiments, we demonstrated that arsenic alone or cigarette smoke alone did not deplete
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the lung of total or reduced glutathione. However, when the two toxicants were given

together, the GSSG/2GSH ratio was increased, and the levels of both reduced and total

glutathione were significantly decreased, which implies oxidative stress.  Arsenic

inhalation alone also yielded an increase in the GSSG/2GSH ratio, implying a mild

oxidative stress. In addition to the alterations in the glutathione cycling system, we

showed an increase in the level of the DNA oxidation marker, 8-oxo-2’-deoxyguanosine

(8-oxodG), in the arsenic inhalation and smoke combined animals which support the

evidence for an oxidatively stressed environment in the lung.  It is possible that the lung

can accommodate either toxicant alone but when they burden the lung in tandem, the

glutathione system becomes stressed and the glutathione cycling system is out of redox

balance resulting in oxidative stress and DNA oxidation.  It is important to note that

arsenic inhalation alone did not result in a major oxidative stress in the lung, but that it

did show a tendency toward a mild stress.  In comparison, arsenic ingestion alone (no co-

exposure with cigarette smoke) did not reveal an apparent oxidative stress.  In the

ingestion paradigm, the gene expression experiments did not show a significant alteration

of the glutathione cycling system components.  Of interest, glutathione reductase

message was elevated but it was not significant.  In addition, 4 heat shock proteins, hsp

105, hspa1a, osp 94 and dnaja1 were all up regulated in the arsenic ingestion animals

implying a mild general stress.  It is interesting that in both the inhalation and ingestion

exposures, when arsenic was administered alone, neither one yielded a major oxidative

stress, but rather a trend toward a mild general oxidative stress.  Further studies are

planned to understand the mechanisms involved in the arsenic-induced production of
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differing levels of oxidative stress in these two models and to investigate the possibility

of synergy between arsenic ingestion and cigarette smoke inhalation.

The redox environment in the lung in these two specific exposure regimens may

be modulated due to the difference between the paradigms underlying these exposure

systems and needs to be investigated in the future. The differing parameters in these

paradigms include dose, route of exposure, metabolism, solubility and dissolution

processes, and species of animal used.

Dose

Dose is the amount of a substance that remains at a biological target, e.g. the lung,

during a time interval. With arsenicals, it is the amount of free arsenic deposited in

biological tissue during a specified time.  Our inhalation model used an occupationally

relevant arsenic species (arsenic trioxide) and dose (3.2 mg/m3 for 30 minutes) for a time-

weighted-average of 200 µg/m3 and we used an environmentally relevant dose for

cigarette smoke (5 mg/m3).  In reports from actual smelters, airborne arsenic

concentrations range from 100 µg/m3 to 11 mg/m3 (Lubin et al., 1981; Welch et al.,

1982).  A review of the literature revealed no long-term occupationally relevant

inhalation exposures of animals to arsenic. However, several high dose short-term

inhalation exposures of arsenic have been performed in mice, rats, rabbits and Syrian

golden hamsters (Aranyi et al., 1985; Broeckaert et al., 1997; Holson et al., 1999; Beck et

al., 2002; Pershagen et al., 1984).  The majority of the cigarette smoke exposure studies

in animals used very high total particulate matter concentrations up to 250 mg/m3 (Izzotti

et al., 1999; March et al., 2002).  These studies did not address oxidative stress. Our
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ingestion model used an environmentally relevant arsenic species (sodium arsenite) and

dose (50 ppb).  In contrast to these studies, both the occupationally and environmentally

relevant doses of arsenic alone did not yield a major oxidative stress in the lung of

exposed animals. In order to observe a major oxidative stress in the lungs of the arsenic

inhalation exposed animals, cigarette smoke was given as a co-toxin.  Future studies are

planned to investigate a dose-response effect.

Animal Differences

In our arsenic inhalation model we used Syrian golden hamsters and in our

arsenic ingestion model we used C57Bl6 mice.  We initially chose to use Syrian golden

hamsters for our inhalation studies because of previous experiments with these animals in

the field of arsenic toxicity, particularly the arsenic and cigarette smoke studies by

Pershagen (Pershagen et al., 1981; Pershagen et al., 1984). We subsequently chose mice

for the variety of strains available.  In particular C57Bl6 mice were used for our ingestion

studies because these mice breed well, are long-lived, and have a low susceptibility to

tumors.  The C57BL/6 mouse is the most widely used inbred strain. It is commonly used

as a general-purpose strain and background strain for generation of congenics carrying

both spontaneous and induced mutations. In addition, C57BL/6 mice were chosen

because of the potential for future knock-out mouse investigations as these mice are

commonly used in the production of transgenic mice. Except for gender differences,

inbred strains can be regarded as genetically and phenotypically uniform thus insuring

uniform metabolism of arsenic.  Metabolism is the sum of the physical and chemical

changes that take place in living organisms and it includes the uptake and distribution
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within the body of chemical compounds, the biotransformations undergone by such

substances, and the elimination of the compounds and their metabolites.  The hamster and

mouse potentially metabolize arsenic differently and it will be of interest in the future to

compare and contrast this metabolism in these two species.

Routes of exposure

Both inhaled airborne arsenic trioxide and ingested sodium arsenite affects

systemic levels of arsenic and future studies are planned to investigate the effects of

animals exposed to both ingested arsenic, via drinking water, and/or cigarette smoke in

order to reveal the parallels to the inhalation model in terms of oxidative stress.  In our

ingestion model, in the blood vessels and airways, the extracellular matrix genes were

down regulated and the extracellular matrix itself was disorganized as viewed with

collagen and elastin stains.  Because, free radicals appear to modulate the activity of

extracellular matrix-producing cells (Poli and Parola, 1997) and oxidative stress-

responsive sensor proteins for signal transduction are linked to extracellular matrix

protein synthesis (DeLeve, 1998), ingested arsenic-induced oxidative stress in the airway

and arterial walls potentially could lead to an increase in the production of stress

responsive cytokines, which could alter gene expression.  Therefore, future studies are

planned to investigate modulations in the glutathione cycling system in response to

drinking water arsenic.

