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Abstract. This paper gathers data on the most current aspects of arsenic action, especially its influence on the cardiovas-
cular system, blood and bone marrow. A potential carcinogenic mechanism of arsenic is also discussed.

Arsenic is a potent toxicant that may exist in several valencies and in a number of inorganic and organic forms. Most cases
of arsenic-induced toxicity in humans are due to exposure to inorganic arsenic, and there is an extensive database on the

human health effects of common arsenic oxides and oxyacids.

Exposure of humans living near hazardous waste sites may involve inhalation of arsenic dusts in the air, ingestion of arsenic

in water, food or soil, or dermal contact with contaminated soil or water.

The exposure to arsenic via the inhalation route is responsible for the increased risk of lung cancer, although respiratory

irritation, nausea and skin effects may also occur.

The oral route of exposure to arsenic predominates in the general population. The most common effects of arsenic inges-
tion are gastrointestinal irritation, peripheral neuropathy, vascular lesions, anemia, skin diseases, including skin cancer and

other cancers of the internal organs like bladder, kidney, liver or lung.

Relatively little information is available on the effects of direct dermal contact with inorganic arsenicals, but several stud-

ies indicate local irritation and dermatitis as the major ones.
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ARSENIC POISONING

Arsenic (As) belongs to the fifth group of Mendeleyev’s
periodic table. As a free element arsenic appears in two
allotropic forms: grey and yellow (cristalline) [1].
Environmentally it can be found as a sulphuric compound
in the lead, copper, nickel and ferrous ore, and, in small
quantities, in the soil. The main way of arsenic natural cir-
culation is water. In Russia, New Zealand, Romania and
the USA, drinking water is also arsenic-contaminated and
it causes serious intoxications among people.

In the air, arsenic takes the form of inorganic compounds
(e.g. arsenic trioxide). Volcano’s eruption and purposeful
activities of people are the main reasons for releasing this
toxin to the atmosphere.

Inorganic arsenic compounds enter the human body via
the lung and gastrointestinal tract.

Acute arsenic poisoning is uncommon. It is usually the
result of accidental or suicidal ingestion of insecticides or
pesticides [2-6]. Toxicity is manifested by the stomach and
intestine damage (diarrhea, vomiting, hemorrhage, elec-
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trolyte disturbances), muscle function disorders (fascicu-
lation, myoclonia), cardiac arrhythmia and face oedema.
Arsenic acts as a local irritant causing local skin inflam-
mation, ulceration and perforation of the nasal septum.
Some arsenicals may also function as contact allergens.
Hematological abnormalities include anemia, leukopenia
and thrombocytopenia, secondary to depression of bone
marrow |7, 8]. Megaloblastic erythropoiesis is unusual and
has been reported occasionally. In such a case mega-
loblastosis is thought to be a direct toxic effect of arsenic
(inhibition of nucleic acid synthesis), not B, and folate
deficiency [9]. Leukopenia is a prominent finding and, in
fact, the major change is an absolute neutropenia in which
the count is less than 1000. The number of lymphocytes is
also decreased, but the decrease is not so striking as in
neutropenia. The peripheral blood smear shows varied
degrees of anisopoikilocytosis, and in the bone-marrow
examinations a partial maturation arrest of myelopoietic
elements can be observed. Rezuke et al. [10] presented a
myelodysplastic syndrome as a result of arsenic intoxica-
tion. A 41-year-old woman with gastrointestinal and neu-
rological symptoms was found to be pancytopenic. A bone
marrow aspirate revealed dysmyelopoietic changes involv-
ing all three marrow cell lines.

Symptoms of subacute and chronic arsenic intoxication
concern generally the respiratory, alimentary, cardiovas-
cular and nervous systems or bone marrow [11-14]. Many
pathologies involve the peripheral vascular system; its
damage is demonstrated as Raynaud’s phenomenon,
cyanosis, microcirculation impairment, and finally the tis-
sue necrosis. The most important organ involved by
arsenic is the liver. The toxic effect is not restricted only to
the disorder of hepatocytes function and the increased
level of enzymes; it is often observed that the liver fibrosis
leads to chronic hepatic failure.

ARSENIC TOXICITY

The results of epidemiological investigations show that
arsenic contained in drinking water impairs the skin. Skin
lesions include hyperkeratosis, papillas and corns of hands
and feet, hyper- and hypopigmentary areas of the face,
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neck or back [12,14]. People exposed to arsenic often
present lesions of the central nervous system, including
polyneuropathy, starting with numbness and tingling sen-
sations of hands and feet, followed by paresis and hyper-
pathy [11-13].

The mechanism of arsenic toxicity consists in its transfor-
mation in metaarsenite, which acylates protein sulthydryl
groups, but is not bound to DNA [1,15,16]. A particular
target in the cell is the mitochondria, which accumulates
arsenic. Just in the mitochondria arsenic inhibits succinic
dehydrogenase activity and can uncouple oxidative phos-
phorylation. The resulting fall in ATP levels affects all cel-
lular functions, such a Na/K balance or protein synthesis.
The effect of arsenical compounds on GSH-related
enzymes (important antioxidants) in vitro was also investi-
gated. The results do not implicate a direct interaction of
As with glutathione-reductase, peroxidase and transferase
in the mechanism of arsenic toxicity, although As (III)
appears to be an effective inhibitor of all of them [17,18].
Inorganic arsenicals change the expression of genes relat-
ed to stress, which produce some proteins or activate
enzymes, including: heme oxygenase, heat shock protein-
60, -70 and -90, DNA damage inducible protein GADD
45 and DNA excision repair protein ERCCI.
Downregulation of certain cytochrome P450 enzymes and
activation of the c-Jun/AP-1 transcription complex
occurred with arsenic treatments. Increases in caspase-1,
TNF-alpha and the metal-responsive transcription factor
MFT-1is also evident. All these events are responsible for
arsenic cytotoxicity in some types of cells, for example in
the human liver cancer cells (HepG;,). This effect is poten-
tiated by atrazine [19-21].

Trivalent arsenicals are potent inhibitors of thioredoxin
reductase (NADPH-dependent flavoenzyme), so they
inhibit the cellular response to oxidative stress [22].
Considerations of the biochemical basis of heavy metal
detoxification in animals have focused exclusively on two
classes of peptides, thiol tripeptide, glutathione (gamma-
Glu-Cys-Gly), and a diverse family of cysteine-rich low
molecular weight proteins, the metallothioneins. Plants
and some fungi, however, not only deploy GSH and met-
allothioneins for metal detoxification but also synthesize
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another class of heavy metal binding peptides termed phy-
tochelatins (PC) from GSH. PC-mediated heavy metal
detoxification is not restricted to plants and some fungi,
but extends to animals. The ce-pcs-1 gene of the nema-
tode worm Caenorhabditis elegans encodes a functional
PC synthase whose activity is critical for heavy metal tol-
erance in the intact organism [16,18,23].

Inorganic arsenicals (arsenite and arsenate) are strongly
toxic to macrophages [24,25]. These forms mainly cause
necrotic cell death with partially apoptotic cell death. The
inorganic arsenicals also induce marked release of an
inflammatory cytokine — TNF alpha - at cytotoxic doses.
This strong cytotoxicity might be mediated via active oxy-
gen and protease activation.

The mechanism of arsenic-induced cross-tolerance to
cytotoxicity, genotoxicity and apoptosis induced by other
metals (nickel for instance) appears related to a general-
ized resistance to oxidant-induced injury, probably based
at the increased cellular GSH level [26].

Viability testing showed that relative toxicities of arseni-
cals are as follows: As (IIT) > Mas (III) > DMAs (III) >
DMAs (V) > Mas (V) > As (V). Trivalent arsenicals
increase cell proliferation at low concentrations
(0.001-0.01 wmol). Pentavalent arsenicals do not stimu-
late cell proliferation. Exposure to low doses of trivalent
arsenicals stimulates secretion of the growth-promoting
cytokines: GM-CSE, TNF-alpha. DMAs (V) reduces
cytokine production at concentrations at which prolifera-
tion is not affected. These data suggest that methylated
arsenicals can significantly affect viability and prolifera-
tion of human keratinocytes and modify their secretion of
inflammatory and growth-factor cytokines [27].

