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Abstract

Arsenic (As) is one of the oldest poisons known to men. Its applications throughout history
are wide and varied: murder, make-up, paint and even as a pesticide. Chronic As toxicity is a
global environmental health problem affecting millions of people in the Unites States and
Germany to Bangladesh and Taiwan. Worldwide, As is released into the environment by
melting of various metals, combustion of fossil fuels, as herbicides and fungicides in
agricultural products. The drinking water in many countries, which is tapped from natural
geological resources, is also contaminated as a result of the high level of arsenic in
groundwater. The environmental fate of As is contamination of surface and groundwater with
a contaminant level higher than 10 particles per billion (ppb) as set by World Health
Organization (WHO). Arsenic exists in both organic and inorganic species and either form
can also exist in a trivalent or pentavalent oxidation state. Long-term health effects of
exposure to these As metabolites are severe and highly variable: skin and lung cancer,
neurological effects, hypertension and cardiovascular diseases. Neurological effects of As
may develop within a few hours after ingestion but usually is seen in 2-8 weeks after
exposure. It is usually a symmetrical sensori-motor neuropathy, often resembling the
Guillain-Barré syndrome. The predominant clinical features of neuropathy are paresthesias,
numbness and pain, particularly in the soles of the feet. Electrophysiological studies
performed on patients with As neuropathy have revealed a reduced nerve conducting velocity
(NCV), typical of those seen in axonal degeneration. Most of the adverse effects of As are
caused by inactivated enzymes in the cellular energy pathway, whereby As reacts with the
thiol groups of proteins and enzymes and inhibits their catalytic activity. Furthermore, As-
induced neurotoxicity, like many other neurodegenerative diseases, causes changes in
cytoskeletal protein composition and hyperphosphorylation. These changes may lead to
disorganization of the cytoskeletal framework, which is a potential mechanism of As-induced
neurotoxicity.



Chapter 1

Introduction

The word arsenic is derived from the Persian zarnikh: &, meaning ‘yellow orpiment’." In
Aramaic (7°377) and Arabic (&) )’“), the word was borrowed from the Persian. It came to the
Western languages through the Greek rendering of zarnikh: ’apoevikév: arsenikon, which, in
Greek, also means ‘masculine’. Arsenic sulphide also occurs in a red form: realgar or
sandarach. Long known and used in Persia and elsewhere since ancient times, As was also
used in traditional Chinese and Indian medicine and as a cosmetic product in eye shadow in
the Roman era. Given that the symptoms of acute As poisoning are easily confused with acute
diarrhea associated with cholera, it quickly became a favorite homicidal agent. In 1832, a
certain John Bodle was brought to trial for poisoning his grandfather by putting As in his
coffee. James Marsh, a chemist working at the Royal Arsenal in Woolwich was called by the
prosecution to detect its presence.” He performed the standard test by passing hydrogen
sulfide through the suspect fluid. While Marsh was able to detect As, the yellow precipitate
did not keep very well, and by the time it was presented to the jury it deteriorated. The jury
was not convinced, and John Bodle was acquitted. Angered and frustrated by this, especially
when John Bodle confessed later that he had indeed killed his grandfather, Marsh decided to
devise a better test to demonstrate the presence of As. Taking Scheele's method as basis, he
constructed a simple glass apparatus capable of not only detecting minute traces of As but
also of measuring its quantity. While the Scheele test used nitric acid, in Marsh's case the
suspect fluid would be mixed with sulfuric acid (H,SO4) and passed through a U-shaped tube
with a piece of arsenic-free zinc at the end (Fig 1). Even a slight trace of As would cause
arsine gas to form. When he ignited this gas, it decomposed into As and hydrogen and when
he held a cold ceramic bowl against the flame, the As formed a silvery-black deposit mirror
on the bowl. Not only could minute amounts of As be detected (as little as 0.02 mg), the test
was very specific for As. Although antimony (Sb) could give a false-positive test by forming
a simi12a3r black deposit, it would not react with sodium hypochlorite (NaOCIl), while As
would.”

Fig 1. Schematic representation of the Marsh apparatus. (A) hydrogen generator, (B) chloride of calcium drying
tube, (C) hard glass-tube and (D) Arsenic mirror.

