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ABSTRACT

Accidental exposure to arsine (AsHj;) is possible in the semiconductor industry,
metal mining, painting and herbicide preparation. First symptoms include intravascular
hemolysis and dark red urine (hematuria), followed by abdominal pain, jaundice, and
anemia. Exposure to AsHj is fatal in up to 25% of the reported human cases, usually
caused by acute oliguric renal failure. The mechanism of AsHj toxicity in the kidney is
unknown and was studied in vitro using established cell lines, primary cells, and isolated
kidney. The hypothesis was that AsHj cause renal toxicity by its conversion to arsenite
(AsII). Renal cells were more susceptible to As(III) cytotoxic effects on ion homeostasis
and cell integrity, but AsHj3 showed oxidative stress-like toxicity. Red blood cells were
only susceptible to direct AsHj; cytotoxicity. Hepatocytes, chosen because liver is also
affected by AsHj, were susceptible to both arsenicals. It was established that AsH;
produce tissue specific toxicity.

The toxicity of the AsHjs-produced hemolysate was also investigated. The
complete hemolysate was toxic and this toxicity was associated with the soluble
hemolytic products. AsHj;-induced nephrotoxicity was also studied in the isolated rat
kidney. Unmetabolized AsH; was more toxic than hemolytic products in this system.
Damage was found in the glomeruli, tubular epithelial cells, and vascular peritubular
capillaries. Finally, the total amount of arsenicals produced by AsH; oxidation in the rat
kidney and liver homogenates was determined. As(III) was formed four times as much
compared to As(V) in the kidney. By comparison, the liver metabolized less than half of

the arsenite formed by the kidney.
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In summary, in vitro systems were used to model tissue selectivity for AsH;
toxicity and to investigate AsH; renal cytotoxicity. Red blood cells and hepatocytes were
susceptible to unmetabolized AsH;. AsHj was required to form As(Ill) to produce renal
toxicity. The soluble hemolytic products produced by AsHj also contributed to the in
vitro renal toxicity. Renal dysfunction produced by AsH; exposure (the cause for
mortality), is caused by a combination of AsHj-produced oxidative-stress toxicity and by
cell integrity damage produced by As(IIf) formed from AsH; oxidation, and delivered to

the kidney as soluble toxicants in the hemolysate.
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CHAPTER 1
INTRODUCTION, HYPOTHESIS AND SPECIFIC AIMS
1.1. GENERAL INTRODUCTION

Arsenic is a ubiquitous element present in various compounds throughout the
earth’s crust and it ranks 20" in abundance (Cullen and Reimer, 1989) at an average
concentration of 2-5 mg/kg (ATSDR, 1999). Arsenic can be released to the environment
from natural sources (e.g. biological activity, volcanic activity, erosion from mineral
deposits) where it is redistributed on the earth’s surface by rain and dry fallout. The
release of arsenicals due to human activity such as metal smelting, chemical production
and use (e.g. pesticide and wood preservative), hazardous waste disposal, buming of
fossil fuels and from smelters, has produced substantial environmental contamination
(ATSDR, 1999). Most human releases of arsenic are to land or soil, and substantial
amounts are also released to the air and water.

Worldwide there are millions of people who are exposed to arsenic at levels that
are considered unsafe. Many of these people are exposed through the consumption of
contaminated drinking water. Arsenic is highly toxic causing acute toxicity to almost
every organ system and chronic exposure causes lung and skin cancer. Consuming water
with elevated concentrations of arsenic can result in chronic effects such as skin
pigmentation, hyperkeratosis, peripheral vascular lesions (blackfoot’s disease), and
peripheral neuropathy (Ishinishi er al., 1986; Hindmarsh and McCurdy, 1986). Dietary
arsenic also constitutes a source of arsenic intake. The type of food determines the

arsenic species ingested. Organic arsenic is found in seafood, fruits, and vegetables,



15

whereas inorganic arsenic is in meats, poultry, dairy products, and cereals (Hughes and
Thompson, 1996).

The biotransformation of inorganic arsenic is complicated and leads to arsenic in
multiple oxidation states, each having a unique toxicology. Arsenic exists in oxidation
states ranging from (-IIl) to (+V) and in both organic and inorganic forms. There are four
stable arsenic compounds that are important in human toxicity: arsenate [As(V)], arsenite
[As(IIT)], monomethylarsonate [MMA(V)], and dimethylarsinate [DMA(V)]. The first
two inorganic arsenic species are methylated in vivo initially into MMA(V) and
subsequently to DMA(V). Since As(Il) and monomethylarsonite MMA(I) are
substrates for methylation, arsenates must first be reduced to arsenite species in order for
methylation to occur. This methylation process has been thought to be a detoxification
process because the acute toxicity of DMA(V) is lower than that of the inorganic forms
(Marafante et al., 1985). However, new data suggests that MMA(IH) is more toxic than
As(II) in human hepatocytes (Petrick et al., 1999). Assigning toxic effects to a particular
arsenic species has been complicated by the finding that the body can, in some cases,
metabolize one arsenic species to other species. Environmental arsenic compounds are
also metabolized, sometimes to other toxic intermediates. Exposure to gallium arsenide
and AsH; lead to pulmonary and blood toxicity, respectively. The arsenic species that
induces toxicity in either case are not completely known.

The purpose of this study was to investigate the mechanism by which arsine
produces renal toxicity and to determine the extent of arsine toxicity compared to As(IlI).

In vivo accidental exposures to AsH; have shown that the two main systems affected are
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blood and kidney. The liver is also affected but to a lesser extent. These facts together
with the fact that arsine is soluble in aqueous solutions, make the use of in vitro systems a
valid method to better understand the effects of arsine on isolated organs, primary tissue
cells or established cell lines. In this study, established cell lines from the kidney and
liver, primary culture of renal cortical cells and hepatocytes, and in situ isolated and
perfused rat kidneys, were used. A comparison of the toxicity of these two arsenicals
allowed us to elucidate a possible role of As(Ill) in AsH; toxicity. The AsH;-produced
hemolysate was also used to investigate the presence of an AsH; metabolite in the
hemolytic products that might be the responsible agent for toxicity. Further experiments
in this work also investigated the oxidation of arsine to inorganic arsenic species in rat
liver and kidney homogenates.

Both As(Ill) and As(V) cause toxicity by interfering with energy production
through different mechanisms. As(V) is a phosphate analogue that substitutes in the
production of ATP, blocking oxidative phosphorylation. As(IIl) inhibits the pyruvate
dehydrogenase (PDH) multienzyme complex. This complex involves three enzymes:
pyruvate decarboxylase (pyruvate dehydrogenase), dehydrolipoate transacetylase, and
dihydrolipoate dehydrogenase. As(II) binds to the active dithiol moieties of the last two
enzymes and interferes with the phosphorylation/dephosphorylation (inactivation/
activation) mechanism of pyruvate decarboxylase. This process is catalyzed by a
MgATP-requiring kinase (inactivation) and by a Mg- and Ca-requiring phosphatase
(activation) (Schiller et al., 1977). As(Ili) also blocks pyruvate utilization blocking

effectively its entry into the citric acid cycle. Since the erythrocyte does not utilize the
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citric acid cycle to produce energy, it might be less susceptible to As(Ill) compared to
liver and renal cells. Arsine, the (-IIT)-arsenic species, is extremely toxic to erythrocytes
producing hemolysis by an unknown mechanism. The toxicity of arsine was also
investigated in erythrocytes and hepatocytes, two cell systems that are more (erythrocytes)
and less (hepatocytes) susceptible to arsine toxicity in vivo. The purpose of this project
was to compare the extent of toxicity of these two systems to renal cells. These findings
will help to understand tissue susceptibility to arsine and As(IIl) and assist in developing

exposure biomarkers in risk assessments.

1.2. GENERAL HYPOTHESIS

The general hypothesis for this study was that AsH3 causes renal toxicity due to its
conversion to As(Ill). AsH; damage to the kidney usually leads to mortality due to
oliguric renal failure. If conversion to As(IIl) were required, it would be present in the
hemolysate, probably in the soluble fraction. An in vitro system was used to investigate
this hypothesis and to model tissue selectivity to arsenic species. Systems included
immortalized cell lines, primary cells, and whole organs. Blood was also tested as target
for AsH; toxicity and as a source for the hemolytic products. The liver was also included
to compare toxicity to an organ that is affected secondary to AsHj intoxication, but to a
lesser extent. The hypothesis was that AsHj is directly toxic to erythrocytes but must be
converted to As(Il) to be toxic to renal cells. The profile of toxicity of AsH3 and As(IIl)
in erythrocytes, due to the unique metabolism profile of the erythrocyte, would be

different compared to the renal cell and hepatocyte. The specific physiological role of



18

each tissue will determine susceptibility to an individual arsenic species. AsHj3; and
As(IIT) will produce a distinctive toxicity profile in cell lines that represent one specific
organ. Likewise, AsH; and As(IIl) will produce distinctive toxicity profile in primary
culture of cells from rat kidney and liver. Similar cytotoxic profile would indicate
susceptibility to both arsenic species and if conversion of AsHj; to As(Ill) occurs, then
As(IlT) would contribute to toxicity. Conversely, susceptibility only to As(Ill) would
indicate that conversion of AsHj; to As(IIl) is required for toxicity. Erythrocytes were
only susceptible to direct AsHj3 toxicity, hepatocytes were susceptible to both arsenicals,
and renal cells were only susceptible to As(IIl), suggesting the conversion of AsHj to
As(IIT) as a mechanism for renal toxicity.

The role of the hemolytic products was studied in primary cultures of renal and
hepatic cells, and in the in situ isolated kidney. The hypothesis was that the hemolytic
products produced by AsHj account for the toxicity produced in kidney. The soluble
hemolytic products produced cell toxicity and suggested the presence of a metabolite. In
perfused kidney, more toxicity was produced by the unmetabolized AsH; compared to the
soluble hemolytic products. This suggests that at very early time points (minutes) AsHj
reaches the kidney, probably dissolved in plasma, and affects renal function in a dose-
dependent fashion. The extent of this damage would determine the lag time for the
symptoms to occur (usually between 2-24 hours). As the kidneys become compromised
due to AsHj, the capacity of the kidney decreases to handle hemolytic products getting to
the kidney after 1 hour of AsH; exposure. The renal toxic effects observed at later time

(after 24 hours) points would be related to the formation of As(III).
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1.3. SPECIFIC AIMS

1.3.1. In vitro AsH; and As(III) cytotoxicity studies in established cell lines.

Hypothesis: Arsine is toxic to red blood cells and must be converted to As(IIl) to be toxic
to a renal cell line.

Determine dose- and time-related response for AsH; and As(Il) cytotoxicity:
investigate cytotoxic effects on oxidative-stress status (GSH, GSSG, Hsp32), ion
homeostasis (intracellular K*), and cell integrity (LDH).

Compare toxic responses between renal and hepatic cell lines.

1.3.2. In vitro AsH; and As(Ill) cytotoxicity studies in primary tissue cells: blood, liver
and kidney.
Hypothesis: Arsine is directly toxic to red blood cells but must be converted to As(Ill) to
be toxic to primary cultures of renal cells.

Determine dose and time related response for AsH; and As(II) cytotoxicity: in red
blood cells investigate cytotoxic effects on ion homeostasis (intracellular K*) and cell
integrity (hemolysis and LDH). In renal and hepatic primary cells investigate cytotoxicity
on intracellular K* and LDH.

Compare toxic responses for red blood cells, liver and kidney primary cells.

1.3.3. In vitro cytotoxicity of hemolytic products produced by AsHj in rat liver and
kidney primary cells.
Hypothesis: Hemolytic products produced by AsH; account for the toxicity produced by

AsHj; in primary cultures of the kidney.
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Determine time-response for AsH3- and As(II)-spiked-hemolysate toxic effects:
investigate cytotoxic effects on mitochondrial status (XTT bioreduction), ion homeostasis
(intracellular K*), and cell integrity (LDH).

Compare the toxic response between primary cells. Determine if As(IIf)-spiked
hemolysate present the same toxic profile as the AsH;-produced hemolysate.

Compare toxicity between the soluble and insoluble hemolytic products.

1.3.4. In situ rat isolated kidney perfused with unmetabolized arsine and with the soluble
hemolytic products from arsine-hemolysate.
Hypothesis: Hemolytic products produced by AsHj; account for the toxicity produced by

AsHj in the perfused kidney.

Determine kidney tissue damage caused by unmetabolized AsHj; and by the
soluble hemolytic products from AsHj-produced hemolysate: determine the extent of
damage in the vascular element (arterioles and venules, e.g. endothelial cells), filtration
(glomerulus) and tubular element (proximal or distal tubules, e.g. proximal epithelial
cells).

Compare toxicity between unmetabolized AsH; and soluble hemolytic products.

Evaluate the specific anatomical target of AsHj toxicity in the rat perfused-kidney.
1.3.5. In vitro AsHj; oxidation to As(III) and As(V) in rat liver and kidney homogenates.
Hypothesis: As(Ill) is produced by AsH3 oxidation and account for the toxicity produced

by AsHj in the rat kidney.

Determine AsHj oxidation to inorganic arsenicals in the rat kidney and liver

homogenates and compare the formation of As(Ill) and As(V) in both homogenates.
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CHAPTER 2
REVIEW OF LITERATURE
2.1 ARSENIC
2.1.1. Arsenic chemistry

Arsenic is a group V metalloid, atomic number 33, and has a molecular weight of
74.9216 g/mol. Arsenic forms inorganic and organic compounds with oxidation states of
(-I), O, (+MI), and (+V). Inorganic forms include the arsenites (+I), arsenates (+V), and
arsenides (-MMI). Organic forms include monomethylarsonic acid [MMA(V)] and
dimethylarsinic acid [DMA(V)], which are the major arsenic metabolites in humans, as
well as arsenobetaine, arsenocholine, and trimethylarsine oxide, which are formed by
shellfish, fungi, and some rodents (Oya-Ohta ez al., 1996; Lau et al., 1987). The forms of
arsenic which are most important for human exposures are the trivalent and pentavalent
oxyacids (arsenous and arsenic acid, respectively) and the pentavalent methylated acids
(monomethylarsonic acid and dimethylarsinic acid).

Inorganic pentavalent arsenic (arsenic acid, H3AsQs) is the most oxidized form of
arsenic. It is thermodynamically stable and is the most prevalent form of arsenic in the
environment. Salts of this compound are referred to as arsenates (MH;AsO,). Arsenates
have pKa values of 2.20, 6.97, and 11.53, thus are ionized at physiological pH to form
HAsO,*, and cannot diffuse into the cell, but must gain access via a transporter.
Arsenate is similar to phosphate in chemical structure and charge. Phosphates (H;POj)

have pKa values of 2.15, 7.10, and 12.32. This has significance in the transport of
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arsenic. Arsenate mimics phosphate in biological reactions, but forms unstable bonds in
ATP that spontaneously hydrolyze.

Inorganic trivalent arsenic (meta-arsenous acid, HAsQO,;) forms salts called
arsenites (MAsQ,). Trivalent arsenicals are hydrated in solution to form As(OH)3, with
successive pKas of 9.1, 12.13, and 13.40, so it exists uncomplexed as an uncharged
molecule at physiological pH. This allows free diffusion of arsenite across biological
membranes. The meta-acid (HAsO,) and its salts (MAsQ,) are not found in solution, but
the hydrated anions H,AsOj’, HAsO;> and AsOs* are found in solution at basic pH
(Cullen and Reimer, 1989). Arsenite has a high affinity for reduced thiol groups and
produces toxicity by binding to these functional groups in important enzymes (i.e.
pyruvate dehydrogenase multienzyme complex and glutathione reductase) (Webb, 1966;
Aposhian et al., 1983; Schiller et al., 1977).

Metallic or elemental arsenic [As(0)] is found naturally in the ores realgar and
orpiment. Elemental arsenic oxidizes at 613°C to form As;O; (Weast, 1976). This
occurs during ore smelting and is used to prepare arsenic for other uses. The extent of
exposure and toxicity of elemental arsenic are unknown. In the arsines and arsenides,
arsenic exists in the (-III) oxidation state. Arsenides, such as gallium arsenide, are usually
solids and are used in semi-conductors, lasers, and solar cells. Arsine (AsH;) is the
gaseous hydride of arsenic and is the most acutely toxic arsenic specie with a threshold
limit value (TLV) of 50 ppm. It is a colorless, non-irritating gas (B.P. -62.5°C) with a
reportedly garlic-like odor (Hocken and Bradshaw, 1970). It is soluble in organic

solvents and slightly soluble in aqueous solution (8.93 mM, Weast, 1976). AsHj is
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formed from the combination of arsenic (i.e. Zns;As;), acid or base (i.e. 50% H,SO;), and
an elemental metal in the following reaction: 6H" + 2A1(0) + HAsO, — AsH; + 2H,0 +
2Al(III). This provides ample opportunity for accidental exposure to arsine in industrial
settings where these ingredients are common. AsHj is used as a dopant for silicon based
chips and growing gallium arsenide crystals in the electronics industry. AsH3 accidental
exposures have been reported to occur from arsenic-containing substances such as wastes
from metal mining and manufacturing, paint, and herbicides (reviewed by Buchanan,
1962) and in the shoe industry (Apostoli et al., 1997).

The methylated arsenicals contain pentavalent arsenate, are acids in solution, and
have some toxicological relevance. Monomethylarsonic acid [MMA, CH3AsO(OH),] has
pKas of 4.1 and 8.7, and it is a charged species at physiological pH. Dimethylarsinic acid
[DMA, (CH;);As(O)OH] has a pKa of 6.2, and it is also charged at physiological pH.
Both cannot diffuse freely into the cell and their mechanism of transport is unknown.
Monomethylarsonite [MMA(II)] is an intermediate from arsenic metabolism and has
been isolated from microbial and mammalian systems (Cullen and Reimer, 1989).
MMA(III) is more toxic than inorganic arsenic to candida humicola (Cullen et al., 1989).
MMA(I) is also more toxic than inorganic arsenicals to mammalian cells. In Chang
human hepatocytes, MMA(III) was more toxic than any other inorganic arsenic species
(Petrick et al., 1999), raising questions about arsenic detoxification through methylation.
DMA(V) [(CH3);AsO(OH)] has been involved in many reactions that produce oxygen
radical species (e.g. O>” and ‘OH) from its conversion to dimethylarsine [(CH3),AsH] and

thus, oxidative-like toxic effects (Yamanaka et al., 1991). These reactive oxygen species
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have been implicated to play an important role in the mutagenicity of arsenic (Hei ez al.,
1998).
2.1.2. Sources of arsenic

Arsenic is widely distributed in nature. It can be liberated to the environment by
volcanic activities, erosion from mineral deposits, and from human activities. Natural
levels of arsenic in soil usually range from 1 to 40 ppm (ATSDR, 1999). Arsenic has
been utilized for glassmaking, herbicides, pesticides, wood preservatives, pigments and
semi-conductors. These activities have increased the normal natural arsenic levels. It is
also liberated during smelting and fossil fuel combustion (Cullen and Reimer, 1989).
Most airborne arsenic is in the inorganic form. Arsenic is carried on the surface of
particles composed of other materials. Airborne arsenic concentrations from 0.1ng/m’ in
uninhabited areas (Antarctica) to 500ng/m3 around copper smelters have been reported by
Rabano ez al. (1989). The average airborne arsenic concentration in US cities range from
20-100 ng/m® (ATSDR, 1999). This represents an average daily exposure of 0.4 pg to 2
ug arsenic/day by inhalation in most cities, assuming 100% deposition.

Arsenic contamination in drinking water is an important environmental problem
worldwide, and the source of arsenic is leaching of natural rock substratum. However,
discharges from industrial facilities, leaching from landfills, or urban runoff, are
important sources for contamination of drinking water. The concentrations of arsenic in
water are usually less than 0.01 mg/L (average is 1-2 ppb in groundwater) (ATSDR,
1999). Most arsenic in natural waters is a mixture of arsenate and arsenite, with arsenate

usually predominating. The current accepted level of arsenic in drinking water for the US
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is 0.05 mg/L as set by the Environmental Protection Agency (EPA). However, it is
estimated than more than 350,000 US citizens consume water above the current EPA
limit (Smith er al., 1992). In some contaminated areas in the world, the arsenic
concentration ranges from 200-1000 pug/L. The ingestion of arsenic through drinking
water (inorganic arsenic) is an important exposure source for some populations in China
Taiwan, Chile, Argentina, Mexico and India. In India, over 1 million people consume
arsenic contaminated drinking water with arsenic levels that range as high as 3.7 mg/L
(Bagla and Kaiser, 1996; ATSDR, 1999).
2.1.3. Disposition of arsenic
2.1.3.1. Absorption, distribution, and excretion

Absorption. The absorption of arsenic occurs through the respiratory and
gastrointestinal tracts, and through the skin. Arsenic absorption through the respiratory
tract is dependent on particle size and chemical form (Vahter, 1983). Arsenic particles
deposited in the respiratory tract are removed by ciliary action and transported to the
gastrointestinal tract where arsenic absorption is dependent on its solubility. Water-
soluble arsenic compounds are rapidly absorbed from the lungs following intratracheal
administration (Stevens et al., 1977). Gastrointestinal absorption of water-soluble arsenic
compounds is rapid and extensive. In most animals and humans, greater than 90% of
arsenites or arsenates in solution was absorbed from GI tract (Vahter and Norin, 1980).
The organic arsenicals were also rapidly absorbed (Lunde, 1977).

Distribution. Arsenic is distributed by the blood, and blood clearance in humans,

dogs, mice, and rabbits follows a two or three exponential curve (Vahter and Norin, 1980;
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Bertolero et al., 1981). Blood clearance in rats is unusually slow due to DMA binding to
erythrocytes and has a half-life of 60-80 days (Dutkirwicz, 1977). Arsenic administered
as As(Ill) or As(V) is distributed to the liver, kidneys, lungs and intestinal mucosa in
rabbits and mice (Deak et al., 1976; Vahter and Norin, 1980). As(V) and As(IIl) are also
distributed to the skeleton and brain, and they can cross the placenta (Deak et al., 1976;
Vahter and Norin, 1980).

Excretion.  The major routes of excretion are urinary, biliary, and fecal.
Excretion is dependent on route of administration and the form of arsenic that is
administered. Biliary excretion and enterohepatic recirculation of As(V) and As(I)
occur in a number of animal species but are lower for As(V) (Klaassen, 1974; Cikrt et al.,
1980). After oral administration, fecal excretion of As(V) accounted for 30 to 50%
excretion in rats, mice, and hamsters with the major form being inorganic arsenic
(Inamasu, 1983). Only 1 to 4% on intravenously administered As(V) was recovered after
48 h in the feces of rats, mice and hamsters (Odanaka et al., 1980).
2.1.3.2. Arsenic metabolism

The metabolism of arsenic has been extensively studied in humans and animals.
In mammalian systems this process can be broken down into two main areas: (1)
reduction/oxidation reactions that interconvert trivalent and pentavalent forms via a two
electron reduction or oxidation, and (2) methylation reactions, which convert arsenite to
MMA(V) and DMA(V). Another possible fate of As(Il) is protein binding that is
thought to contribute to detoxification in some species (Bogdan et al., 1994). Reduction

and oxidation are highly dependent on pH and oxygen content. Arsenate is the
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thermodynamically stable form of arsenic and is prevalent except at low pH and/or low
oxygen environments. At physiological pH, in systems containing oxygen, oxidation of
arsenous acid, As(Ill), to arsenic acid, As(V), occurs spontaneously [HAsO, + 2H,0 —
H3AsO4 + 2H" + 2¢"; E0 = -0.56V]. Lindgren and coworkers (1982) found arsenic in the
skeleton of mice and hamsters following intravenous dosing of As(Ill). The incorporation
of arsenic into bone is attributed to arsenate substitution for phosphate, indicating that an
oxidation had occurred. Vahter and Envall (1983) found in vivo that 20% of
intravenously administered As(IIl) was oxidized in mice and rabbits within four hours.
Reduction of As(V) to As(I) is of special interest because of the carcinogenic
properties of As(Ill). The exact mechanism of reduction is unclear, and there may be
contributions from both non-enzymatic and enzymatic pathways. /n vitro reduction by
human erythrocytes indicates that reduction occurs by thiol and protein dependent
reactions that may be enzymatic (Winski and Carter, 1995). In vivo reduction of arsenic
has been clearly demonstrated by the presence of trivalent arsenic in the blood and urine
of animals dosed with pentavalent arsenic. Animals included the dog after intravenous
infusion of As(V) (Ginsberg, 1965), the rat after intraintestinal or intravenous injections
(Rowland and Davis, 1982), and mice and rabbits following intravenous or oral
administration (Vahter and Envall, 1983). The reduction of arsenate in aqueous solutions
is non-enzymatic and implicates cellular reduced thiols such as cysteine, GSH, and lipoic
acid as possible reductants, (Cullen et al., 1984a,b), with formation of glutathione
disulfide (GSSG) as the oxidized species (Scott et al., 1993) (H;As0; + 2RSH -

HAsO, + RSSR + 20H). If RSH is GSH then: As(V) + 2GSH — GSSG + As(IIl).
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As(TIl) is then able to complex glutathione: As(Ill) + 3GSH — As(SG);. This glutathione
complex has been reported to form in vitro and has been identified by mass spectroscopy
(Barber et al., 1999). Further reduction of As(IIl) to AsHj requires a strong reductant and
is not likely to occur in biological systems.