Solubility is a measure of how much of a given substance will dissolve in a liquid

and is usually measured in weight per unit volume. Solubility may be described using

words such as insoluble, very soluble or miscible. Dissolution is the process of going into
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solution by separating into component parts and it determines the availability of a toxic

substance (e.g. arsenic) for absorption. Dissolution rate is affected by whether the

toxicant is in salt, crystal, or hydrate form. The sodium salts of weak acids dissolve faster

than their corresponding free acids.  When slower than absorption, dissolution becomes

the rate-limiting step. Our ingestion model used sodium arsenite (NaAs2O3) and our

inhalation model used arsenic trioxide (AsO3).  AsO3 has low solubility in water whereas

NaAs2O3 is freely soluble in water.  When dissolved, both AsO3 and NaAs2O3 yield

trivalent arsenite, which subsequently enters cells via aquaglyceroporins, which are

channels that allow downhill movement of uncharged solutes such as glycerol and urea

(Liu Z., et al., 2004).  Because the solubility of AsO3 is low, the dissolution rate of this

arsenical in the lung epithelial lining fluid would be slow, thus yielding free trivalent

arsenic at a very low rate.  Hence, initially, the nasal, tracheal and lung epithelium would

potentially be exposed to both AsO3 and free trivalent arsenic dissolved to a certain

degree in the lung epithelial lining fluid (LEF).  The lung has been shown to posses the

ability to methylate arsenic.  However, this would require uptake by cells containing the

appropriate enzymes.  The levels of methylated compounds may be fewer following

inhalation than in ingestion, where metabolism can occur in the liver.  In contrast,

NaAs2O3 is highly soluble in water and would be completely dissolved in the drinking

water of exposed animals.  The trivalent arsenic in the intestine would enter these cells

via aquaglyceroporin channels, undergo metabolism and then enter the villus capillary

system, which would deliver the trivalent arsenic and/or its metabolites to the liver for

further metabolism.  Via the ingestion route, the lung would possibly be exposed to many
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different metabolites of arsenic including the organic mono- and di-methylated forms

(MMAV, MMAIII, DMAV and DMAIII).  Via the inhalation route the lung would also be

potentially exposed to the methylated forms but the time course of exposure to these

forms may differ because the inhalation route initially does not allow for metabolism of

arsenic in different tissues (i.e. the intestinal and liver cells metabolize arsenic before it

reaches the lung).

The methylated trivalent metabolites exhibit greater potency than trivalent

inorganic arsenic (arsenite) for some endpoints and it is important to understand the

down-stream effects of the metabolism of trivalent arsenic in terms of major pathologies,

such as cancer.  With respect to this disease, interference of biomethylated metabolites of

arsenic with DNA repair processes have been proposed to contribute to arsenic-induced

carcinogenicity (Schwerdtle et al., 2003). Dimethylarsinic acid (DMAV) is a major

metabolite of ingested inorganic arsenic in mammals and it is a potent clastogenic agent,

capable of inducing DNA damage including double strand breaks and cross-link

formation and as a result, the adverse effects of arsenic occur either by promoting or

initiating carcinogenesis (Wanibuchi et al., 2004).  Oxidative DNA damage can lead to

cancer and a major biomarker of DNA oxidation is 8-oxo-2’-deoxyguanosine (8-oxodG).

Oral administration of DMAV in mice significantly enhanced the amounts of 8-oxodG

specifically in the lung, whereas arsenite did not (Yamanaka et al., 2001).  In addition to

arsenic-induced formation of 8-oxodG, cigarette smoke exposed rats revealed no

significant differences in 8-oxodG in the lungs between sham and smoke-exposed groups

(Arif et al., 2001). However, another study revealed inhalation of cigarette smoke
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resulted in increased 8-oxodG in DNA in the rat lung (Park et al., 1998).  In contrast to

the inhalation studies, we did not assay the lung tissue for 8-oxodG in our ingestion

studies, however experiments are planned to investigate this important marker of DNA

oxidation, both with arsenic ingestion alone and in combination with cigarette smoke

exposure.

It has been demonstrated that lung slices methylate arsenite to MMAV and DMAV

in a glutathione-dependent fashion (Georis et al., 1990).  It would be possible to use

Syrian golden hamster and C57Bl6 mouse lung slices to reproduce this experiment in

order to investigate trivalent arsenics differential effects (e.g. oxidative stress endpoints)

on these two species. In addition, in order to clarify the main form of arsenic bound to

species-specific lung tissue, in vitro incubation of radio-labed arsenite, or radio-labed

DMAV, the main metabolite of inorganic arsenic, with lung homogenates from Syrian

golden hamsters and C57Bl6 mice could be performed.  It would also be possible to use

transmission electron microscopy to investigate arsenic/oxidative stress-induced

morphological changes in the different lung cells of arsenite- and DMA-treated Syrian

golden hamsters and C57Bl6 mice. The result would reveal the major target cells for

arsenite- and DMA-induced oxidative stress and thus, which cells play an important role

in the arsenic-induced lung tumor promotion process in these animals.  In our arsenic

inhalation model, the targets of DNA oxidation, as measured by 8-oxodG, were the

airway epithelial cells along with the sub-adjacent cells.  In the arsenic ingestion model,

because elastin and several collagens were downregulated and the extracellular matrix

was disorganized, the target cells potentially were the cells of the extracelluar matrix
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including smooth muscle cells and fibroblasts. Using an antibody to smooth muscle actin,

we demonstrated an increase in smooth muscle actin around the epithelium of the large

airways thus indicating the smooth muscle cell or myoblast as a target of arsenic.