Due to its use by the ruling class for killing one another and the incredible potency and
discreetness, As has been called the Poison of Kings and the King of Poisons. The idea of
using As as a murder weapon can even be seen in early movies and theater shows such as
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Frank Capra’s ‘Arsenic and old lace’, in which two elderly ladies used As in wine to kill their
male suitors.

Arsenic has a long history of use as an intentional poison. Perhaps the most famous victim of
As poisoning was Napoleon Bonaparte. He seems to have been exposed chronically during
1816, as appeared from neutron activation analysis of a hair sample.* A much lower
concentration was found, however, in another hair sample attributed to Napoleon,” which may
indicate that the identity of at least one of these samples should be questioned. One of the
most prolific As poisoners in history was Goeie Mie ('Good Mary') of Leiden, The
Netherlands, who lived in the 19™ century. She poisoned at least 102 friends and relatives
between 1867 and 1884, distributing arsenic-trioxide in hot milk to her victims after opening
life insurance policies in their names. Of the 102 people poisoned, 45 persons became
seriously ill, often with neurological symptoms, and 27 persons died; 16 of whom were her
own relatives.’

Arsenic is used in folk medicine and in pesticides in many countries and also in modern
western medicine for the treatment of leukemia.”® In traditional Chinese medicine,
preparations can be obtained in the form of coated or uncoated pills, powder or syrups.
Different studies have shown that the majority of traditional Chinese medicines, such as
Chinese herbal balls, show high doses of As varying between 0.1 and 36.6 mg per tablet,
causing patients to get intoxicated by the high As dose, and Indian ayurvedic herbal medicine
products are also known to cause lead, mercury and As intoxication.”'> Nowadays, the
therapeutic use of As is making a comeback in modern medicine. Arsenic trioxide (ATO), for
instance, is used to treat patients with relapsed acute promyelocytic leukemia (APL)."*"'® But
ATO is also known for its less favorable side, as in causing temporary cardiac and neurotoxic
side effects in APL patients.® Arsenic was one of the primary ingredients in pesticides before
synthetic organic pesticides were available; its long-term application in agricultural pesticides
has resulted in high levels of arsenic in the body of workers, who are exposed by inhalation
during the spraying. Arsenic-containing rodent pesticides used for pest and insect control
were banned due to human health concerns in production, use, and accidental poisoning and
possible abuse in intentional poisoning. Various case reports and studies have revealed that
exposure to As has resulted in various forms of cancer and peripheral neuropathy.””-'®

Acute and chronic exposure to arsenic

Acute. A single exposure, to a high dose may lead to severe reactions such as diarrhea,
vomiting, pain, dehydration and weakness. Nowadays, acute intoxication rarely occurs in
western European countries; if it occurs, it is usually the result of intentional (suicide or
homicide) or accidental poisoning. Occupational exposure to As is rare and usually occurs in
the form of arsine gas, which causes symptoms different to those caused by As ingestion.’
Exposure often occurs when arsine gas escapes during transport or when it is generated while
arsenic-containing ores or metals are treated with acid.'”*® Acute oral exposure to As is
associated with gastrointestinal symptoms such as nausea, vomiting, abdominal pain and
severe diarrhea. Cardiovascular and respiratory symptoms include hypotension, shock,
pulmonary edema and heart failure. If survived, acute poisoning with As is also combined
with neurological symptoms like light-headedness, weakness, delirium, encephalopathy and
peripheral neuropathy, which have been reported.”’ Peripheral neuropathy as a result of As
intoxication may be delayed several weeks after the initial toxic insult.”* After a few weeks
the patients show signs of recovery, however, when tested with electrophysiological studies 6
to 8 years after exposure, the patients still showed reduced motor conduction velocity.*
Biopsies on the sural nerves 10 weeks after exposure showed axonal degeneration, which was
at an early stage in some fibers. These findings suggest that diminished nerve velocity
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conduction is a severe and latent effect of As intoxication, which contributes to As-induced
neuropathy.

Chronic. Environmental and occupational As exposure is not only caused by contaminated
drinking water due to the leaching of natural geological resources, but may also occur from
mining and other industrial processes.”