The human body can readily methylate arsenic and excrete it in urine. The
relative proportions of As(Ill), As(V), MMA, and DMA in urine can vary depending upon
the chemical administered, the time after exposure, the route of exposure, the dose level,
and the exposed species. In general, DMA is the principal metabolite with lower levels of
inorganic arsenic species. In humans, the relative proportions are usually about 40-60%
DMA, 20-25% inorganic arsenic, and 15-25% MMA (Buchet et al. 1981a; Vahter 1986).
The rabbit has a similar ratio of metabolites (Maiorino and Aposhian. 1985) whereas the
guinea pig, and the marmoset and tamarin monkeys do not methylate inorganic arsenic
(Healy et al., 1997; Vahter and Marafante 1985; Vahter et al., 1982; Zakharyan et al.
1996). Studies in vitro indicate that the substrate for methylation is As(III) (first
methylation step) and MMA(III) (second methylation step). Pentavalent species are not
methylated unless they are first reduced to trivalent species. This gives rise to increased
toxicity due to the presence of trivalent species. The main site of methylation appears to
be the liver, however, recent data in mice showed that the highest activity of the arsenic
methyltransferase is present in testis followed by the kidney, liver and lung (Healy et al.
1998). Arsenic is methylated by the enzymatic transfer of a methyl group from S-
adenosyl-L-methionine (SAMe) to As(Ill). The As(Ill) methyltransferase and MMA

methyltransferase activities have been purified from liver cytosol from rabbit and rhesus
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monkey (Zakharyan et al., 1995, 1996) and it appears that a single protein (MW 60,000)
catalyzes both activities. Arsenite is also methylated non-enzymatically by methylvitamin
B2 and GSH, a reaction that is increased by sodium selenite and by sodium 2,3-
dimercapto-1-propane sulfonate (DMPS) (Zakharyan and Aposhian, 1999). Organic
arsenicals appear to undergo little metabolism.

The other toxicologically relevant form of arsenic is AsH;. The arsenic in AsHj is
thought to be As(-IIl). Since this is the fully reduced form of arsenic it will be oxidized
in the presence of oxygen. AsH; may oxidize in several ways. One is to produce
superoxide and arsenous acid [As(III)] as illustrated in this equation: AsHj+ 60, + 2H,0
— 60, + 6H" + HAsO,. The standard reduction potential, Ey', for this reaction at
physiological pH was calculated to be +0.31V by Rosner (1987). Another is to react with
water as depicted in this reaction: AsH; + 2H,0 — HAsO, + 3H;, E= +0.189V
(Klimecki and Carter, 1995). In biological systems, AsH3 will react with cellular
macromolecules, possibly oxidizing in a series of two electron steps: As(-III) to As(-I) to
As(+]) to As(+II). As AsHj; oxidizes, something must be reduced. In cells, the electron
acceptor could be oxygen, water, or biological molecules. Addition of AsHj to
hemoglobin solutions produces oxidation of heme, not reduction (Hatlelid et al. 1995).
2.1.4. Arsenic toxicology

Analysis of the toxic effects of arsenic is complicated by the fact that arsenic can
exist in several valence states and many different inorganic and organic compounds.
Most cases of human toxicity from arsenic have been associated with exposure to

inorganic arsenic. In humans, most cases of toxicity have resulted from accidental,
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suicidal, homicidal, or medicinal ingestion of arsenic-containing powders or solutions or
by consumption of contaminated food or drinking water. The arsenical compounds have
a large history as medicinal and poisonous agents. It was used as a poison and medicine
by the Greeks and Romans 2400 years ago (Gilman et al., 1985), exemplifying the
famous statement by Paracelsus: “All things are poison..., solely the dose determines that
the thing is not a poison”(“Dosis sola facit venenum”). The most common arsenic
medicinal was Fowler’s solution, which contained 1-% potassium arsenite or arsenic
trioxide.

Exposure to high doses of arsenic (greater than 100 mg) can be fatal. Acute
exposure by ingestion is characterized by profound gastrointestinal damage and cardiac
abnormalities and possible acute exfoliative erythroderma. Acute topical exposure leads
to local inflammation and vesiculation since both inorganic salts are allergens. Subacute
exposure to arsenic leads to gastrointestinal disturbances, catarrhal symptoms and
neurologic damage including paresthesia, hyperthesia and neuralgia. Keratoses of palms
and soles are common and death was due to congestive heart failure. Chronic exposure is
well documented in smelter workers and inhabitants of contaminated areas. Chronic
exposure is characterized by hyperpigmentation followed by keratoses, skin and lung
cancers and peripheral vascular diseases (blackfoot’s disease) (Yeh et al., 1968).
Blackfoot’s disease is characterized initially by numbness or coldness in the extremities
followed by various symptoms that may include acrocyanosis, claudication, ulceration
and gangrene of the extremities (Tseng et al, 1995). Little is known concerning the

mechanism of arsenic damage although it does appear to affect the small arterioles. The
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vascular toxicity of arsenic is well documented but the effect on other components of the
vascular systems has not been fully evaluated. Exposure to arsenic is known to result in
anemia and leukopenia, which may be due to bone marrow suppression. Then effects are
decreased hematocrit and intravascular hemolysis that would implicate a direct hemolytic
mechanism.

Arsenic is classified as a human carcinogen by the Environmental Protection
Agency (EPA) and by the International Agency for Research on Cancer (IARC) based on
sufficient human epidemiological evidence (Group A). The carcinogenic role of arsenic
compounds was first noted over 100 years ago in the Hutchinson (1887) observation that
an unusual number of skin tumors develop in patients treated with arsenicals (NRC,
1999). There exists an extensive literature that describes cases of skin and internal
cancers following medicinal treatment with potassium arsenite (Fowler’s solution) for a
variety of conditions, exposure to arsenical pesticides, consumption of industrially
contaminated drinking water or pesticide-contaminated wine (NRC, 1999). In 1980,
IARC determined that inorganic arsenic compounds are skin and lung (via inhalation)
carcinogens in humans. Since 1980, several additional studies of cancer and exposure to
arsenic in drinking water have been completed (NRC, 1999). Most lung cancer studies
have involved workers exposed primarily to arsenic trioxide dust in air at copper
smelters, however, several studies suggest that residents living near smelters or arsenical
chemical plants may also have increased risk of lung cancer (ATSDR 1999). Ingestion
causes skin cancer, hemangiosarcoma of the liver, lymphoma, leukemia, kidney, lung,

and bladder cancer.
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The mechanism of arsenic toxicity depends on the chemical form. Arsenates are
uncouplers of oxidative phosphorylation. Because of its similarity in structure, arsenates
produce toxicity by substituting for phosphate in biochemical reactions (Squibb and
Fowler, 1983) to form arsenyl esters. Evidence exists for the formation of adenosine-
diphosphate-arsenate (ADP-arsenate) and glucose-6-arsenate (Gresser, 1981). The
arsenate-phosphate bond is unstable and hydrolyzes rapidly, in a process termed
arsenolysis (Aposhian, 1991). When this occurs during ATP synthesis, ADP-arsenate is
formed (Gresser, 1981). ADP-arsenate undergoes arsenolysis and depletes the high-
energy phosphate bonds necessary for cell viability. There is also evidence that arsenates
uncouple oxidative phosphorylation in vivo. Rats exposed to subchronic administration
of arsenate presented mitochondrial swelling and autophagic lysosomes in their kidney
proximal tubules (Brown et al, 1976). The same finding was reported in hepatic
mitochondria after arsenate exposure from drinking water (Fowler and Woods, 1979).

Arsenite has a high affinity for thiols and binding to these thiols inhibits cellular
functions, including respiration and metabolism (Squibb and Fowler, 1983; Webb, 1966).
The classic example is the inhibition of pyruvate dehydrogenase (PDH) complex by
As(Il) (Schiller er al., 1977; Stevenson et al., 1978). This complex involves three
enzymes: pyruvate decarboxylase (pyruvate dehydrogenase), dehydrolipoate
transacetylase, and dihydrolipoate dehydrogenase. Only the last two enzymes contain
active dithiol moieties and As(III) binds to these groups forming a six-membered ring
with As(II). The last enzyme is activated by a dephosphorylation reaction catalyzed by a

Mg-Ca-requiring phosphatase and is inactivated by a phosphorylation reaction catalyzed
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by a MgATP-requiring kinase. This activation reaction has been shown to be altered by
arsenic (Schiller et al., 1977). As(Ill) also blocks pyruvate utilization blocking
effectively its entry into the citric acid cycle.

Methylated arsenicals have very low acute toxicity when compared to inorganic
arsenicals due to their low affinity for macromolecules. For this reason, formation of
MMA and DMA from inorganic arsenic is considered a detoxification step (Klaassen,
1990). It is important to note that forms of these compounds with a valence of III can
form and these will react differently than forms with a valence of V (Cullen ez al., 1984).

Arsine is the most acutely toxic form of arsenic. The threshold limit value (TLV)
for AsHj is 0.05 ppm for an 8-hour workday (ACGIH, 1982). The major symptom of
AsHj3 poisoning is massive hemolysis (Pernis and Magistretti, 1960; Fowler and
Weissberg, 1974). Renal (Meuhrcke and Pirani, 1968), cardiac (Josephson et al., 1951),
hepatic dysfunction, peripheral nervous system damage and pulmonary edema (Hocken
and Bradshaw, 1970) are also observed in cases of AsH; exposure. The mechanism of
AsHj; toxicity is unknown, but has been hypothesized to result from oxidative damage
(Labes, 1937); depletion of reduced glutathione (Blair et al., 1990b; Pernis and

Magistretti, 1960); and inhibition of Na*/K* ATPase (Levinski ez al., 1970).

2.2. IN VITRO SYSTEMS FOR TOXICITY STUDIES
Arsine is the gas hydride of arsenic. In vivo studies require a strict control of the
gas to prevent overdose or possible accidental exposure of the investigator. In addition, in

vivo case studies have shown that the two main systems affected in people exposed to
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AsHj are blood and kidney. These facts together with the fact that AsHj; is soluble in
aqueous solutions, make the use of in vitro systems a valid method to better understand
the effects of AsHj on isolated organs, primary tissue cells or established cell lines. The
use of cell biological, immunological and molecular biological methods has opened up
new avenues in physiological and toxicological research. Recently the use of tissue
culture for toxicological studies has emerged as a powerful tool. Modemn cell culture
techniques enable tissue cells to grow and be maintained at a state of differentiation, give
comparable results with the in vivo tissue. Since continuous cell lines are capable of
indefinite growth, cells can be maintained for extended culture periods under defined and
controlled environmental conditions.

The use of established cell lines allow the culture of large quantity of cells that are
necessary to characterize a specific enzyme involved in the metabolism pathway of a
specific toxicant (e.g. Aslll and MMAII methyltransferase activity in human
hepatocytes). Large quantities of cells are also necessary to determine the effect of a
toxicant on several levels, e.g. gene expression, kinase cascade, and/or cell integrity. In
addition, cultured cells can be modified biochemically and genetically allowing the
selection of sublines, strains, clones and mutants out of a parental cell population. An
example of this, is the selection of arsenic-resistant sublines for DNA hypo/
hypermethylation studies. Cells are easily manipulated and all parameters can be changed
individually or in combination, singly or sequentially in short or long-term application.
All these characteristics have allowed cell culture to become a valuable tool for

toxicology.
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2.2.1. Established cell lines

Two established cell lines from the kidney and liver were used. The renal cell line
was the porcine renal tubular epithelial cell line (LLC-PK, cells). The hepatic cell line
was the Chang liver cell line. These two cell lines are widely used for toxicological
studies.
2.2.1.1. LLC-PK; cells

The LLC-PK| cell line (ATCC CL-101) is a stable epithelial-like porcine kidney
cell line. This cell line was established by Hull ez al. (1976) from a 17-1b juvenile male
Hampshire pig. This strain was carried through 300 serial passages and remained free of
microbial and viral contaminants, and retained a near diploid number of chromosomes.
Attempts to produce tumors with these cells in immunosuppressed laboratory animals
were negative. The cells grow rapidly in monolayer cultures with a split ratio of 1 to 15
at weekly intervals, but failed to proliferate in suspension cultures.

Biochemical characterization of this cell line (Gstraunthaler et al., 1985) showed
that they exhibited activities of the apical membrane marker enzyme Y-
glutamyltranspeptidase, alkaline phosphatase, and leucine aminopeptidase. They also
exhibited activities of the basolateral enzyme ouabain-sensitive Na-K-ATPase, the
lysosomal enzyme phosphatase and N-acetyl-glucosaminidase and paroxysmal enzymes
D-amino acid oxidase and catalase. Mitochondrial enzymes and transaminase activities
were also tested. The exhibited activities of cytochrome c oxidase, glutamate

dehydrogenase, malate dehydrogenase, isocitrate = dehydrogenase, aspartate



36

aminotransferase, and alanine aminotransferase. Activities found of enzymes of glucose
metabolism included hexokinase, phosphofructokinase, pyruvate kinase, glucose-6-
phosphate dehydrogenase, aldolase, and lactate dehydrogenase.
2.2.1.2. Chang human hepatocytes

The Chang human hepatocytes (ATCC CCL-13), a human cell line, was
established from non-malignant human liver in 1954, by R.S. Chang. The cell line was
established in monolayer culture in a medium consisting of 20% human serum, 5% chick
embryo extract, 75% balanced salt solution, and 0.001% crystalline soybean trypsin
inhibitor. The cells were later adapted to 90% basal medium (Eagle) and 10% calf serum
and later to 95% RPMI 1640 medium containing 5% fetal calf serum. Chang liver cells
have been extensively used in investigations of virology, biochemistry, and toxicology.
The cell line was submitted to the American Type Culture Collection in December, 1962,
at which time the passage number was unknown but estimated to be approximately 250.
The plasma membrane of Chang liver cells has been shown to have two distinct transport
systems, one with preferential affinity for glycine and one for leucine (Mohri et al., 1979).
This cell line is also capable of producing serum albumin and fibrinogen, and possess
tyrosine aminotransferase activity (Chang, 1978), characteristics not found in the HeLa
cells, a cell line that people thought has contaminated the Chang hepatocytes. Chang
cells have been used to assess toxicity of cadmium (Kobayashi ez al., 1985; Kaji et al.,
1995), zinc and copper (Kobayashi et al., 1985), and bismuth (Kaji et al., 1994) as well as
other substances such as carbon tetrachloride, halothane, acetaminophen, and tetracycline

(Ekwall and Acosta, 1982).
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2.2.2. Primary cultures of the rat kidney and liver

One important aspect of in vitro toxicology studies is to simulate appropriately the
in vivo metabolism that is necessary to generate reactive metabolites. Primary cultures of
most organs can be obtained by enzymatic digestion. Primary cultures of rat kidney and
liver are normally obtained by collagenase digestion. Rat hepatocytes were isolated by
two-step in situ collagenase perfusion as previously described (McQueen, 1989). Kidney
cells were isolated by collagenase digestion in situ.
2.2.2.1. Primary cultures of the kidney

The kidney constitutes one organ to which arsenic is distributed (Deak et al.,
1976; Vahter and Norin, 1980). The kidney is also a target organ for arsine toxicity
producing oliguric renal failure and leading to mortality in about 25% of the reported
human cases (Fowler and Weissberg, 1974). The functional integrity of the kidney is
vital to total body homeostasis. The functional unit of the kidney is the nephron, which
may be considered in three portions: the vascular element, the glomerulus, and the tubular
element. Any of these elements can be a target for a nephrotoxicant. An acute renal
failure may be caused by renal vasoconstriction, glomerular injury, direct tubular injury,
intratubular obstruction, inmunologic, or an inflammatory effect. Chronic renal failures
are normally caused by immunologic, inflammatory, or ischemia changes.

In the past few years various in vitro techniques have been developed to study
renal toxicology, from the intact animal via the perfused kidney, kidney slices, single

nephron, isolated tubules and single cells down to cellular systems like microsomes and
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purified enzymes. The isolation of single renal cells from the intact kidney can be
performed by either mechanical or enzymatic disruption, followed by one or more
purification steps. The most widely applied method to obtain isolated proximal tubular
cells is proteolytic digestion, using collagenase. Since all methods include separation of
the medulla from the cortex and removal of the glomeruli from the dispersed tissue, a
complex purification technique is not necessary. Cell preparations from the rat kidney
that have been obtained by proteolytic digestion seem to consist of cells originating
predominantly from the S1- and S2-segments, as determined by electron microscopy and
kinetic parameters (Boogaard er al., 1990). Primary cultures of renal cells are capable of
metabolizing xenobiotics by a broad variety of pathways, including cytochrome P-450-
dependent oxidation, prostaglandin H-co-oxidation, and conjugation with GSH,
glucoronic acid, and sulphate. Other characteristics demonstrated in these cells are
mercapturate formation, deacetylase activity, glycine conjugation, GSH synthesis, and
metabolism of carcinogens such as benzo(a)pyrene and 2-acetylaminofluorene, to a
number of oxidized compounds (Boogaard et al., 1990). Primary culture of renal cells
can be maintained for several days or weeks (Boogaard ez al., 1990).
2.2.2.2. Primary culture of hepatocytes

The liver also constitutes one organ to which arsenic is distributed (Deak et al.,
1976; Vahter and Norin, 1980) and is an organ affected by arsine exposure, but to a lesser
extent. Hepatic responses to chemical insult depends on the intensity of the insult, the
population of cells affected, and whether the exposure is acute or chronic. Hepatocytes

can die by two different modes: necrosis and apoptosis. Necrosis is associated with cell
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swelling, leakage, nuclear disintegration, and an influx of inflammatory cells. When
necrosis occurs in hepatocytes, the associated plasma membrane leakage can be detected
biochemically by assaying plasma (or serum) for liver cytosol-derived enzymes, including
lactate dehydrogenase (LDH), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST). Arsenic produces liver cirrhosis, which is the end stage of
chronic liver disease characterized by deposition of fibrous tissue (Casarett and Doull,
1996).

Primary hepatocytes in monolayer keep the regenerative properties of the
mammalian adult liver producing normal enzymes for a period of time. In vitro
metabolic and toxicological studies on adult liver cells have been conducted on primary
cultures (Vickrey et al., 1979). The use of primary cultured liver cells in evaluating the
potential liver toxicity of chemicals has specific advantages in many cases when liver
specific metabolism plays an important role in the ultimate toxicity (Inmon et al., 1981).
Hepatic cells in monolayer systems remain viable for at least one week and exhibit
specific liver functions for 3 to 6 days (Vickrey et al., 1979). Primary hepatocytes have
characteristics of the normal liver, including gluconeogenesis, glucose use and lactate
production, urea synthesis, cytochrome P450 activity (CYP1A2/3A4 and CYP2C)
(Stange er al., 1995). Other characteristics found in primary hepatocytes are tyrosine
transaminase activity and albumin synthesis (Vickrey et al., 1979).

2.2.3. The in situ isolated rat kidney

The perfused rat kidney is a satisfactory preparation for investigations of both

metabolic and secretory activities (Nishiitsutsuji-uwo, 1967), and is the model that better



40

resembles the in vivo situation (Boogaard et al., 1990). This system has been used for
numerous physiological/biochemical studies, is able to assess renal tubular function,
clearance and transport of xenobiotics, and is stable over a period of time (Bekersky,
1983; Boogaard et al., 1990). However, interactions between the various cell types make
it difficult to evaluate the functioning of a single cell type. Furthermore, perfusate
composition and perfusion pressures greatly influence the performance of the system.
The best surgical procedure to isolate the kidney is to cannulate the right renal artery via
the mesenteric artery and then perfuse with a renal buffer to clear the blood. In situ
isolation is completed after cannulating the renal vein and the ureter, if desired. Perfusion
via the renal arteries, in situ, is the best way to remove blood from the tissue and to
deliver the toxicant. Metabolic activities of the isolated perfused rat kidney include
gluconeogenesis, glucose consumption, interconversion of lactate and pyruvate,
metabolism of acetoacetate, and oxygen consumption (Nishiitsutsuji-uwo, 1967).

2.2.4. Red blood cells (erythrocytes)

Erythrocytes are non-nucleated cells which have no mitochondria and are
incapable of protein production (Beutler, 1983). For this reason, pyruvate cannot be
metabolized through the mitochondrial-based citric acid cycle for energy production. The
primary source of energy for red blood cells is glucose although hexoses and nucleosides
can be also utilized (Beutler, 1983). Energy is obtained through the anaerobic or aerobic
breakdown of glucose. Anaerobic breakdown of glucose to pyruvic or lactic acid is by
the Embden-Meyerhoff pathway that produces ATP and NADH. ATP is used to maintain

cell morphological structure and as an energy source to run the Na*/K* pump. Aerobic
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breakdown of glucose is through the hexose monophosphate shunt that produces
NADPH, which is the required cofactor for GSH reductase to reduce GSSG back to GSH.

Arsenic produces a rare circulatory disorder known as blackfoot’s disease.
Arsenic has been implicated in damaging the blood vessels. Arsenic toxicity to the
erythrocyte has been documented (Winski and Carter, 1995). As(V) but not As(IIl) was
found to be toxic by producing changes in hemolysis and morphological damages. Both
As(V) and As(Ill) were found to decrease free nonprotein sulfhydryls (NPSH) with a
different profile. As(V) produced a almost linear time and dose-dependent decrease in
NPSH’s whereas As(IIT) produced a byphasic depletion curve. Both arsenicals depleted
GSH in a similar way but As(Ill) produced more GSSG than As(V) (Winski and Carter,
1995). It was clear that As(V) and As(IIl) have different effects on the erythrocyte.

Red blood cells are the main target for arsine toxicity. The mechanism for AsHj-
produced hemolysis is unknown. It has been postulated that AsHj3 exerts its toxic effects
through oxidative stress depleting glutathione (Pernis and Magistretti, 1960). However,
recent investigators have contradicted that finding (Hatlelid ez al., 1995). Other authors
have suggested that AsH; reacted with key sulfhydryl groups of the membrane Na*,K'-
ATPase pump (the main mechanism for volume control) inducing cell swelling and lysis
(Levinsky et al., 1970). Hemolytic products caused by AsHj are delivered to the kidney.
It has been hypothesized that these hemolytic products also account for the toxicity seen
in the kidney. The final toxic effect is oliguric renal failure that leads to mortality in

about 25% of the reported human cases (Fowler and Weissberg, 1974).
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2.2.5. Parameters of toxicity

Two main parameters of toxicity were used in this work, intracellular potassium
(K") and lactate dehydrogenase (LDH) leakage. Intracellular K* is an early indicator of
cell toxicity and has been described as the most sensitive criteria of viability (Baur et al.,
1975). Loss of intracellular K™ measures the impairment of the metabolic activity of the
cell and is a mean of assessing its functional integrity, although it need not necessarily be
associated with cell death (Stacey et al., 1977). LDH leakage was first used as an
indicator of cell damage in 1955 as a measure for myocardial infarction (Wroblewski and
LaDue, 1955). It was demonstrated later that LDH leakage from cells exposed to
toxicants is direct evidence that damage had occurred to the cells (Dujovne and
Zimmerman, 1969). Indexes of metabolic function that involve mitochondrial enzymes
are also useful in evaluating cell function. XTT, 2,3-bis[2-methoxy-4-nitro-5-
sulfophenyl]-2H-tetrazolium-5-carboxanilide inner salt, can be reduced by mitochondrial
dehydrogenases of viable cells yielding to a highly colored, water soluble formazan
(Roehm et al., 1991). Since most cells do not metabolize XTT efficiently unless an
electron-coupling agent is added, phenazine methosulfate (PMS) was used to potentiate
bioreduction of XTT. A decrease in XTT reduction is an index of cell toxicity.

Other parameters of oxidative-stress like toxicity used in this work were
expression of heat shock protein 32 (heme oxygenase), levels of reduced glutathione
(GSH) and glutathione disulfide (GSSG). The expression of hsp32 has been
demonstrated to increase when cells are exposed to some heavy metals, e.g As(Il)

(Kothary and Candido, 1982; Menzel et al., 1998; Lee and Ho, 1995; Brown and Kitchin,
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1996). Induction of the human lymphocyte hsp32 has been proposed as a biomarker of
response to As(IIl) (Menzel et al., 1998). For GSH and GSSG, it is generally accepted

that a decrease in GSH or the increases in GSSG levels are indicators of oxidative stress

in the cell.



CHAPTER 3
IN VITRO ARSINE AND ARSENITE TOXICITY IN ESTABLISHED CELL
LINES'

3.1. INTRODUCTION

The major toxic effects of AsHj is in the erythrocyte where it produces hemolysis.
Death from AsHj exposure (25% of the reported human cases; Fowler and Weissberg,
1974) is caused by acute oliguric renal failure. Another organ affected secondary to AsH;
exposure is the liver. In this chapter, AsH; and As(IIl) toxicity was evaluated in cells that
represent the kidney (porcine renal tubular epithelial LLC-PK, cells) and the liver (human
Chang hepatocytes). Human blood was also investigated for its susceptibility to AsH;
toxicity and formation of hemolytic products. The hypothesis was that AsHj; is toxic to
blood cells and must be converted to As(III) to be toxic to renal cells. The extent of
toxicity was compared to the hepatic cell line. Since the amount of arsenicals formed in
cells cultured in vitro from AsH; oxidation is small, the use of a sensitive method of
detection is required. The instrument of choice would be the HPLC coupled to the atomic
fluorescence detector. In this study, it was expected that comparing established cell lines
for their response to AsH; and As(Ill) would determine whether AsHj acts directly or
after forming As(III). Similar cytotoxicity profile would indicate conversion of AsHj to

As(II). It was also expected to determine whether AsH3 was acutely toxic to the kidney.

! Part of the material presented in this chapter has been accepted and is currently edited
for its publication in the Journal of Toxicology and Environmental Heaith.
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The rationale of using established cell lines for toxicological studies was
explained in section 2.2. In addition to intracellular potassium leakage and LDH release,
the toxic effects of AsH; and As(Ill) on intracellular reduced glutathione (GSH),
glutathione disulfide (GSSG), and heme oxygenase (Hsp 32) was determined. These
parameters are more specific for toxicants that produce oxidative stress, a characteristic
that has been associated with AsHj toxicity. Toxicity from both arsenic species was
assessed in the renal cell line and then compared to that produced in the human red blood
cells and Chang human hepatocytes. Human red blood cells were only susceptible for
AsHj toxicity whereas hepatocytes were susceptible for both arsenic species. Leakage of
intracellular K* always preceded LDH leakage in the erythrocyte whereas in hepatocytes
they were released similarly. In the renal cell line, AsH; produced no toxicity on
intracellular K* or LDH. However, there was evidence for oxidative-stress toxicity

produced by AsHj, as determined by an increase in GSSG and hsp 32.