In addition to arsenic itself undergoing methylation, arsenic-induced gene

expression may also be affected by the level of DNA methylation.  In our arsenic

ingestion model, 9 extracellular matrix structural genes that were found to be

downregulated (elastin, lumican, collagens and fibronectin) were subjected to analysis for

the presence of CpG islands in their putative promoter regions.  Thus far using in silico

techniques we have identified potential CpG islands in the promoter regions for

fibronectin, collagen 6a2 and collagen 4a1 just 5’ to their transcription start sites.

Binding sites for MAZ, an important zinc finger protein involved in cholesterol

metabolism, were found in putative CpG islands in two collagens, Col6a2 and Col4a1.

These initial findings imply potential disregulation of the extracellular matrix via arsenic-

induced abberant methylation patterns in matrix genes.

Modeling of exposure

Because of the two routes of exposure used, levels and time course of arsenical

effects may be different.  Physiologically-based pharmacokinetic (PBPK) models may be

used to predict the concentrations of a parent chemical or metabolites in tissues (tissue

dosimetry), resulting from specified chemical exposures. An important application of

PBPK modeling is in assessment of carcinogenic risks to humans, based on animal data.

The parameters of a PBPK model may include metabolic parameters, blood/air and

tissue/blood partition coefficients, and physiological parameters, such as organ weights
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and blood flow rates (Andersen, 2003).  A PBPK model for arsenic indicated no

significant differences in blood, liver, or urine dosimetry in B6C3F1 and C57Bl/6 mice

for acute or subchronic exposure (Gentry et al., 2005).  In order to investigate the

potential role of tissue dosimetry in differential susceptibility to arsenic carcinogenicity, a

physiologically based pharmacokinetic (PBPK) model for inorganic and organic arsenic

in Syrian golden hamsters and C57Bl6 mice could be employed for both short-term and

chronic exposures.  Experiments would answer the question as to whether

pharmacokinetic factors provide an explanation for the difference in outcomes between

the hamster and mouse parameters.

Different Arsenic species

With respect to the two different arsenicals used in this dissertation, the literature

reveals several studies investigating the comparison between sodium arsenite and arsenic

trioxide.  Sodium arsenite and arsenic trioxide both induce the expression of hypoxia-

inducible factor 1alpha (HIF-1alpha) and vascular endothelial growth factor (VEGF)

protein in OVCAR-3 human ovarian cancer cells (Duyndam et al., 2003).  Arsenic

trioxide and sodium arsenite at 20 µM decreased porcine aorta endothelial cells (PAECs)

viability, decreased G0/G1 phase, and increased apoptosis. In contrast, sodium arsenite-

induced apoptosis was associated with p53 upregulation whereas arsenic trioxide-induced

apoptosis was associated with upregulation of p53 and caspase 3 (Yeh et al., 2003).

PAECs exposed to sodium arsenite and arsenic trioxide at 20 microM both demonstrated

increased intracellular GSSG and total glutathione and cellular glutathione peroxidase

(cGPX) and glutathione S-transferase (GST) activity, but not glutathione reductase



169

activity.  In contrast, sodium arsenite increased Cu/Zn superoxide dismutase activity

resulting in elevated intracellular hydrogen peroxide levels, but arsenic trioxide did not

(Yeh et al., 2002).  A human prostate epithelial cell line RWPE-1 continuously exposed

to 5 µM sodium arsenite or arsenic trioxde exhibited dramatic resistance to acute arsenite

toxicity (Brambila et al., 2002).  Finally, sodium arsenite and arsenic trioxide are equally

active in the mouse bone marrow micronucleus assay (Tinwell et al., 1991).

These studies reveal the similarities and differences in action between arsenic

trioxide and sodium arsenite.  Because these studies were performed in cell lines as

opposed to whole tissue it is difficult to extrapolate the results to our study.  However, the

fact that the two arsenicals modulated the glutathione cycling system both positively and

negatively is of interest to us as this system was the target of inhalation-induced oxidative

stress.

Macrophages

Activated alveolar macrophages may play a role in the mediation of arsenic-

and/or cigarette smoke- induced oxidative stress via the inhalation or ingestion route. The

GSSG/GSH ratio is decreased in stress-induced macrophages deficient in gp91phox, a

critical subunit of NADPH oxidase, which is the primary source of phagocytic

superoxide (James et al., 2003).  Using the inhaled or ingested route of arsenic exposure,

the significance of superoxide produced by macrophages could be studied by comparing

the toxicity of arsenic- and/or cigarette smoke- induced oxidative stress in wild-type

mouse macrophages to mice deficient in gp91phox. Although we did not observe an

increase in total cell counts, as a marker of inflammation, it is possible that our observed
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increase in the GSSG/2GSH ratio in our arsenic alone and arsenic- and cigarette smoke-

exposed animals was due to an increase in local cells producing synergistic amounts of

superoxide thus allowing for an imbalance in the GSSG/GSH ratio in favor of the

oxidized form of glutathione.

Alterations in the function of pulmonary alveolar macrophages following in vivo

and in vitro exposure to slightly soluble forms of arsenite (arsenic trisulfide and sodium

arsenite) and arsenate (calcium arsenate and sodium arsenate) were evaluated by

determining superoxide production in male Sprague-Dawley rats.  Following

intratracheal instillation of arsenic trisulfide, sodium arsenite, sodium arsenate or calcium

arsenate, pulmonary alveolar macrophages were lavaged and analyzed for alterations in

superoxide production. Macrophages lavaged from sodium arsenate and calcium

arsenate-exposed animals showed significant increases in superoxide production.

Macrophages lavaged from animals receiving arsenic trisulfide did not show significant

alterations in superoxide production. To test the direct effects of arsenic, pulmonary

alveolar macrophages were lavaged from control animals and exposed to arsenic in vitro.