Chronic ingestion of low concentration of As levels can occur through industrial accidents,
work and environment, which eventually may cause a higher tolerance for As. An example of
such an industrial accident can be found in the early 20" century, in reports on As intoxication
caused by contaminated beer in Salford, UK.** The subject of these reports, the patients, had a
few symptoms in common, they all suffered from ‘peripheral neuritis’ characterized by
weakness in the limbs that made it difficult for them to walk™. In several cases some of the
patients suffered from rashes and itching, sometimes these complaints were accompanied by
darkening of skin texture. The presence of As in the beer was due to the use of contaminated
glucose and inverted sugar by the brewers. Furthermore, the contamination of this sugar is
caused by the use of very impure sulphuric acid. The source of As contamination was traced
back to invert sugar, which was caused by the action of sulphuric acid on various forms of
starch. The original source was the Spanish pyrites from which the sulphuric acid was made
and often contained large percentages of As.

Chronic As poisoning represents a global, serious health concern, if As can be found in high
concentrated levels in the environment from natural or industrial processes. Arsenic
contamination of groundwater has occurred in various parts of the world such as in the
Americas, Bangladesh, India, Taiwan and many other Asian countries. In Bangladesh, a
country of 125 million, between 35-77 million people are currently exposed to As through
drinking water, which is also the major cause of death, especially among children.***” As a
quick and inexpensive solution for the lack of sufficient and clean drinking water, UNICEF
and the World Bank advocated to tap into deeper groundwater. Millions of wells were
constructed; infant mortality and gastrointestinal illness were reduced by half. However, later
studies revealed that over 40% of these wells are contaminated with arsenic. As a result, due
to the daily exposure to As in their drinking water, the population in south east Asia has to
endure various ailments caused by As. Chronic symptoms of As exposure are pigmentation
changes, gastrointestinal symptoms, anemia, liver disease, a metallic taste and Mees’ lines on
the nails,” blackfoot disease and diabetes mellitus.”’ Apart from pigmentation changes,
arsenic-induced skin pathology caused by chronic intoxication also causes hyperkeratosis,
Bowen’s disease, squamous cell carcinoma and basal cell carcinomas.’”' Hafemann er al.
(2005) have shown an association between arsenic exposure and peripheral neuropathy in the
Bangladesh population that has been chronically exposed to arsenic in drinking water. They
showed that increased As exposure, as measured by both cumulative and urinary measures,
was associated with evidence of sub-clinical sensory neuropathy. The correlation between As
exposure and neuropathy was shown with the increased vibrotactile threshold, a sign of
subclinical sensory neuropathy, on the one hand and sub-clinical loss of vibratory sensation in
the lower extremities, on the other hand.*?

Diagnosis and treatment of As poisoning

Arsenic concentration measurements for diagnostic purpose are usually carried out in urine.
Acute As toxicity is usually diagnosed by increased urinary As in excess of 50 ug/l urine
sample or 100 pg in 24-hour urine, and a shorter time span before examination, if no seafood
has been ingested. The urine is collected in metal-free containers. Other biological samples,
such as blood, and even hair and nails in chronic cases, are also used in the clinical laboratory.
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For treatment of acute As poisoning, the primary concern is to correct the dehydration caused
by As and restore vital bodily functions. In order to increase elimination, physicians prescribe
gastric lavage and activated charcoal, but haemodialysis may also be considered. The efficacy
of these detoxification methods, however, has not been well recorded. Although the metalloid
As cannot be categorized as a metal, it shows some metal properties. Based on this fact,
chelators can be used to remove As ions from the body. For treatment of acute As poisoning,
the chelator 2.3-dimercapto-1-propanol (British Anti-lewisite, BAL) has been used with
successful results.*** Patients who were administered this drug showed elevated As excretion
in their urine. At follow-up, their urinary As concentration was decreased to the background
level. At the moment of admittance, neurological examination demonstrated no signs of
nervous system depression. However, these patients survived the high dose of ingested As
with only latent neuropathy symptoms. Neurological complications such as distal,
symmetrical, sensory, axonal neuropathy are late effects of acute As poisoning. These
neurological effects are non-responsive to chelation.® In clinical cases with chronically
poisoned patients, trials with 4 As chelators such as BAL, meso-2.3-dimercaptosuccinic acid
(DMSA), D-penicillamine and sodium 2.3-dimercapto-1-propamesulfonate (DMPS) did not
provide any clinical, biochemical or histopathological benefits.*®*” On the other hand studies
done in rats with an As chelator such as BAL showed depletion of tissue As and its excretion
via urine and faeces.”® Although the binding affinity of a chelating agent for the metal is
greater than for endogenous ligands, chelating is generally ineffective for treating established
arsenical peripheral neuropathy.”