3.2. MATERIALS AND METHODS
3.2.1. Chemicals and preparation of solutions
Chemicals

Sodium arsenite (NaAsQ-), ACS certified, was purchased from Fisher Scientific
(Fair Lawn, NJ). Zinc arsenide, 99%, and pyridine, ACS grade, were obtained from
Aldrich Chemical Co. (Milwaukee, WI). RPMI 1640 and DMEM/F-12 were purchased

from Gibco/BRL Products (Grand Island, NY). Fetal bovine serum (FBS) was obtained
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from Gemini Bioproducts, Inc. (Calabasas, CA). T-25 culture flasks were obtained from
Becton-Dickinson (Indianapolis, IN). All other chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO).

Preparation of the stock dosing solutions

Arsine generation.  AsH; was generated by the method of Hatlelid ez al. (1995).
Briefly, zinc arsenide was reacted with 50% sulfuric acid to generate the AsHj gas, which
was bubbled into serum-free dosing media to the desired concentration. AsH;
concentration in media was determined by reaction with 0.55% diethyldithiocarbamate in
pyridine followed by spectrophotometric determination of this product at 510 nm. Since
AsH; is a toxic gas, appropriate precautions should be taken. All procedures were
performed in an approved fume hood. A saturated potassium permanganate solution trap,
in-line after the aqueous trap, was used to prevent the release of AsHj; during its
generation.

Preparation of the As(Ill) solution. Sodium arsenite was prepared as a 5§ mM
stock solution in the cell growth media, 6.5-mg/10 ml. pH was adjusted to 7.4 by the
addition of concentrated HCI. Individual dosing solutions at the various concentrations
were prepared by the appropriate dilution of the stock. This stock was freshly prepared for

each experiment.
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3.2.2. Arsine and arsenite toxicity in LLC-PK, cells
Source of the cells

The LLC-PK|, cells were a gift of Dr. Hugh Laird II (Dept. Pharmacology and
Toxicology, Tucson, AZ). These cells were grown in T-25 flasks (#3055, Costar Corp.,
Cambridge, MA.) in DMEM/F-12 medium supplemented with 5% fetal bovine serum
(FBS) at 37°C in a humidified 5% CO, atmosphere. The cells were subcultured about
every week following trypsinization. LLC-PK cells in passage 200-238 were used. It has
been recommended that these cells can be used up to passage 250, however, it has been
shown that cells retain diploid number of chromosomes up to serial passage 300 (Hull et
al., 1976).
Dosing of the cells with arsenicals

Cells were grown in T-75 flasks. During experiments, cells were plated in T-25
flasks containing 4 ml of DMEM/F-12 medium. The cells were allowed to attach and
grow to approximately 90% confluence. Prior to exposure to the arsenicals, the attached
cells were adapted to serum-free medium, 2 ml per flask, for 2 h. Then, the medium was
removed and the cells were dosed with the arsenicals prepared in the serum-free medium
at the desired concentration. Cell incubations were performed at 37°C and 95:5%
0,/CO, with saturated humidity (Model 6300, NAPCO, Portland, OR). To prevent
release of arsine gas, flasks were tightly capped for the first 4-h of treatment. After 4 h,

AsHj was no longer detectable in media and caps were loosened to allow gas exchange.



48

At the end of the incubation time, medium was removed and saved. Then, cells were
rinsed twice and scraped as described next.
Determination of intracellular potassium
Intracellular K* in LLC-PK| cells was determined in cell lysate supernatant. After
incubations, the dosing medium was removed and the flasks containing cells were gently
rinsed twice with 2 ml of Tris-HCI buffer (pH 7.4). After the last wash, the cells were
carefully scraped in 1 ml of buffer and then transferred to 1.5 ml microcentrifuge tube
where they were sonicated for 3-4 seconds (power level 4) (4710 Series Ultrasonic
homogenizer, Cole-Parmer Instrument Co., Chicago, [ll) to make cell lysate. Proteins
were precipitated by the addition of 20ul of concentrated perchloric acid (PCA) (70%)
followed by centrifugation at 16,000xg for 10 minutes. Intracellular K* in the resulting
supernatant was determined by flame photometry (Coleman Model 51Ca, Bacharach Inc.,
Pittsburgh, PA). Cell lysate for potassium was kept at 4°C until assay (no longer than 24
h).
Determination of lactate dehydrogenase (LDH)
The dosing medium and cell lysate for LDH analysis were kept at 4°C until assay
(no longer than 2 h). LDH activity was determined in both the cell lysate prepared as
described above and the dosing medium, using LD-L Kit 228-20 (Sigma Chemical Co., St.
Louis, MO). Determination is based on the rate of increase in absorbance at 340 nm that

occurs as LDH oxidizes lactate and reduces NAD*. LDH determination was performed
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within 2 h. The results are expressed as percent of total LDH activity calculated as
follows: [LDH in media/(LDH in media + LDH in cells)] x 100.
Determination of glutathione and gluathione disulfide

Reduced and oxidized glutathione (GSH and GSSG) were determined by UV-
HPLC as described by Fariss and Reed (1987), with slight modifications. Cells were
grown and treated in T-25 flasks. Then, they were washed carefully as described before
and harvested in 0.6 ml of 10%PCA containing ImM bathophenanthrolinedisulfonic acid
(BPDS) as a metal chelator, prepared in metal-free water. The cells were sonicated 3-4
seconds at power level 4. Sonicated samples were frozen at -40°C for 2 h. Then samples
were thawed at room temperature and centrifuged at 16,000 x g at 4°C for 3 min to obtain
clear supernatants. At the same time, GSH/GSSG standards were prepared in 10%PCA at
5, 10, 25, 50, and 100uM.

Sulfhydryls in a 0.5-ml supernatant or standard sample were derivatized with 50pl
100mM-iodoacetic acid (IAA) prepared in 0.2 mM m-cresol purple (pH indicator).
Internal standard (50ul 1mM y-glutamylglutamic acid) was added. pH was neutralized
with 0.48-ml base solution (2 M KOH, 2.4 M KHCQO;) in the presence of the pH indicator
(m-cresol purple). Samples were then allowed to react in the dark at room temperature for
10 minutes. Next, 1 ml of 1-% fluorodinitrobenzene (FDNB) was added to convert amino
groups to dinitrophenyl derivatives. Then, the reaction mixtures were capped, mixed with
a vortex mixer, and stored at 4°C overnight. Samples were ready for HPLC analysis after

filtration using 0.2um CA filters. HPLC analysis were carried out using a ion exchange
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(amino) column (Rainin); mobile phases were 80% methanol in water (A) and 0.8 M
ammonium acetate in 64% methanol (B). Solution B was prepared as follows: firstly, the
acetate solution was prepared by dissolving 272 g sodium acetate trihydrate in 122 ml
water and 378 ml glacial acetic acid; secondly, 125 ml of this acetate solution was added
to 400 ml methanol and 100 ml water. The gradient used was: At 0 min 80% A and 20%
B; at 5 min 80%A and 20%B; at 15 min 1%A and 99%B; at 25 min 1%A and 99%B; at 28
min 80%A and 20%B; and at 30 min 80%A and 20%B.

The original method reported retention times of 18.9 min (GSSG), 16.7 min
(GSH), and 14.6 min (y-glu-glu). We observed 23.5 min (GSSG), 20 min (GSH), and 18
min (y-glu-glu). The correlation coefficients for GSH and GSSG standard curves were
always above 0.999. It is important to note that the column degrades steadily over time
and thus, a constant decrease in peak retention time was observed. Because of this,
standards were run frequently to assure correct peak identification.

Heat shock protein 32 (Hsp 32)

LLC-PK, cells were grown to approximately 90% confluence in T-25 flasks.
Cells were treated with the arsenicals in serum-free DMEM/F-12 medium as described
before. Preliminary experiments indicated that maximal induction occurred around 4 h
after treatment. After 4-h treatment with arsenicals, media was removed and cells were
rinsed with 2 ml of serum-free stock DMEM/F-12 medium. Cells were scraped into
0.7mL of sterile tris-HCL buffer and sonicated for 4 seconds to lyse (Model 4710, Cole-

Parmer Instr. Co., Chicago, IL..). Protein concentration of lysates was determined by BCA
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protein assay kit (#23225, Pierce Chem. Co, Rockford, IL.). If necessary, lysates were
stored at -20°C until analysis. Proteins were first separated by SDS-PAGE using the
method of Laemmli (1970). 20ug of lysate protein was loaded for each sample. The
standard was rat recombinant hsp 32 (#SPA-895-WB, Stressgen, Victoria, BC, Canada).
SOng of standard was used. Gels were 10% acrylamide with a 37.5:1 ratio of
acrylamide:bis-acrylamide. Gels were cast using Mini-PROTEAN II apparatus (Bio-Rad
Lab., Hercules, CA.) and run at SOmamps. Western blotting was performed essentially as
described by Burnette (1981). After separation, proteins were blotted onto PVDF
membrane (#162-0181, Bio-Rad Labs, Hercules, CA.) using Trans-Blot apparatus (Bio-
Rad Labs, Hercules, CA.) in Tris-glycine transfer buffer (pH 8.3, 20% methanol).
Conditions for transfer were 60V, 0.21 amps. After blotting, membranes were blocked
with 3% gelatin and probed for hsp 32. Primary antibody was rabbit anti-rat hsp 32
(#SPA-895-WB, Stressgen, Victoria, BC, Canada). A 1:2500 dilution was used for
primary antibody. Secondary antibody was goat anti-rabbit IgG conjugated to alkaline
phosphatase (#A-3812, Sigma Chem. Co., St. Louis, MO.). A 1:14000 dilution was used
for secondary antibody. After probing, membranes were developed using Sigma-Fast
BCIP/NBT tablets (#B-5655, Sigma Chem. Co., St. Louis, MO) as substrate for alkaline

phosphatase.



52

3.2.3. Arsine and arsenite toxicity in Chang human hepatocytes
Source of the cells
Chang human hepatocytes (ATCC CCL-13), a human cell line, was obtained from ATCC
(Rockville, MD). Cells were received at passage 261 and were used between passages
261 and 300. Cells were grown in RPMI-1640 medium supplemented with 5% FBS, 50
pg/ml gentamicin, 50 pg/ml streptomicin, and SO units/ml penicillin G, at 37°C in a
humidified 5% CO, atmosphere.
Dosing of the cells with arsenicals

Cells were grown in T-75 flasks. One day previous the experiment, the cells were
trypsinized, counted, and 1 x 10° cells were plated in T-25 flasks containing 4 ml of
RPMI 1640 medium supplemented with 5% FCS and antibiotics. The cells attached and
grew to approximately 90% confluence in about 24 hours. Prior to exposure to the
arsenicals, the attached cells were adapted to 2 ml of serum-free medium for 2 h. Then
this medium was removed and the cells were dosed with the arsenicals prepared in the
serum-free medium at the desired concentration. Cell incubations were performed at
37°C and 95:5% O,/CO; with saturated humidity (Model 6300, NAPCO, Portland, OR).
To prevent release of arsine gas, flasks were tightly capped for the first 4 hours of
treatment. After 4 hours, AsH; was no longer detectable in media and caps were
loosened to allow gas exchange. At the end of the incubation time, medium was removed
and saved. Then, cells were rinsed twice and scraped as described before for the LLC-PK,

cells.
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Determination of intracellular potassium, LDH leakage, and glutathione and
glutathione disulfide
As described for the LLC-PK, cells.
3.2.4. Arsine and arsenite toxicity in human red blood cells

The red blood cells were also used to determine the AsH3 and As(III) cytotoxicity.
Preliminary studies in the lab showed that human red blood cells are susceptible to AsHj
toxicity and form hemolytic products. Due to this characteristic, the red blood cells were
included to further investigate AsHj toxicity.
Collection and incubation of human erythrocytes

Blood was obtained by venipuncture from healthy male and female volunteers.
Volunteers were assigned randomly to sample groups, and blood was not pooled from
more than one volunteer. Isolated red blood cells were prepared by centrifugation at 900g
for 10 min. The plasma and buffy coat were removed and the cells were rinsed twice
with PBS (containing glucose). Packed erythrocytes were mixed 1:1 with 2mM AsH; or
PBS for control in closed 1.5 ml microcentrifuge tubes. Erythrocyte incubations were
performed in a Lab-Line Orbit Environ-Shaker model 3527GM set at 37°C and 100-rpm
(Lab-Line Instruments Inc., Melrose Park, Il1).
Measurement of hemolysis, potassium and LDH from exposed erythrocytes

Hemoglobin leakage into the extracellular fluid was considered a direct measure
of total erythrocyte death or hemolysis. It was determined as described by Winski et al.

1997. Briefly, an aliquot of the cell suspension was centrifuged (8700 x g, 30 seconds),
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and the resulting supernatant was assessed for hemoglobin by reaction with Drabkin’s
solution (Sigma kit 525A). Determination of intracellular K* in RBC was determined by
flame emission photometry as described by Winski ez al. (1997). Briefly, a 25-ul sample
of cells was washed twice with 1 ml of 310 mOsm Tris-HCI (pH 7.4). The cells were
lysed in 1-ml distilled water and proteins precipitated by the addition of 20 pi
concentrated PCA. The resulting supernatant was tested for K* with a Bacharach
Coleman Model 51 Ca flame photometer with the appropriate standards and dilutions.
LDH was determined in the same supernatant used for potassium analysis, using Sigma
kit 228-20. For LDH analysis, samples were diluted 1:5 to 1:10 so the readings were in
the normal range of the analysis.
3.2.5 Statistical analysis

Individual measurements were performed at least in duplicate, and sample number
(n) refers to the number of at least three separate experiments. All data are expressed as
the mean + standard deviation (SD). Statistical analyses were calculated with one-way
analysis of variance (ANOVA) using Bonferroni’s multiple comparison test (GraphPad
Prism, GraphPad Software, Inc., San Diego, CA) and Student’s t-test; two samples
assuming equal variances (Microsoft Excel 7.0 statistical package) where required.

Values are denoted with an asterisk (*) if statistically different from control (p<0.05).
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3.3. RESULTS

3.3.1. Arsine and arsenite toxicity in LLC-PK; cells

3.3.1.1. Cytotoxic effects on intracellular potassium and LDH leakage. In general, the
LLC-PK; cell line was exclusively susceptible to As(IIl) toxicity and resistant to AsH;.
Cell incubations for up to 5 hours with | mM AsH; or As(IIT) produced no effect. As(III)
was slightly toxic producing 3 and 7 % of total LDH at 3 and 5 h, respectively and 10 %
decrease in intracellular K* at 5 h (Figure 3.1 A and 3.1 B). At 24 h, AsH3 concentrations
up to 1000 uM produced no cytotoxicity (Figure 3.2 A and 3.2 B). Conversely, As(Il)
concentrations above 50 uM were toxic to both parameters analyzed. Intracellular K*
was decreased 35, 55, 85, and 90 % by 50, 100, 500 and 1000 uM, respectively. LDH
leakage reached 14, 26, 70 and 80 % of total LDH with 50, 100, 500 and 1000 uM As(Ill)
(Figure 3.2 A and 3.2 B).

3.3.1.2. Cytotoxic effects on glutathione (GSH) and glutathione disulfide (GSSG). The
time- and dose-dependent effect of these two arsenic species on reduced glutathione
(GSH) and glutathione disulfide (GSSG) was also determined on this cell line. A time
response was determined in LLC-PK, cells incubated with 100 uM AsH; or As(IIl) for
0.5-6 h (Figure 3.3 A and B). LLC-PK cells exposed to 100 pM AsH; decreased GSH at
4 and 6 h whereas As(III) had no effect on GSH (Figure 3.3 A). Likewise, GSGG levels
started to increase as early as 30 min and reached its maximum at 2.5 h (time dependent
manner) only with AsHj treatment (Figure 3.3 B). These levels returned to control levels

at 6 h. At incubation times of 2.5 and 4 h, AsH; produced significantly more GSSG
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compared to As(IlT). Response to the dose was determined by incubating these cells to
concentrations of 0-100 uM AsHj or As(Ill) for 6 h. Neither AsH; nor As(Ill) affected
GSH or GSSG (Figure 3.4 A and B). Concentrations of AsH; above 10 uM increased
GSSG in a dose dependent manner reaching more than 4-fold over control and As(III)

(Figure 3.4 B).
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Figure 3.1. Time-response for arsine and arsenite on intracellular potassium and LDH leakage in LLC-PK1 cells. A)
Potassium leakage measured as intracellular potassium (% of control), B) LDH release measured as percent of total LDH.
LLC-PK1 cells were obtained and dosed with 1 mM AsH3 or AslII for 1, 3 and S h as described in materials and methods.
Values represent the mean + S.D. of at least three separate experiments. *= significantly different from untreated control
(p<0.05). @ control M arsine @ arsenite.
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Figure 3.2. Dose-response for arsine and arsenite on intracellular potassium and LDH leakage in LLC-PK1 cells. A)

Potassium leakage measured as intracellular potassium (% of control), B) LDH release measured as percent of total LDH.
LLC-PK1 cells were obtained and dosed with 0-1000 pM AsH3 or AslII for 24 h as described in materials and methods.

Values represent the mean + S.D. of at least tree separate experiments. *= significantly different from untreated control
(p<0.05). Marsine @ arsenite.
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Figure 3.3. Time-response for arsine and arsenite on ghutathione and ghutathione disulfide in LLC-PK1 cells. A) Nanomoles
GSH per pg protein. B) Nanomoles GSSG per pg protein. LLC-PK1 cells were obtained and dosed with 0.1 mM AsH3 or
Aslll for 0.5, 1, 2.5, 4 and 6 h as described in materials and methods. Values represent the mean + S.D. of at least three
separate experiments, *= significantly different from untreated control (p<0.05). @ control H arsine @ arsenite.
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Figure 3.4. Dose-response for arsine and arsenite on ghaathione and ghttathione disulfide in LLC-PK1 cells. A) Nanomoles
GSH per pg protein. B) Nanomoles GSSG per pg protein. LLC-PK1 cells were obtained and dosed with AsH3 or AslII at
various concentrations for 2.5 h as described in materials and methods. Values represent the mean = S.D. of at least three
separate experiments. *= significantly different from untreated control (p<0.05). M arsine @ arsenite.
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3.3.1.3. Expression of heme oxygenase (hsp 32). An increase in the expression of heme
oxygenase is also an indication of oxidative-stress-like toxicity. Heavy metals such as
As(II) have been reported to induce hsp 32 levels. LLC-PK, cells exposed to 100 pM
AsH3 for 2.5, 4 and 6 h presented increased hsp 32 levels only at 6 h (Figure 3.5 A).
Similar As(Il) concentration produced no effect on hsp 32 (Figure 3.5 A). LLC-PK,
cells were also exposed to AsH3 or As(IIl) at concentrations ranging from 0 to 100 uM
for 4 h. AsHj concentration of S0 pM produced an increase in hsp 32 levels (Figure 3.5
B). As(Il) concentrations at 10 and 50 uM also increased hsp 32 levels (Figure 3.5 B).
These data may indicate that the renal toxic effect of AsH; may be related to the
formation of As(Ill). Concentrations above 100 uM of either arsenical or above 6-h
incubation may have inhibited enzymes that participate in the synthesis of hsp 32 or were

too cytotoxic.
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3.3.2. Arsine and arsenite toxicity in Chang human hepatocytes

3.3.2.1. Cytotoxic effects on intracellular potassium and LDH leakage. The cytotoxicity
of AsH; and As(lll) in Chang human hepatocytes was time and dose dependent.
Incubation of this cell line to 1 mM AsHj for 2, 4, and 6 h showed a time dependent
increase in percent of total LDH release, while intracellular K* was not affected over a 6-
h incubation. Percent of total LDH increased 0.37, 2.38, and 3.92% at 2, 4, and 6 h,
respectively, whereas intracellular K* remained at normal levels (113, 123, and 81 % of
control) (Figure 3.6 A and 3.6 B). The increase in LDH leakage, although significant,
was not large and never passed 5% of total LDH. Incubation to 1 mM As(IIl) for 2, 4,
and 6 h showed a time dependent increase in percent of total LDH release and decrease in
intracellular K*. Percent of total LDH increased 1.16, 7.4, and 26.54% at 2, 4, and 6 h,
respectively, whereas intracellular K* decreased to 70.4, 29.8, and 12.1% of control, at
the same time points (Figure 3.6 A and 3.6 B). As(Ill) was significantly more toxic than
AsH; at every single time point examined.

These toxic effects were also determined at 24 h (dose response). It was found
slightly more toxicity associated to As(Ill) compared to AsHj at equimolar concentrations
on LDH release. However, both arsenicals presented significant toxicity on intracellular
K" levels. Incubation with 0.5 mM As(IIl) produced 50 % of total LDH release whereas
the maximum percent of total LDH released was 15% with 1 mM AsHj3 (Figure 3.7 B).
Incubation with 1mM AsHj; decreased intracellular K* by 50%, whereas 1mM As(1II)

decreased it by 75% (Figure 3.7 A).
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3.3.2.2. Cytotoxic effects on GSH and GSSG. The time- and dose-dependent effects of
AsHj; and As(Il) on GSH and GSSG were also determined in this human cell line. A time
response was determined by incubating these cells with | mM AsH; or As(Ill) at various
time points. Neither AsH; nor As(Ill) affected GSH levels over a 6-h incubation (Figure
3.8 A). However, the cytotoxicity data (intracellular K* and LDH leakage) presented in
figures 3.6 and 3.7 showed toxicity caused by As(IIl) at these time points. Thus, toxicity
was not correlated to GSH levels.

One mM AsH; presented no toxicity as assessed by K* or LDH, but increased
GSSG levels as early as 2 h. AsH; but not As(III) started to significantly increase GSSG
levels from 1 h and reached a plateau at about 4 h (Figure 3.8 B). These data
demonstrated AsHj oxidative-like toxicity at concentrations that did not produce cell
death. The response to the dose was determined by incubating these hepatic cells to
concentrations of 0-1000 uM AsHj or As(III) for 24 h. Incubation with As(IIl) for 24 h at
concentrations of 10, 50 and 100 puM As(IIl) reduced GSH levels by 20, 55 and 70%,
respectively (Figure 3.9 A). At this incubation time, As(Ill)-produced toxicity was
correlated to a decrease in GSH content, although GSSG levels were not increased,
possibly due to the formation of As(SG); complexes. AsHj; had no effect on GSH at any
dose. GSSG levels were only significantly increased with SO uM AsH; (Figure 3.9 B).
AsH; concentrations of 50 uM or greater presented the most profound toxicity on LDH

leakage and intracellular K*, respectively (see Figure 3.7).
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3.3.3. Arsine and arsenite toxicity in human erythrocytes

3.3.3.1. Cytotoxic effects on intracellular potassium. The cytotoxicity of AsH; and As(II)
were also evaluated in human erythrocytes. The human erythrocyte was exclusively
susceptible to AsH; toxicity. After a dose of ImM, AsH; produced 20% intracellular K*
loss at 5 min that further decreased to 40% loss at 15 min and 60% loss at 30 min. (Figure
3.10 A). Total K* leakage reached around 80% loss by 2 h (Figure 3.10 A). As(III) at
similar concentrations produced no cytotoxicity on intracellular potassium.

3.3.3.2. Cytotoxic effects on hemoglobin and LDH leakage. In addition to evaluating
intracellular K* loss and LDH leakage as the parameters for toxicity, hemoglobin leakage
(hemolysis) was also determined. The molecular weights of these two proteins, LDH and
hemoglobin, are 40,000 and 64,000, respectively, and will leak out of the cell when
membrane integrity is compromised. Again, the human erythrocyte was exclusively
susceptible to AsH; toxicity as determined by hemoglobin and LDH leakage. The
cytotoxic of AsH; on hemoglobin and LDH was similar. These two proteins were not
affected by 1 mM AsH; during the first 30-min incubation indicating that cell membrane
was not yet compromised. However, at 1 h-incubation, 20 and 25 % of total LDH and
hemoglobin, respectively, were leaked out. At 2 h these proteins were released 47 and 58
% of total LDH and hemoglobin, respectively (Figure 3.10 B and 3.10 C). At 6 h
intracellular LDH was not detected whereas LDH in extracellular fluid was impossible to

determine due to the large amount of debris present. By comparison, total leakage of
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hemoglobin reached 70% by 6 h (Figure 3.10 B). As(Ill) at similar concentrations

produced no cytotoxicity on these two parameters analyzed.
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Figure 3.10. Effect of arsine and arsenite on intracellular potassium, LDH leakage,
and hemolysis in human erythrocytes (continue next page).
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Figure 3.10. (Continued). Effect of arsine and arsenite on intracellular potassium,
LDH leakage, and hemolysis in human erythrocytes. A) Potassium leakage measured
as intracellular potassium (% of control), B) Hemolysis measured as percent of total
hemoglobin, and C) LDH release measured as percent of total LDH. Human
erythrocytes were dosed with 1.0 mM arsine or AslII as described in materials and
methods. Values represent the mean + S.D. of at least three separate experiments.

*=gignificantly different from control and from AsIII (p<0.05). ¢ control M arsine
@ arsenite.

72



73

3.4. DISCUSSION

Acute AsHj; and As(II) cytotoxicity was investigated in two established cell lines,
and data compared to that obtained in human erythrocytes. The objective of this study
was to determine whether the toxicity observed in kidneys of humans exposed to AsH;,
was caused by a direct effect of unmetabolized AsHs, or if conversion to another toxic
arsenical, As(Ill), was required for toxicity. The hepatic cell line was used to compare
renal toxicity to a hepatic cell line, since AsHj3 also affects the liver, but to a lesser extent.
Human erythrocytes were also included to compare toxicity to a system that forms
hemolytic products after AsH; exposure. In this study, it was expected that comparing
established cells for their response to AsH; and As(III) would determine whether AsHj
acts directly or after forming As(IIl), and whether AsH; was acutely toxic to kidney and
liver.