CARDIOVASCULAR ABNORMALITIES CAUSED
BY ARSENIC

As mentioned earlier — arsenic is a naturally occurring ele-
ment that is ubiquitous in the environment. Chronic con-
sumption of arsenic-contaminated water is epidemiologi-
cally linked to many toxic effects including hyperpigmen-
tation, keratosis, peripheral neuropathy, skin and lung
cancer and peripheral vascular disease. The full manifes-

tation of arsenic peripheral vascular disease is referred to
as “blackfoot disease” (BFD) [28-34]. Clinically, black-
foot disease is characterised by numbness or coldness in
the extremities followed by various symptoms that may
include acrocyanosis, secondary Raynaud’s phenomenon,
claudication, ulceration and gangrene of the extremities.
Gangrene is accompanied by arteriosclerosis and throm-
boangiitis obliterans.

Little is known about the mechanism of vascular arsenic
damage, although it does appear to affect small arterioles.
Perhaps non-lethal doses of arsenic increase intracellular
oxidant levels, promote nuclear translocation of trans-act-
ing factors, and are mitogenic [35,36]. The activated oxi-
dant-sensitive endothelial cell signaling may lead to vascu-
lar dysfunction. The critical initial step in that signaling can
be an activation of the plasma membrane NADPH oxidase
complex as a primary source of the reactive oxygen stimu-
lated by arsenite [37]. The superoxide radical and hydro-
gen peroxide (H,0,) are the predominant reactive species
produced by endothelial cells after arsenite exposure [36].
Yu et al. [38] examined the factors related to endothelial
cells (EC) damage in blackfoot disease. They investigated
the effects of purified IgG collected from BFD patients
and found that: (1) EC binding activity of BFD-IgG was
significantly higher than that of normal IgG. (2) BFD-IgG
at high concentrations induced EC cytotoxicity. (3) BFD-
IgG at a concentration of 100 wg/ml stimulated neither the
release of von Willebrand factor nor the expression of
intracellular adhesion molecule-1 by EC. The authors sug-
gest that only persons who produce the IgG anti-endothe-
lial cell antibody are potential BFD victims.

The present data indicate that arsenite initiates endothe-
lium dysfunction, at least partly, by suppressing the Fas
ligand expression through activating reactive oxygen
species sensitive to endothelial cell signaling [39].
Investigations of Yang et al. [40] revealed that plasma pro-
tein C activity is enhanced by arsenic, but inhibited by flu-
orescent humic acid associated with BFD. In the presence
of humic acid, the enhancement effect of arsenic oxide
was completely abolished, resulting in concentration-
dependent inhibition of protein C activity. Since protein C
is a potent anticoagulant and profibrinolytic agent,
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acquired defects of protein C induced by humic acid might
cause a thrombophilic or hypercoagulable state. This may
be one of the possible mechanisms of humic acid-induced
thrombotic disorders in BFD.

There is also found that organometallic complexes com-
posed of humic acid (HA) and arsenic show enhanced
inhibition of plasmin activity as compared with either
humic acid or arsenic alone [41]. Oxidative stress may play
arole in that inhibition, such as ascorbic acid, alpha-toco-
pherol, catalase and superoxide dismutase abrogate the
inhibitory effects of HA and HA-arsenic complexes. Both
of these agents are etiological factors in the development
of peripheral vascular diseases, like BFD.

At present it is known that As (III) inhibits the growth of
cultured human umbilical vein endothelial cells and dimin-
ishes the expression of agglutinin I lectin, a marker for vas-
cular endothelium. GSH treatment antagonized the cyto-
toxicity of As III. The cytoprotective effect of GSH is
attributed to the induction of prostacyclin synthesis [2§].
Peripheral vascular disease has been reported in individu-
als exposed to As in occupational settings. This effect can
be severe and long-lasting. A high prevalence of endangi-
itis obliterans and acrodermatitis atrophicans was
observed in workers whose exposure to As had ended over
30 years earlier [29,33,34,42]. The cumulative life-time
incidence of BFD is estimated to be less than 10% among
individuals who consume As-contaminated drinking
water. Certain occupations (fishermen, salt-field work-
ers), low socio-economic status and undernutrition are
factors of increased risk.

Occupational and environmental exposure to inorganic
arsenic is associated with the occurence of Raynaud’s phe-
nomenon and objectively registered abnormal finger sys-
tolic blood pressure at local cooling [30,31]. A subnormal
finger systolic blood pressure indicates a vasospastic ten-
dency (Raynaud’s disease). Because these changes are not
reversed over a long period and seem to be unrelated to
the most recent urinary arsenic excretion, altered regula-
tion of peripheral vascular tone may be an irreversible
consequence of long-term exposure to arsenic.

Yu et al. [34] described the progress of vascular lesions in
BFD from an early erythematous stage through an inter-
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mediate ulcerative stage to a later chronic arsenism stage.
Morphologically the erythematous stage was charac-
terised by fibroid degeneration of blood vessel walls and a
perivascular small-cell infiltration. Thrombotic occlusion
and proliferation of the vasa vasorum occurred during the
ulcerative stage. In the chronic arsenism stage the lumens
of blood vessels were completely occluded and the affect-
ed extremity was gangrenous [29)].

Based on concentrations of some elements in urine — the
investigators evaluated vascular changes in blackfoot dis-
ease [43]. The copper concentration in urine changed
slightly for all clinical stages, whereas the concentrations
in blood and hair showed less correlation with BFD
stages. Zinc concentration was highest in the fourth stage;
zinc appeared to be associated with the occurrence of
scaling and cracking of the skin, and even with feet ulcer-
ation and gangrene. Arsenic, which is claimed to be a
major causative agent of BFD, increased from the zero
stage and showed a particularly high concentration in the
second stage. The maintained increase in As level in the
blood and urine considerably complicated peripheral vas-
culopathy. The selenium concentration decreased from
the zero stage, showing its lowest value during the second
stage, then increased in the later stages. The decrease in
selenium was attributed to the antagonistic effect of
arsenic; selenium was retained during the initial stages.
There is evidence that arsenic affects the structure and
function of the cardiovascular system and seems to be a
reason for the altered myocardial depolarization (pro-
longed Q-T interval, nonspecific S-T segment changes),
arrhythmias or hypertrophy of the ventricular wall
[44-48]. Taylor [32] found significant increase in the stan-
dardized mortality ratio (SMR) for tuberculosis, malig-
nant neoplasms, liver cirrhosis and heart diseases. The
SMR for cerebrovascular disease did not increase.
Arsenic trioxide, which is used for the treatment of acute
promyelocytic leukemia, is responsible for the prolonga-
tion of QT interval and ventricular tachycardia [47].
Several environmental toxins: lead, asbestos, arsenic, cad-
mium and others produce both hypertension and cardiac
arrhythmias and they are probably related to primary lung
disease and secondary to heart disease [32]. Possible



ARSENIC TOXICITY AND CARCINOGENICITY REVIEW PAPERS

mechanisms that may induce cardiovascular diseases
include:

damage to the endothelial barrier in the vascular sys-

tem;

activation of leukocytes and platelets;

initiation of plaque formation;

stimulation of the inflammatory response;

kidney-related hypertension;

direct damage to cardiac and blood vessel tissues.
Recently, a team of epidemiologists have studied biologi-
cal markers for cardiovascular diseases in a group of 40
workers occupationally exposed to arsenic. The concen-
tration of glycosylated hemoglobin (Hgb A;C) was
increased in whole blood of the As-exposed workers. They
conclude that arsenic exposure influences carbohydrate
metabolism, increases the systolic blood pressure, and
finally may result in the increased risk of cardiovascular
diseases [49].
It was also suggested that arsenite’s atherosclerosis may
occur due to activated NADH oxidase to produce super-
oxide, which then causes oxidative DNA damage in vascu-
lar smooth muscle cell [36,48,50,51].