Kinetics of various arsenic metabolites and their molecular mechanism of toxicity

Kinetics. Arsenic absorption takes place mainly in the small intestines; also a minimal
absorption occurs from skin contact and inhalation.”'***! After ingestion, As is metabolized
from inorganic to organic compounds with varying degrees of toxicity and the behavior of the
different As species vary markedly. Arsenic speciation of inorganic and organic forms of As
is often as important as total quantification, because of their different toxicity and mobility.*
As speciation in biological samples is an essential tool to gain insight into its distribution in
tissues and its specific toxicity to target organs.

Arsenic metabolites exist both in organic and inorganic forms and both types can exist in
either trivalent or pentavalent oxidation states. The bioavailability of inorganic As is up to
60%. Inorganic As such as arsenate (iAs"), the pentavalent form, and arsenite (iAs™), the
trivalent form, are the most aggressive single-substance toxicants, specially the trivalent form.
A redox reaction reduces the pentavalent As to its trivalent state. This reduction step from
pentavalent to trivalent, releases a more toxic compound, which in fact results in bio-
activation (Fig. 2).
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Fig. 2. Two possible pathways are shown for arsenate methylation. The main pathway is a straightforward bio-
activation (metabolic activation) of arsenate in MMA, DMA and the theoretical conversion into TMA (not
shown).***% A possible second pathway is direct metabolism of iAs (A) to either MMA without further
conversion to DMA or (B) increase in DMA levels, while the MMA levels stay intact.**

Arsenic metabolism shows a common route of absorption, distribution and excretion both in
humans and various animals with subtle interspecies differences. Metabolism of inorganic As
starts with intake and absorption. Distribution of As varies per species. This is a result of
various factors such as species, bodyweight, route of intake and duration of exposure. After
its absorption, As can be found in different organs, especially in the liver.** Arsenic
undergoes hepatic biomethylation to form monomethyl arsenic (MMA) and dimethyl arsenic
(DMA). Various in vitro studies on human and animal livers reveal the next step in iAs
detoxification (Fig. 2). Detoxification starts with transformation of inorganic As to organic As
and reduction of pentavalent arsenate to trivalent arsenite, which results in a more toxic
component. The reduction of arsenate to arsenite is catalyzed by gluthatione (GSH) and other
thiols, which are reducing agents.*> Arsenate at physiological pH is ionized and as such is not
able to pass cellular membranes. Conversion to arsenite at physiological pH facilitates
passage through the cellular membrane.

Metabolism of As continues by using arsenite as its substrate for methylation, which is
distributed in tissues and cytosol. However, methylation does not appear to be the primary
detoxification pathway for arsenite. Protein binding has been suggested as the initial
protective mechanism. Arsenite binding to protein serves as a reservoir and takes place after
initial increase in arsenite concentration. When methylation enzymes start to become
effective, the reservoir may slowly release small amounts of arsenite for methylation.*® The
methylation of arsenite is catalyzed by a specific methyltransferase wusing s-
adenosylmethionine as a methyl donating cofactor (SAM).**" Addition of a methyl group to
arsenite leads to synthesis of pentavalent monomethylarsonic (MMA"). The MMA" in turn is
reduced to trivalent MMA (MMA") by GSH, the reducing agent. Another round of
methyltransferase activity with MMA™ results in production of dimethylarsenic acid (DMA).
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However, it is not clear whether the same SAM is used for methylation of MMA and DMA or
that two separate SAMs are being used for these two methylation steps. Theoretically,
conversion of arsenate to DMA could be extended by one more round to achieve
trimethylarsenic acid (TMA).**** A second possible conversion route to MMA and DMA was
introduced by the in vitro studies of Buchet and Lauwerys, by adding mercuric ions; they
prevented the formation of DMA without affecting MMA formation.**** Furthermore, it was
evident that the addition of cyanocobalamin or methylcyanocobalamin (vitamin B12) and
coenzyme B12 in combination with SAM resulted in a significant increase of DMA and no
additional increase in MMA level. This experiment revealed two different enzymatic
activities involved in methytransferase to either MMA or DMA (Fig 2).