Significant dose-dependent inhibition of superoxide production was only evident after 24

hours of exposure to arsenicals. Sodium arsenite was more potent than sodium arsenate,

inhibiting superoxide at concentrations as low as 0.1 micrograms/ml compared to 1.0

micrograms/ml of arsenate (Lantz et al., 1994; Lantz et al., 1995).  Because macrophages

lavaged from the trivalent arsenic exposed animals demonstrated no increase in

superoxide production as compared to the pentavalent arsenic species, it is possible that
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in our in vivo arsenic trioxide inhalation exposed animals, the macrophages did not

produce an oxidative stress response in terms of superoxide production.

5.2. Importance of altered gene expression

A review of the literature revealed no published inhalation or ingestion

experiments investigating arsenic-induced changes in transcriptional profiles in whole

mouse lungs using gene expression technology and real-time RT-PCR to validate the

changes.  In our study, C57BL/6 mouse lung tissue from animals exposed to either

normal drinking water or water containing 50 ppb arsenic for 5 or 8 weeks was used to

investigate transcriptional profiles of arsenic-altered genes.  Of interest were the

extracellular matrix structural genes; fibronectin, elastin and several collagens.  In order

to elucidate the role of oxidative stress in the induction of these genes, it would be of

interest in the future to study the induction of proteins that counteract oxidative stress.

For example, phase 2 proteins conteract oxidative stress and they include enzymes of the

glutathione cycling system, and nuclear factor E2 p45-related factor 2 (Nrf2) plays a

central role in the regulation of phase 2 genes by binding to the antioxidant response

element (ARE) in their promoters (Thimmulappa et al., 2002; Hayes et al., 2000;

Rahman, 2005). Comparative analysis of gene expression changes between our arsenic

inhalation and ingestion exposed wild-type and Nrf2-deficient mice would facilitate

identification of numerous arsenic-induced genes regulated by Nrf2.

Animal models

Animal models are instrumental in understanding the etiology and pathogenetic

mechanisms of disease.  Mouse models include transgenics, gene-knockouts, and gene
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knock-ins, or established diseased animal models due to natural gene mutations. The

disease model of a particular gene knock-out mouse can be employed to understand the

gene function and pathogenesis of particular human diseases including extracellular

matrix derived vasculopathies and diseases of the airways.  Pleiotropic functions of

extracellular matrix proteins have been demonstrated, and the collagen, elastin and

fibronectin knock-out phenotypes in mice have yielded some new insights as to the role

of these molecules in vivo. Thus, knock-out mice and human diseases that involve

extracellular matrix proteins would clarify the role of arsenic-induced toxicity.

Altogether, these genotype-phenotype correlations document the diversified contributions

of distinct extracellular matrix proteins to the structure of the vasculature and airways.

Elastic fibers provide blood vessels and airways with elasticity, but beside their

biomechanical role, a strong correlation between the elastic fiber network disorganization

and vascular smooth muscle cell (VSMC) growth disregulation has been known for many

years via descriptions of vascular diseases, such as supravalvular aortic stenosis (SVAS)

and Williams syndrome (Faury, 2001).  Supravalvular aortic stenosis (SVAS), Marfan

syndrome and Ehlers-Danlos syndrome type IV are three clinical entities characterized by

vascular abnormalities, manifested as fragility of blood vessels that result from mutations

of structural proteins of the extracellular matrix. Analyses of naturally-occurring human

mutations and of artificially generated deficiencies in the mouse have provided insights

into the pathogenesis of these disorders (Tucker, L.B., 1992).  In Williams’s syndrome,

defective elastin deposition is associated with hemizygous deletion of the tropoelastin

gene in SVAS (Wu and Weiss, 1999).  SVAS is associated with haploinsufficiency of
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elastin, one of the two major components of the elastic fibers. SVAS is characterized by

narrowing of the arterial lumen due to the failure of regulation of cellular proliferation

and matrix deposition. Mice with a single deletion in the elastin gene (elastin(+/-)) are

models for SVAS. Previous studies have shown that elastin haploinsufficiency in these

mice causes changes in arterial wall structure. Despite these differences, elastin(+/-) mice

have a normal life span, suggesting that the arteries remodel and adapt to the decreased

amount of elastin (Wagenseil et al., 2005).  Elastin is a potent autocrine regulator of

vascular smooth muscle cell activity and this regulation is important for preventing

fibrocellular pathology. In vascular smooth muscle cells from mice lacking elastin (Eln(-

/-)), it has been demonstrated that elastin inhibits proliferation and regulates migration.

These findings indicate that elastin stabilizes the arterial structure by inducing a quiescent

contractile state in vascular smooth muscle cells (Karnik et al., 2003).  It has been

demonstrated that elastin remodeling and apoptosis are particularly influenced by

liposoluble antioxidants such as vitamin E and collagen apoptosis and remodeling are

mainly influenced by hydrosoluble antioxidants such as glutathione (Desmettre and

Rouland, 2005).  In our arsenic ingestion model, we observed a decrease in the elastin

message and a disrupted vascular and airway extracellular matrix when a stain for elastin

was used.  The vascular wall was so damaged in our arsenic exposed animals that the

question was raised as to the possibility of the lung actually “falling apart”.  From studies

using the elastin knock-out mice, it should be possible to study how the arteries remodel

and adapt to the decreased amount of elastin, which may yield some insight into arsenic-
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induced changes in the extracelluar matrix of blood vessels and airways in the mouse

lung.

The other major component of elastic fibers is fibrillin.  Fibrillin-1 plays a role in

tropoelastin deposition and elastic fiber formation in addition to possessing an anchoring

function in some tissues. Each fibrillin monomer contains a large number of epidermal

growth factor-like motifs, most capable of binding calcium ions, and a few motifs

resembling the binding protein for transforming growth factor beta (Dietz and Pyeritz,

1995).  Mutations in fibrillin 1 have been shown to cause Marfan syndrome,

characterized by damage to the cardiovascular system (Robinson and Godfrey, 2000).