Human erythrocytes were exclusively susceptible to AsH; cytotoxicity and
completely resistant to As(Ill). After exposure to ImM AsHj, intracellular K* started to
leak out as early as 5 min and reached 60 % loss by 30 minutes. At this time, intracellular
LDH and hemoglobin were at control levels. These results agree in part with those
reported by Winski er al. (1997). They reported K* loss in human erythrocytes that
significantly occurred after 15 min of exposure to ImM AsH3;, even though they started to
see altered K* levels at S min. This represents 10 min of difference in significant K* loss.
Differences may be due to different ways of reporting K* data. This data was reported

percent of control of intracellular K* whereas they reported it as intracellular pmol K'/g
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Hb. In this study, LDH and hemoglobin started to leak out at 1 h and reached more than
50% of LDH and hemoglobin at 2 h. Hemoglobin leakage has been reported to be
temperature dependent (Winski er al., 1997). Hemolysis that occurred at 25°C was about
10 times greater than that occurred at 4°C, and hemolysis that occurred at 37°C was about
3 times greater than that at 25°C (Winski et al., 1997). This study determined
hemoglobin leakage at 37°C and found similar results to those reported previously. The
reason for repeating this experiment was to compare cytotoxicity to rat erythrocytes, as
reported in the next chapter. A toxic parameter not previously investigated in
erythrocytes exposed to AsH3 was LDH leakage. This study found that LDH leakage was
similar to hemoglobin leakage. The reason may be the similar size of both proteins. LDH
leakage has a molecular weight about 40,000 compared to 64,000 of hemoglobin. When
the cell membrane integrity is compromised, both molecules are released. The order of
events were: intracellular K* loss followed by LDH leakage and then by hemoglobin
leakage.

The first cytotoxic effect may be related exclusively to an AsHj effect on K*
transporters. The mechanism for producing both LDH and hemoglobin leakage might be
more related to damage of cell membrane. The AsH; effect on erythrocytes has been
documented since the 30’s and 40’s. As early as 1934, R. Thauer reported hemolysis in
animals exposed to AsH; and concluded that AsHj; was “fixed” to erythrocytes and then
released as arsenicals once hemolysed. Levvy in 1947 reported a study of arsine

poisoning in mice and rabbits. He again tried to determine inorganic arsenic in tissues of
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animals exposed to AsHj;. Problems with these studies were related to the gas chamber
design where they produced the AsH; gas. The AsH; production was difficult to control
and killed most of the animals, even in reported low doses. Many years later hemoglobin
was reported to be the binding protein for AsH;. In a study reported by Zulstra and
Buursma (1986), dog and human hemoglobin were found spectrophotometrically altered
after exposure to AsHj gas. Hatlelid er al. (1996) reported later that dog hemoglobin was
oxidized to metHb. They concluded that oxygen, hemoglobin containing the reduced
iron, and access to the heme-ligand-binding site was required for AsHj;-induced
hemoglobin destruction and hemolysis.

Secondary to hemolysis, the liver and kidney have been reported to be
dysfunctional in response to AsH; (Fowler and Weissberg, 1974). Damage to the kidney
leads to oliguric renal failure and is the cause of death in 25% of the human cases. In this
study, the LLC-PK, cell line was used as a renal model for AsH; cytotoxicity. It was
found that AsH; was not toxic to these cells as assessed by the cell ability to maintain
control over ion fluxes (intracellular K*), and by a cell integrity marker, LDH. In this
system, the LLC-PK| cells were not susceptible to AsHj toxicity. However, these cells
were more susceptible to As(Ill) toxicity. In addition, LDH leakage preceded K* loss, an
order not shared by human erythrocytes where K* loss always preceded LDH leakage
(Winski et al., 1997). The differences in response may be due to interspecies differences
or from functional differences. It is also possible that a specific K* transporter present in

erythrocytes but absent in renal cells, is a specific target for AsH; toxicity. Another
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possibility would be the activation of AsHj to a toxic metabolite by a hemoprotein. In the
erythrocyte hemoglobin constitutes more than 90% of erythrocyte protein (Whittam,
1964; Josephy, 1997) and would represent the site with the highest formation of toxic
intermediate and therefore toxicity. The content of hemoproteins in this renal cell line is
unknown, but is much lower compared to the erythrocytes, and therefore would be less
susceptible to AsHj toxicity.

The Chang human hepatocytes were used as the system for hepatic dysfunction
secondary to AsHj; exposure. Many metals are taken up by these cells and show toxicity,
including cadmium (Kobayashi er al., 1985; Kaji er al., 1995), zinc and copper
(Kobayashi et al., 1985), and bismuth (Kaji et al., 1994). As(IIl) exists as an uncharged
molecule at physiological pH and diffuses freely across biological membranes. AsHj is
lipophilic and also gets into the cell. Both arsenicals presented the same toxicity in this
cell line at equimolar concentrations. The cytotoxic effect of both arsenicals was more
profound with respect to K™ content. Intracellular K* loss preceded LDH leakage, a
characteristic also found with the erythrocyte, but absent in the renal cell line. The
susceptibility to AsH; was more related to the effect on the K* transporter. If the content
of hemoproteins is a factor, this hepatic cell line may contain more hemoproteins
compared to the renal cell line, and would be more susceptible to AsH; toxic effects.

The effect of these two arsenicals on the oxidative-stress status of the cell was
also determined. A reduction in GSH or an increase in GSSG is a sign of oxidative

stress-like toxicity. Neither AsH; nor As(IIl) affected GSH levels in either cell line up to
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6 h-incubation. Arsenical concentrations up to 100 uM or 1000 uM were used in the
renal and hepatic cell line, respectively. Incubation with As(IIl) for 24 h was required in
order to decrease GSH in the hepatic cell line. Incubation with AsH; for 24 h produced
no change in GSH content. In both cell lines, GSSG levels were increased only by AsHj
treatment. In the renal cell line, 100 uM AsHj; increased GSSG as early as 30 minutes
reaching a plateau at 2.5 h. In the hepatic cell line, | mM AsH; increased GSSG above 1-
h treatment and reached a plateau at 4 h. Data from the hepatic and renal cell line
demonstrated that As(Ill) concentrations about ImM are necessary to decrease GSH
levels, but have no effect on GSSG, probably because of the formation of As(SG);
complexes. On the other hand, AsHj; concentrations up to 500 pM might be necessary to
increase GSSG levels. The optimal time for GSH to decrease was 24 h, and to GSSG to
increase was between 2.5 and 4 h.

These data showed that AsHj can be an oxidant compound. However, AsH; is the
most reduced arsenic species with a valence of -III. It is then expected that molecules get
reduced by AsH;. But, despite being a hydride, it does not react with protons at pH 7,
cannot reduce disulfide bonds, and reacts slowly with oxygen in the absence of
hemoglobin (Hatlelid er al., 1995). In fact, it has been reported that AsH; produces
oxidation of hemoglobin (Hatlelid et al., 1996). Thus, it is possible that AsH; is indeed
an oxidant. Oxidant compounds may produce their effect by (1) producing active oxygen
species like oxygen superoxide and hydrogen peroxide (Watkins et al., 1985; Goldberg

and Stern, 1974; Wallace and Caughley, 1974), (2) form free radicals themselves (Bunn
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and Forget, 1986), or (3) be oxidized intracellularly to make other reactive compounds
(Bunn and Forget, 1986). If this is true, then this data may support the 1-electron
metabolic pathway of AsHj in which a cell reductase provides one electron to AsHj3 to
make *AsH;* or *AsH, + H’. A further reaction between AsH; and O, would produce
*00AsH;. The final intermediate would be AsH,OOH that eventually is reduced to
HAsO; [As(II)] and H,0. Another possible explanation can be a rapid reaction between
AsH; and a hemoprotein (cytochrome P450 or cytochrome bs) which in turn forms the
AsHj3 hydroperoxide (AsH,OOH) that leads to the formation of HAsO, [As(TI)] after
reacting with GSH. The content of these proteins in these cell lines is unknown, but it
may be more in the hepatic compared to the renal cell line. The production of As(Il) is
supported by data presented in chapter 7.

Hsp 32 (heme oygenase) has been reported to be specifically induced in vitro and
in vivo by some heavy metals, including As(Ill) (Kothary and Candido, 1982; Menzel et
al., 1998; Lee and Ho, 1995; Brown and Kitchin, 1996). This study determined hsp 32
expression only in the renal cell line. Both AsH; and As(IIl) induced this protein about 3-
fold. Presumably this was a protective response by cells to the stress produced by the
reaction of As(IIl) with cell reductants such as glutathione. These results may suggest
that the AsHj-related hsp 32 induction was due to As(Ill) formation. Kothary and
Candido (1982) reported that hsp’s in the range from 30,000 to 87,000 molecular weight
were induced with 15-100 uM As(III) in cultured rainbow trout fibroblasts. Hsp 32 was

one of the most abundant. Induction of Hsp 32 after As(Ill) treatment has also been
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reported to occur in vitro and in vivo. Menzel et al. (1998) found Hsp 32 induction in
human lymphoblastoid cells exposed to 10 uM As(IIl) whereas Lee and Ho (1995) found
Hsp 32 induction in human fibroblasts exposed to 20 uM As(Ill). Brown and Kitchin
(1996) dosed female rats orally with 8.2 and 24.6 mg/kg sodium arsenite and found
hepatic hsp 32 induction. Induction of the human lymphocyte heme oxygenase (or hsp
32) has been proposed as a biomarker of response to As(IIl) (Menzel et al., 1998).

In conclusion, the LLC-PK, cells were almost exclusively susceptible to As(IIf)
cytotoxic effects. AsHj; was able to produce glutathione oxidation and hsp 32 induction
at concentrations that were not toxic. This cell line may convert AsHj to As(II) at a slow
rate. The effect of AsH; may be due to its conversion to small amounts of As(Ill). At
early time points potassium loss was not necessary for LDH release to occur. The Chang
human hepatocytes were equally susceptible to both arsenic species. The toxicity of
As(IIl) at 24 h in this cell line correlated with a decrease in GSH, and AsHj toxicity
correlated to an increase in GSSG levels. In addition, intracellular K* loss preceded LDH
leakage. n the erythrocyte only AsH; was cytotoxic and intracellular K* loss preceded
LDH leakage. These results suggested a similar mechanism of AsHj; toxicity in the
erythrocyte and hepatocyte, but a different mechanism in the renal cells. AsH; had a
direct action in the first two cell types, but appeared to be converted to As(Ill) in order to
affect the renal cells. The differences in K™ and LDH effects may be caused by different

arsenic species that are currently under investigation.
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CHAPTER 4
IN VITRO ARSINE AND ARSENITE TOXICITY IN PRIMARY CULTURES OF
RAT KIDNEY AND LIVER CELLS?

4.1. INTRODUCTION

The effect of AsH; and As(TII) on established cell lines from the kidney and liver
was described in chapter 3. In this chapter, the effect of these two arsenic species on
primary cultures of the rat kidney and liver is described. The hypothesis was that AsHj is
directly toxic to rat blood cells but must be converted to As(Il) to be toxic to primary
cultures of renal cells. In chapter 3 it was shown that AsH3 was not directly toxic to renal
cells but was toxic to hepatocytes. As(IIl) was toxic to both cell lines. These data
suggested that AsH; toxicity on the kidney might be attributed to the formation of
As(IIT). Due to the fact that these two cell lines came from different origins and because
they may get transformed over time and respond differently to some toxicants,
comparison of toxicity is more complicated. Using primary cultures of tissues that
belong to the same animal specie solves this problem. The observed differences in
toxicity are attributed only to the specific response of the tissue itself to the arsenic
compound. The renal and hepatic primary cells were harvested by enzymatic digestion
and were grown and dosed as a monolayer. The primary culture of renal cortical cells
was more susceptible to As(III) toxicity and LDH leakage preceded intracellular K* loss.

The primary culture of hepatocytes was equally susceptible to both arsenic species and

? The material presented in this chapter has been accepted and is currently edited for its
publication in the Journal of Toxicological Sciences.
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intracellular K* loss seemed to precede LDH leakage. The mechanism of AsH; toxicity
seemed to be different in these two cultures. The direct action of AsH; was demonstrated
using rat blood cells. Rat erythrocytes were more susceptible to AsH3; compared to
human erythrocytes. In conclusion, there exists tissue that was susceptible for AsH3 and

As(IIT) toxicity in the rat. AsH; presented direct renal toxicity at later time points.

4.2. MATERIALS AND METHODS
4.2.1. Chemicals, animals, and preparation of solutions
Chemicals

Sodium arsenite, zinc arsenide, pyridine, FBS, RPMI 1640, and DMEM/F-12,
already described in chapter 3. Williams medium E medium (powder) was purchased
from Gibco/BRL Products (Grand Island, NY). Ketamine-Xylazine-Acepromazine
(KRA) is a mixture of 40mg/ml Ketamine (Ketaset, Fort Dodge Labs Inc., Ft. Dodge,
IA), 5Smg/ml Xylazine (Rompun, Miles Inc., Shawnee Mission, KS), and 2.5 mg/ml
Acepromazine (Acepromazine Maleate, Fermenta Animal Health Co., Kansas City, MO).
All other chemicals were purchased from Sigma Chemical Co. (St. Louis, MO).
Animals

Male Sprague Dawley rats (SD) (200-250 g) were purchased from Harlan
Sprague Dawley, Inc (Indianapolis, IN) and acclimated for 7 days prior to use. Rats were
randomly allocated to groups (n=3) such that the group means and standard deviations in

body weight were approximately equal. A standard laboratory diet and water were
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provided to all animals ad libitum. A 12-hour on 12-hour off light cycle was maintained
in the animal room. The temperature and relative humidity were maintained at 22°C and
approximately 40%, respectively.
Preparation of the stock dosing solutions

Arsine and arsenite stock solutions were prepared as described in chapter 3.
4.2.2. Arsine and arsenite toxicity in primary culture of rat renal cells (cortical
epithelial cells)
Isolation and dosing

Rat renal cortical epithelial cells were isolated by collagenase-type II digestion.
Male Sprague Dawley rats were anesthetized with KRA. Kidneys were pefused in situ
through the abdominal aorta with ice-cold Krebs-Henseleit buffer (KHB) (NaCl, 118mM;
KCl, 4mM; KH,PO,;, ImM; NaHCO;, 27.2mM; MgCl,, 1.25mM; Glucose, SmM; and
HEPES, 10mM; pH 7.4) previously gassed for 30 min with 95%02/5%CO,. Perfusion
was performed for 5 minutes at 30 mi/min. After perfusion, the kidneys were removed
and placed in a cold petri dish, decapsulated, cut in four pieces, and the medulla was
carefully dissected out. The resultant chips of kidney cortex were further cut in 1 mm
pieces and placed in 20 ml of the enzymatic solution (270 units/ml of collagenase Type
II, 50ug/ml gentamicin, and 50ug/ml of trypsin inhibitor). The tissue was digested in
five periods of 20 min each at 37°C with moderate shaking. At the end of each period,
the digestive solution was replaced by fresh enzymatic solution, the digestive solution

containing cells was centrifuged at 228xg for 10 min, the pellet resuspended in 5 ml of
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DMEM/F-12 (5% FBS, 50ug/ml gentamicin) and kept at 37°C until the end of the cell
isolation procedure. After the last period, all cells (from previous periods) were joined
in a 50-ml centrifuge tube, and centrifuged one more time. The pellet was now
resuspended in a red-blood-cell lysing solution (0.1 mM EDTA, ImM KHCOs, 170mM
NH,C], pH 7.3), gently mixed and incubated for 5 min at room temperature. Then cells
were centrifuged again, and the pellet was washed three times with serum-containing
media. The clean cell pellet was resuspended ir 40 ml of medium and distributed in 10
T-25 flasks (4 ml/flask) previously coated with rat tail collagen. After plating, the cells
were allowed to attach for 18 h, then medium was removed and fresh medium was added.
Medium was changed every other day for a week to allow cell growth. A week later, the
renal cells were dosed. All cells were kept in a humidified incubator (Model 6300,
NAPCO, Portland, OR) at 37°C and 5% CO,.

Prior to exposure to the arsenicals, the attached cells were adapted to serum-free
medium (DMEM/F-12), 2 ml per flask for 2 h. Then, this medium was removed and the
cells were dosed with the arsenicals prepared in the serum-free medium at the desired
concentration. Cell incubations were performed at 37°C and 95:5% O,/CO, with
saturated humidity in the incubator described above. To prevent release of arsine gas,
flasks were tightly capped for the first 4-h treatment. After 4 h, arsine was no longer
detectable in medium and caps were loosened to allow gas exchange. At the end of each
experiment the medium was removed and saved. Then, cells were rinsed twice and

scraped as described in chapter 3.



Determination of intracellular potassium and LDH

As described in Chapter 3 for the established cell lines.

4.2.3. Arsine and arsenite toxicity in primary culture of rat hepatocytes
Isolation and dosing

Primary hepatocytes were isolated using the method outlined by McQueen
(1989). Hepatocytes were plated in T-25 flasks at a density of 2 x 10%flask in Williams
Medium E containing 10% FBS and 50ug/ul gentamicin. Cells were allowed to attach
for 2 h, then the medium was removed and replaced by fresh medium (Williams Medium
E + 10% FBS + 50ug/ul gentamicin). Cells were allowed to completely recover from
isolation for 24 h prior to exposure.

Prior to exposure to the arsenicals, the attached cells were adapted to serum-free
medium (williams medium E), 2 ml per flask for 2 h. Then, this medium was removed
and the cells were dosed with the arsenicals prepared in the serum-free medium at the
desired concentration. Cell incubations were performed as described before. At the end
of the experiment the medium was removed and saved. Then, the cells were rinsed twice
and scraped as described in chapter 3.

Determination of intracellular potassium and LDH

As described in Chapter 3 for the cell lines.
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4.2.4. Arsine and arsenite toxicity in rat red blood cells
Collection and incubation of rat erythrocytes

Adult male Sprague-Dawley rats were anesthetized with KRA. Blood was drawn
by cardiac puncture, and heparin was used as the anticoagulant. Isolated red blood cells
were prepared by centrifugation at 900g for 10 min. The plasma and buffy coat were
removed and the cells were rinsed twice with PBS (containing glucose). Packed
erythrocytes were mixed 1:1 with ImM AsH; or PBS for control in closed 1.5 ml
microcentrifuge tubes. Erythrocyte incubations were performed in a Lab-Line Orbit
Environ-Shaker model 3527GM set at 37°C and 100 rpm (Lab-Line Instruments Inc.,
Melrose Park, 1Il).
Measurement of hemolysis, potassium and LDH from exposed erythrocytes

As described in chapter 3 for human erythrocytes.
4.2.5. Statistical analysis

Individual experiments were performed at least in duplicate, and sample number
(n) refers to the number of at least three separate experiments. All data are expressed as
the mean + standard deviation (SD). Values are denoted with an asterisk (*) if
statistically different from control (p<0.05), using one-way analysis of variance
(ANOVA) with Dunnett’s multiple comparison test (GraphPad Prism, GraphPad
Software, Inc., San Diego, CA). Statistical differences between treatment groups were
calculated using ANOVA with Bonferroni’s multiple comparison test (GraphPad Prism,

GraphPad Software, Inc., San Diego, CA).
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4.3. RESULTS

4.3.1 Arsine and arsenite toxicity in primary cultures of rat renal cortical epithelial
cells

4.3.1.1. Cytotoxic effects on intracellular potassium and LDH leakage. Rat renal cortical
epithelial cells were incubated with | mM AsH; or As(Ill) for 1, 3 and 5 h (time
response) or with 0-1000 uM AsHj3 or As(III) for 24 h (dose response). The renal cells
were more susceptible to As(IIl) toxicity. Incubation with ImM AsHj3 for 1 and 3 h
presented no changes on intracellular K* and this parameter was only significantly
decreased by 25% at S h (Figure 4.1 A). 1mM As(Ill), on the other hand, decreased
intracellular K* content 20 and 46% at 3 and 5 h, respectively (Figure 4.1 A). 1mM AsH;
had no significant effect on LDH release over a 5-h period whereas ImM As(II)
significantly increased LDH levels by 25 and 63% of total LDH release at 3 and 5 h,
respectively (Figure 4.1 B).

Incubation with AsHj or As(III) at different concentrations for 24 h showed
similar intracellular K* loss data. Intracellular K* was only significantly decreased with
1000 uM AsH; whereas 5 pM As(III) was enough to significantly decrease K* levels by
30% (Figure 4.2 A). Intracellular K* level was decreased up to 75% with 1000 uM
As(IIT) (Figure 4.2 A). In these renal cortical cells, LDH release preceded intracellular
K* leakage after AsH; exposure for 24 h. AsH; concentrations from 5 to 1000 uM
significantly increased LDH release which reached 80% of total LDH at 1000 pM

(Figure 4.2 B). AsHj concentrations up to 500 uM presented no changes on intracellular
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K* levels, but percent of total LDH leakage was increased by 60% (Figure 4.2 A and 4.2
B). As(IIT) produced a more profound effect on LDH release compared to AsH;. 5 uM
As(III) released 40% of total LDH and 100 uM was enough to produce 100% of total
LDH release (Figure 4.2 B). These data suggested that the K* transporter(s) that control
the K* flux appeared not to be the primary AsH; target in the renal cortical epithelial
cells. The data showed that cell integrity was affected and LDH started to leak, however

the cell maintained ion homeostasis until this effort was lost.
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Figure 4.1. Time-response for arsine and arsenite on intracellular potassium and LDH leakage in rat renal cortical epithelial
cells. A) Potassium leakage measured as intracellular potassium (% of control), B) LDH release measured as percent of total
LDH. Rat renal cortical epithelial cells were obtained and dosed with 1 mM AsH3 or AsIII for 1, 3 and 5 h as described in
materials and methods. Values represent the mean + S.D. of at least three separate experiments. *= significantly different
from untreated control (p<0.05). @ control M arsine @ arsenite.
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Figure 4.2. Dose-response for arsine and arsenite on intracellular potassium and LDH leakage in rat renal cortical epithelial
cells. A) Potassium leakage measured as intracellular potassium (% of control), B) LDH release measured as percent of total
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materials and methods. Values represent the mean + S.D. of at least three separate experiments. *= significantly different
from untreated control (p<0.05). @ arsine @ arsenite.
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4.3.2. Arsine and arsenite toxicity in rat primary hepatocytes

4.3.2.1. Cytotoxic effects on intracellular potassium and LDH leakage. The cytotoxicity
of AsHj and As(1ll) in the rat liver can be investigated using several systems. The use of
the rat primary hepatocytes grown and dosed as a monolayer culture of cells is a system
used widely in the recent years. It is important to mention that unlike the epithelial cells,
the hepatocytes do not have a side that is normally exposed to chemical compounds. The
rat primary hepatocytes were affected by both arsenic species. Hepatocytes incubated
with | mM AsH; or As(Ill) for 1, 3 and 5 h showed a time dependent increase in the
percent of total LDH released and decreased intracellular K*. 1 mM AsH3 produced 14,
28, and 47% of total LDH and decreased intracellular K* by 3, 18, and 48% at 1, 3 and 5
h, respectively. Similarly, 1 mM As(Ill) produced 12, 66, and 89% of total LDH and
decreased intracellular K* by 14, 50, and 79% at 1, 3 and 5 h, respectively (Figure 4.3 A
and 4.3 B). Incubations with both arsenicals for up to 5 h produced cytotoxicity on both
parameters being As(III) slighter more toxic (Figure 4.3 A and 4.3 B).

Primary hepatocytes were also dosed for 24 h with various concentrations (1-1000
uM) of the arsenicals. Both arsenicals showed dose dependent cytotoxicity.
Concentrations of AsH3 above 10 uM produced a significant decrease in intraceilular K*
whereas As(IIl) concentrations above 100 pM were needed to significantly decrease
intracellular K* levels (Figure 4.4 A). If only intracellular K* data is analyzed, then AsH;
showed more cytotoxicity compared to As(III). Intracellular K* was decreased by 50%

with 10 uM AsH3;, 70% with 100 uM and reached 88% with 1 mM AsHj (Figure 4.4 A).



91

Conversely, 100 pM As(IIT) decreased intracellular K* only by 20% and reached 77%
with 1 mM As(IIl) (Figure 44 A). If the LDH leakage data is analyzed, then there
existed a similar cytotoxicity pattern with both arsenic species. LDH leakage increased
after incubation with both arsenicals at concentrations greater than 10 uM and reached a
plateau (close to 100%) at 100 pM of either arsenical (Figure 4.4 B). Unlike the renal
cortical epithelial cells, these data together suggested that AsHj cytotoxicity is related
firstly to a K transporter(s) followed by a damage to cell integrity (probably by
interfering with the thiol groups in the cell membrane). As(III) cytotoxicity seemed to be
more related to a general damage to cell membrane, which results in a loss of both K* and
LDH in a similar fashion. The cytotoxic effects of AsH3; and As(III) on hepatocytes were

time and dose dependent.
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Figure 4.3. Time-response for arsine and arsenite on intracellular potassium and LDH leakage in rat primary hepatocytes.
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4.3.3 Arsine and arsenite toxicity in rat erythrocytes

The acute arsenic cytotoxicity in the rat tissues seems to depend on arsenic
species. The acute cytotoxicity of AsH; and As(Ill) was also investigated in rat
erythrocytes using three parameters of toxicity, loss of intracellular K*, LDH release, and
hemolysis.
4.3.3.1. Cytotoxic effects on intracellular potassium. Erythrocytes were exposed to 0.5
mM AsHj; or As(Ill) and exhibited differential toxicity. A total of 40% of intracellular
K* was lost immediately after AsH; exposure and by 5 min this loss reached 65%. From
15 min to 1-h exposure, intracellular K* content was kept fairly constant at 25-30% of
control (Figure 4.5 A). Erythrocytes exposed to 0.5 mM As(Ill) did not decrease
intracellular K* over 1-h incubation (Figure 5 A).
4.3.3.2. Cytotoxic effects on LDH and hemoglobin leakage. Hemolysis was measured as
percent of total hemoglobin released and resembled LDH leakage. With exposure to
AsHj both hemoglobin and LDH leakage reached 40% at 30-min incubation. At 1-h
incubation, hemolysis reached 70% and LDH 68%. From 1 to 2 h, hemolysis was kept
constant (70%) whereas LDH leakage further increased to 80% of total LDH released
(Figures 4.5 B and 4.5 C). Neither hemoglobin nor LDH content were changed by 0.5
mM As(II) over 2-h incubation.