ARSENIC AND HEPATIC VASCULATURE

Arsenic exposure can affect hepatic vasculature and
induce noncirrhotic portal hypertension [52]. Here,
enhanced collagen synthesis in intrahepatic portal venules
obliterates the portal circulation, resulting in the develop-
ment of collateral vessels and hypoplastic changes in the
portal tract [53]. The mechanism of arsenic affection of
the portal vasculature is unknown, therefore the involve-
ment of the endothelial cells of the vasculature in
response to As exposure has become a topic of interest.
Labadie et al. [54] suggested that obliteration of portal
venules in noncirrhotic portal hypertension was the conse-
quence of the injury and repair of the vascular endothelial
cells by As. The induction of angiosarcoma in the As-
-exposed workers has been attributed to the carcinogenic
transformation of endothelial cells of the liver vasculature.
Investigations carried out over thirty years ago [53] indi-
cated that noncirrhotic portal hypertension was an effect

of portal tract fibrosis and the increase in the number of
portal veins. Histological examinations showed slight scle-
rosis around the portal veins and the hypertrophic muscu-
lar walls inside the vessel.

Hepatic fibrosis due to long-term arsenic toxicity is asso-
ciated with the hepatic membrane damage, probably
caused by reduction of glutathione and antioxidant
enzymes (glucose-6-phosphate dehydrogenase, catalase,
GSH-peroxidase, GSH-reductase and GSH-S-trans-
ferase). The activity of plasma membrane Na/K ATPase is
also reduced [52,55].

MECHANISMS OF THE ARSENIC ANEMIA

While arsenic toxicity to the blood vessels is already estab-
lished, toxicity to erythrocytes has not as yet been evalu-
ated in epidemiological studies. Toxicity to erythrocytes
can be manifested as a change in the shape or deforma-
bility of the cell [56-61]. Abnormalities in red cell
deformability can lead to disturbances in microcirculation
and contribute to ischemia and tissue damage. An exam-
ple of this is sickle-cell anemia.
The morphologically changed erythrocytes in scanning
electron microscopy were classified according to Bessis as:
normal or discocyte, smooth flat red blood cell with
biconcave shape and <3 nodules on the surface;
echinocyte II with >3 protuberances (spicules);
echinocyte III with multiple spicules;
spheroechinocyte [59].
The morphologic transformation of erythrocytes results
from the decreased level of intracelullar ATP, induced by
arsenic. This leads to the structure changes of the ery-
throcyte membrane and the differences in the osmotic
resistance of erythrocytes. On the other hand, arsenic as
the phosphorane analogue, provokes arsenolysis of mito-
chondrial enzymes.
The major effect of exposure to arsine (AsH,) is anemia
due to massive intravascular hemolysis. The earliest indi-
cators of erythrocyte damage are changes in sodium and
potassium levels [58]. The cells lose volume control, man-
ifested by leakage of potassium, influx of sodium and
increase in hematocrit. Arsine does not alter ATP levels
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nor inhibit ATPases. These changes are followed by dis-
turbances in membrane ultrastructure. Such events pro-
duce hemolysis, which appears to be dependent on mem-
brane disruption [61].
Although AsHj is a reducing agent, it has been postulated
that it damages cells through oxidative mechanisms, pos-
sibly through the formation of hydrogen peroxide (H,0,)
and inhibition of catalase. Moreover, this oxidative stress
can be reversible following combined administration of N-
acetylcysteine and meso 2,3-dimercaptosuccinic acid [62].
Reactive oxygen species can be produced in biological sys-
tems through the action of exogenous compounds or dur-
ing normal cellular functions. Red blood cells contain an
extensive antioxidant system of enzymes and co-factors.
However, when this system is overwhelmed, hemoglobin-
0O, (HbO,) contained in red blood cells (RBC) is a vul-
nerable target for reactive oxygen species. The result of
this attack on hemoglobin-O, is oxidation of the heme
iron, followed by alterations in the structure of heme com-
ponent, globin and heme-globin interactions. The result-
ant destabilization of the molecule induces precipitation
of protein (Heinz bodies). The effects of Heinz bodies
include redistribution of membrane proteins and
increased membrane rigidity, while the effects of hemin
include oxidation of membrane protein sulfhydryl groups,
dissociation of membrane skeletal proteins and perturba-
tion of membrane ion gradients.
The mechanisms of AsH; and H,0, actions are different.
AsH, causes hemichrome and methemoglobin formation,
while H,O, treatment results in the formation of ferrylhe-
moglobin. The hemoglobin damage depends on catalase
activity. High-activity catalase has little effect on the ini-
tial hemoglobin-O, changes caused by AsH,. The similar
effect can be observed in glutathion-peroxydase. In sum-
mary, the investigators have found little evidence to sug-
gest the involvement of H,O,, superoxide anion and
hydroxyl radical in the hemoglobin destruction (except for
the late effect of membrane protein precipitation). The
following equation demonstrate possible reactions involv-
ing AsH, and HbO,:

H,-As-H + HbO, = H,As+ HbO,-H =

= met-Hb + H,As-OOH
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Alternatively, the reaction may produce hydrogen perox-
ide and an arsenic adduct, such as arsine-hemoglobin
(H,As-Hb) or arsine-heme (H,As-heme).
Arsine-hemoglobin adduct or arsine-heme adduct has not
as yet been identified [56,57].

Low doses of arsenic disrupt normal structure and func-
tion of platelets [8]. After arsenic treatment the cell mar-
gins appears irregular and wavy with small pseudopodia-
like protrusions from the surface. In this case arsenic
induces the platelets’ aggregation through the cytosolic
cAMP, which is decreased by the metal-induced inhibition
of phosphodiesterase.

AN AFFECTION OF THE IMMUNOLOGICAL
SYSTEM

There is also evidence that arsenic and other metal toxi-
cants affect the immunological system. Broeckaert et al.
[63] investigated the effect of intratracheally instilled coal
flay ash and copper smelter dust on the lung integrity and
on the release of tumor necrosis factor alpha (TNF-alpha)
by alveolar phagocytes. They hypothesized that suppres-
sion of TNF-alpha production is dependent upon the slow
elimination of the particles and their metal content from
the lung.

Exposure to a single intratracheal administration of gal-
lium arsenide (GaAs) has been shown to suppress anti-
body production, as well as other T cell-mediated immuno-
logical functions [64]. GaAs has also been shown to exert
toxic effects on events occurring early in the antibody-
-forming cell response, which may include lymphocyte acti-
vation and proliferation. The isolated T cells exposed to
GaAs were significantly suppressed in their ability to pro-
liferate to concavalin A, phytohemagglutinin and anti-
CD3 epsilon plus interleukin-2. In addition, the expression
of CD25, leukocyte function antigen-1 and intercellular
adhesion molecule-1 were significantly below normal.
According to some authors, phagocyte-mediated oxidant
damage to vascular endothelium is likely to be involved in
various vasculopathies caused by arsenic, including pul-
monary leak syndromes, such as adult respiratory distress
syndrome. Balla et al. [65] have shown that heme,
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a hydrophobic iron chelate, is rapidly incorporated into
endothelial cells, where it markedly aggravates cytotoxicity
engendered by polymorphonuclear leukocyte oxidants or
hydrogen peroxide. This protection is associated with the
induction of mRNA for both heme oxygenase and ferritin.
Ferritin inhibits oxidant-mediated cytolysis and, by this way,
counteracts the damage of pulmonary vascular barrier.
Trivalent arsenic compounds can inhibit enzymatic activity
of the lysosomal protease cathepsin L (CathL) in the murine
antigen-presenting B cell line TA3. CathL plays an impor-
tant role in antigen processing, the mechanism by which
antigen-presenting cells cleaves foreign protein antigens to
peptides for stimulating a T cell response. Deficient prote-
olysis may lead to the diminished immune responses [66].

ASPECTS OF ARSENIC CARCINOGENICITY

The second - near by toxic — important effect of arsenic is
its probable mutagenic activity and proved carcinogenici-
ty caused by clastogenesis in peripheral lymphocytes and
sister chromatid exchange [67-70]. Arsenic does not act
through classic genotoxic and mutagenic mechanism, but
rather at the level of tumor promotion by modulating the
signaling pathways responsible for cell growth. The As
carcinogenic activity results generally from the inhalation
exposure [71]. The cancer develops first of all in the lung
and skin (ca basocelullare, squamous cell carcinoma),
although it can involve the bladder, liver and kidney.
Activating protein-1 (AP-1) is a functionally pleomorphic
transcription factor regulating diverse gene activities.
Increased AP-1 binding activities caused by activation of
mitogen-activated protein kinases (MAP-kinases) path-
way could be the one of precursor markers in arsenic-
induced cancers. Marked AP-1 DNA-binding activity only
occurred at exposure levels of sodium arsenite above 20
microg/ml [72,73].