Investigations of the evolution of microfibrillopathies such as Marfan syndrome may lead

to understanding the molecular mechanisms of arsenic-induced disruptions of the

extracellular matrix.

Ehlers-Danlos syndrome subtypes are caused by mutations in genes encoding the

fibrillar collagens type I, III and V, or in genes coding for enzymes involved in the post-

translational modification of these collagens. In all subtypes of Ehlers-Danlos syndrome

easy bruising is present, and is because of vascular fragility caused by a molecular defect

in collagen type III, an important constituent of blood vessel walls (De Paepe and

Malfait, 2004).  The mutations in type III collagen ultimately affect the overall

architecture of the collagenous network and the biomechanical properties of the

adventitial layer of the vessel wall (Arteaga-Solis et al., 2000). Because we observed a

decrease in collagen 1a1 and collagen 3a1 in our gene expression data and our histology

demonstrated a disrupted extracellular matrix as evidenced by collagen stains, it would be
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of interest to study the evolution of Ehlers-Danlos syndrome-induced vascular fragility in

order to glean related mechanisms to arsenic-induced vascular toxicity.

In addition to Marfan syndrome and Ehlers-Danlos syndrome, Osteogenesis

Imperfecta also affects blood vessels.  Osteogenesis Imperfecta is characterized by

mutations in the genes encoding type I collagen and its histology reveals vessel wall

necrosis in humans (Stark and Jaeger, 1989).  As with Marfan syndrome and Ehlers-

Danlos syndrome, it would be of interest to study the mechanisms of osteogenesis

imperfecta in order to gain insight into arsenic-induced pathologies of the extracellular

matrix.

Lung remodeling

In addition to using disease models and knock-out animals to study arsenic-

induced pathologies, repair and remodeling mechanisms may aid in understanding the

evolution of such pathologies.  Airway remodeling includes an array of persistent

structural changes that occurs through a process of injury and dysregulated repair linked

to chronic airway inflammation. Airway smooth muscle is involved in repair and it

produces inflammatory cytokines, proteases, and growth factors, which may contribute to

the remodeling process and induce phenotypic changes of the muscle.  Increases in

airway smooth muscle mass are probably the main mechanism causing airway

hyperresponsiveness in asthma, and changes in the extracellular matrix may stimulate

smooth muscle growth and contribute to the mechanics of airway obstruction. (Ramos-

Barbon et al., 2004).  Airway wall remodeling processes also are present in the airways of

patients with chronic obstructive pulmonary disease and with increasing disease severity,
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there is also an increase in airway smooth muscle mass (Chung, 2005).  Smooth muscle

cells and fibroblasts synthesize elastin and destruction of this protein is implicated in the

pathogenesis of emphysema, a condition marked by thinning and weakening of the

alveolar walls that leads to tissue destruction and abnormal expansion of air sacs. The

distal airways fail to develop during the perinatal period in Elastin knock-out (-/-) mice

(Wendel et al., 2000).  It is possible that the changes in smooth muscle we observed in

the large airways of our arsenic exposed animals were part of the process of repair.  The

Elastin knock-out (-/-) mouse could be used to investigate the process of the changes in

the extracellular matrix leading to failure of distal airway development in order to

correlate them with arsenic-induced changes in the matrix of airways.  Specific smooth

muscle cell markers that can identify smooth muscle cells in various stages of

differentiation or de-differentiation would aid in understanding the process of arsenic-

induced smooth muscle proliferation in the airways. In addition, understanding the

transcriptional regulatory mechanisms involved in controlling expression of smooth

muscle cell marker genes with a particular focus on examination of processes that

contribute to the phenotypic diversity of smooth muscle cell would also aid in

understanding the process of arsenic-induced smooth muscle proliferation in the airways.

In addition to smooth muscle cell disregulation in the repair process in airways,

these cells are also disregulated in vascular diseases including atherosclerosis.  Arsenic is

atherogenic and smooth muscle cell accumulation in the neointimal space is characteristic

of many forms of atherosclerosis and there is evidence for the presence of smooth muscle

progenitor cells in the adventitia of animals and that smooth muscle progenitor cells
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circulate in human blood (Sata et al., 2005).  It is possible that smooth muscle would be

disregulated in the blood vessels of animals exposed to higher doses of arsenic, but we

did not see evidence of this at 50 ppb arsenic.

A new dynamic picture has emerged of blood vessels and airways in a constant

state of self-maintenance.  Because our studies revealed a disrupted extracellular matrix

in blood vessels and airways along with an increase in smooth muscle in the airways, it

would be of interest to investigate the remodeling and repair processes possibly going on

in our arsenic exposed animals. Fundamental questions about the cellular heterogeneity

of blood vessels and airways and the time course and triggering of normal and

pathological remodeling in arsenic-induced damage need to be answered. These

questions could be answered using cultured endothelial cells, smooth muscle cells and

fibroblasts as these cells are key players in vascular growth and repair (McGrath et al.,

2005).