These data together indicated that the cytotoxicity observed in rat erythrocytes is
arsenic-species dependent. AsHj; seemed to be the arsenic toxic species responsible for

this cytotoxicity caused by a direct effect and not because its conversion to a metabolite.
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The specific cell target for AsHj cytotoxicity is unknown. But, as in primary hepatocytes,
the intracellular K* data showed that AsH; seemed to affect firstly a K™ transporter(s) that
then fails to control intracellular K* levels. Data from hemolysis and LDH release
suggested that cell membrane integrity is also affected at later time and followed K*

leakage.
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Figure 4.5. Effect of arsine and arsenite on intracellular potassum, LDH
leakage, and hemolysis in the rat erythrocytes (Continued). A) Potassium
leakage measured as intracellular potassum (% of control), B) Hemolysis
measured as percent of total hemoglobin, and C) LDH release measured as
percent of total LDH. Rat erythrocytes were collected and dosed with 0.5
mM arsine or ImM AsllI as described in materials and methods. Values
represent the mean + S.D. of at least three separate experiments.
*=gignificantly different from control and from AsIII (p<0.05). ¢ control

B arsine @ arsenite.
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4.4. DISCUSSION

In this chapter acute AsH; and As(Ill) cytotoxicity in the rat tissues was
investigated using an in vitro system. The purpose was to determine whether the organ
toxicities observed in the kidney, liver, and blood of humans were a direct effect of
AsH3, or if conversion to another toxic arsenical, As(IIl), was required for toxicity. It
was expected that comparing rat tissue preparations for their response to AsH; and
As(IIT) would determine whether AsH; acts directly or after forming As(IIT). It was also
expected to determine whether AsH3 was acutely toxic to the kidney. The cytotoxicity of
AsHj3 and As(IIT) were firstly determined in the rat renal cortical epithelial cells. These
cells, unlike erythrocytes and hepatocytes, were more susceptible to As(IIl) toxicity. A
dose response for AsHj in this system showed that intracellular K™ was not significantly
affected whereas LDH was released. Conversely, As(II) was very toxic on both
parameters of toxicity. It is possible that AsH; escapes unchanged from blood and
reaches the kidney in combination with blood hemolysate containing AsHj3 products,
possibly As(III). The total circulation time in man is about 25 seconds (Levvy, 1947),
and the reaction between AsH; and human erythrocytes is not so rapid that it is
impossible for part of the AsH; dissolved in plasma to escape and to be carried to organs
such as the liver and kidney. Levvy (1947) also concluded that unchanged AsHj; reaches
the liver and kidney and hypothesized that arsenic found by other investigators in the
tissues of dogs after chronic arsenic poisoning was derived from hemolyzed red blood

corpuscles. Hatlelid et al.,. (1995) reported 44.5 and 55.6% of cellular arsenic cytosol-



dissolved and membrane-associated, respectively, when rat red blood cells were
incubated with 0.49 mM AsHj; for 10 min. The unchanged AsH; reaching the kidney
would be rapidly oxidized to As(IIl). In the following chapters it will be demonstrated
that AsHj; is rapidly metabolized to As(II) by the rat kidney homogenate and later to
As(V). It is also probable that As(III) was oxidized further to As(V).

Rat primary hepatocytes were susceptible to both arsenic species. As(III) was
slightly more toxic than AsHj at the same time points studied. It is known that As(IIT)
binds to important enzymes and cell membrane components producing toxicity. The
cytotoxic effect of AsH; on both intracellular K* and cell integrity in liver may be related
firstly to the effect of unchanged AsH; and later to the formation of a reactive AsHj-
metabolite. It was discussed earlier that it is possible that unchanged AsHj reaches the
liver in combination with blood hemolysate containing AsH3 products, possibly As(Ill).
It is possible that AsH; escapes unchanged from blood and reaches the hepatocytes as
explained before. Therefore, the hepatotoxic effect of AsHj in the liver might be related
to a combination of cytotoxicity produced by AsHj and by As(III).

Rat erythrocytes were very susceptible to AsHj3 cytotoxicity and resistant to
As(Ill). In AsHj-treated erythrocytes potassium leakage preceded LDH leakage. This
finding was in agreement with Winski et al. (1997) who also reported significant K* loss
in AsHs-treated human erythrocytes at 15 min. They reported about 25 and 45%
potassium loss in 15 and 30 min, respectively. This study found an immediate 40% K*

loss that reached 65% by 5 min when rat erythrocytes were incubated to 0.5 mM AsH;,
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half the concentration used by Winski et al. (1997). The results obtained here from rat
erythrocytes were in agreement with Hatlelid et al. (1995) who also reported greater
susceptibility of rat erythrocytes to AsHj toxicity compared to dog erythrocytes. This
finding in dog erythrocytes made the Na-K-ATPase pump a less probable candidate for
the AsH; target (dog erythrocytes lack this pump), as postulated by many other
investigators. In addition, AsH; did not significantly alter ATP levels or inhibit the
ATPase in human erythrocytes (Winski er al. 1997). However, several potassium
transport systems are present in erythrocytes of various species: Na,K-ATPase, Na,K,2Cl
cotransport, K,Cl cotransport, a calcium activated K* channel, and a residual (leak) K*
transporter (Thrig et al. 1992). Potassium loss in erythrocytes after AsH; exposure may be
related to AsHj cytotoxicity on a different potassium transporter(s). Another possibility
may be the formation of lipid peroxides and/or crosslinking of membrane thiols, which
increase membrane permeability. Animal species differences to AsH; toxicity exist and
the rat appeared to be the most susceptible species.

The cause for the unique susceptibility of erythrocytes to AsHj is unknown, but
may be related to the absence of nucleus and mitochondria or to the large amount of
heme present. There exists considerable evidence indicating that AsH; reacts with
hemoglobin (Hatlelid et al. 1996; Blair et al. 1990) causing oxidation and denaturation
that may lead to toxicity. Our hypothesis is that a heme protein activates AsHj to a toxic
intermediate. In the red blood cell, hemoglobin constitutes more than 90% of erythrocyte

protein (Whittam, 1964; Josephy, 1997) and would represent the site with the highest
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formation of toxic intermediate and therefore toxicity. The absence of nucleus and
mitochondria in the erythrocyte may explain the lack of susceptibility to As(Ill), an
arsenic species that affects mitochondrial respiration and heme synthesis. In liver and
kidney, heme proteins exist in the form of hemoglobins, myoglobins, cytochromes,
catalases, and peroxidases. Unless tissues are perfused with solutions to remove blood,
the major heme protein would be hemoglobin. In our study we perfused both liver and
kidney during the preparation of primary hepatocytes and renal cortical epithelial cells.
In addition, an erythrocyte lysing solution was used in the preparation of renal cortical
epithelial cells and these cells were washed to clear any hemoglobin. Total heme proteins
in unperfused and saline-perfused liver are 7.37 and 2.53 ug of heme protein/mg fresh
weight, respectively (65.7% removed) (Morrison, 1965). In unperfused and perfused
kidney these heme proteins are 4.53 and 0.89 pug heme protein/mg fresh weight,
respectively (80.3% removed) (Morrison, 1965). Cytochrome P450 is one of these
hemoproteins that have the ability to reversibly bind oxygen much like hemoglobin. The
rat liver contains about 1.10 nmol P450/mg protein (Guengerich et al. 1982). Cytochrome
P450 in conjunction with total heme proteins may make the liver susceptible to AsHj
toxicity. Unlike the erythrocytes, in hepatocytes As(III) toxicity is manifested by
decreasing mitochondrial respiration (Konings, 1972) and heme synthesis (Cebrian et al.
1988). In kidney, renal cells also contain hemoprotein in the form of cytochrome P450.
By comparison, rat kidney microsomes have about 0.15 nmol P450/mg protein (Burke

and Orrenius, 1979). This is only about 20% of the concentration in control rat liver
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microsomes. Another heme protein in both liver and kidney is cytochrome bs whose
concentration in kidney microsomes is 0.13 nmol/mg protein, which approximately
equals the concentration of cytochrome P-450 (Burke and Orrenius, 1979). If heme in
any form is sufficient to catalyze AsH; toxicity, susceptibility should correlate to heme
content. The data support this correlation. AsH3 was very toxic to erythrocytes, the cell
type with the highest heme content. AsHj; was also toxic to hepatocytes that contain the
second highest content of hemeproteins (here as P450). Finally, AsH; was the least toxic
to renal cells, the cell type with the least hemeproteins and cytochrome P450 content of
the three tissues.

In conclusion, the toxic potency of AsH; was different for different organs in the
Sprague-Dawley rat. The rat kidney was the most susceptible organ to As(IIl)
cytotoxicity and the least susceptible to AsHj; cytotoxicity. The rat liver was susceptible
to both arsenic species and was the second most susceptible to AsHj cytotoxicity. The rat
erythrocytes were only susceptible to AsHj cytotoxicity. The toxicity of AsHj in the
erythrocyte resulted from a direct action and not because of its conversion to As(Il). In
the hepatocyte the toxicity of AsH3 may involve, in addition of the direct action of AsH;,
the formation of As(IlI) and probable an unknown reactive metabolite. In the renal cell
most AsHj toxicity seemed to be related to the formation of As(Il) and also may be
related to the formation of the unknown metabolite. It was found that potassium loss is

not necessary for LDH release to occur. Potassium loss may be a different toxic response
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from LDH release response and may be caused by different arsenic species. A reaction

between AsHj; and hemoproteins may be important in forming a reactive compound.
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CHAPTERSS

IN VITRO TOXICITY OF THE ARSINE-PRODUCED HEMOLYTIC
PRODUCTS IN PRIMARY CULTURES OF RAT KIDNEY AND LIVER CELLS®
5.1. INTRODUCTION

The cytotoxic effects of arsine and arsenite were described in chapters 3 and 4. In
those chapters the hypothesis that AsHj is directly toxic to red blood cells but must be
converted to As(IIl) in order to be toxic to a renal cell line and to primary cultures of
renal cells was investigated. Previous investigations in our laboratory have found arsenic
in protein fractions of red blood cells dosed with AsHj (Hatlelid et al., 1995). If arsenic
were formed in the hemolysate, it would be delivered to organs such as kidney and liver.
Levvy (1947) hypothesized that arsenic found by investigators in the tissues of dogs after
chronic arsenic poisoning was derived from hemolyzed red blood corpuscles. The
hypothesis for this chapter was that hemolytic products produced by AsHj; account for the
toxicity produced by AsHj in primary cultures of the kidney. This work investigated the
cytotoxicity of AsH;-produced hemolysate in the rat renal cortical primary epithelial cells
and primary hepatocytes. The rationale of using hemolysate is to treat target cells with
the AsH; products contained in the hemolytic products. Control hemolysate was water-
produced hemolysate whose osmolarity was restored by adding cell growth medium.
Control hemolysate was also spiked with As(Ill) to determine if As(IIl) was the AsH;

metabolite contained in the hemolysate. If As(III) is a metabolite from AsH; metabolism,

3 Part of the material presented in this chapter along with data presented in chapter 6 has
been accepted for publication in the Journal of Laboratory Investigation.
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similar toxicities should be associated with these two hemolysates. The complete
hemolysate was found to be toxic to the primary renal cells and further experiments
demonstrated that this toxicity was associated with the soluble hemolytic products. Both

the primary cultures of renal and hepatic cells were susceptible to these toxic effects.

5.2. MATERIALS AND METHODS
5.2.1. Chemicals, animals, and preparation of solutions
Chemicals

Same chemicals described in chapter 3 and 4.
Animals

As described in chapter 4.

Preparation of the stock dosing solutions (hemolysates)

Rat blood was obtained and rinsed with PBS as described in chapter 4.
Hemolysates were prepared as follows:

Control hemolysate. This hemolysate was prepared by mixing equal volumes of
mQ-water and packed erythrocytes. Cells were completely lysed in about 2-3 minutes.
This produced 50:50 water:erythrocytes-lysed solution. Then, this solution was divided in
two. One half was used for control hemolysate and the second half for As(III)-spiked
hemolysate. The control hemolysate was added an equal volume of cell growth medium
to restore pH and osmolarity. The final control hemolysate consisted of 25% lysed

erythrocytes, 25% water, and 50% cell growth medium.
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As(Ill)-spiked hemolysate. The second half obtained above was added an equal
volume of a 2 mM As(II) solution prepared in the cell growth medium. The percentage
of erythrocytes, water, and cell growth medium was the same. The final concentration of
arsenite was | mM.

AsHj-produced hemolysate. Arsine (2 mM) was prepared as described earlier in
cell growth medium. Packed erythrocytes were added to an equal volume of PBS to
make a 50:50 suspension of erythrocytes and PBS. This suspension of erythrocytes was
added an equal volume of the 2 mM AsHj; prepared in cell medium so the final AsHj
concentration was ImM. The percentage of erythrocytes, PBS (instead of water), and
cell growth medium was kept the same. Since PBS does not cause cell lysis, the presence
of hemolytic products were attributed to the cytotoxicity of AsHj.

All samples were incubated for 30 minutes at 37°C and moderate shaking to allow
complete formation of hemolysate and any possible metabolite.

Preparation of soluble vs. insoluble fractions. Before dosing of primary
cells, all hemolysates were filtrated through a 0.2 CA membrane. The filtrate was
considered to contain all the soluble hemolytic products. The product left on the
membrane was then resuspended in a solution made of 50% PBS : 50% cell medium to
resuspend insoluble hemolytic products. Both fractions were then used as the final dosing

solutions.
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5.2.2. Toxicity of the arsine-produced hemolysate in primary cultures of rat renal
and liver cells
Isolation of primary cells

As described in chapter 3.
Determination of intracellular potassium and LDH leakage

As described in chapters 2 and 3.
Determination of cell viability by the XTT assay

2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide  inner
salt (XTT, X-4251, Sigma Chem. Co., St. Louis) can be reduced by dehydrogenase
enzymes of viable cells yielding a highly colored, water soluble formazan (Roehm er al.,
1991). Since most cells do not metabolize XTT efficiently unless an electron-coupling
agent is added, phenazine methosulfate (PMS) was used to potentiate bioreduction of
XTT. 96-well plates were seeded with 8000 cells in 200 pl media. 24 h after plating,
cells were ready to dose. The dosing solutions (hemolysates) were prepared as described
earlier. During treatment, growth medium was removed from all wells. Each well was
then dosed with 200ul of the dose. The plate was then incubated for the desired time
point. At the end of each time, the dose was removed from wells and these were
carefully rinsed with glucose-PBS several times until no traces of hemolytic products
were present. Then, 200ul of XTT solution was added to each well. XTT solution was
made by dissolving 3 mg XTT in 24 ml of 50°C medium, then adding 3.5ul of

30.6mg/ml phenazine methosulfate (PMS, Sigma Chem. Co., St. Louis) dissolved in
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PBS. Cells were incubated for 2 more hours and viability was determined by measuring
ODs0 on a Biolinx 2.20 plate reader (Dynatech Laboratories, Inc).
5.2.3. Statistical analysis

Experiments were performed at least in duplicate, and sample number (n) refers to
the number of at least three separate experiments. All data are expressed as the mean +
standard deviation (SD). Statistical analyses were calculated with one-way analysis of
variance (ANOVA) using Bonferroni’s multiple comparison test (GraphPad Prism,
GraphPad Software, Inc., San Diego, CA) and Student’s t-test; two samples assuming
equal variances (Microsoft Excel 7.0 statistical package) where required. Values are
denoted with an asterisk (*) if statistically different from controls (p<0.05). Treatment

values sharing a common letter are significantly different from each other (p<0.05).

5.3. RESULTS
5.3.1. Toxicity of the arsine-produced hemolysate in primary cultures of rat renal
cortical epithelial cells

Primary cultures of rat renal cortical epithelial cells were susceptible to
cytotoxicity produced by the AsH;-hemolysate and by the As(Ill)-spiked hemolysate.
5.3.1.1. Time-response for hemolysate toxicity (XTT assay). Rat renal primary cortical
epithelial cells were plated in 96-well plates and dosed with complete hemolysate at
several time points up to 24 h. The toxicological parameter investigated was metabolism

of XTT, which is a mitochondrial function marker. The objective of this experiment was
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to investigate the time course for toxicity in these cells. Both hemolysates [AsH3 and
As(IIl)-spiked] produced comparable toxicity during the first hour and were not
significantly different from each other (Figure 5.1). At 2-h incubation, the cells
incubated with the AsH;-hemolysate started to recover whereas those treated with the
As(IIT)-spiked-hemolysate showed more toxicity. A different group of cells were also
treated with a 1:1 mixture of AsH3 and As(IIl)-spiked hemolysate, and these cells also
showed more toxicity compared to 1-h (Figure 5.1). At 4-h incubation, the cells
incubated with the AsH;-hemolysate recovered completely from toxicity. Those cells
incubated with the As(III)-spiked hemolysate and with the mixture AsH3+As(III) started
to recover from toxicity. At this time point (4 h) the extent of toxicity between the AsH;-
hemolysate and the As(IIl)-spiked hemolysate was significantly different (Figure 5.1).
At 6-h incubation almost all groups of treated cells were completely recovered from
toxicity (Figure 5.1). Based on this data, two time points were chosen, the time of no
difference in toxicity (1 h) and the time of the greater difference (4 h), between AsH;-
hemolysate and As(III)-spiked-hemolysate, to further investigate cytotoxicity of both
hemolysates.

5.3.1.2. Toxicity of the hemolytic products in a mitochondrial function marker. The
soluble and the insoluble hemolytic products from hemolysate were separated as
described in materials and methods. Rat renal cortical epithelial cells were dosed with
these two fractions for 1 or 4 h. Toxicity was again assessed by XTT metabolism. The

soluble fraction was found most toxic. At 1 h, the AsH;-hemolysate soluble fraction was
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not toxic, but the soluble fractions from the As(Ill)-spiked hemolysate and from
AsH3+As(IIT)-mixture, were toxic (Figure 5.2). At 4 h, the soluble fractions from all
treatment groups were very toxic with the As(II)-spiked- soluble fraction being the most
toxic species (Figure 5.2). The insoluble fractions from all groups presented no toxicity
at 1 h. At 4 h, the insoluble fractions from all groups, except that one from the AsH;
hemolysate, were toxic (Figure 5.2). These results were compared to the cytotoxic
effects of these two arsenicals prepared in 50:50 PBS:medium at ImM concentration (no
hemolytic products). None presented toxicity at 1 h, and only As(III) presented toxicity
at 4 h (Data not shown). These latter results suggested little contribution of the hemolytic
products. Instead toxicity could be attributed to the presence of the arsenicals in the
hemolysate. In addition, a comparison of the intracellular K* content and intracellular
LDH units in cells treated with hemolysate demonstrated no toxicity (Figure 5.4).

5.3.1.3. Toxicity of the hemolysate on ion homeostasis and cell integrity. Toxicity was
also investigated on an early marker for cell toxicity, intracellular K*, and a marker for
cell necrosis, LDH release. Renal cortical epithelial cells were grown and treated with
the soluble and insoluble hemolytic products from the arsenical-hemolysates as described
before. The cells were carefully rinsed (3-5 times with Tris-HC] buffer pH 7.4) to
completely remove all hemolytic debris from the flasks walls. Then the cells were
scraped and sonicated to make cell lysate. LDH and K" were determined in cell lysate
(reported as percent of control). Intracellular K* was only decreased by the soluble

hemolytic fraction from the As(IlI)-spiked hemolysate at 1 and 4 h (Figure 5.3 A).



111

Neither the soluble nor the insoluble fractions from the AsH3-hemolysate were toxic on
this parameter (Figure 5.3 A). Intracellular LDH was decreased by the soluble hemolytic
fraction from both groups at ! h. At 4 h, both the soluble and insoluble hemolytic
fractions from the As(IIl)-spiked hemolysate produced toxicity (Figure 5.3 B). None of

the fractions of the AsH3-hemolysate presented toxicity on LDH.
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Figure 5.1. Time-response for arsine- and arsenite-spiked hemolysate on
XTT metabolism in renal cortical epithelial cells. The hemolysates were
prepared as described in material and methods. Renal cortical cells were
plated in 96-well plates and dosed 200pl/well for various time points (0.5, 1,
2, 4, and 6 h). After incubation, dosing medium was removed and wells were
carefully washed with PBS until all blood products were removed. Cell
viability was assessed by XTT as described in materials and methods. Values
represent the mean + S.D. of at least three separate experiments.
*=gsignificantly different from control (p<0.05). a,b = valies sharing a
common superscript are significantly different from each other (p<0.05).
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Figure S5.2. Effect of arsine- and arsenite-spiked soluble and insokble
hemolytic products on XTT metabolism in rat renal cortical epithehial cells.
The hemolysates were prepared as described in materials and methods.
Renal cortical epithelial cells were plated in 96-well plates and dosed
200p/well for 1 and 4 h. After incubation, dosing medium was removed and
cells were carefully washed with PBS until all blood products were removed.
Cell viability was assessed by XTT as described in materials and methods.
Values represent the mean + S.D. of at least three separate experiments. *=
significantly different from control (p<0.05).
[ sokble fraction [ insokuble fraction.
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Figure 5.3. Effect of arsine- and arsenite-spiked hemolysate on intracellular potassium and LDH leakage in rat renal cortical
epithelial cells. The hemolysates were prepared as described in materials and methods. A) Potassium leakage measured as
intracellular potasium (% of control), B) LDH release measured as intracellular LDH (% of control). Renal cortical epithelial
cells were obtained and dosed as described in materials and methods for 1 and 4 h. Values represent the mean + S.D. of at
least three separate experiments. *= significantly different from control (p<0.05). [l soluble fraction [ insoluble fraction.
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over time (p<0.05). @@ soluble fracion L[] insoluble fraction.

(14!



116

5.3.2. Toxicity of the arsine-produced hemolysate in primary cultures of rat
hepatocytes.

5.3.2.1. Cytotoxic effects on intracellular potassium and LDH leakage. The AsHj-
produced hemolysate and the As(III)-spiked hemolysate were also found to be toxic to rat
primary hepatocytes. Data obtained from the renal primary cortical epithelial cells
allowed the determination of the toxicity at 1 and 4 h. At 1 h both produced similar
toxicity and at 4 h the cytotoxic effect of the AsHi-hemolysate was significantly less
toxic than that from the As(Ill)-spiked hemolysate. In order to compare the toxicity
pattern from renal cells to rat primary hepatocytes, toxicity was also assessed at the same
time points. Incubations of the rat primary hepatocytes with soluble or insoluble
hemolytic fractions from AsH;-produced hemolysate produced no change on intracellular
K" at 1 h, however, the soluble fraction significantly decreased LDH by 50% (Figure 5.5
A and 5.5 B). The soluble but not the insoluble fraction from the As(III)-spiked
hemolysate, slightly decreased intracellular K* at 1-h incubation. No fraction changed
LDH content at the same time. At 4-h incubation, the soluble fractions from both AsH;3-
hemolysate and As(III)-spiked hemolysate significantly decreased intracellular K* and
decreased intracellular LDH (Figure 5.5 A and 5.5 B). The insoluble fractions were
slightly toxic on intracellular K* with the As(III)-spiked hemolysate being the most toxic,

but they presented no change on intracellular LDH (Figure 5.5 A and 5.5 B).
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Figure 5.5. Effect of arsine- and arsenite-spiked hemolysate on intracellular potassium and LDH leakage in rat
primary hepatocytes. The hemolysates were prepared as described in materials and methods. A) Potassium leakage
measured as intracellular potasium (% of control), B) LDH release measured as intracellular LDH (% of control). Rat
primary hepatocytes were obtained and dosed as described in materials and methods for 1 and 4 h. Values represent
the mean + S.D. of at least three separate experiments, *= significantly different from untreated control (p<0.05).
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5.4. DISCUSSION

In this study it was investigated the cytotoxicity of AsH;-produced hemolytic
products in primary cultures of rat renal cortical epithelial cells and hepatocytes. The
objective was to determine if the renal toxicity observed in humans exposed to AsH3, was
a non-direct effect of AsHj that required the formation of the hemolysate for toxicity. It
was hypothesized that the hemolytic products produced by AsHj; accounted for the
toxicity produced in the primary cultures of the kidney. To determine whether As(HI)
was formed in the AsH3;-hemolysate as a product of AsH3 metabolism, As(III) was spiked
to control hemolysate and its toxicity was also assessed. It was found that the AsH;-
hemolysate was toxic to renal cells as assessed by the mitochondrial function marker
XTT. Cytotoxicity occurred during the first hour. Renal cells incubated with the AsH;-
hemolysate started to recover fast and were completely recovered by 4 h. The addition of
As(III) to the AsHj-hemolysate (1:1) delayed recovery to 6 h. Renal cells incubated with
the As(III)-spiked hemolysate did not completely recover by 6 h. As(IlIl) seemed to be
the toxic species producing cell death by damaging the cell mitochondria (XTT data).
As(III) might be taken up by the mitochondria where it binds to the thiol groups of
important mitochondrial enzymes, including the dehydrogenase enzyme, responsible for
XTT bioreduction.

The hemolytic products of the AsH;-hemolysate were almost not toxic on the cell
ability to maintain control over ion fluxes (intracellular K*), and on the cell integrity

marker, LDH. This observation is very interesting. Our experiments have found that for
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most inorganic arsenicals [AsIll, AsV, MMAIIl and MMAYV, DMAV], the arsenical
LC50 determined by XTT (mitochondrial death) was greater than that determined by
LDH (cell integrity) and LDH’s LCS0 was greater than that determined by intracellular
K* (Petrick et al. 1999. Paper in preparation). This may then suggest that at 1 h
(mitochondria was affected but not K* or LDH) the arsenic species contained in the
AsH;-hemolysate was not an inorganic arsenical. During this time it is possible that a
toxic intermediate, possibly arsine peroxide, rapidly diffuses into the cell and affect the
mitochondria. After 1 h, the formation of As(III) may occur.