The methylation process has been thought to be the detoxification mechanism for As. This is
true when this line of reasoning is applied to parameters of acute toxicity of As species, such
as LCsp or LDsy. As a rule, the trivalent As compounds are more cytotoxic then their
pentavalent forms. However, various studies in animals and cell cultures have shown the
adverse effects of methylated As, such as DMA" as a tumor promoter®-" or direct genotoxic
action of MMA™ and DMA™ in vitro.**>!

The main excretion route of As is through the urine and bile. However, the various As
metabolites do not excrete in the same fashion in different animals and humans. For example,
studies in rats have shown that pentavalent metabolites such as iAs', MMA" and DMA" are
exclusively excreted into urine, MMA™ only into bile and iAs™ into both bile and urine.”* In
contrast, human studies revealed the presence of MMA™ in urine.*”* Arsenic studies carried
out by Csanaky and Gregus in rats, mice, hamsters, rabbits and guinea pigs revealed some
similarities. All species injected with iAs’ excreted various As metabolites into urine, in
contrast to injection with iAs™, which showed higher excretion into bile rather than urine.**
Mechanism. These metabolites exert their toxicity by inactivating many enzymes, especially
those involved in the cellular energy pathway and DNA synthesis and repair. Arsenic is
substituted for phosphate in high-energy compounds such as ATP. Arsenic binds covalently
with sulthydryl groups in their reduced form. These interactions also take place with certain
enzymes necessary for cellular metabolism.'” Various As carcinogenesis studies have
revealed that As may alter one or more DNA repair processes. Andrew et al. have shown that
patients exposed to As have altered nucleotide excision repair mainly on the excision repair
cross-complementing 1 (ERCC1) component. Arsenic exposure was associated with
decreased expression of ERCC] in isolated lymphocytes at the mRNA and protein levels.” In
short, As exposure results not only in general toxicity but also in neuronal diseases and
carcinogenesis.

Tri-valent arsenic (iAs", MMA"™ and DMA™) compounds are thought to interact with thiol
groups of proteins and enzymes in their reduced state. This is believed to inhibit the catalytic
activity of enzymes.” The common thinking is that tri-valent arsenic metabolites inhibit
pyruvate dehydrogenase (PDH), which leads to disruption of the energy system of the cell,
which in turn may release an apoptosis-inducing factor (AIF) resulting in cell damage and
death. AIF is released from the mitochondrial intermembrane space from where it translocates
to the cell nucleus.”” Apoptosis is associated with early formation of ring-like perinuclear
condensed chromatin co-localized with AIF, DNA fragmentation and finally cell death.
Pentavalent As (iAs', MMA" and DMA") is substituted for phosphorus in many biochemical
reactions. Replacing the stable phosphorus anion in phosphate with the less stable As' anion
leads to rapid hydrolysis of high-energy bonds in compounds such as ATP. At the level of the
citric acid cycle, As inhibits succinate dehydrogenase and by competing with phosphate it
uncouples oxidative phosphorylation, thus inhibiting energy-linked reduction of NAD+,
mitochondrial respiration, and ATP synthesis. This leads to loss of high-energy phosphate
bonds and effectively uncouples oxidative phosphorylation.*®>
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Another approach is that trivalent As inhibits enzyme complexes by reactive oxygen species
(ROS), indicating that ROS production by trivalent As causes pyruvate dehydrogenase (PDH)
inactivation through oxidation.”” Inactivation through oxidation causes impaired
gluconeogenesis and reduced oxidative phosphorylation.”! Production of ROS by As was
determined by use of a nonfluorescent dye 5°,6’-chlomethyl-2°,7’-dichlorodihydrofluorscein
(CM-H,DCFDA), which is a non-specific radical detector to identify the radical species.”
Cells pretreated with CM-H,DCFDA and subsequently exposed to arsenite exhibit a dose-
dependent increase in fluorescence levels within minutes of treatment when compared to
controls.”  Using DMSO in these experiments as radical scavenger in the reaction mix
reduced the fluorescence signal to a near-background level.