Finally, in a review of the literature for “arsenic and extracellular matrix”, the only

pertinent article revealed that in HT1080 human fibrosarcoma cells, arsenic trioxide

inhibited tumor cell invasion by modulating the matrix metalloproteinase/tissue inhibitors

of metalloproteinases (MMP/TIMP) system of extracellular matrix degradation (Park,

M.J., et al., 2005).  In Ajo, Arizona, residents are exposed to an average of 20 ppb arsenic

in their drinking water.  From induced sputum samples from the residents, the levels of

MMP9 and MMP2 were increased while TIMP1 was decreased.  Using the ratio of

MMP/TIMP’s as a measure of inflammation, an increase in urinary arsenic demonstrated

a correlation with an increase in the MMP/TIMP ratio in Ajo residents (Burgess, personal
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correspondence).  It has been demonstrated that glutathione depletion in rat lungs

activates MMPs, thereby increasing degradation of the alveolar extracellular matrix (Lois

et al., 1999).  In our study, MMP2 showed a two-fold downregulation in both the 5 and 8

week groups.  We did not observe a change in any of the TIMP’s.  Because our

histological results showed an apparent disregulation and decreased density of the matrix,

it would be possible that an increase in the MMP’s and elastases or an increase in the

MMP/TIMP ratio could have caused this disruption. Further investigations of MMP’s and

TIMP’s are necessary to understand the arsenic-induced disruption of the matrix.

Because smooth muscle cells and the matrix were disoriented and disrupted in our

studies, it is possible that arsenic, at environmentally relevant concentrations, can affect

blood vessels and airways in a manner not observed in other high dose, short term

studies.  Therefore, our results are novel and they fill a void in the literature that abounds

with short-term high dose arsenic studies.  These results also provide the basis for

additional studies as suggested above.

5.3. Arsenic regulation of gene expression

In addition to DNA methylation, arsenic may be acting at other sites to affect

gene expression.  Of particular interest from this study was the downregulation of NFκB.

A protein may be classified as a redox sensor if it is highly sensitivity to cysteine

modification.  Sulfhydryl modifying agents, such as arsenic and those found in cigarette

smoke, target proteins that are especially sensitive to modification of functionally

important cysteine residues. The functional consequence of sulfhydryl modification of

proteins can include phases of activation and inhibition that are very much dependent on
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the concentration of arsenic and smoke used, the length of exposure, and the nature of the

chemical reaction arsenic and smoke constituents undertake with sulfhydryl groups.

Hyperreactive cysteine moieties may represent biochemical components of a redox

sensor that conveys information about localized changes in redox potential produced by

physiologic (glutathione) and pathophysiologic (reactive oxygen and nitrogen species)

modulators. It would be of interest to investigate the role of arsenic and cigarette smoke

in the activation of the redox sensing system in the lung including the redox sensitive

transcription factors Nuclear factor kappa B (NFκB) and activator protein -1 (AP-1).

Nuclear factor kappa B (NFκB)/Rel proteins are transcription factors involved in

the activation of a large number of genes in response to many types of stress. In non-

stimulated cells, NFκB is sequestered in an inactive form in the cytoplasm bound to

inhibitory IκBα/β proteins. The multisubunit IκB kinase (IKKα, IKKβ, and

IKKγ/NEMO) is responsible for the inducible phosphorylation of IκB.  In response to

cell stimulation, the rapid phosphorylation, ubiquitination, and proteolytic degradation of

IκB occurs, which frees NFκB to translocate to the nucleus and activate the transcription

of its target genes. The multisubunit IKK is responsible for the inducible phosphorylation

of IκB (Karin and Delhase, 2000).  The critical target for inhibition of NFκB by arsenite

is IKK, specifically the catalytic subunits IKKα and IKKβ (Kapahi et al., 2000; Roussel

and Barchowsky, 2000).  Specifically, arsenite potently inhibits IKK activation by

binding to Cys-179 in the activation loop of the IKK catalytic subunits, IKKα/β (Kapahi

et al., 2000). Taken together these results reveal that arsenic has a direct effect on IKK.

Our results, demonstrated a 1.72 fold down regulation of a IKKγ/NEMO protein in
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arsenic exposed animals which, support the studies found in the literature that show a

down regulation or inhibition of IKK in response to arsenic.  Our results are unique,

however, because we have demonstrated a decrease in IKKγ/NEMO protein in a specific

target tissue, the lung, in an in vivo model of environmentally relevant arsenic

concentrations.

It would be of interest to study NEMO-based diseases in order to elucidate the

processes involved in our ingested arsenic-induced changes in the extracellular matrix of

airways and blood vessels.  Mutations in the gene encoding NEMO impair NFκB

function and lead to ectodermal dysplasia with immunodeficiency (ED-ID) with

increased susceptibility to infections. Immunodeficiency with both cellular and humoral

immune components has been described in affected male children. The majority of

affected boys had mutations in NEMO affecting the tenth exon, which encodes a zinc-

finger domain. Bronchiectasis due to repeated infections of the lungs are among the

reported complications in this disorder.  Patients with ED-ID also suffer from

lymphedema which is a disorder leading to swelling of the extremities due to dilated

lymph capillaries and interendothelial spaces with intra- and pericapillary edema

(Doffinger et al., 2001).  In addition to lymphedema and pericapillary edema, vascular

anomalies and vascular morphogenesis studies have identified NEMO and COL3A1 as

important genes involved in these processes (Timur et al., 2005).  NEMO-deficient mice

have been generated by gene targeting. Mutant embryos die at E12.5-E13.0 from severe

liver damage due to apoptosis (Uzel, 2005). NEMO-deficient primary murine embryonic

fibroblasts (MEFs) lack detectable NFκB DNA-binding activity in response to
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inflammatory molecules, and show increased sensitivity to TNF-alpha-induced apoptosis

(Rudolph et al., 2000). Because NEMO-deficient MEFs show increased sensitivity to

TNF-alpha-induced apoptosis it is possible that in our arsenic-induced NEMO protein

deficient animals, the extracellular matrix fibroblasts may have undergone some degree

of apoptosis in the presence of inflammatory cytokines and/or chemokines, thus leading

to a disruption of the extracellular matrix.  In line with this reasoning, it would be

predicted that arsenic, by decreasing the NEMO protein, would enhance MEF sensitivity

to TNF-alpha-induced apoptosis.  In contrast to pro-inflammatory cytokines, interluekin-

10 (IL-10) is a potent, endogenous anti-inflammatory molecule that regulates

inflammatory chemokine expression by NFκB inhibition.  In IL-10 knock-out mice,

significant elevations in inflammatory chemokines are observed (Shanley et al., 2000).