Dimethylarsinic acid (DMA) has been used as a herbicide
(cacodylic acid) and is the major metabolite formed after
exposure to tri- (arsenite) or pentavalent (arsenate) inor-
ganic arsenic via ingestion or inhalation.

Kashiwada et al. [74] investigated the cytogenic effects of
DMA on bone marrow cells. DMA increased mitotic

indices significantly 16, 24, 48 h after administration. The
similar (although stronger) effect was observed after
colchicine treatment. DMA significantly induced aneu-
ploidy, which might be associated with carcinogenicity of
arsenic, and induced an organ-specific lesion — single
strand breaks in DNA. Mechanistic studies have suggested
that this damage was mainly due to peroxyl radical and
production of active oxygen species by tissues. DMA
induced DNA damage also in the lung (by formation of
various peroxyl radical species). There are some reports
that it also could increase point mutations (G:C to T:A
transversion). As appears, DMA could act as a promotor
of urinary bladder, kidney, liver, lung and thyroid gland
cancers [25,42,75-78].

It has also been suggested [79] that lung cancer observed
among arsenic ore smelters and skin cancer among people
exposed therapeutically to Fowler’s solution, have as their
common origin the genotoxic arsenite ion AsO,-, which is
active in the bone marrow micronucleus assay.
Interestingly, arsenic has also been used as an effective
chemotherapy agent for certain human cancers for hun-
dreds of years in both traditional Chinese and Western
medicine [80-84]. Having considered previous findings
that p53 mutations are involved in about 50% of all
human cancers and that nearly all chemotherapeutic
agents kill cancer cells mainly by apoptotic induction,
Dong [85] suggests that arsenic may be a useful agent for
the treatment of cancer with p53 mutation. These sugges-
tions result from the observation, that low As concentra-
tions (<25 uM) induce cell transformation (through
extracellular regulated kinases — ERK phosphorylation),
while higher concentrations induce cell apoptosis (activa-
tion of c-Jun NH2-terminal kinases).

Cell death induced by arsenic trioxide is associated with
mitochondrial membrane depolarization, release of
cytochrome ¢ from the mitochondria, activation of cas-
pases, poly (ADP-ribose) polymerase cleavage and inter-
nucleosomal DNA fragmentation. Moreover, the
decreased glutathione content associated with the differ-
entiation process amplifies the ability of arsenic trioxide
to activate the mitochondrial pathway to cell death [86].
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The treatment of promonocytic U937 cells with arsenic
trioxide leads to G2/M arrest, which is associated with
a dramatic increase in the levels of cyclin B and cyclin B-
dependent kinase and apoptosis. Apoptosis occurs after
bel-2 phosphorylation and caspase -3 activation [87].
Wang et al. [84] observed that inorganic arsenic trioxide
(As,0;) and melarsoprol were recently shown to inhibit
growth and induce apoptosis in acute promyelocytic
leukemia and chronic B-cell leukemia cell lines. They
found that both compounds inhibited cell growth, induced
apoptosis, and downregulated bcl-2 protein in all cell lines
tested. The bone marrow and peripheral blood examina-
tion showed an increase in myelocyte-like cells and
degenerative cells after 2-3 weeks of As,O; treatment,
and a decrease in leukemic promyelocytes. Both As,O,
and melarsoprol inhibited colony-forming unit (CFU),
erythroid and CFU granulocyte-monocyte formation in
cultures of PML+ and PML- progenitors. These results
suggest that As,0; and melarsoprol may be used for the
treatment of leukemias. The combination of induction of
apoptosis and partial differentiation could be the main
cellular mechanisms of this treatment.

Some authors [80,83] found that As,O; administered
intravenously alone or in combination with chemothera-
peutic drugs at a dose of 10 mg/d resulted in clinical com-
plete remission in 90% of patients. During the treatment
with As,O; there was no bone marrow depression.

An important role in the development of leukemias is
played by endothelium and angiogenesis. According to
some investigators, the mechanism by which As,O, exerts
its antileukemic effect consists in apoptosis of leukemic
and endothelial cells and in inhibiting leukemic cell vas-
cular endothelial growth factor (VEGF) production [82].
Arsenic trioxide may induce clinical remission in patients
suffering from APL through induction of apoptosis and
activation of caspases. There was investigated the poten-
tial use of As,O, in human gastric cancer and its possible
mechanisms. Arsenic trioxide increases the activity of cas-
pase-3, inhibits cell growth and induces apoptosis involv-

ing p53 overexpression [88].
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In preliminary cell culture studies, liposomes composed of
arsonolipids or phospholipid-arsonolipid mixtures,
demonstrate a specific toxicity against cancer cells [89].
As a novel anticancer agent for treatment of solid cancers,
As, 05 is promising, but there are no in vivo experimental
investigations of its efficacy in the treatment of solid can-
cers at clinically obtained concentrations. In addition, the
cell death mechanism of As,O, has yet to be clarified,
especially in solid cancers. In the study of Maeda et al.
[90], human androgen-independent prostate cancer cell
lines, PC-3, DU-145, and TSU-PR1 were examined as cel-
lular models for As,O, treatment, and As,O-induced cell
death and inhibition of cell growth and colony formation
were evaluated

In all the three cell lines, arsenic trioxide at high concen-
trations induced apoptosis and, at low concentrations,
growth inhibition. It activated p38, JNK, and caspase-3
dose dependently. This study proves that As,O, provides
a novel, safe approach to treatment of androgen-inde-
pendent prostate cancer.

In spite of its incidental therapeutic properties, the
International Agency for Research on Cancer (IARC) has
classified arsenic as a carcinogen, for which there is suffi-
cient epidemiological evidence to support a causal rela-
tionship between exposure and cancer. At present nine
different possible modes of action of arsenic carcinogene-
sis are discussed: chromosomal aberrations, oxidative
stress, altered DNA repair, altered DNA methylation pat-
terns, altered growth factors secretion, enhanced cell pro-
liferation, promotion or progression of tumor, gene
amplification, and finally, suppresion of p53 gene
[16,69,76,85,91].

Unlike the large majority of substances considered as
human carcinogens based on the basis of epidemiological
evidence, arsenic alone does not induce cancer in rodent
models. That is why arsenic has sometimes been called “a
paradoxical human carcinogen” [92]. Only several papers
present to date in vivo animal studies on arsenic carcino-
genicity. The investigators suggest the role of arsenic as an
enhancer of ras-oncogene expression and myc activation
in the development of animal skin cancer [93,94].
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There is evidence that c-myc overexpression (correlated
with cellular hyperproliferation, DNA hypomethylation)
is mechanistically important in arsenic-induced malignant
transformation. In addition, arsenite could induce in
hepatic cells cytokeratin-18 expression, which is tightly
correlated with differentiation programs [94].
The study by Rossman indicates that human cells lack the
inducible tolerance to arsenite observed in hamster cells
[68].
The genotoxicity database for arsenic indicates that it
does not induce point mutations or DNA adducts, but sis-
ter chromatid exchanges and chromosomal aberrations
[67,68]. Arsenic inhibits transcription of the hTERT gene,
which encodes the reverse transcriptase subunit of human
telomerase. The decreased telomerase activity leads to
chromosomal lesions, which promote either genomic
instability and carcinogenesis or cancer cell death [95].
Chromosomal aberrations were observed in genes
involved in cell-cycle regulation, signal transduction,
stress response, apoptosis, cytokine production, and
growth factor and hormone receptor production or vari-
ous oncogenes [96,97].
The mutagenicity of arsenite was assayed in a transgenic
cell line, where deletions and point mutations were
revealed [68]. Arsenic can also potentiate mutagenicity
observed with other chemicals. This potentiation may be
the result of direct interference by arsenic with DNA
repair processes, perhaps by inhibiting DNA ligase [98].
Inorganic trivalent arsenicals are especially good
inhibitors of enzymes containing vicinal sulfhydryl groups.
Arsenic trioxide inhibits the removal of pyrimidine dimers
from DNA after UV irradiation [68,91,99].
Finally, arsenic can induce DNA amplification [100].
According to the present data, molecular mechanism of
arsenic carcinogenicity includes:
hypermethylation of cytosine in the promoter region of
the tumor suppresor gene p53, leading to the cell trans-
formation [16,91,101,102];
secretion of growth factors: granulocyte macrophage —
colony stimulating factor (GM-CSF), transforming
growth factor alpha (TGF-alpha) and the proinflamma-
tory cytokine tumor necrosis factor alpha (TNF-alpha),