The hemolytic products from both treatments produced more toxicity in the
primary culture of hepatocytes. Most toxicity was presented at 4 h-incubation with the
insoluble hemolytic fraction, regardless of the hemolysate. The more profound toxic
effect was produced at intracellular LDH levels, indicating a membrane damage. At 1 h-
incubation, only the As(Ill)-spiked hemolysate was toxic on the K" transporter. The
pattern of susceptibility of toxicity was similar as that reported in the previous chapter.
Primary cultures of renal cells were more susceptible to As(III) than for AsHj toxicity.
For those cells AsH3 was almost not toxic at early time points (up to 6 h). Here the same
behavior was found. The primary cultures of hepatocytes were susceptible to both
hemolysates and the parameter affected was intracellular LDH. As explained earlier,
LDH is more related to As(IIl) toxicity. It is possible that at 4 h-incubation As(IIl) was
formed from an AsHj; intermediate. This AsH; intermediate would be a metabolite that is

rapidly taken up by the cells and is toxic mainly to the mitochondria. The appropriate
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conditions need to be set up to trap this AsH; intermediate and determine its extent of
toxicity in the kidney. Itis hypothesized that this intermediate is an arsine hydroperoxide
(possibly AsH,OOH) that is formed by the reaction of AsH3 with a hemoprotein in the
hepatic or renal cell. This would explain the increase in glutathione peroxide described
in chapter 3.

In conclusion, the renal cortical epithelial cells were almost exclusively
susceptible for the cytotoxic effects of the As(IIl)-spiked hemolysate. The AsH;-
hemolysate was able to produce toxicity on the XTT mitochondrial marker but little on
intracellular K* and LDH. This may indicate the formation of a toxic intermediate
(probable not an inorganic arsenical) at early time points. The inorganic arsenical e.g.
As(IIl) might be formed at later time. The effect of AsH; may be resulted from its
conversion first to a rapidly diffusible radical and then to As(III); both delivered through
the hemolysate to the kidney. The primary culture of hepatocytes was susceptible to both
hemolysates. These data are similar to the data obtained when unchanged AsH; was used
to treat these cultures of primary cells and suggested the presence of the metabolite in the

hemolysate.
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CHAPTER 6
TOXICITY OF ARSINE AND ARSINE-PRODUCED HEMOLYTIC PRODUCTS
IN THE IN SITU RAT ISOLATED KIDNEY*

6.1. INTRODUCTION

The previous chapter investigated the hypothesis that hemolytic products
produced by AsHj account for the toxicity produced by AsH; in primary cultures of the
kidney. As(III) was added to control hemolysate to investigate the hypothesis that As(III)
is the AsH3 metabolite present in the hemolysate. Toxicity in renal cells was compared to
primary hepatocytes since these latter cells represent one organ also affected by AsH;
exposure. Data showed that the soluble hemolytic products are toxic to both renal and
hepartic primary cells but the primary hepatocytes were more susceptible. Rat renal
cortical epithelial cells were used as the system to study renal toxicity, however, it is
unknown if these cells are affected by AsHj in vivo or in isolated organs. In this study
the in situ isolated rat kidney was used to investigate the effect of unmetabolized AsHj3
and the effect of the soluble hemolytic product from AsH; hemolysate. The rationale of
using the in situ isolated kidney is to determine the specific renal region(s) for AsH;
cytotoxicity, and thus, to validate the use of renal epithelial cells. The hypothesis for this
study was that hemolytic products produced by AsH; account for its toxicity produced in
the perfused kidney and that cortical epithelial cells are also affected. Renal cytotoxicity

was determined by electron microscopy. Unmetabolized AsH; damaged endothelial cells

* The material presented in this chapter along with some data presented in chapter 5 has
been accepted for publication in the Journal of Laboratory Investigation.
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from peritubular (no fenestrae) and glomerular (fenestrae) capillaries and venules.
Tubular proximal epithelial cells were also damaged. The AsHj-produced hemolytic

products did not produce toxicity at this time point.

6.2. MATERIALS AND METHODS
6.2.1. Chemicals, animals, and preparation of solutions
Chemicals

Same chemicals described in chapter 3 and 4. Other chemicals used were:
Phosphate buffered Karnovsky’s fixative (2% formaldehyde and 2.5% glutarldehyde)
was purchased from Electron Microscopy Sciences (Forth Washington, PA). 10nm gold
colloid (5.7 x 10" particles/ml) and sodium cacodylate buffer (0.15 M) were purchased
from Ted Pella Inc. (Redding, CA).
Animals

As described in chapter 4.
Preparation of the hemolysate and soluble hemolytic fraction

As described in chapter 5.
6.2.2. In situ isolation and perfusion of the rat kidney

Five male Sprague-Dawley rats (250-350 g) were anesthetized with pentobarbital
sodium (6mg/100-body wt ip). In each rat, after tracheotomy for ventilation, a midline
incision was made and the left renal artery was cannulated in the direction of blood flow,

and perfused with 3-ml HEPES-buffered saline (HBS, pH 7.4), containing 1 unit/ml
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heparin, at 37°C. Next, the abdominal aorta was cannulated distal to (downstream to) the
right renal artery in a retrograde fashion, and clamped distal to the superior mesenteric
artery. The free end of the catheter tubing was connected to a reservoir with HBS that
could be pressurized to allow for perfusion and thus check that cannulation had been
successful. Next, the vena was ligated proximal to the renal veins to prevent increased
venous pressure in the kidneys, and the rat was euthanized with Beuthanasia. Then the
renal veins were incised so that they would act as outlets. The right kidney (control) was
flushed clean of blood and perfused with D-MEM/F-12 medium for 10 min followed by
perfusion with HBS to clear the kidney of any remaining medium. The test kidney (left)
was perfused with | mM AsHj; prepared in D-MEM/F-12 medium or with the arsine-
hemolysate soluble fraction. Perfusion was maintained for 10 min followed by perfusion
with HBS. Thus, in each rat, one kidney was the control and the other kidney was used
for testing toxicity. The control and test kidneys were switched in the subsequent
experiment (left to right, and right to left, respectively). After HBS perfusion, both
kidneys were perfused with a 10nm-gold particles colloid (Ted Pella, Inc., Chicago, I1.) in
0.9% NaCl. Finally, the kidneys were perfused with Karnovsky’s fixative in phosphate
buffer, pH 7.4, at 4°C. When perfusion was complete, the renal veins were clamped and
fixation continued for 60 min, and fixative was also applied to the outside of the kidneys.
After fixation, each kidney was excised and cut into several segments, each about 0.5cm
long, including the renal cortex, inner medulla and outer medulla. These segments were

washed in buffered saline and processed as described in Tissue Preparation for Electron



124

Microscopy. A total of 3-control kidney, 3 perfused with AsH3, and 3 perfused with the
AsH;-hemolysate soluble fraction were obtained for pathological evaluation.

Tissue preparation for electron microscopy

Tissue segments were immersed in sodium cadodylate buffer overnight. Then tissues
were postfixed in 1% osmium tetraoxide for 2 hours, dehydrated in alcohols, embedded
in Spurrs resin, and sectioned for electron microscopy. Grids were stained with uranyl

acetate and lead citrate.

6.3. RESULTS
6.3.1. Toxicity of unmetabolized arsine

The in situ isolated rat kidney was perfused with ImM AsH; prepared in D-
MEM/F12 medium for 10 minutes and then fixed for EM analysis. All three-control
kidneys demonstrated that our perfusion and fixation protocols were successful. They
showed glomeruli in good condition with normal basement membrane (BM), normal,
unfused epithelium (EP) and normal microvessels with intact, fenestrated endothelium
(E) (Figure 6.1). In control preparations, occasional 10-nm gold particles were observed
adhering to the endothelial surface of microvessels, but none were seen in the
interstitium, indicating that the microvessels were not damaged. The in situ isolated rat
kidneys perfused for 10 min with | mM AsHj showed the effects of toxicity. At this
time, the main target for AsH; toxicity was the fenestrated endothelium of glomerular

capillaries and the non-fenestrated endothelium of peritubular arterioles and venules
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(Figures 6.2 to 6.4). Figure 6.2 showed a glomerular venule with endothelial cells
demonstrated cytoplasmic protuberances (arrow), and many apparently free islets of
cytoplasm. These “islets” were probably joined to the attached endothelium in another
plane. At this stage the basement membrane (BM) and glomerular epithelium (EP)
appeared to be normal. Figure 6.3 showed a higher magnification micrograph of the
endothelium of a glomerular venule. A gap had formed between two endothelial cells
(arrow), and 10nm gold particles were visible in the interstitium. Such gaps were seen in
a large proportion of glomerular venules from AsHj-treated kidneys. Figure 6.4 showed
a transverse section through a peritubular arteriole (A), identified by the presence of
subendothelial smooth muscle cells (B). The endothelium can be seen uplifted from the
basement membrane (arrow), and the interstitium was edematous (Ed).

At this time frame the tubular epithelial cells were also damaged, but to a lesser
extent (Figures 6.5 to 6.7). Figure 6.5 showed a proximal tubular epithelial cell that was
in contact with an arteriole (see the red blood cell, A). The epithelial cell had early signs
of toxicity mainly at the nucleus (N). The same finding was observed in Figure 6.6, this
figure also showed disrupted epithelial villi (V). Figure 6.7 showed various epithelial
cells with the same characteristics mentioned before. In this Figure, one cell showed an
apparently disrupted cytoplasmic membrane (CM) with possible liberation of

cytoplasmic organelles into lumen.
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6.3.2. Toxicity of the arsine-produced hemolytic products

The in situ isolated rat kidney was also perfused with the soluble hemolytic
products from rat erythrocytes hemolysed with 1 mM AsHj;. Data showed that at 10
minutes, AsHi-produced soluble hemolytic products were not toxic to the perfused
kidney (Figure 6.8). The endothelium was intact, with few cytoplasmic protuberances,
and there was little evidence of interstitial edema. No endothelial gaps were observed,
and there were no gold particles in the interstitium. However, during perfusion the

kidneys changed their normal color and texture (turned soft) and were difficult to fix.



Figure 6.1 Electron micrograph of a transverse section through glomerular capillaries of
a control in situ perfused kidney. Note the intact endothelium (E), basement membrane
(BM) and epithelium (EP). Scale bar =2 um. The in situ isolated rat kidney was perfused
with D-MEM/F-12 medium for 10 minutes. The kidneys were then prepared for electron
microscopy as described in Materials and Methods.



Figure 6.2 Arsine toxicity in the in situ perfused kidney. This Figure shows a glomerular
venule with damaged endothelial cell. Note the endothelial projections and islets (arrows)
in the venule. E:endothelium, BM:basement membrane. Scale bar = 2 um. The in situ
isolated rat kidney was perfused with | mM AsH3 prepared in D-MEM/F-12 medium for

10 minutes. The kidneys were prepared for electron microscopy as described in Materials
and Methods.
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6.4. DISCUSSION

In this study the cytotoxicity of AsH; and its hemolytic products were assessed in
the in situ isolated rat kidney. The objective of this work was to demonstrate that the
tubular epithelial cell was a target for AsHj3 toxicity. Previously direct and undirect AsH3
cytotoxicity were shown in this cell type. Rat renal cortical epithelial cells were resistant
to 1| mM AsHj for up to 6 hours, however, were affected by AsH; concentrations above
10 uM at 24 hours. In this work the rat kidney was perfused for 10 minutes. Most
damage was found to occur in the glomerular capillaries and peritubular microvessels.
The efficacy of the perfusion was demonstrated by undamaged controls that showed renal
anatomy in good shape. In addition, 10 nm gold particles that are not normally filtered,
were absent in the controls. AsHj rapidly produced toxicity in the endothelial cells of the
glomerular and peritubular microvasculature and caused gaps that allowed the gold
particles to escape capillaries and venules and to internalize. The proximal tubular
epithelial cells were also affected, but to a lesser extent. The main damage was presented
at the nucleus. The reason for this is unknown. Due to the short perfusion time, the
epithelial cell was not completely damaged. It is possible that longer perfusion would
completely demonstrate the epithelial cell as a target for direct AsH; toxicity.

There is evidence to show the epithelial cells as a target for AsH3 nephrotoxicity.
In an asymptomatic arsine nephrotoxicity report (Levy et al., 1979) an analyst in a
platinum metal refinery was exposed to AsHj; twice during a week. He was asymptomatic

but the death of a worker in the same industry area suggested he had been also exposed.



136

He was checked at 1, 2 and 5 weeks after the exposure and everything was all right with
no evidence of hemolysis or arsenic in specimens (hair). At week 6 after exposure, a
renal biopsy specimen was obtained. The main pathological changes were seen in the
proximal tubules. The epithelial cells were swollen and many of the nuclei contained
prominent nucleoli. A number of the epithelial cells showed rupture of the cytoplasmic
membranes, with liberation of cytoplasmic organelles into the tubular lumens. Within
some tubules the changes had progressed to frank necrosis of the lining cells, with the
basement membranes remaining intact and of normal thickness. Some other tubules had
characteristics of tubular regeneration. Structural changes at the nuclei were also
observed in this study at 10 minutes.

The soluble hemolytic products produced by AsHj did not affect the kidney. The
insoluble products were removed in order to allow renal perfusion. It was demonstrated
that complete hemolysate can not be used as the perfusate. Complete hemolysate clogged
the kidney in matter of seconds (2-5 seconds). The soluble hemolytic fraction was used
to test the hypothesis that a metabolite, As(III), was formed in the hemolysate. Due to
the short perfusion time, no evidence of toxicity was found. This does not mean that the
perfusate was not toxic, but that if As(IIl) were present in the hemolysate, 10 minutes
was not be enough time to produce toxicity. Thus in this time frame, hemolysate toxicity
in situ can not be determined. This time frame was chosen to maintain normal kidney
function, however, a longer perfusion time is needed to demonstrate if the soluble

hemolytic perfusate is toxic or not. The soluble hemolytic products were toxic to the
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isolated renal cortical epithelial cells. It is possible that these cells are indeed a target for
the hemolysate, but require a longer exposure time.

The conclusion for this study is that AsHj dissolves in plasma and is delivered to
the kidney where it produces early toxicity. This renal effect would be dose dependent
and would determine the lag time (2-24 hours) for the symptoms to appear. The
endothelial cells from glomerular capillaries and peritubular microvessels would be
firstly affected, causing compromised filtration and edemas. At later time points, when
AsHj; disappears but red blood cells are lysed, the hemolytic products reach the kidney.
Insoluble hemolytic products would clog glomerulus and further compromise filtration.
The insoluble hemolytic product that may contain the metabolite would further damage
the tubular epithelial cells that were initially affected by unmetabolized AsH;. The

combination of all these effects would lead to oliguric renal failure.
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CHAPTER 7
IN VITRO ARSINE OXIDATION TO ARSENITE AND ARSENATE IN RAT
KIDNEY AND LIVER HOMOGENATES

7.1. INTRODUCTION

Data from previous chapters showed that As(III) might be the responsible arsenic
species for the renal toxicity presented from AsHj; exposure. The amount of the inorganic
arsenicals As(IIl) and As(V) formed from AsH; oxidation by the primary cultured cells is
low and cannot be determined at this time. However, the tissue homogenates provided
enough material to allow AsHj to be oxidized to an extent in which the formed arsenicals
can be determined by hydride-generation spectrophotometry. AsHj; oxidation to As(III)
and As(V) has been shown to occur in rat lung homogenates (Barber, 1997). In 20% lung
homogenate treated with | mM AsHj, 10.8 pg As(III) (144 nmol) was formed by 5 min
and was stable for about 1 h. In the same preparation, around 3 ug As(V) (40 nmol) was
also formed. The amount of As(Il) formed in lung homogenate was more than 3 times
greater than control (PBS). Moreover, AsH; disappeared faster in homogenate than in
PBS suggesting rapid oxidation. Homogenates were prepared from rat liver and kidney.
They were treated with | mM AsH; for various periods of time ranging from 5 min to 1
h. AsHj; loss was monitored at all times. At the end of each time point, As(Il) and As(V)
were separated by anion-exchange chromatography and determined by hydride-
generation spectrophotometry. As(II) was formed in greater amount in kidney
homogenate compared to liver homogenate. As(V) was also formed in both homogenates

but in less concentration. These results suggested that the kidney metabolizes more AsHj3
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to As(III) and this may represent the arsenic species that produced toxicity in the kidney.
Conversely, the liver metabolizes AsH; to As(Ill) in a lesser extent, and consequently,
liver damage after AsH; exposure can be then attributed to a combination of unchanged

AsH; and low amounts of As(III).

7.2. MATERIALS AND METHODS
7.2.1. Chemicals, animals, and preparation of solutions
Chemicals

Same chemicals described in chapter 3 and 4. Other chemicals used were: Strong
cation exchange resin (AG 50W-X8, 100-200 mesh, hydrogen form) and strong anion
exchange resin (Dowex 1-1X2, 50-100 mesh, chloride form) were purchased from Bio-
Rad Laboratories (Richmond, CA). All other chemicals were purchased from Sigma
Chemical Co. (St. Louis, MO).
Animals

As described in chapter 4.
Preparation of the stock dosing solutions

1 mM AsH; was prepared in PBS as described in previous chapters.
7.2.2. Arsine metabolism: Arsine oxidation by rat liver and kidney homogenates
Preparation of rat liver and kidney homogenates

Male Sprague-Dawley rats (250-350g) were anesthetized by KRA injection and
killed by exsanguination (cutting the inferior vena cava). Liver and kidneys were

perfused through the portal vein with cold PBS solution (40 ml) to remove blood from



140

the tissues. Liver and kidneys were removed intact, weighed, and diced. Tissues were
then homogenized in 4x weight volumes of PBS using 6 passes with a Teflon glass
homogenizer. This resulted in a 20% (w/v) homogenate.
Inhibition of methylation with PAD/SAH

AsH; oxidation studies were carried out in rat kidney and liver homogenates in
which methylation was inhibited by a mixture of periodate oxidized adenosine (PAD) and
S-adenosyl-homocysteine (SAH). PAD is a general methyltransferase inhibitor that
inhibits SAH hydrolase and causes SAH to build up in the incubation. Increased
concentrations of SAH inhibit many methyltransferases. A combination of 100 uyM PAD
plus 1 mM SAH was used for all oxidation assays to prevent methylation of arsenic.
First 100 uM PAD was added to the homogenate and this was incubated 10 min at 37°C.
Then 1 mM SADH was added. A total of 0.5 ml homogenate was mixed with 0.5 ml of
2x AsH; and incubated at 37°C for various time points.
Speciation of inorganic arsenic

With methylation inhibited, only As(IIl) and As(V) were present. These arsenic
species can be separated using anion exchange chromatography as described by Winski
and Carter (1995). To prepare these columns, anion exchange resin (Bio-RDA AG 1X8
chloride form, 100-200 mesh; Bio-RDA Labs, Hercules, CA) was washed in 0.5N HCI
and then rinsed with Milli-Q water until the pH was about 5.5. This prepared resin was
packed to a height of 6 cm in columns consisting of Pasteur pipettes (0.25 x 10 cm)
plugged with glass wool. Samples were centrifuged to remove insoluble material (1

minute @ 16000x g) and supernatants were loaded on the column. The pellets were
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washed with cold 0.5 ml PBS, centrifuged, and supernatants loaded on the column. This
last procedure was repeated twice. After loading samples, As(IIl) eluted with 7 ml of
water. After As(Ill) was eluted, As(V) was eluted from the anion exchange column with
7 ml of 0.5N HCl. Arsenic was determined in these samples by hydride generation
coupled to a spectrophotometer as described by Winski and Carter (1995). It involved
quantitatively reducing arsenic to AsH; with sodium borohydride. Liberated AsH; was
trapped in 1 ml of a 0.55% solution of silver diethyldithiocarbamate in pyridine. Arsenic
was then quantified by absorbance at 510nm. The loss of AsH; was monitored at all
times by quantifying AsH; in supernatant of incubations. This was performed by mixing
150u1 of supernatant with 2.35ml of 0.55% silver diethyldithiocarbamate in pyridine as
described above.
7.2.3. Statistical analysis

Individual experiments were performed at least in duplicate, and sample number
(n) refers to the number of at least three separate experiments. All data are expressed as
the mean + standard deviation (SD). Statistical analyses were calculated with one-way
analysis of variance (ANOVA) using Bonferroni’s multiple comparison test (GraphPad
Prism, GraphPad Software, Inc., San Diego, CA) and Student’s t-test; two samples
assuming equal variances (Microsoft Excel 7.0 statistical package) where required.

Values are denoted with an asterisk (*) if statistically different from control (p<0.05).
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7.3. RESULTS
7.3.1. Inhibition of arsenic methylation

The accurate determination of AsH; oxidation to arsenic species in liver and
kidney incubations requires inhibiting methylation. As(III) is the substrate to form MMA
during methylation, and it decreases the amount of As(III) formed during AsH; oxidation
resulting in a lower As(IIT) and As(V) formation. To inhibit methylation, a combination
of PAD and SAH was added to both liver and kidney homogenates. The efficacy of this
combination has been previously determined in our laboratory by performing methylation
assays using cytosol prepared from lung homogenates incubated with PAD and/or SAH.
It was found that 100 pM PAD reduced methylation of 20 uM As(III) by approximately
50%. Likewise, | mM SAH completely inhibited the methylation of As(Ill). The
combination of PAD and SAH also completely inhibited arsenic methylation by lung
preparations (Barber, 1997).
7.3.2. Oxidation of arsine in kidney homogenates

Arsine is the fully reduced form of arsenic so it can only be oxidized. In rat
kidney homogenates, AsH; was rapidly lost from solution during the first 5 minutes of
incubation. The rate of depletion was approximately the same as in PBS (Figure 7.1 A).
The formation of As(IIl) and As(V) was determined for each incubation. Likewise in the
liver homogenates, the formation of As(IIl) from AsH3 was apparently complete within 5
minutes as As(IIl) concentrations in these incubations changed very little from 5 to 60
minutes. The amount of As(III) formed at 5, 10, 30 and 60 minutes was 6.85, 6.2, 5.28,

and 5.35 pg [91.36, 82.76, 70.39, and 71.33 nmol] in kidney homogenate incubations.
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The amount of As(IIT) formed at all times was significantly different from control (PBS)
(Figure 7.1 B). Arsenate is also formed in these incubations. The concentration of As(V)
formed decreased over time (Figure 7.1 C). The amount of As(V) formed at 5, 10, 30
and 60 minutes was 3.49, 2.81, 2.32, and 2.34 pg [46.59, 37.53, 30.96, and 31.19 nmol]
in kidney homogenate incubations. These latter data were not significantly different from
control, except for 60 minutes.
7.3.3. Oxidation of arsine in liver homogenates

Arsine was also rapidly lost from solution during the first 5 minutes of incubation
in liver homogenates. The rate of depletion was approximately the same as in PBS
(Figure 7.1 A). The formation of As(IIl) and As(V) was determined for each incubation.
It was found that 3.36 pg [44.8 nmol] and 2.207 pg [29.44 nmol] As(III) was present in
liver homogenate and PBS incubations, respectively, at 5 minutes (Figure 7.1 B). The
formation of As(IIl) from AsH; is apparently complete within 5 minutes as As(III)
concentrations in these incubations changes very little from 5 to 60 minutes. The amount
of As(IIT) formed at 10, 30 and 60 minutes was 2.63, 2.34 and 2.01 pg [35.1, 31.2, and
26.83 nmol] in liver homogenate incubations. None of these data were significantly
different from control. Arsenate was also formed in these incubations. The concentration
of As(V) also remained fairly constant with time (Figure 7.1 C). The amount of As(V)
formed at 5, 10, 30 and 60 minutes was 1.4, 1.27, 1.33, and 0.68 ug [18.65, 1691, 17.72,
and 8.99 nmol] in liver homogenate incubations. These data were not significant

different from control either.
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Methylation was chemically inhibited and these compounds could affect the
redox metabolism of arsenic. Healy et al. (1997) showed that guinea pigs do not
methylate As(III) or MMA, so no methylation inhibitors are required. To investigate the
possible effect of methylation inhibitors, oxidation of AsH; was also measured in guinea
pig liver homogenates. Arsine disappeared from solution at the same rate in guinea pig
liver homogenate and in PBS (data not shown). The disappearance of AsH; from rat liver
homogenate and guinea pig homogenate were almost identical during the first 10-minute
incubation, but faster at later time points.

Slightly more As(II) was formed from AsHj in guinea pig liver homogenates
than in PBS, indicating more rapid oxidation. The amount of As(V) formed from AsHj;
was the same in guinea pig liver homogenates and PBS. These results found with guinea
pig liver homogenates were very similar to those obtained from rat liver homogenates
with methylation inhibited. Therefore, we concluded that the use of methylation
inhibitors does not affect the formation of arsenite and arsenite from AsHj. The same
conclusion was reached by Barber (1997) who concluded that the use of methylation

inhibitors does not affect the redox reactions of arsenic.
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Figure 7.1. Arsine oxidation to arsenite and arsenate in the rat kidney and liver
homogenates (Continue next page).