Because IL-10 regulates pro-inflammatory cytokine expression by NFκB inhibition it

would be predicted that arsenic-induced down regulation of NEMO would decrease

chemokine expression by NFκB and this decrease would be enhanced in IL-10 knock-out

mice.

In final summary, arsenic is capable of disturbing the natural oxidation/reduction

balance in cells and tissues through various mechanisms stemming from its own complex

redox reactions within its variety of species, with endogenous oxidants, and with its

effects on cellular antioxidant systems. The resulting oxidative stress may trigger or alter

redox-sensitive signaling molecules, such as AP-1, NFκB, IκB and IKK and thus

disregulate the cell signaling and gene expression systems. This, in turn, may produce a
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variety of toxic effects, including carcinogenesis. Oxidative damage seems to be

important in explaining the mechanisms of the pathogenicity of arsenic.

5.4. Future directions

Oxidative stress plays an important role in the pathophysiology of vascular and

airway diseases and reactive oxygen and nitrogen species are important signaling

molecules in vascular and airway cells. Reactive oxygen and nitrogen species participate

in modulation of vascular smooth muscle, epithelial and endothelial cell function, and in

the modification of the extracellular matrix associated with these cells. Because free

radicals appear to modulate the activity of extracellular matrix-producing cells (Poli and

Parola, 1997) and oxidative stress-responsive sensor proteins for signal transduction are

linked to extracellular matrix protein synthesis (DeLeve, 1998), arsenic-induced

oxidative stress in the airway and arterial walls potentially could lead to an increase in the

production of cytokines, which could alter gene expression.  A self-defense system exists

against oxidative injuries, which includes antioxidants such as superoxide dismutase

(SOD), catalase, and glutathione peroxidase. Thus, future investigative directions should

be to include a closer examination of the glutathione cycling system and oxidative stress

in both inhalation and ingestion paradigms.  In order to clarify the role of ingested arsenic

or inhaled arsenic- and/or cigarette smoke- induced oxidative stress at all levels, RNAi

technology, knock-out and knock-in mouse experiments for several of the glutathione

cycling system enzymes could potentially be employed.  The glutathione cycling system

enzymes include; glutamate cysteine ligase (GCL), glutathione synthetase, glutathione S-

transferase (GST), glutathione peroxidase, glutathione reductase, superoxide dismutase
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(SOD) and catalase (CAT).  Superoxide dismutase (SOD) is the primary enzymatic

scavenger of superoxide anion radical and SOD knock-out mice exposed to oxidizing

conditions show increases in the renal GSSG/GSH ratio, which is a marker of oxidative

stress, compared with wild-type mice (Suliman et al., 2004).  In our inhalation study, we

demonstrated an increase in the GSSG/2GSH ratio in both the arsenic alone and arsenic

and cigarette smoke exposed animals.  It is possible that inhaled arsenic alone and/or

cigarette smoke modulates SOD scavenger activity resulting in a significant increase in

the GSSG/2GSH ratio and thus yielding differing degrees of oxidative stress.  It would be

of interest to use this knock-out mouse to investigate the role of ingested sodium arsenite

in animals exposed to this arsenical as well. In addition to the increased GSSG/GSH ratio

in inhaled arsenic alone and arsenic and cigarette smoke exposed animals, GSH was

significantly decreased in our inhalation studies.  The rate-limiting enzyme in GSH

biosynthesis is glutamate cysteine ligase (GCL), which synthesizes gamma-glutamyl-

cysteine, which is subsequently acted on by glutathione synthetase to produce GSH. The

GCL knock-out mouse dies from apoptotic cell death (Rahman, 2005).  Although we did

not assay for apoptosis in our inhalation studies, it is possible that the decrease in total

lung GSH that we observed is the result of the synergistic toxic effects of arsenic and

cigarette smoke together acting on GCL resulting in apoptosis in a target cell population

in the lung thus yielding an overall decrease in GSH in this organ.  Because the GCL

knock-out mouse dies of apoptosis, it would be of interest to use a GCL knock-in mouse

in our arsenic ingestion model.  In the ingestion model, the extracellular matrix was

disrupted and it is possible that the smooth muscle cells and fibroblasts, the cells that
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synthesize the matrix, were subject to arsenic-induced apoptotic death.  The GCL knock-

out mouse could possibly provide an insight into this line of investigation.  Arsenic-

exposed GCL knock-in mice would be predicted to demonstrate an increase in matrix cell

apoptosis over the wild type.  In contrast, because we saw an increase in smooth muscle

cells around the airways in our arsenic ingestion mice, it is possible that the smooth

muscle cells of the matrix did not undergo apoptosis but rather were involved in a

proliferative repair response.

Glutathione peroxidase is involved in detoxification of hydrogen peroxide (H2O2)

to water. Glutathione peroxidase knock-out mice reveal oxidant-induced increases in

hydroxyl radical generation, which are greater in homozygote knock-out mice as

compared to both heterozygote knock-out and wild-type control mice (Klivenyi et al.,

2000).  It is possible that arsenic and cigarette smoke work synergistically to impair

glutathione peroxidase, thus increasing hydroxyl radical generation leading to an increase

in DNA oxidation as manifested by an increase in 8-oxodG, which we observed in our

combined arsenic and cigarette smoke exposed animals.  In addition, an increase in

hydroxyl radical generation would lead to significant decreases in GSH, which we

observed in our combined arsenic and cigarette smoke exposed animals. It would be

interesting to investigate the role of glutathione peroxidase in both the arsenic ingestion

and arsenic- and cigarette smoke- induced alterations in the redox balance of the lung.