especially in keratinocytes, leading to the epidermal

neoplasia [103].
Inorganic arsenic is enzymatically methylated, consuming
S-adenosyl-methionine (SAM) in this process [102]. The
fact that DNA methyltransferases require the same
methyl donor suggests a role for methylation in arsenic
carcinogenesis. There is a hypothesis that arsenic-induced
initiation results from DNA hypomethylation caused by
continuous methyl depletion. Thus arsenic can act as a
carcinogen by inducing DNA hypomethylation, which in
turn facilitates aberrant gene expresion (p53) by its hyper-
methylation.
This hypothesis was also confirmed in the animal model.
Tice et al. [104] evaluated the effect of hepatic methyl
donor (HMD) status on the ability of sodium arsenite to
induce DNA damage in HMD-deficient (HMDD) and
HMD-sufficient (HMDS) mice. Choline-deficient diet
prior to treatment altered arsenical metabolism.
Treatment with sodium arsenite once or four times
induced a significant decrease in DNA migration in the
bladder and liver parenchymal cells of HMDS mice, but in
skin cells of HMDD mice. Both HMDD and HMDS mice
exhibited a significant increase in the frequency of
micronucleated polychromatic erythrocytes in bone mar-
row. These results indicate that hepatic methyl donor
deficiency significantly decreases the total urinary excre-
tion sodium arsenite and markedly modulates target
organ of arsenic-induced DNA damage.
In the early 1980s, the multistage theory of carcinogenesis
and its implications for evaluating the effect of exposure
to carcinogens in the workplace was described [105]. It
predicts different relationships between excess carcino-
genic risk and duration of exposure, age at initial exposure
and follow-up time since cessation of exposure. According
to this theory arsenic appears to exert a definite effect on
a late stage of the carcinogenic process, like carcinogenic
progressors. At the initial stage arsenic exerts an addi-
tional effect.
Later investigations indicate that arsenic could play a role
as co-stimulant of mitosis similar to interleukin-1 [68].
So arsenic has been shown to be genotoxic in a wide vari-
ety of different experimental set-ups and biological end-
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points. In vitro arsenic was shown to induce chromosomal
mutagenicity like micronuclei, chromosomal aberrations
and sister chromatid exchanges. It mainly acts as clastogen
but also has an aneugenic potential. Its potential to induce
point mutations is very low in bacterial, as well as in mam-
malian cell systems [106]. The available data indicate that
arsenic may act indirectly on DNA, i.e. via mechanisms,
such as interference of regulation of DNA repair or
integrity (inhibition of ligase and polimerase activity)
[16,76,107].

It is also found that methylated forms of trivalent arsenic
(MAs, DMAs) are the only arsenic compounds that can
damage naked DNA and do not require exogenously added
enzymatic or chemical activation systems [108]. Since less
ionizable arsenic metabolites MMA(III), DMA (III) and
MAs, DMAs are more toxic than inorganic arsenic, it is
essential to reevaluate the hypothesis that methylation is
the detoxification pathway for inorganic arsenic. MMA and
DMA may be unusually capable of interacting with cellular
targets, such as proteins and even DNA.

There is evidence that a large portion of arsenite-induced
DNA strand breaks come from excision of oxidative DNA
adducts and DNA-protein cross-links. Catalase, inhibitors
of calcium, nitric oxide synthase, superoxide dismutase
and myeloperoxidase may modulate arsenite-induced
DNA damage. Arsenite induces DNA adducts through
calcium-mediated ~ production of  peroxynitrite,
hypochlorus acid and hydroxyl radicals [109,110].
Participation of oxygen free radicals in mutagenesis and car-
cinogenesis has been proposed by numerous investigators
over the past 10 years [68]. The involvement of free radicals
in ionizing radiation damage is well established. Recent
findings suggest that oxidative processes may also play an
important role in metal mutagenesis and carcinogenesis.
Carcinogenic metals may act by altering the oxidative status
of cells either directly (via Fenton-type reactions with
endogenous hydrogen peroxide), or indirectly by affecting
cellular antioxidative defenses such as glutathione. Neither
superoxide anion(O,-), nor hydrogen peroxide (H,O,)
reacts with DNA in the absence of metal ions.

The change of glutathione activity and cystein oxydation
depends on radical-metal complexes. However, till now,
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there was no incontestable evidence that arsenic carcino-
genicity and genotoxicity are based on oxidative stress
conception. Only in last two — three years it has been
shown that arsenite increases the level of superoxide-driven
hydroxyl radicals in human-hamster hybrid cells, particu-
larly in terms of reduced intracellular level of non-protein
sulfhydryls (mainly glutathione). These data seem to pro-
vide convincing evidence that reactive oxygen species
(hydroxyl radicals) play an important causal role in the
genotoxicity of arsenical compounds in mammalian cells
[20,51,79,97,111].

The oxidative stress may damage redox-sensitive signaling
molecules, such as NO, S-nitrosothiols, AP-1, NF-kappaB,
p53, p21ras, and others. This, in turn, may produce a vari-
ety of toxic effects of some metals (including arsenic), or
even carcinogenesis. The attention of some authors is
mainly focused on metal-induced signal transduction
pathways leading to the activation of NF-kappaB, a tran-
scription factor governing the expression of the earliest
response genes involved in a number of human diseases,
including cancers [112].

Studies on mutagenesis by metal compounds may be com-
plicated by inducible tolerance mechanisms in some cells
[68]. Metallothioneins (MT) are small cysteine-rich,
sulfhydryl-rich, metal-binding proteins which bind a num-
ber of metals with high affinity and decrease its level in
serum. So these are proteins that provide protection
against metal toxicity. MT are induced by acute stress,
hormones, metals and various organic compounds.
Arsenicals have also been shown to induce MT in the
liver, kidney, spleen, stomach, intestine, heart and lung.
This induction profile is similar to that observed after Zn
or Cd exposure. Its mechanism is still unknown.
Metallothioneins have been studied not only for its role in
the detoxification of heavy metals but also in a variety of
other physiological processes, including metabolism of
essential metals Zn and Cu, cellular response to oxidative
stress, and interaction with metallotherapeutic agents (Pt,
Au). MT may also be involved in carcinogenesis by metals
such as Ni (II), Cr (VI) and As (III). As (III) has a high
affinity for thiols and appears to interact predominantly
with DNA repair enzymes, but it is also a potent inducer
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of MT biosynthesis. MT appears to be involved in a redox
reaction with As (III) that generates oxidants, which are
observed upon GSH depletion but are effectively scav-
enged by GSH at its normal cellular level [113-115].

The same biological features present other inducible pro-
teins which may cause tolerance. Heat shock proteins are
induced in human fibroblasts by As and other metals. Like
metallothioneins, heat shock proteins have been postulated
to play a role in the acquisition of tolerance to agents
which induce their synthesis. The molecular mechanism of
arsenic stress consists in the activation of mitogen-activat-
ed protein MAP-kinases, extracellular regulated kinase
(ERK), c-jun terminal kinase (JNK), and p38, which
induce the immediate early genes: c-fos, c-jun, and egr-1,
responsible for the heat shock proteins synthesis and cell
transformation [19,20,96].

Because of oxidative stress, the central component of heat
shock response and arsenic-related effects occurs in vari-
ous tissues [97], the sensitivity of these tissues to arsenic
differs [116,117]. The kidney seems to be more sensitive,
and the liver appears to be more protected by some of the
antioxidant components, such as glutathione, glutathione-
S-transferase and glucose-6-phosphate dehydrogenase.
Arsenic may potentiate cadmium nephrotoxicity during
the long-term, combined exposure, and intracellular met-
allothioneins play a role in decreasing nephropathy of this
combined exposure.