Arsenic-induced neurotoxicity

Arsenic effects manifest themselves weeks after first exposure as both central and peripheral
neuropathy. Central neuropathy due to As poisoning has been reported to cause impairment to
neurological functions such as learning, short-term memory and concentration.** People
chronically poisoned by arsenic occurring naturally in groundwater may suffer from toxic
delirium and encephalopathy.”* Neuropsychological tests showed mildly impaired
psychomotor speed and attentive processes, whereas verbal learning and memory were
severely impaired.

The most frequent neurological manifestation by As is peripheral neuropathy that may last for
several years or even life-long. The peripheral neuropathy may lead to rapid severe ascending
weakness, similar to the Guillan-Barré syndrome, requiring mechanical ventilation. Peripheral
neuropathy is common in persons chronically exposed to As-contaminated drinking water.*®
From human clinical cases studied by Le Quesne and McLeod it has become clear that As
exposure results in a latent reaction to the nervous system, which was established through
their reduced Nerve Conduction Velocities (NCVs) measurements.”” These patients showed
some recovery in the years following exposure to As; however, a full NCV regain was not
achieved. It is doubtful whether PNS symptoms will ever disappear completely.

Patients exposed to As show significantly lower NCVs in their peripheral nerves in
comparison to their referents.”'**% Perhaps, changes in cytoskeletal composition may be the
major reason of As poisoning leading to axonal degeneration, which in turn could lead to
axonopathy.

An actual mechanistic model for arsenic neurotoxicity is as yet not easy to hypothesize,
although interference with cytoskeletal proteins is a primary consideration. Therefore, one
may look for such mechanistic parallels in other neurotoxins, especially neurotoxic metals,
but also in other neurodegenerative diseases.

Metals as environmental pollutants such as lead and mercury have been associated with
neurodegenerative diseases.”” Exposure to aluminum, lead and mercury are known to have
caused abnormalities in the nervous system related to interference with the cytoskeleton.
Clinically, symptoms may occur as peripheral and central neuropathies. Aluminum has been
known to cause dialysis encephalopathy in some individuals with renal failure. Furthermore,
it has been suggested that aluminum might be implicated in Alzheimer’s disease (AD),
because of some similarities in pathological changes. The pathological changes in both cases
can be summarized as presence of neurofibrillary tangles as diagnostic hallmarks AD.®®
However, further examination of these tangles has shown differences in their tangles between
AD and the aluminum-exposed patients, in AD patients tangles consist of paired helical
filaments, whereas those induced by aluminum are single.”” Aluminum exposure in animal
studies has shown induction of neurofibrillary degeneration. Phosphorylation of cytoskeletal
proteins appears to modulate their interactions with one another and with other cellular
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proteins. Disruption of the phosphorylation of cytoskeletal proteins results in disorganization
of the cytoskeletal structure.”’ Other metals as neurotoxicants such as lead have also been
indicated in the etiology of amyotrophic lateral sclerosis (ALS), whereas manganese has been
reported to be involved in Parkinson’s disease (PD) or a similar syndrome, Parkinsonism.
Exposure to lead has been shown to be related to ALS in a case control study conducted in
New England from 1993 to 1996.71:72 Generally, ALS is divided into two forms: (1) the
classic sporadic form; (2) the familial, presumably hereditary form. The cause of the sporadic
form is unknown. The cause of the familial form is believed to be genetic, attributable to a
mutation in Cu—Zn superoxide dismutase.” Studies in occupational exposure have suggested
an association between PD and elevated exposure to manganese.”® Exposure to manganese
can cause neurotoxicity and a neurological syndrome that resembles PD.”

Neurofilament proteins are major constitutes of neurons and they control axonal caliber,
transport and signal.’® In neurodegenerative diseases such as AD it appears that the
metabolism of neurofilaments is disturbed, as indicated by the presence of neurofilament
epitopes in the neurofibrillary tangles, as well as by the severe reduction of the expression of
the gene for the light neurofilament subunit of the neurofilament triplet (neurofilament High, -
Middle and -Light) in brains of AD patients.”” Accumulation of neurofilaments in the
proximal cell body and the perikaryon of motor neurons is a hallmark of ALS and PD.”7¢
Disruption and disorganization of neurofilament transport and neuron cytoskeletal network is
a pathological feature seen in all of these neurodegenerative diseases.