Oxidative DNA damage, in particular 8-oxodG, is processed primarily by the base

excision repair (BER) pathway. The initial step of BER is the removal of the damaged

base by 8-oxodG DNA glycosylase (OGG1). The free 8-oxodG produced by the action of
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OGG1 is a potential source of this compound in urine. Using wild type and OGG1 knock-

out mice a significant reduction in the urinary level of 8-oxodG in OGG1 deficient mice

in comparison with the wild type strain was demonstrated (Rozalski et al., 2005). It

would be possible to use the OGG1 knock-out mice to demonstrate the combined effects

of inhaled arsenic- and/or cigarette smoke- induced DNA oxidation as the knock-out

mice would be predicted to demonstrate an increase in 8-oxodG, compared to arsenic or

smoke alone, because the repair of this lesion would be severely inhibited in these mice.

In an ingested arsenic model, the OGG1 knock-out mouse could be used to investigate

the dose-response effect as higher doses of ingested arsenic would be predicted to yield

increases in 8-oxodG in the knock-out mouse as compared to the wild type.

DNA polymerase beta is the major DNA polymerase involved in the BER

pathway in mammalian cells and using RNA interference (RNAi) technology in mouse

cells, the DNA polymerase beta protein and mRNA can be reduced to undetectable levels

(Polosina et al., 2004). It would be possible to use RNAi technology in mouse cells to

knock-down the DNA polymerase beta protein to demonstrate the combined effects of

arsenic- and cigarette smoke- induced DNA oxidation as the knock-down cells would be

predicted to demonstrate an increase in 8-oxodG as compared to arsenic or smoke alone.

In an ingested arsenic model, the the knock-down cells could be used to investigate the

dose-response effect as higher doses of ingested arsenic would be predicted to yield

increases in 8-oxodG in the knock-down cells as compared to the wild type.

Poly(ADP-ribose) polymerase (PARP) is an element of the DNA damage

surveillance network and it is involved in the BER process. PARP has 2 zinc fingers and
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a nick-sensor function.  PARP-deficient cells derived from PARP knock-out mice

exhibited reduced DNA polymerase activity, compared with the parental cells (Dantzer et

al., 1998). It should be possible to use PARP-deficient cells derived from PARP knock-

out mice to demonstrate the combined effects of arsenic- and cigarette smoke- induced

DNA oxidation as the knock-out cells would be predicted to demonstrate an increase in

8-oxodG, compared to arsenic or smoke alone, because PARP is involved in the repair of

8-oxodG.

It is of interest that PARP is a zinc finger protein and each zinc finger protein

exerts its own sensitivity towards toxic metal ions such as arsenic.  Zinc finger proteins

are cysteine-rich, with two-cyteine/two-histidine (Cys2His2) coordination sites. Arsenic

interacts with zinc finger proteins involved in DNA repair and/or DNA damage signaling

(Hartwig et al., 2002).  In our transcription factor analysis of the genes from our arsenic

ingestion experiments, we selected nine structural genes (elastin, lumican, the six

collagen genes and fibronectin) and calculated the percentage that contained at least one

potential binding site for a particular transcription factor.  Binding sites for TFII-I, HNF-

4 and MAZ appear to be preferentially found in this class of genes, compare to all down

regulated genes. MAZ and hepatocyte nuclear factor 4 (HNF-4) are both zinc finger

proteins and a potent transcriptional activators that control the expression of a wide

variety of genes, including those involved in fatty acid and cholesterol metabolism, and

glucose metabolism (Sladek, 1993). Diabetes is a disease of glucose dysregulation.

There is an association between arsenic ingestion and increased risk of vascular diseases

associated with diabetes (Chiou, J.M., et al., 2005).  Because arsenic is diabetogenic, it is
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possible that the glucose metabolism transcription factor, HNF-4, whose binding site

appeared in high frequency in matrix down regulated genes, played a role in the down

regulation of these genes.  In addition it is possible that arsenic’s affinity for dithiols

could interfere with the cysteine coordination site of zinc in HNF-4 and MAZ thus

modulating gene transcription of extracellular matrix genes in arsenic exposed animals.

Arsenic’s potential contribution to changes in extracellular matrix transcriptional

profiles and proteins has not been studied. To understand the mechanisms of arsenic-

induced gene regulation, we will conduct transcriptional assays by using an

electroportation method for transient transfection of lung cells with the use of luciferase

reporter constructs conjugated to the promoters of our genes of interest. In addition,

because transcription factors do not act alone, protein/protein interaction studies will be

conducted in vitro with the use of glutathione-S-transferase pull-down assays and in

intact cells by immunoprecipitation and immunoblotting. We hypothesize that many

signaling pathways can independently or cooperatively regulate arsenic induced target

genes.

Epigenetic alteration, via promoter hypermethylation, inactivates genes important

for many processes. Another future experiment is to characterize the promoter

methylation profile of our extracellular matrix genes. From our arsenic drinking water

experiments we will provide DNA for methylation-specific PCR. We will use a novel

PCR approach based on the methylation-sensitive conversion of C residues to U by

bisulfite on single-strand DNA and subsequent amplification with specific primers for

several collagens, elastin and fibronectin.
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Our lab has shown that collagen type III and tropoelastin are also downregulated

by in utero arsenic exposure. The matrix is important during in utero and postnatal lung

growth and development so we will test the effects of arsenic exposure on alterations in

lung development in the context of arsenic-induced changes in matrix genes.

In conclusion, the principle findings of this thesis are: 1) indicators of oxidative

stress strongly suggest that smoking and arsenic exposure via inhalation are synergistic

for oxidative damage to lung tissue, 2) environmentally relevant doses of arsenic produce

indications of damage only in the presence of cigarette smoke and 3) extracellular matrix

genes are good markers of arsenic exposure and may be particularly relevant to

pathologies produced by arsenic exposure.
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