The complete contradiction between the epidemiological
and experimental evidence suggests that arsenic com-
pounds may act as cocarcinogens or comutagens (enhanc-
ing agents) rather than primary carcinogens or mutagens
[68]. Arsenite is comutagenic with UV in E. coli, for
instance.

The mechanism of arsenite comutagenesis with alkylating
agents is based on the reaction with DNA to form a vari-
ety of adducts, in which some favor primarily the base oxy-
gens while the others favor the base nitrogens. These
DNA adducts are excised by specific DNA glycosylases.
Some investigators suggest that the absence of normal p53
functioning, along with increased positive growth signal-
ing in the presence of DNA damage, may result in defec-
tive DNA repair and account for the comutagenic effects

of arsenite. Long-term, low dose exposure to arsenite
result in increased expression of cyclin D1. That is the rea-
son of p53-dependent increase in p21 expression, which is
normally blocked after DNA damage, and cell transfor-
mation [16,76,99,107,118].

It is proposed that the specific co-clastogenic effects of
arsenite may be mediated by its interference (inhibition)
with DNA repair activities. This hypothesis was revealed
following the observation that arsenite specifically poten-
tiates chromosomal aberrations induced by a DNA cross-
linking agent, 1,3-butadiene diepoxide, but does not affect
the induction of sister chromatid exchanges under the
same treatment conditions [68].

Many investigators suggest probable connection between
the inorganic arsenic exposure and congenital malforma-
tions, low birth weight or fetal abortions [1]. These effects
are, after all, not frequent at doses which do not cause
toxic reactions in the mother organism.

Because of its widespread occurrence in animal and veg-
etable tissues, its toxicity, carcinogenicity and therapeutic
use, arsenic should be studied extensively. According to
Jager [92] further work, for example, is needed to deter-
mine the extent to which acquired or inherent human
gene polymorphisms may contribute to interindividual
variability in response to arsenic. Further studies are also
required to compare such molecular events as methyla-
tion patterns of specific genes in human arsenic exposure-
related tumors with the same tumor types from non-
arsenic endemic areas. Continuous studies to isolate and
characterize the activity of human and animal methyl-
transferases are needed. Finally, the focus of attention on
the comparison between the effect of metabolism on tox-
icity and the effect of metabolism on carcinogenicity
would also be desirable.

REFERENCES

1. Jakubowski M. Arsenic and its inorganic compounds. Expert Group
for Chemical Factors, International Commission for MAC and MAI
Updating 1996; p. 1-13 [in Polish].

2. Apostoli P, Alessio L, Romeo L, Buchet JP, Leone R. Metabolism of
arsenic after acute occupational arsine intoxication. J Toxicol Environ
Health 1997; 52: 331-42.

[JOMEH, Vol. 15, No. 2, 2002



112

REVIEW PAPERS . SZYMANSKA-CHABOWSKA ET AL,

3. Armstrong CW, Stroube RB, Rubio T, Siudyla EA, Miller GB Jr.
Outbreak of fatal arsenic poisoning caused by contaminated drinking
water. Arch Environ Health 1984; 39: 276-9.

4. Campbell JP, Alvarez JA. Acute arsenic intoxication. Am Fam
Physician 1989; 40: 93-7.

5. Cullen NM, Wolf LR, Clair D. Pediatric arsenic ingestion. Am J
Emerg Med 1995; 13 (4): 432-5.

6. Quatrehomme G, Ricq O, Lapalus P, Jacomet Y, Ollier A. Acute
arsenic intoxication: Forensic and toxicologic aspects (an observation).
J Forensic Sci 1992; 37 (4): 1163-71.

7. Kyle RA, Pease GL. Hematologic aspects of arsenic intoxication. N
Engl J Med 1965; 273 (1): 18-23.

8. Kumar SV, Bose R, Bhattacharya S. Low doses of heavy metals disrupt
normal structure and function of rat platelets. J Environ Pathol Toxicol
Oncol 2001; 20 (1): 65-75.

9. Lerman BB, Nabil Ali, Green D. Megaloblastic, dyserythropoietic ane-
mia following arsenic ingestion. Ann Clin Lab Sci 1980; 10 (6): 515-7.

10. Rezuke WN, Anderson C, Pastuszak WT, Conway SR, Firshein SI.
Arsenic intoxication presenting as a myelodysplastic syndrome: a case
report. Am J Hematol 1991; 36 (4): 291-3.

11. Beckett WS, JL Moore, JP Keogh, Margit L Bleecker. Acute
encephalopathy due to occupational exposure to arsenic. British J
Indust Med 1986; 43: 66-7.

12. Bickley LK, Christopher MP. Chronic arsenicism with vitiligo, hyper-
thyroidism and cancer. N J Med 1989; 86 (5): 377-80.

13. Bolla-Wilson K, Margit LB. Neuropsychological impairment follow-
ing inorganic arsenic exposure. J Occup Med 1987; 29 (6): 500-3.
14. Alain G, Tousignant J, Rozenfarb E. Chronic arsenic toxicity. Int J

Dermatol 1993; 32 (12): 899-901.

15. Axelson D, Dahlgren E, Jansson CD, Rehnlund SO. Arsenic expo-
sure and mortality: A case referent study from a Swedish copper
smelter: Br J Ind Med 1978; 35: 8-15.

16. Pott WA, Benjamin SA, Yang RS. Pharmacokinetics, metabolism,
and carcinogenicity of arsenic. Rev Environ Contam Toxicol 2001,
169: 165-214.

17. Chouchane S, Snow ET. In vitro effect of arsenical compounds on
glutathione-related enzymes. Chem Res Toxicol 2001; 14 (5): 517-22.

18. Thomas DJ, Styblo M, Lin S. The cellular metabolism and systemic
toxicity of arsenic. Toxicol Appl Pharmacol 2001; 176 (2): 127-44.

19. Del-Razo LM, Quintanilla-Vega B, Brambilla-Colombres E,
Calderén-Aranda ES, Manno M, Albores A. Stress proteins induced
by arsenic. Toxicol Appl Pharmacol 2001; 177 (2): 132-48.

[JOMEH, Vol. 15, No. 2, 2002

20. Liu J, Kadiiska MB, Liu Y, Qu W, Waalkes MP. Stress-related gene
expression in mice treated with inorganic arsenicals. Toxicol Sci 2001;
61 (2): 314-20.

21. Tchounwou PB, Wilson BA, Ishaque AB, Schneider J. Atrazine
potentiation of arsenic trioxide-induced cytotoxicity and gene expres-
sion in human liver carcinoma cells (HepG2). Mol Cell Biochem
2001; 222 (1-2): 49-59.

22. Lin S, Del-Razo LM, Styblo M, Wang C, Cullen WR, Thomas DJ.
Arsenicals inhibit thioredoxin reductase in cultured rat hepatocytes.
Chem Res Toxicol 2001; 14 (3): 305-11.

23. Vatamaniuk OK, Bucher EA, Ward JT, Rea PA. A new pathway for
heavy metals detoxification in animals. J Biol Chem 2001; 276 (24):
20817-20.

24. Sakurai T, Kaise T, Matsubara C. Inorganic and methylated arsenic
compounds induce cell death in murine macrophages via different
mechanisms. Chem Res Toxicol 1998; 11 (4): 273-83.

25. Sordo M, Herrera LA, Ostrosky-Wegman P, Rojas E. Cytotoxic and
genotoxic effects of As, MMA and DMA on leukocytes and stimulated
human lymphocytes. Teratog Carcinog Mutagen 2001; 21 (4):
249-60.

26. Qu W, Kasprzak KS, Kadiiska M, Liu J, Chen H, Maciag A, et al.
Mechanisms of arsenic-induced cross-tolerance to nickel cytotoxicity,
genotoxicity and apoptosis in rat liver epithelial cells. Toxicol Sci 2001;
63 (2): 189-95.

27. Vega L, Styblo M, Patterson R,Cullen W, Wang C, Germolec D.
Differential effects of trivalent and pentavalent arsenicals on cell pro-
liferation and cytokine secretion in normal human epidermal ker-
atinocytes. Toxicol Appl Pharmacol 2001; 172 (3): 225-32.