146

0 10 20 30 40 50 60 70
Incubation time (minutes)

Figure 7.1. Arsine oxidation to arsenite and arsenate in the rat kidney and liver
homogenates (Continued). A) AsH3 loss from oxidation reactions, B) Formation of
As(III) from AsH3, and C) Formation of As(V) from AsH3. (#) control (PBS), (B )
iver homogenate, and (@) kidney homogenate. Rat tissue homogenates were
prepared and dosed with arsine as described in material and methods. Formed
arsenicals were determined by the method of Winski and Carter (1995). Vales
represent the mean + S.D. of at least three separate experiments. Asterisk (*)
denotes values that are significantly different from control (p<0.05).
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7.4. DISCUSSION

The oxidation of AsH; in rat lung homogenates was investigated before in our
laboratory (Barber, 1997). In this study, the oxidation of AsHj in rat liver and kidney
homogenates was very similar showing no difference to control. Barber (1997) showed
that AsH; loss in rat lung homogenate was around twice as fast compared to control, and
this study suggested that a biomolecule was involved. The formation of As(HII) in liver
and kidney homogenates was slightly greater than PBS, but only the formation of As(III)
in the kidney was significantly greater than control and than liver. It is probable that
AsHj is a direct substrate for the methyltransferase enzyme(s). Since methylation was
inhibited in this experiment, the formation of As(IIl) in kidney and liver do not correlate
with the arsenic methyltranseferase activity. The kidney enzyme has almost twice as
much the activity of the liver (Healy et al., 1998) and therefore the amount of formed
As(II) would be decreased by its methylation. By comparison, the liver enzyme has
lower activity and therefore the amount of formed As(IIl) would be greater compared to
that in the kidney. However, the role of a different methylation mechanism can not be
discarded. It is known that nonenzymatic methylation of As(III) by methylcobalamin
(CH3B,,) takes place in human liver cytosol (Zakharyan and Aposhian, 1999). This
chemical methylation would have decreased the formed As(III) in liver homogenate. It is
possible that this chemical methylation has a lower rate in the kidney leading to an
accumulated As(III) formation.

The formation of As(IIl) in the lung homogenate was nearly four times greater

than control (Barber 1997). This result is in agreement with the enzyme activity. The
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enzyme activity in the lung is about one half that in the liver, and about one third that in
the kidney (Healy et al., 1998). As(IIl) might be formed directly from AsH3; and
accumulated since it was not methylated enzymatically. Since methylated arsenicals
were determined in lung homogenate, it is then possible that chemical methylation by
methylcobalamin also takes place in the lung. The formation of As(V) from AsHj; did not
change over time in liver and kidney homogenates, but the lung formed twice as much
As(V). These data suggest that in addition to methylation as a mechanism to explain the
formation of the inorganic arsenicals, the oxidation rate is also very important. It seems
as though the lung has factors that favor faster AsHj oxidation. It is also possible that
arsenicals other than As(IIT) and As(V) are also formed in liver and kidney.

Because the compounds used to inhibit methylation (PAD and SADH) might
affect oxidation of arsine, Barber (1997) also determined AsHj; oxidation in guinea pig
lung homogenates. In this work AsH; oxidation in guinea pig liver homogenate was also
determined. Work by Healy er al., (1997) showed that guinea pigs do not methylate
As(IIT) or MMA, so no methylation inhibitors are required. The data obtained (data not
shown) was very similar to that obtained in the rat liver homogenate. Therefore, use of
methylation inhibitors does not affect the redox reactions of arsine. In conclusion, the
amount of formed As(IIT) was higher in the kidney. This data indicated that the renal
toxicity observed in epithelial cells after incubation with AsH; might be caused by the
arsenic (III) species. By comparison, the liver formed less As(II) and therefore AsHj
toxicity in the liver might be caused by a direct AsH; effect combined with As(IIl)

cytotoxicity.
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CHAPTER 8
SUMMARY AND CONCLUSIONS
8.1. SUMMARY

The mechanism of AsHj3 toxicity in the kidney is unknown. This work addressed
the problem of how AsHj; causes renal toxicity. Exposure to AsH; is possible from
accidental release of the gas in the semiconductor industry, metal mining, painting and
herbicide preparation. The first clinical symptom in humans exposed to AsHj; is
intravascular hemolysis and dark red urine (hematuria), followed by abdominal pain,
jaundice, and anemia. Exposure to AsH; has been reported to be fatal in up to 25% of the
reported human cases, usually caused by acute oliguric renal failure (Fowler and
Weissberg, 1974). These facts really make it necessary to elucidate the AsHj; toxic
mechanism in order to prevent or treat arsine intoxication.

Arsine is the gaseous hydride of arsenic. In vivo studies require a strict control of
the gas to prevent overdose or possible accidental exposure of the investigator. In
addition, in vivo studies have shown that the two main systems affected in people
exposed to AsH; are blood and kidney. Liver is also affected but to a lesser extent.
These facts together with the fact that AsHj is soluble in aqueous solutions, make the use
of in vitro systems a valid method to better understand the effects of AsHj on isolated
organs, primary tissue cells or established cell lines. The use of established cell lines
allow the culture of large quantities of cells that are necessary to characterize a specific
enzyme involved in the metabolism pathway of a specific toxicant (e.g. AsIll and

MMAIII methyltransferase activity in human hepatocytes). An organ is a complicated
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group of different cell types that interact with each other. A specific group of cells may
or may not participate in the response to a specific agent. The elucidation of what
specific cell type is the responsible for an effect makes it easier to understand a
mechanism of toxicity.

The general question this work has tried to answer during this research is whether
arsine causes renal toxicity by its conversion to As(IlI). The first system used was
established cell lines. The hypothesis was that AsHj is directly toxic to red blood cells
but must be converted to As(III) to be toxic to a renal cell line. The renal LLC-PK, cell
line was used to study AsH; and As(Il) cytotoxicity. A hepatic cell line (Chang) was
also used in order to compare renal toxicity to hepatic toxicity. Blood was also used to
demonstrate direct AsH; toxicity. Only red blood cells were susceptible to direct AsH;
cytotoxicity. The renal cell line was resistant to AsH; cytotoxic effects on ion
homeostasis and cell integrity, but showed oxidative stress-like toxicity. Liver cells were
susceptible to both arsenic species.

Since established cell lines may get transformed over time and respond differently
to some toxicants, it was decided to test the same hypothesis on primary cultures of renal
and hepatic cells. Primary culture of renal cortical epithelial cells and hepatocytes were
obtained by enzymatic digestion of rat tissues. Again the hypothesis was that AsH; is
directly toxic to red blood cells but must be converted to As(Ill) to be toxic to primary
cultures of renal cells. Rat red blood cells were found to be susceptible only to AsH;
toxicity. AsHj; was found not to produce significant toxicity in the kidney at early time

points but produced membrane damage at 24 h. Membrane damage is more associated
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with As(Ill) toxicity. In the renal cells, LDH preceded potassium leakage; a
characteristic not found in red blood cells or hepatocytes, in which potassium leakage
always preceded LDH release. The kidney was more susceptible to As(III) toxicity. Rat
liver cells were susceptible to both arsenic species. The important finding for this chapter
was the issue of tissue specific toxicity in the same animal.

Since unmetabolized AsH3 was found to produce some toxicity in renal cells, it
was hypothesized that unchanged AsH; was the responsible toxic species in part for its
renal toxic effects. The AsHj-produced hemolysate would contain some component that
was responsible for most renal dysfunction (probably by clogging the glomerulus). The
hypothesis was now that the hemolytic products produced by AsHj3 accounted for the
toxicity produced by AsH; in primary cultures of the kidney. The cytotoxicity of
complete hemolysate and hemolytic soluble and insoluble products were investigated in
primary cultures of renal and hepatic cells. The complete hemolysate was toxic and
further investigation demonstrated that its toxicity was associated with the soluble
hemolytic products. Both cultures of primary cells were susceptible to this toxicity.
Since primary cortical epithelial cells were used in this study, it was unknown if these
cells represented the renal site for AsH; toxicity. Then it was decided to determine the
specific target site for AsH; nephrotoxicity using the in situ rat isolated kidney.

Rat in situ isolated kidney was perfused with either unchanged AsHj dissolved in
renal medium or with the hemolytic soluble products. The hypothesis was that the
hemolytic products produced by AsHj accounted for its toxicity produced in the perfused

kidney. Toxicity was assessed by electron microscopy. Unmetabolized arsine was more
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toxic than the hemolysate. The main target for AsHj toxicity was the endothelial cell
from glomerular capillaries (fenestrae) and from peritubular (no fenestrae) arterioles and
venules. Some arteriolar endothelium were uplifted and showed edema. Some
peritubular venules showed gaps causing 10-nm gold particles to escape and internalize
inside the venule wall. At this time frame the tubular epithelial cells became also
damaged, but to a lesser extent. Some proximal tubular epithelial cells presented early
signs of toxicity mainly at the nucleus. Some other proximal epithelial cells also showed
disrupted villi and ruptured cytoplasmic membrane. At this time frame, the soluble
hemolytic products were not toxic to the perfused kidney. However, during perfusion the
kidneys changed their normal color and texture (turned soft) and were difficult to fix.

The general hypothesis for this work was that AsHj3 causes renal toxicity by its
conversion to As(III). Another way to test this hypothesis was to determine the amount
of As(IIl) and other arsenicals produced by AsH; oxidation in the specific system. The
total amount of arsenicals produced by AsHj; in cultures of established cell lines or
primary cells is in the range of low part per trillion (ppt) to low parts per billion (ppb).
So far the instrument to perform this experiment at this level is lacking. However, tissue
homogenates can be used. The amount of As(III) and arsenate [As(V)] formed by AsH;
oxidation in the rat kidney and liver homogenates was determined. The hypothesis was
that As(IIl) was produced by AsHj oxidation and accounted for the its toxicity produced
in the rat kidney. Indeed, As(Ill) was formed four times greater than As(V) in the

kidney. By comparison the liver formed less than half of the As(IIT) made by the kidney.
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8.2. CONCLUSIONS

In this work in vitro systems were used to model tissue selectivity for AsHj;
toxicity and to investigate AsH; renal cytotoxicity. Systems including immortalized cell
lines, primary cultures of cells, precision-cut slices (data not shown), and whole organs
were combined to investigate the arsenic species selectivity. Red blood cells and
hepatocytes were susceptible to unmetabolized AsH;. Arsine was required to form
As(Ill) to produce renal toxicity. This formed As(III) also contributed to AsH;
cytotoxicity in the kidney. The soluble hemolytic products produced by AsHj; also
contributed to the in vitro renal toxicity. Unmetabolized AsH3; was also toxic to the in
situ isolated rat kidney. Due to the short perfusion time, the soluble hemolytic products
were not toxic but may contribute to renal toxicity at longer time. Formation of As(III)
was also determined in both kidney and liver homogenates from AsH; oxidation.

It was concluded that renal dysfunction produced by AsH; exposure (the cause for
mortality) is caused by a combination of direct AsHj3 toxicity and by formation to As(III).
Early AsHj; effects included oxidative-stress toxicity and damage to both the endothelial
and tubular epithelial cells. Endothelial cells are damaged in the capillaries of the
glomerulus and in the peritubular microvessels. The epithelial cells present damage at
the cell membrane and nucleus and were located mostly in the proximal tubule. Later
renal toxicity is related to the formation of As(IIl) and to the delivery of hemolytic
products to the kidney. As(IIl) further compromises renal cell damage producing cell
death. The hemolysate would clog the glomerulus. The combination of all these effects

lead to oliguric renal failure.



154

APPENDIX A

LIST OF METHODS AND PROCEDURES

Arsine generation and preparation of the As(II) solution ............cccvevcrveeeeiraarncnnes 46
Dosing of cells with the arsenicals ............ccocreeeceesrernseeersssesssssssvsssrssesssncsesnssasesses 47,52
Determination of intracellular potassium.........cccceveeeecueserrsncncnecsisenceneasecesnessaees 48
Determination of Lactate Dehydrogenase (LDH) ..........ccccourvvrricnvvnccnirrenscnrersnecrnnnnns 48
Determination of glutathione and glutathione disulfide..............coovuvvevvueiriccrcrecennene 49
Determination of heat Shock pProtein ............cevecvimceensnssissnniennnieeecscseesesenens 50
Collection and incubation of human erythroCytes............ccceeeurecmsercecrecnscnereesserenees 53
Determination of hemolysis, potassium and LDH in exposed erythrocytes ............. 53
Isolation and dosing of primary cultures of rat renal cortical epithelial cells ........... 82
Isolation and dosing of primary cultures of rat hepatocytes............c.coervceucencrverenaene 84
Collection and incubation of rat erythrocytes...........ccccecoreenee seresersssssensosasnasnnenes 85
Preparation of the arsenical hemolysates..........c.cocoveeveceneniirnricisenenssnesiseesnenenes 105,106
Preparation of the soluble and insoluble hemolytic products..............ceceoeruererrverenenns 106
Determination of cell viability by the XTT assay .........ccovrvrvrereerenseniresssessessesioneas 107
The in situ isolation and perfusion of the rat Kidney ............ccccevvcrreecnvverenninernsnsenns 122
Tissue preparation for €lectron MiCTOSCOPY .........ccovereernuireressnssisunsersirmsenscssssassnsansens 124
Preparation of rat kidney and liver homogenates 139
Inhibition of arsenic methylation with PAD/SAH 140
Speciation of inorganic arsenic . . 140

Statistical analysis 54, 85, 108, 141




155

APPENDIX B

LIST OF PUBLICATIONS AND PRESENTATIONS

Publications:

1.

Peraza, M.A. Ayala-Fierro, F., Barber, D.S., Casarez, E., and Hatlelid, K.M. (1997).
Modulation of chemical toxicity and risk assessment. Environ. Health Perspect. 105
(8), 868-870.

Healy, S.M., Casarez, E., Ayala-Fierro, F., and Aposhian, H.V. (1998). Enzymatic
methylation of arsenic compounds: V. Arsenite methyltransferase activity in tissues of
mice. Toxicol. Appl. Pharmacol., 148, 65-70.

Peraza, M.A. Ayala-Fierro, F., Barber, D.S., Casarez, E., and Rael, L.T. (1998). Effects
of micronutrients on metal toxicity. Environ. Health Perspect., 106(Suppl 1):203-216.

Ayala-Fierro, F., Firriolo, J.M., and Carter, D.E. (1999). Disposition, toxicity, and
intestinal absorption, of cobaltous chloride in male Fischer 344 rats. J. Toxicol.
Environ. Health, 56 (8), 571-591.

Zakharyan, R.A., Ayala-Fierro, F., Cullen, W.R., Carter, D.E., and Aposhian, H.V.
(1999). Enzymatic methylation of arsenic compounds: VII. MMA™ is the substrate for
MMA methyltransferase of rabbit liver and human hepatocytes. Toxicol. Appl.
Pharmacol., 158, 9-15.

Divine, K.K., Ayala-Fierro, F., Barber, D.S., and Carter, D.E. (1999). Glutathione,
albumin, cysteine, and cys-gly effects on toxicity and accumulation of mercury
chloride in LLC-PK, cells. J. Toxicol. Environ. Health, 57(7), 489-505.

Carter, D.E., Peraza, M.A., Ayala-Fierro, F., Casarez, E., Barber, D.S., and Winski,
S.L. (1999). Arsenic metabolism after pulmonary exposure. In: Proceedings of the
International Conference on Arsenic Exposure and Health Effects, pp. 299-309.

Firriolo, J.M., Ayala-Fierro, F., and Carter. D.E. (1999). Absorption and disposition of
cobalt naphthenate in rats after a single oral dose. J. Toxicol. Environ. Health, 58(5),
101-113.

Ayala-Fierro, F., Barber, D.S., Rael, L.T., and Carter, D.E. (1999). In vitro tissue
specificity for arsine and arsenite toxicity in the rat. Tox. Sci. In Press.

10. Mitchell, R.D., Ayala-Fierro, F., and Carter, D.E. (1999). Systemic indicators of

inorganic arsenic toxicity in four animal species. J. Toxicol. Environ. Health. In
Press.



156

11. Ayala-Fierro and Carter, D.E. (1999). LLC-PK, Cells as a Model for Renal
Dysfunction caused by Arsine Exposure. J. Toxicol. Environ. Health. In Press.

12. Ayala-Fierro, F., Baldwin, A.L., Wilson, L.M., Valeski, J.E., and Carter, D.E. (1999).
Structural alterations in the rat kidney after acute arsine exposure. Lab. Invest. In
Press.

13. Petrick, J.S., Ayala-Fierro, F., Cullen, W.R., Carter, D.E., and Aposhian, H.V. (1999).
Monomethylarsonous acid (MMA™) is more toxic than arsenite in Chang human
hepatocytes. Toxicol. Appl. Pharmacol. Submitted.

Book Chapter:

Ayala-Fierro, F., Barber, D.S., Casarez, E.A., Peraza, M.A., Rael, L.T., Winski, S.L.,
and Carter, D.E. Environmental Health. Octavio Rivero Serrano and Guadalupe
Ponciano Rodrigues, eds. Mexico City: UNAM, Programa Universitario de Medio
Ambiente, 1999.

Book:

Pefia, C.E., Carter, D.E., Ayala-Fierro, F.. Toxicologia Ambiental: Evaluacién de
Riesgos y Restauracién Ambiental (Textbook in Spanish). Edition in Progress.

Contributed Poster Presentations (published abstracts):

1. Ayala-Fierro, F. and Carter, D.E. Cobalt transport through the small intestine in male
Fischer 344 rats. Second annual science fair, Center for Toxicology, Southwest
Environmental Health Sciences Center, pp. 25. Tucson, Arizona, May 1996.

2. Ayala-Fierro, F., Divine, K.K., and Carter, D.E. GSH, albumin and cys-gly effects on
toxicity and accumulation of mercury chloride in porcine renal proximal tubular
epithelial cells. 14™ annual meeting of the Mountain West Chapter of the Society of
Toxicology, pp. 32. Snowbird, Utah, October 3-4, 1996.

3. Healy, S.\M., Cazarez, E.A., Ayala-Fierro, F., and Aposhian, H.V. Arsenite
methyltransferase activity in various tissues of B6C3F1 mice administered subchronic
doses of sodium arsenite. The Toxicologist, Volume 36, No. 1, Part 2, pp 313.
Cincinnati, Ohio, March 9-13, 1997.



157

. Ayala-Fierro, F., Divine, KK, Barber, D.S., and Carter, D.E. Effects of GSH, albumin,
cys-gly and L-cys on toxicity of mercury chloride in LLC-PK, cells dosed in cys-free
and cys-containing media. The Toxicologist, Vol. 36, No. 1, Part 2, pp. 161. Cincinnati,
Ohio, March 9-13, 1997.

. Ayala-Fierro, F., Divine, K.K, Barber, D.S., and Carter, D.E. Effects of GSH, albumin,
cys-gly and L-cys on toxicity of mercury chloride in LLC-PK, cells dosed in cys-free
and cys-containing media. The Flinn Biomedical Symposium, pp. 31. Tucson, AZ, May
9-10 1997.

. Ayala-Fierro, F., Divine, K.K, Barber, D.S., and Carter, D.E. Effects of GSH, albumin,
cys-gly and L-cys on toxicity of mercury chloride in LLC-PK, cells dosed in cys-free
and cys-containing media. International Taurine Symposium 1997, pp. 38. Tucson, AZ,
July 15-19, 1997.

. Ayala-Fierro, F. and Carter, D.E. Arsine oxidation by the rat liver and kidney
homogenates. Third Annual Science Fair, Center for Toxicology, Southwest
Environmental Health Sciences Center, pp.21. Tucson, Arizona, October 13, 1997.

. Ayala-Fierro, F. and Carter, D.E. Arsine oxidation by the rat liver and kidney
homogenates. 15" Annual Meeting of the Mountain West Chapter of the Society of
Toxicology, pp. 35. Taos, New Mexico, October 16-17, 1997.

. Ayala-Fierro, F. and Carter, D.E. A comparison of arsenite and arsine toxicity: cell
specificity. Risk Considerations for Environmental Health and Safety, pp. S. Tucson,
Arizona, January 8-9, 1998.

10. Ayala-Fierro, F. and Carter, D.E. A Comparison of arsenite and arsine toxicity: cell

specificity. In: Huxtable, RJ. (ed.), Proceedings of the 41*.Annual Meeting of The
Western Pharmacology Society, pp. 271. Mazatlan, Sinaloa, Mexico, January 25-30,
1998.

11. Ayala-Fierro, F. and Carter, D.E. Arsine vs. arsenite toxicity in different cell types.

37", Annual Meeting of the Society of Toxicology. The Toxicologist, Volume 42,
No. 1-S, pp 322. Seattle, Washington, March 1-5, 1998.

12. Carter, D.E., Peraza, M.A., Ayala-Fierro, F., Casarez, .A.,Barber, D.S., and Winski,

S.L.. Arsenic metabolism after pulmonary exposure. Third International Conference
on Arsenic Exposure and Health Effects, pp. 41. San Diego, California, July 12-15,
1998.



158

13. Ayala-Fierro, F. and Carter, D.E. Arsine vs. arsenite toxicity in hepatocytes: A
comparison of precision-cut slices, primary cells and an established cell line. United
States/Mexico Conference on Hazardous Waste Management and Technologies, pp. 46.
Tucson, Arizona, August 9-11, 1998.

14. Ayala-Fierro, F. and Carter, D.E. Testing for differences in toxicity after arsine and
arsenite intoxication. II Simposium Intemacional: Investigacién Quimica en la
Frontera, pp. 96. Tijuana, B.C.N., Mexico, September 10-12, 1998.

15. Ayala-Fierro, F. and Carter, D.E. Arsenite as a possible metabolite from arsine
metabolism. 16™ Annual Meeting of the Mountain West Chapter of the Society of
Toxicology, pp. 16. Tucson, Arizona, September 17-18, 1998.

16. Ayala-Fierro, F. and Carter, D.E. Blood and liver but not the kidney are susceptible to
arsine toxicity in vitro. The Flinn Foudation Fourth Annual Biomedical Research
Symposium, pp. 45. Tucson, Arizona, December 11-12, 1998.

17. Ayala-Fierro, F. and Carter, D.E. Organ susceptibility for arsine toxicity in Sprague
Dawley rats. 38". Annual Meeting of the Society of Toxicology. The Toxicologist,
Volume 48, No. 1-S, pp 352. New Orleans, Louisiana, March 14-18, 1999.

18. Petrick, J.S., Ayala-Fierro, F., Carter, D.E., and Aposhian, H.V. Cytotoxity of
arsenite, arsenate, monomethyl arsonous and monomethyl arsonic acids, in human
hepatocytes. Fourth Annual Science Fair, Center for Toxicology, Southwest
Environmental Health Sciences Center. Tucson, Arizona, May 27, 1999.

19. Ayala-Fierro, F. and Carter, D.E. Arsine-produced hemolysate as the toxic species for
liver and kidney. Fourth Annual Science Fair, Center for Toxicology, Southwest
Environmental Health Sciences Center. Tucson, Arizona, May 27, 1999.

Invited seminar speaker:

1. XXVII Regional Mexican Meeting of Pharmaceutical Sciences, Mazatlan, Mexico
(1995) “The impact of toxicology in our daily life”.

2. The Cultural Week of the University of Sinaloa, College of Pharmaceutical Sciences,
Culiacan, Mexico (1995). “Biotransformation of drugs, effect beneficial or
perjudicial”.

3. HI Congreso Mexicano de Toxicologia, Sociedad Mexicana de Toxicologia, A.C. and
Instituto Tecnol6gico de Sonora. Ciudad Obregén Sonora, Mexico (1999) “Tissue
specificity for arsine and arsenite toxicity in the rat”.



159

Courses offered in Mexican Universities/Institutes:

L

Ayala-Fierro, F. and Pefia, C.E. Environmental Toxicology and Risk Assessment
(Toxicologia Ambiental y Evaluacion de Riesgos). National Institute of Ecology
(Instituto Nacional de Ecologia): Department of Chemical Substances and
Environmental Assessment (Direccion de Sustancias Quimicas y Evaluacion
Ambiental). Mexico, D.F., Mexico, September 21-25, 1998.

Ayala-Fierro, F. and Pefia, C.E. Environmental Toxicology and Risk Assessment
(Toxicologia Ambiental y Evaluacion de Riesgos). Universidad Autonoma de Baja
California (UABC) at Tijuana. Tijuana, B.C.N., Mexico, September 7-11, 1998.

Ayala-Fierro, F. and Pefia, C.E. Risk Assessment for Environmental Pollutants
(Evaluacion de Riesgos Ambientales). H. Ayuntamiento de San Luis Rio Colorado,
CONALEP, CESUES, WAHEC, and the Arizona Western College. San Luis Rio
Colorado, Sonora, Mexico, May 7-9, 1998.

Ayala-Fierro, F. and Peiia, C.E. Control of the Environmental Contamination
(Control de la Contaminacion Ambiental). Instituto Tecnol6gico de Nogales and the
Municipio Nogales. Nogales, Sonora, México, December 1-5, 1997.

Ayala-Fierro, F. and Peiia, C.E. Assessment for Environmental Pollutants
(Evaluacion de Riesgos Ambientales). Universidad de Sonora at Hermosillo.
Hermosillo, Sonora, México, November 14-15, 1997.

Ayala-Fierro, F., and Cebridan, M. Advanced Metal Toxicology (Toxicologia
Avanzada de Metales Pesados). III Congreso Mexicano de Toxicologia, Sociedad
Mexicana de Toxicologia, A.C. and Instituto Tecnolégico de Sonora. Ciudad
Obregén Sonora, Mexico, November 1-5, (1999).



160

REFERENCES

Agency for Toxic Substances and Disease Registry. 1999. Toxicological Profile for
Arsenic. U.S. Department of Health and Human Services, ATSDR, Atlanta, GA.

American Conference of Governmental Industrial Hygienists (ACGIH) (1982). TLV’s:
Threshold Limit Value for Chemical Substances in Work Air Adopted by ACGIH for
1982.

Aposhian, H.V. (1991). Biochemical toxicology of arsenic. Reviews of Biochemical
Toxicology.

Aposhian, H.V., Hsu. C-A., and Hoover, T.D. (1983). DL- and Meso-dimercaptosuccinic
acid: In vitro and in vivo studies with sodium arsenite. Toxicol. Appl. Pharmacol. 69,
208-213.

Apostoli, P., Alessio, L., Romeo, L., Buchet, J.P., and Leone, R. (1997). Metabolism of
arsenic after acute occupational arsine intoxication. J. Toxicol. Environ. Health, 52,
331-342.