In rats exposed to As , decrease of the neurofilament Light subunit (NF-L) in sciatic nerve is
evident.”® Arsenic-induced decrease of NF-L may play an important role in the pathological
changes of the nervous system, since NF-L is the only NF protein capable of independently
organizing and co-assembling filaments in vivo. Both NF-H and NF-M need NF-L protein to
form a heteropolymer in the cytoskeletal framework.”” However, in vitro studies with iAs" in
neuroblastoma (SK-N-SH) and Schwannoma (ST-8814) cell lines show no effect on their
mRNA expression level of cytoskeletal genes.* Thus, it can be suggested that the decrease in
NF-L expression is a post-translational activity as a result of a proteolytic process. Calpain
(calcium-activated cytoplasmic protease) could be responsible for NF-L degradation, since
neuroblastoma cells (SY-5Y) treated with arsenic trioxide (trivalent As) show an increase in
intracellular calcium.®’ Studies in PCI12 cells under oxidative stress circumstances have
shown an increase of calcium in the cells and up-regulation of calpain leading to degradation
of NF-L protein.*> Furthermore, inactivation of calpain by calpain inhibitor (MDL-28170)
prevents NF-L breakdown.*™ These results suggest that As-induced destabilization and
disruption of the cytoskeletal framework is partly due to activation of calpain, through influx
of Ca”", which in turn is responsible for NF-L degradation in a calcium-induced proteolytic
process.

Another important cytoskeletal protein in neurodegenerative diseases is the tau protein (MAP-
tau), which is a member of the microtubule protein family transcripted by alternative splicing
of a single gene. It has tandem repeats of a tubulin binding domain and promotes tubulin
assembly. Although tau proteins are found in all cells, they are major components of neurons
where they are predominantly associated with microtubules of the axon. Changes in tau-
protein may play a role in the pathogenesis of neurodegenerative diseases. In AD patients,
MAP-tau becomes abnormally hyperphosphorylated and accumulates as tangles of paired
helical filaments in neurons undergoing degeneration. Hyperphosphorylated MAP-tau
disorganizes microtubules assembly from normal tau and tubulin, which may lead to the
formation of the neurofibrillary tangles and the degeneration of the affected neurons in AD
patients. Arsenic may affect the phosphorylation of tau-proteins as well. Giasson et al.
demonstrated hyperphosphorylation of tau-proteins in Chinese hamster ovary (CHO) cells in

vitro after treatment with iAs™.* They also showed that iAs™ causes a significant increase in
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the phosphorylation of several amino acid residues in tau. This is in line with experiments in
rats with iAs'", which have also shown that the rats’ MAP-tau was hyperphosphorylated after
dosing them with iAs™ {unpublished data}. These results indicate that As may be involved in
the cascade leading to deregulation of tau function associated with neurodegeneration.
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Conclusion

Arsenic compounds are toxic substances with very profound effects on human health.
Metabolism of As involves reduction of pentavalent As to a trivalent state and subsequent
oxidative methylation. The adverse effects caused by As metabolites vary. The molecular
mechanism of action can be summarized as involvement in cellular energy pathway,
disruption of oxidative phosphorylation, hyperphosphorylation and altering the DNA
synthesis and repair. Acute As intoxication has only been treated successfully with BAL.
Furthermore, none of the chelators have ever been successful in treating chronic As
intoxication. Arsenic neuropathy occurs weeks or even months after initial exposure in the
acute cases, and it is also present in chronically exposed patients. Reduced nerve conducting
velocity in PNS is a hallmark of As neuropathy. The neuropathy is primarily due to
destruction of axonal cylinders and compositional changes, leading to axonopathy. The
cytoskeletal changes are caused by disruption of the neurofilament and microtubule network
in the nerve cells, namely through gradual degradation of NF-L by calpain, since iAs™ does
not affect expression on gene level and hyperphosphorylation of NF-L and MAP-tau. The
probable functional disturbances of these proteins such as transport and signaling and
pathological changes such as reduction in caliber of axons may lead to axonopathy. These
functional and pathological changes manifest themselves in clinical signs of neuropathy.
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