28. Chen GS, Asai T, Suzuki Y, Nishioka K, Nishiyama S. A possible
pathogenesis for Blackfoot disease - effects of trivalent arsenic on cul-
tured human umbilical vein endothelial cells. ] Dermatol 1990; 17:
599-608.

29. Grobe JW. Peripheral circulatory disorders and acrocyanosis in
Moselle valley vine-yard workers with arsenic ~ poisoning.
Berufsdermantosen 1976; 24: 78-84.

30. Lagerkvist B, Linderholm H, Nordberg GE. Vasospastic tendency
and Raynaud’s phenomenon in smelter workers exposed to arsenic.
Environ Res 1986; 39: 465-74.

31. Lagerkvist BE, Linderholm H, Nordberg GF. Arsenic and
Raynaud’s phenomenon. Vasospastic tendency and excretion of
arsenic in smelter workers before and after the summer vacation. Int
Arch Occup Environ Health 1988; 60: 361-4.

32. Taylor AE. Cardiovascular effects of environmental chemicals.
Otolaryngol Head Neck Surg 1996; 114 (2): 209-11.



ARSENIC TOXICITY AND CARCINOGENICITY REVIEW PAPERS

33. Tseng CH, Chong CK, Chen CJ, Lin BJ, Tai TY. Abnormal periph-
eral microcirculation in seemingly normal subjects living in blackfoot
disease hyperendemic villages in Taiwan. Int J Microcirc Clin Exp
1995; 15 (1): 21-7.

34. Yu HS, Sheu H M, Ko SS, Chiang LC, Chien CH, Lin SM, et al.
Studies on blackfoot disease and chronic arsenism in southern Taiwan
with special reference to skin lesions and fluorescent substances. J
Dermatol 1984; 11: 361-70.

35. Barchowsky A, Dudek EJ, Treadwell MD, Wetterhahn KE. Arsenic
induces oxidant stress and NF-kappa B activation in cultured aortic
endothelial cells. Free Radic Biol Med 1996; 21 (6): 783-90.

36. Barchowsky A, Klei LR, Dudek EJ, Swartz HM, James PE.
Stimulation of reactive oxygen, but not reactive nitrogen species, in
vascular endothelial cells exposed to low levels of arsenite. Free Radic
Biol Med 1999; 27(11-12): 1405-12.

37. Barchowsky A, Klei LR, Smith KR, Ross Ch R. Oxidant signaling
mechanisms initiated by low levels of arsenic in vascular cells. Met Ion
Biol Med 2000; 6: 47-9.

38. Yu HS, Chang KL, Kao YH, Yu CL, Chen GS, Chang CH, et al. In
vitro cytotoxicity of IgG antibodies on vascular endothelial cells from
patients with endemic peripheral vascular disease in Taiwan.
Atherosclerosis 1998; 137 (1): 141-7.

39. Tsai SH, Hsieh MS, Chen L, Liang YC, Lin JK, Lin SY. Suppression
of Fas ligand expression on endothelial cells by arsenite through reac-
tive oxygen species. Toxicol Lett 2001; 123 (1): 11-9.

40. Yang HL, Tu SC, Lu FJ, Chiu HC. Plasma protein C activity is
enhanced by arsenic but inhibited by fluorescent humic acid associat-
ed with blackfoot disease. Am J Hematol 1994; 46 (4): 264-9.

41. Hseu YC, Chang WC, Yang HL. Inhibition of human plasmin activ-
ity using humic acids with arsenic. Sci Total Environ 2001; 273 (1-3):
93-9.

42. Mandal BK, Ogra Y, Suzuki KT. Identification of DMA and
monomethylarsonous acids in human urine of the arsenic-affected
areas in West Bengal, India. Chem Res Toxicol 2001; 14 (4): 371-8.

43. Chin-Thin W. Concentration of arsenic, selenium, zinc, iron and cop-
perin the urine of blackfoot disease patients at different clinical stages.
Eur J Clin Chem Clin Biochem 1996; 34: 493-7.

44. Glazener FS, Ellis JG, Johnson PK. Electrocardiographic findings
with arsenic poisoning. Calif Med 1968; 109: 158-62.

45. Goldsmith S, From AH. Arsenic-induced atypical ventricular tachy-
cardia. N Engl J Med 1986; 303: 1096-7.

46. Little RE, Kay GN, Cavender JB, Epstein AE, Plumb BJ. Torsade
de pointes and T-U wave alternans associated with arsenic poisoning.
PACE 1990; 13: 164-70.

47. Ohnishi K, Yoshida H, Shigeno K, Nakamura S, Fujisawa S, Naito
K, et al. Prolongation of the QT interval and ventricular tachycardia
in patients treated with arsenic trioxide for acute promyelocytic
leukemia. Ann Intern Med 2000; 133(11): 881-5.

48. Thomas DJ, Goyer RA. The effects of arsenic, lead, and cadmium on
the cardiovascular system. Metal Toxicol 1997; 10: 265-9.

49. Jensen GE, Hansen ML. Occupational arsenic exposure and glycosy-
lated haemoglobin. Analyst 1998; 123 (1): 77-80.

50. Lynn S, Gurr JR, Lai HAT, Jan KY. NADH oxidase activation is
involved in arsenite-induced oxidative DNA damage in human vascu-
lar smooth muscle cells. Circ Res 2000; 86 (5): 514-9.

51. Wu MM, Chiou HY, Wang TW, Hsueh YM, Wang IH, Chen CJ, et
al. Association of blood arsenic levels with increased reactive oxidants
and decreased antioxidant capacity in a human population of north-
eastern Taiwan. Environ Health Perspect 2001; 109 (10): 1011-7.

52. Guha-Mazumder DN. Arsenic and liver disease. J Indian Med Assoc
2001; 99 (6): 311, 314-15, 318-20.

53. Morris JS, Schmid M, Newman S, Scheuer PJ. Sherlock S. Arsenic
and noncirrhotic portal hypertension. Gastroenterology 1974; 64:
86-94.

54. Labadie H, Stoessel P, Callard P, Beaugrand M. Hepatic venoocclu-
sive disease and perisinusoidal fibrosis secondary to arsenic poisoning.
Gastroenterology 1990; 99: 1140-3.

55. Santra A, Maiti A, Das S, Lahiri S, Charkaboty SK, Mazumder DN.
Hepatic damage caused by chronic arsenic toxicity in experimental
animals. J Toxicol Clin Toxicol 2000; 38 (4): 395-405.

56. Hatlelid KM, Brailsford C, Carter DE. An in vitro model for arsine
toxicity using isolated red blood cells. Fundam Appl Toxicol 1995; 25
(2): 302-6.

57. Hatlelid KM, Carter DE. Reactive oxygen species do not cause
arsine-induced hemoglobin damage. J Toxicol Environ Health 1997;
50: 463-74.

58. Winski SL, Barber DS, Rael LT, Carter DE. Sequence of toxic events
in arsine-induced hemolysis in vitro: implications for the mechanism
of toxicity in human erythrocytes. Fundam Appl Toxicol 1997; 38 (2):
123-8.

59. Winski SL, Carter DE. Arsenate toxicity in human erythrocytes: char-
acterization of morphologic changes and determination of the mecha-
nism of damage. J Toxicol Environ Health Part A 1998; 53: 345-55.

60. Winski SL, Carter DE. Interactions of rat red blood cell sulfhydryls
eith arsenate and arsenite. J Toxicol Environ Health 1995; 46 (3):
379-97.

[JOMEH, Vol. 15, No. 2, 2002

13



114

REVIEW PAPERS . SZYMANSKA-CHABOWSKA ET AL,

61. Zhang TL, Gao YX, Lu JE Wang K. Arsenite, arsenate and vanadate
affect human erythrocyte membrane. 1 Inorg Biochem 2000; 79(1-4):
195-203.

62. Flora SJ. Arsenic-induced oxidative stress and its reversibility following
combined administration of N-acetylcysteine and meso 2,3-dimercapto-
succinic acid in rats. Clin Exp Pharmacol Physiol 1999; 26(11): 865-9.

63. Broeckaert E Buchet JP, Huaux F, Lardot C, Lison D, Yager JW.
Reduction of the ex vivo production of tumor necrosis factor alpha by
alveolar phagocytes after administration of coal fly ash and copper
smelter dust. J Toxicol Environ Health 1997; 51 (2): 189-202.