Azri, S., Gandolfi, AJ., and Brendel, K. (1990). Carbon tetrachloride toxicity in
precision-cut rat liver slices. In Vitro Toxicol. 3, 127-138.

Bagla, P. and Kaiser, J. (1996). India’s spreading health crisis draws global arsenic
experts. Science 274, 174-175.

Barber, D.S. (1997). Correlation of pulmonary arsenic metabolism and toxicity. Ph.D.
Dissertation. University of Arizona.

Barber, D.S., Kopplin, M.J, McClure, T., and Carter, D.E. (1999). Identification of
arsenic-glutathione complex [As(SG);] in biological samples by HPLC-MS. Chem.
Res. Toxicol. Submitted.

Baur, H., Kasperek, S., and Pfaff, E. (1975). Criteria of viability of isolated liver cells.
Physiol. Chem. 356, 827-838.

Bekersky, 1. (1983). Use of the isolated perfused kidney as a tool in drug disposition
studies. Drug Metabolism Reviews, 14(5), 931-960.

Bertolero, F., Marafante, E., Edel Rade, J., Peitra, R., and Sabbioni, E. (1981).
Biotransformation and intracellular binding of arsenic in tissues of rabbits after
intraperitoneal administration of "*As labelled arsenite. Toxicology 20, 35-44.



161

Beutler, E. (1983). Red Cell Metabolism: A manual of biochemical methods. 3®. Ed.
Grune and Stratton Publ. Corp., New York, N.Y.

Bikhazi, A.B., Salameh, A., El-Kasti, M., and Awar, R.A. (1995). Comparative
nephrotoxic effects of cis-platinum (II), cis-palladium (II), and cis-rhodium (IIT)
metal coordination compounds in rat kidneys. Comp. Biochem. Physiol. 111C, 423-
427.

Bikhazi, A.B., Medlej-Hashim, M., and El-Kasti, M. (1992). Effects of verapamil,
ouabain, and ethacrynic acid on calcium retention in perfused rat kidneys. J. Pharmac.
Sci. 81(12), 1178-1180.

Blair, P.C., Thompson, M.B., Bechtold, M., Wilson, R.E., Moorman, M.P., and Fowler,
B.A (1990). Evidence for oxidative damage to red blood cells in mice induced by
arsine gas. Toxicology 63, 25-34.

Bogdan, G.M., Sampayo-Reyes, A., and Aposhian, H.V. (1994). Arsenic binding proteins
of mammalian systems. I. Isolation of three arsenite-binding proteins of rabbit liver.
Toxicology 93, 175-193.

Boogaard, P.J., Nagelkerke, J.F., and Mulder, G.J. (1990). Renal proximal tubular cells in
suspension or in primary culture as in vitro models to study nephrotoxicity. Chem.-
Biol. Interactions, 76, 251-292.

Brown, M.M., Rhyne, B.C., and Goyer, R.A. (1976). Intracellular effects of chronic
arsenic administration on renal proximal tubule cells. J. Toxicol. Environ. Health 1,
505-514.

Brown, J.L., and Kitchin, K.T. (1996). Arsenite, but not cadmium, induces ornithine
decarboxylase and heme oxygenase activity in rat liver: relevance to arsenic
carcinogenesis. Cancer Lett. 98(2), 227-231.

Buchanan, W.D. (1962). Toxicity of arsenic compounds. In Elsevier Monographs on
Toxic Agents, Ethel Browning, ed., pp. 66-102. Elsevier, Amsterdam.

Buchet, J.P., Lauwerys, R., and Roels, H. (1981a). Comparison of the urinary excretion
of arsenic metabolites after a single oral dose of sodium arsenite,
monomethylarsonate, or dimethylarsinate in man. Int. Arch. Occup. Environ. Health
48, 71-79.

Buchet, J.P., Lauwerys, R., and Roels, H. (1981b). Urinary excretion of inorganic arsenic
and its metabolites after repeated ingestion of sodium meta arsenite by volunteers. Int.
Arch. Occup. Environ. Health 48, 111-118.



162

Bunn, H.F. and Forget, B.G. (1986). Hemoglobin: Molecular, genetic and clinical aspects,
pp. 634-657, W.B. Saunders Co.:Philadelphia.

Burke, M.D., and Orrenius, S. (1979). Isolation and comparison of endoplasmic
reticulum membranes and their mixed function oxidase activities from mammalian
extrahepatic tissues. Pharmac. Ther. 7, 549-599.

Burnette, W.N. (1981). “Western Blotting™: electrophoretic transfer of proteins from
sodium dodecyl sulfate-polyacrylamide gels to unmodified nitrocellulose and
radiographic detection with antibody and radioiodinated protein A. Anal. Biochem.
112, 195-203.

Cebrian, M.E., Albores, A., Connelly, J.C., and Bridges, J.W. (1988). Assessment of
arsenic effects on cytosolic heme status using tryptophan pyrrolase as an index. J
Biochem Toxicol. 3, 77-86.

Chang, R.S. (1978). HeLa marker chromosomes, Chang liver cells, and liver-specific
functions. Science, 199(3), 567.

Cirkt, M., Benck, V., Tichy and Benes, B. (1980). Biliary excretion of "*As and its
distribution in the golden hamster after administration of *As(II) and As(V). J.
Hyg. Epidem. Microbiol. Inmun. 24, 384-388.

Cullen, W.R., McBride, B.C., and Reglinski, J. (1984a). The reduction of trimethylarsine
oxide to trimethylarsine by thiols: A mechanistic model for the biological reduction
of arsenicals. J. Inorg. Biochem. 21, 45-60.

Cullen, W.R.,, McBride, B.C., and Reglinski, J. (1984b). The reduction of
trimethylarsenicals with thiols: Some biological implications. J. Inorg. Biochem. 21,
179-194.

Cullen, W.R,, and Reimer, K.J. (1989). Arsenic speciation in the environment. Chem.
Rev. 89, 713-764.

Deak, S.T., Csaky, K.G., and Waddell, W.J. (1976). Localization and histochemical
correlation of "*As by whole-body autoradiography in mice. J. Toxicol. Environ.
Health 1, 981-984.

Dujovne, C.A., and Zimmerman, H.J. (1969). Cytotoxicity of phenothiazines on Chang
liver cells as measured by enzyme leakage. P.S.E.B.M. 131, 583-587.

Dutkiewicz, T. (1977). Experimental studies on arsenic absorption routes in rats. Environ.
Health Perspect. 19, 173-177.



163

Ekwall, B. and Acosta, D. (1982). In vitro comparative toxicity of selected drugs and
chemicals in HeLa cells, Chang liver cells, and rat hepatocytes. Drug Chem. Toxicol.,
5(3), 219-231.

Fariss, M.W., and Reed, D.J. (1987). High-performance liquid chromatography of thiols
and disulfides: Dinitrophenol derivatives. Meth. Enzymol. 143, 101-109.

Fowler, B.A., and Weissberg, J.B. (1974). Arsine poisoning. N. Engl. J. Med. 291, 1171-
1174.

Fowler, B.A., and Woods, J.S. (1979). The effect of prolonged oral arsenate exposure on
liver mitochondria of mice: morphometric and biochemical studies. Toxicol. Appl.
Pharmacol. 50, 177-187.

Georis, B., Cardenas, A., Buchet, J.P., and Lauwerys, R. (1990). Inorganic arsenic
methylation by rat tissue slices. Toxicology 63, 73-84.

Gilman, A., Goodman, L., Rall, T., and Murad, F., eds. 1985. Goodman and Gilman'’s
The Pharmacological Basis of Therapeutics. 7*. Edition. Macmillan Publishing Co.,
New York. Pp. 1614-1617.

Ginsberg, J.M. (1965). Renal mechanism for excretion and transformation of arsenic in
the dog. Am. J. Physiol. 208, 832-840.

Goldberg, B. and Stern, A. ( 1974). The generation of O; by the interaction of the
hemolytic agent, phenylhydrazine, with human hemoglobin. J. Biol. Chem. 250, 2401-
2403.

Gresser, M.J. (1981). ADP-Arsenate: Formation by submitochondrial particles under
phosphorylating conditions. J. Biol. Chem. 256, 5981-5983.

Gstraunthaler, G., Pfaller, W., and Kotanko, P. (1985). Biochemical characterization of
renal epithelial cell cultures (LLC-PK; and MDCK). Am. J. Physiol., 248, F536-
F544.

Gstraunthaler, G., Steinmassl, D., and Pfaller, W. (1990). Renal cell cultures: a tool for
studying tubular function and nephrotoxicity. Toxicol. Lett. 53, 1-7.

Guengerich, F.P., Dannan, G.A., Wright, S.T., Martin, M.V., and Kaminsky, L. (1982).
Purification and characterization of liver microsomal cytochromes P-450:
electrophoretic, spectral, catalytic, and immunochemical properties and inducibility
of eight isozymes isolated from rats treated with phenobarbital or B-naphthoflavone.
Biochemistry 21(23):6019-6030.



164

Hatlelid, K.M., Brailsford, C., and Carter, D.E. (1995). An in vitro model for arsine
toxicity using isolated red blood cells. Fundam. Appl. Toxicol. 25, 302-306.

Hatlelid, K.M., Brailsford, C., and Carter, D.E. (1996). Reactions of arsine and
hemoglobin. J. Toxicol. Environ. Health 47(2), 145-157.

Healy, S.M., Zakharyan, R.A., and Aposhian, H.V. (1997). Enzymatic methylation of
arsenic compounds. IV. In vitro and in vivo deficiency of the methylation of arsenite
and monomethylarsonic acid in the guinea pig. Mutat. Res. 386, 229-239.

Healy, S.M., Casarez, E.A., Ayala-Fierro, F., and Aposhian, H.V. (1998). Enzymatic
methylation of arsenic compounds. V. Arsenite methyltransferase activity in tissues
of mice. Toxicol. Appl. Pharmacol. 148(1), 65-70.

Hei, T.K., Liu, S.X., and Waldren, C. (1998). Mutagenicity of arsenic in mammalian
cells: Role of reactive oxygen species. Proc. Natl. Acad. Sci. 95, 8103-8107.

Hindmarsh, J.T., and McCurdy, R.F. (1986). Clinical and environmental aspects of
arsenic toxicity. CRC Crit. Rev. Clin. Lab. Sci. 23, 315-347.

Hocken, A.G., and Bradshaw, G. (1970). Arsine poisoning. Brit. J. Ind. Med., 27, 56-60.

Hughes, W., and Levvy, G.A. (1947). The toxicity of arsine solutions for tissue slices.
Biochem. J. 41, 8-11.

Hughes, M.F., and Thompson, D. J. (1996). Subchronic dispositional and toxicological
effects of arsenate administered in drinking water to mice. J. Toxicol. Environ. Health
49, 177-196.

Hull, R.N,, Cherry, W.R., and Weaver, G.W. (1976). The origin and characteristics of a
pig kidney cell strain, LLC-PK,. In Vitro, 12(10), 670-677.

Thrig, I., Schonheit, C., Hiaubner, W., and Bernhardt, I. (1992). Characterization of the
potassium influx in rat erythrocytes. Gen. Physiol. Biophys. 11, 377-388.

Inamasu, T. (1983). Arsenic metabolism in urine and feces of hamsters pretreated with
PCB. Toxicol. Appl. Pharmacol. 74, 142-152.

Inmon, J., Stead, A., Waters, M.D., and Lewtas, J. (1981). Development of a toxicity test
system using primary rat liver cells. In Vitro, 17(11), 1004-1010.

International Agency for Research on Cancer (IARC) (1980). Arsenic and Arsenic
compounds. Monographs on the Evaluation of Carcinogenic Risk of Chemicals to
Humans, 23, pp. 37-141. Lyon, France.



165

Ishinishi, N., Tscuhiya, K., Vahter, M., and Fowler, B.A. (1986). Arsenic. In Handbook
on the toxicology of metals, 2™ ed., eds. L. Friberg, G.F. Nordberg, and V. Vouk, pp.
43-83. Amsterdam: Elsevier.

Josephson, C., Pinto, S., and Petronella, S. (1951). Arsine: electrocardiographic changes
produced in human poisoning. Arch. Ind. Hyg. 4, 43-52.

Josephy, P.D., Mannervik, B., and Ortiz de Montellano, P. (1997). Oxidative stress in the
erythrocyte. In Molecular Toxicology. Oxford University Press, New York.

Kaji, T., Suzuki, M., Yamamoto, C., Imaki, Y., Mishima, A., Fujiwara, Y., Sakamoto,
M., and Kozuka, H. (1994). Induction of metallothionein synthesis by bismuth in
cultured vascular endothelial cells. Res. Commun. Mol. Pathol. Pharmacol., 86(1),
25-35.

Kaji, T., Yamamoto, C., Miyajima, S., Suzuki, M., Fujiwara, Y., Sakamoto, M., and
Koizumi, F. (1995). Vascular smooth muscle cells in culture are highly sensitive to
cadmium cytotoxicity without species-related differences:comparison with Chang
liver cells. Biol. Pharm. Bull., 18(10), 1392-1395.

Klaassen, C.D. (1974). Biliary excretion of arsenic in rats, rabbits, and dogs. Toxicol.
Appl. Pharmacol. 29, 447-457.

Klimecki, W.T. and Carter, D.E.(1995). Arsine toxicity: chemical and mechanistic
implications. J. Toxicol. Environ. Health 46, 399-409.

Kobayashi, S., Okada, T., and Kimura, M. (1985). Effects of dexamethasone on
metallothionein induction by Zn, Cu, and Cd in Chang liver cells. Chem.-Biol.
Interactions, 55(3), 347-356.

Konings, A.W.T. (1972). Inhibition of nuclear and mitochondrial respiration by arsenite.
Exper. 28(8), 883-884.

Kothary, R.K. and Candido, E.P. (1982). Induction of a novel set of polypeptides by heat
or sodium arsenite in cultured cells of rainbow trout, Salmo gairdnerii.. Can. J.
Biochem. 60(3), 347-355.

Labes, V.R. (1937). Die oxydative und reduktive Entstehung von kolloiden Elementen der
Arsen-und Tellurgruppe als Ursache zahlreicher Giftwirkungen von AsH;, H,S, TeO,
usw. auf Zellstrukturen und Fermente des Tierkorpers. Kolloid Zeitschrift 79, 1-10.

Laemmli, U.K. (1970). Cleavage of structural proteins during assembly of the head of a
bacteriophage T4. Nature 227, 680-685.



166

Lau, B.P., Michalik, P., Porter, C.J., Krolik, S. (1987). Identification and confirmation of
arsenobetaine and arsenocholine in fish, lobster and shrimp by a combination of fast

atom bombardment and tandem mass spectrometry. Biom. Environ. Mass Spectr.
14(12), 723-732.

Lee, T.C., and Ho, I.C. (1995). Modulation of cellular antioxidant defense activities by
sodium arsenite in human fibroblasts. Arc. Toxicol. 69(7), 498-504.

Levinsky, W.J., Smalley, R.V., Hillyer, P.N., and Shindler, R.L. (1970). Arsine
hemolysis. Arch. Environ. Health 20, 436-440.

Levy, H., Lewin, J.R,, Ninin, D.T., Schneider, H.R., and Milne, FJ. (1979).
Asymptomatic arsine nephrotoxicity. S. Afr. Med. J., 56, 192-194.

Levvy, G.A. (1947). A study of arsine poisoning. Quart. J. Exp. Physiol. 34, 47-67.

Lunde, G. (1977). Occurrence and transformation of arsenic in the marine environment.
Environ. Health Perspect. 19, 47-52.

Maiorino, R.M., and Aposhian, H.V. (1985). Dimercaptan metal-binding agents influence
the biotransformation of arsenite in the rabbit. Toxicol. Appl. Pharmacol. 77,240-250.

Marafante, E., Vahter, M., and Envall, J. (1985). The role of methylation in the
detoxification of arsenate in the rabbit. Chem.-Biol. Interact. 56, 225-238.

McQueen, C.A. (1989). Hepatocytes in monolayer culture: An in vitro model for toxicity
studies. In In Vitro Toxicology Model Systems and Methods, pp. 131-155. The Telford
Press, Caldwell, N.J.

Menzel, D.B., Rasmussen, R.E., Lee, E., Meacher, D.M,, Said, B., Hamadeh, H., Vargas,
M., Greene, H., and Roth, R.N. (1998). Human lymphocyte heme oxygenase 1 as a

response biomarker to inorganic arsenic. Biochem. Biophys. Res. Commun. 250(3),
653-656.

Mohri, T., Yamaguchi, T., and Kitagawa, H. (1979). Differences of affinity and
energetics of the active transport systems for amino acids in Chang liver cells. J.
Biochem., 85(3), 681-689.

Morrison, G.R. (1965). Fluorometric microdetermination of heme protein. Anal. Chem.
37(9), 1124-1126.



167

Muehrcke, R., and Pirani, C. (1968). Arsine-induced anuria: a correlative
clinicopathological study with electron microscopic observations. Ann. Int. Med. 68,
853-866.

Nishiitsutsuji-uwo, J.M., Ross, B.D., and Krebs, H.A. (1967). Metabolic activities of the
isolated perfused rat kidney. Biochem. J. 108, 852-862.

Odanaka, Y., Matano, O., and Goto, S. (1980). Biomethylation of inorganic arsenic by
the rat and some laboratory animals. Bull. Environ. Contam. Toxicol. 24m 452-459.

Oya-Ohta, Y., Kaise, T., and Ochi, T. (1996). Induction of chromosomal aberrations in
cultured human fibroblasts by inorganic and organic arsenic compounds and the
different roles of glutathione in such induction. Mutat. Res., 357 (1-2), 123-129.

Parrish, A.R., Zheng, X-H., Tumey, K.D., Younis, H.S., and Gandolfi, A.J. (1999).
Enhanced transcription factor DNA binding and gene expression induced by arsenite
or arsenate in renal slices. Tox. Sci., 50(1), 98-105.

Pernis, B., and Magistretti, M. (1960). A study of the mechanism of acute hemolytic
anemia from arsine. Med. Lavaro 51, 37-41.

Petrick, J.S., Ayala-Fierro, F., Cullen, W.R,, Carter, D.E., and Aposhian, H.V. (1999).
Monomethylarsonous acid MMA™) is more toxic than arsenite in Chang human
hepatocytes. Toxicol. Appl. Pharmacol. Submitted.

Rabano, E.S., Castillo, N.T., Torre, K.J., and Salomon, P.A. (1989). Speciation of arsenic
in ambient aerosols collected in Los Angeles. JAPCA 39(1), 76-80.

Rosner, M.H. and Carter, D.E. (1987). Metabolism and excretion of gallium arsenide and
arsenic oxides by hamsters following intratracheal instillation. Fundam. Appl.
Toxicol. 9, 730-737.

Rowland, LR. and Davies, M.J. (1982). Reduction and methylation of sodium arsenate in
the rat. J. Appl. Toxicol. 2, 294-299.

Schiller, C.M., Fowler, B.A., and Woods, J.S. (1977). Effects of arsenic on pyruvate
dehydrogenase activation. Environ. Health Perspect. 19, 205-207.

Scott, N., Hatlelid, K., and Carter, D.E. (1993). Reactions of arsenic (IIT) and arsenic (V)
species with glutathione. Chem. Res. Toxicol. 6, 102-106.

Smith, A.H., Hopehayn-Rich, C., Bates, M.N., Goeden, HM., Pertz-Picciotto, I.,
Duggan, HM., Wood, R., Kosnett, M.J., and Smith, M.T. (1992). Cancer risks from
arsenic in drinking water. Environ. Health Perspect. 97, 259-267.



168

Smith, P.F., Gandolfi, AJ., Krumdieck, C.L., Putnam, C.W., Zukoski, C.F., Davis,
W.M., and Brendel, K. (1985). Dynamic organ culture of precision liver slices for in
vitro toxicology. Life Sci. 36(14), 1367-1375.

Squibb, K.S. and Fowler, B.A. (1983). The toxicity of arsenic and its compounds. In:
Biological and Environmental Effects of Arsenic, B.A. Fowler, ed., pp. 233-269,
Amsterdam:Elsevier.

Stacey, N., and Priestly, B.G. (1978). Dose-dependent toxicity of CCls in isolated rat
hepatocytes and the effects of hepatoprotective treatments. Toxicol. Appl. Pharmacol.
45, 29-39.

Stange, J., Mitzner, S., Straub, M., Fischer, U., Lindemann, S., Peters, E., Holtz, M.,
Drewelow, B., and Schmidt, R. (1995). ASAIO J., 41, M310-M315.

Stevens, J.T., Hall, L.L., Farmer, J.D. (1977). Disposition of *C and/or *As-cacodylic
acid in rats after intravenous, intratracheal or peroral administration. Environ. Health
Perspect. 19, 151-157.

Stevenson, K., Hale, G., and Perham, R. (1978). Inhibition of pyruvate dehydrogenase
multienzyme complex from E. Coli with mono- and bifunctional arsenoxides.
Biochem. 17, 2189-2192.

Thauer, R. (1934). Unknown title. Arch. Exp. Path. Pharmak. 178, 531.
Tseng, C-H., Chong, C-K., Chen, C-J, Lin, B.J., and Tai, T-Y. (1995). Abnormal
peripheral microcirculation in seemingly normal subjects living in blacfoot-disease-

hyperendemic villages in Taiwan. Int. J. Microcirc. 15, 21-27.

Vahter, M. (1986). Environmental and occupational exposure to inorganic arsenic. Acta
Pharmacol. Toxicol. 59, 31-34.

Vahter, M. (1983). Metabolism of arsenic. In: Fowler, B.A., ed. Biological and
environmental effects of arsenic. New York, NY: Elsevier, pp. 171-198.

Vahter, M. and Envall, E. (1983). Intracellular interaction and metabolic fate of arsenite
and arsenate in mice and rabbits. Chem.-Biol. Interactions 47, 29-44.

Vahter, M., and Marafante, E. (1985). Reduction and binding of arsenate in marmoset
monkeys. Arch. Toxicol. 57, 119-124.

Vahter, M. and Norin, H. (1980). Metabolism of "*As-labeled trivalent and pentavalent
inorganic arsenic in mice. Environ. Res. 21, 446-457.



169

Vahter, M., Marafante, E., Lindgren, A. (1982). Tissue distribution and subcellular
binding of arsenic in marmoset monkeys after injection of '*As-arsenite. Arch.
Toxicol. 51, 65-77.

Vickrey, HM., Joseph, R.R., and McCann, D.S. (1979). Continuous culture of normal
adult mammalian hepatocytes exhibiting parenchymal functions. In vitro, 15(2), 120-
127.

Wallace, W.J. and Caughey, W.S. (1975). Mechanism for the autoxidation of hemoglobin
by phenols, nitrite and "oxidant” drugs. Peroxide formation by one electron donation to
bound dioxygen. Biochem. Biophys. Res. Commun. 62, 561-567.

Watkins, J.A., Kawanishi, S. and Caughey, W.S. (1985). Autoxidation reactions of
hemoglobin A free from other red cell components: a minimal mechanism. Biochem.
Biophys. Res. Commun. 132(2), 742-748.

Weast, R.C., ed. (1976). CRC Handbook of Chemistry and Physics. 55". Ed. Cleveland,
OH: CRC Press, Inc. pp. B-9.

Webb, J.L. (1966). Enzyme and metabolic inhibitors, Vol. III, pp. 595-793, Academic
Press, New York.

Whittamn, R. (1964). Transport and Diffusion in Red Blood Cells. Williams and Wilkins
Company, Baltimore.

Winski, S.L., and Carter, D.E. (1995). Interactions of rat red blood cell sulfhydryls with
arsenate and arsenite. J. Toxicol. Environ. Health 46, 379-397.

Winski, S.L., Barber, D.S., Rael, L.T., and Carter, D.E. (1997). Sequence of toxic events
in arsine-induced hemolysis in vitro: implications for the mechanism of toxicity in
human erythrocytes. Fundam. Appl. Toxicol. 38, 123-128.

Winski, S.L., and Carter, D.E. (1998). Arsenate toxicity in human erythrocytes:
characterization of morphologic changes and determination of the mechanism of
damage. J. Toxicol. Environ. Health 53, 345-355.

Wréblewski, F., and LaDue, J.S. (1955). Lactic dehydrogenase activity in blood.
P.S.E.B.M. 90, 210-213.

Yamanaka, K., Hasegawa, A., Sawamura, R., and Okada, S. (1991). Cellular response to
oxidative damage in lung induced by the administration of dimethylarsinic acid, a
major metabolite of inorganic arsenics, in mice. Toxicol. Appl. Pharmacol. 108, 205-
213.



170

Yeh, S., How, S.W., and Lin, C.S. (1968). Arsenical cancer of skin. Histologic study with
special reference to Bowen’s disease. Cancer 21, 312-339.

Zakharyan, R.A., Wu, Y., Bogdan, G.M., and Aposhian, H.V. (1995). Enzymatic
methylation of arsenic compounds: Assay, partial purification, and properties of
arsenite methyltransferase and monomethylarsonic acid methyltransferase of rabbit
liver. Chem. Res. Toxicol. 8(8), 1029-1038.

Zakharyan, R.A., Wildfang, E., and Aposhian, H.V. (1996). Enzymatic methylation of
arsenic compounds: III. The marmoset and tamarin, but not the rhesus, monkeys are

deficient in methyltransferases that methylate inorganic arsenic. Toxicol. Appl.
Pharmacol., 140(1), 77-84.

Zakharyan, R.A., Ayala-Fierro, F., Cullen, W.R,, Carter, D.E., and Aposhian, H.V.
(1999). Enzymatic methylation of arsenic compounds: VIL MMA" is the substrate for
MMA methyltransferase of rabbit liver and human hepatocytes. Toxicol. Appl.
Pharmacol., 158, 9-15.

Zakharyan, R., and Aposhian, HV. (1999). Arsenite methylation by methylvitamin B,
and glutathione does not require an enzyme. Toxicol. Appl. Pharmacol. 154, 287-291.