64. Burns LA, Munson AE. Gallium arsenide selectively inhibits T-cell
proliferation and alters expression of CD25. J Pharmacol Exp Ther
1993; 265 (1):178-86.

65. Balla G, Jacob HS, Balla J, Rosenberg M, Nath K, Apple F, et al.
Ferritin: a cytoprotective antioxidant strategem of endothelium. J Biol
Chem 1992; 267 (25): 18148-53.

66. Harrison MT, McCoy KL. Immunosuppression by arsenic: a com-
parison of cathepsin L inhibition and apoptosis. Int
Immunopharmacol 2001; 1 (4): 647-56.

67. Magos L. Epidemiological and experimental aspects of metal carcino-
genesis: Physicochemical properties, kinetics, and the active species.
Environ Health Prosp 1991; 95: 157-61.

68. Rossman TG. Metal mutagenesis. Hand Exp Pharm 1995; 115:
373-8.

69. Yager JW, Wiencke JK. Enhancement of chromosomal damage by
arsenic: implications for mechanism. Environ Health Perspect 1993;
101 Suppl. 3: 79-82.

70. Yu HS, Chang KL, Wang CM, Yu CL. Alterations of mitogenic
responses of mononuclear ceells by arsenic in arsenical skin cancers. J
Dermatol 1992; 19 (11): 710-4.

71. Lee-Feldstein A. Arsenic and respiratory cancer in man: Follow-up of
an occupational study. In: Lederer W, editor. Arsenic: Industrial,
Biomedical and Environmental Perspectives. New York, NY: Van
Nostrand Reinhold; 1983; p. 245-65.

72. Huang C, Bode AM, Chen NY, Ma WY, Li J, Nomura M, et al.
Transactivation of AP-1 in Ap-1-luciferase reporter transgenic mice by
arsenite and arsenate. Anticancer Res 2001; 21 (1A): 261-7.

73. Simeonova PP, Wang S, Kashon ML, Kommineni C, Crecelius E,
Luster MI. Quantitative relationship between arsenic exposure and
AP-1 activity in mouse urinary bladder epithelium. Toxicol Sci 2001;
60 (2): 279-84.

74. Kashiwada E, Kuroda K, Endo G. Aneuploidy induced by dimethyl-
arsenic acid in mouse bone marrow cells. Mutat Res 1998; 413 (1):
33-8.

[JOMEH, Vol. 15, No. 2, 2002

75. Kenyon EM, Hughes ME A concise review of the toxicity and car-
cinogenicity of dimethylarsinic acid. Toxicology 2001; 160 (1-3):
227-36.

76. Kitchin KT. Recent advances in arsenic carcinogenesis: modes of
action, animal model systems, and methylated arsenic metabolites.
Toxicol Appl Pharmacol 2001; 172 (3): 249-61.

71.Noda Y, Suzuki T, Kohara A, Hasegawa A, Yotsuyanagi T, Hayashi
M, et al. In vivo genotoxicity evaluation of DMA in MutaMouse.
Mutat Res 2002; 513 (1-2): 201-12.

78. Yamanaka K, Takabayashi F, Mizoi M, An Y, Hasegawa A. Okada
S. Oral exposure of DMA, a main metabolite of inorganic arsenics, in
mice leads to an increase in 8-Oxo-2’-deoxyguanosine level, specifical-
ly in the target organs for arsenic carcinogenesis. Biochem Biophys
Res Commun 2001; 287 (1): 66-70.

79. Tinwell H, Stephens SC, Ashby J. Arsenite as the probable active
species in the human carcinogenicity of arsenic: mouse micronucleus
assays on Na and K arsenite, orpiment, and Fowlers solution. Environ
Health Perspect 1991; 95: 205-10.

80. Bradley D. Therapeutic needs revive arsenic compound. Pharm Sci
Technol Today 2000; 3 (12): 401.

81. Chen GQ, Shi XG, Tang W, Xiong SM, Zhu J, Cai X, et al. Use of
arsenic trioxide in the treatment of acute promyelocytic leukemia
(APL). Blood 1997; 89 (9): 3345-53.

82. Roboz GJ, Dias S, Lam G, Lane WJ, Soignet SL, Warrell RP Jr, et
al. Arsenic trioxide induces dose- and time-dependent apoptosis of
endothelium and may exert an antileukemic effect via inhibition of
angiogenesis. Blood 2000; 96(4): 1525-30.

83. Shen ZX, Chen GQ, Ni JH, Li XS, Xiong SM. Use of arsenic triox-
ide in the treatment of acute promyelocytic leukemia. Blood 1997; 89
(9): 3354-60.

84. Wang ZG, Rivi R, Delva L, Konig A, Scheinberg DA, Gambacorti-
Passerini C, et al. Arsenic trioxide and melarsoprol induced prog-
rammed cell death in myeloid leukemia cell lines and function in a
PML and PML-RAR alpha independent manner. Blood 1998; 92 (5):
1497-1504.

85.Dong Z. Molecular mechanism of carcinogenic and anti-cancer
effects by arsenic. Met Ion Biol Med 2000; 6: 44-6.

86. Sordet O, Rebe C, Leroy I, Bruey JM, Garrido C, Miguet C, et al.
Mitochondria-targeting drugs arsenic trioxide and lonidamine bypass
the resistance of TPA-differentiated leukemic cells to apoptosis. Blood
2001; 97 (12): 3931-40.

87. Park JW, Choi YJ, Jang MA, Baek SH, Lim JH, Passanti T, et al.

Arsenic trioxide induces G2/M growth arrest and apoptosis after cas-



ARSENIC TOXICITY AND CARCINOGENICITY REVIEW PAPERS

pase-3 activation and bcl-2 phosphorylation in promonocytic cells.
Biochem Biophys Res Commun 2001; 286 (4): 726-34.
88. Jiang XH, Wong BC, Yuen ST, Jiang SH, Cho CH, Lai K| et al.
Arsenic trioxide induces apoptosis in human gastric cancer cells
through uopregulation of p53 and activation of caspase-3. Int J
Cancer 2001; 91 (2): 173-9.
89. Fatauros D, Gortzi O, Klepetsanis P, Antimisiaris SG. Preparation
and properties of arsonolipid containing liposomes. Chem Phys
Lipids 2001; 109 (1): 75-89.
90. Maeda H, Hori S, Nishitou H, Ichijo H, Ogawa O, Kakehi Y, et al.
Tiumor growth inhibition by arsenic trioxide in the orthotopic metasta-
sis model of androgen-independent prostate cancer. Cancer Res 2001;
61 (14): 5432-40.
91. Leonard A, Lauwerys RR. Carcinogenicity, teratogenicity and muta-
genicity of arsenic. Mut Res 1980; 75: 49-62.
92. Jager JW, Ostrosky-Wegman P Arsenic: a paradoxical human car-
cinogen. Mut Res 1997; 386: 181-4.
93. Barrett JC, Oshimura M, Tsutsui T, Tanaka N. Mutation and neo-
plastic transformation. Correlations and dissociations. Ann (NY)
Acad Sci 1988; 534: 95-8.
94. Chen H, Liu J, Zhao CQ, Diwan BA, Merrick BA, Waalkes MP.
Association of c-myc overexpression and hyperproliferation with
arsenite-induced malignant transformation. Toxicol Appl Pharmacol
2001; 175 (3): 260-8.
95. Chou WC, Hawkins AL, Barret JE, Griffin CA, Dang CV. Arsenic
inhibition of telomerase transcription leads to genetic instability. J Clin
Invest 2001; 108 (10): 1541-7.
96. Bernstam L, Nriagu J. Molecular aspects of arsenic stress. J Toxicol
Environ Health B Crit Rev 2000; 3(4): 293-322.
97. Chen H, Liu J, Merrick BA, Waalkes MP. Genetic events associated
with arsenic-induced malignant transformation: applications of cDNA
microarray. Mol Carcinog 2001; (2): 79-87.
98. Li JH, Rossman TG. Inhibition of DNA ligase activity by arsenic: A
possible mechanism of its comutagenesis. Mol Toxicol 1989; 2: 1-9.
99. Rossman TG, Uddin AN, Burns FJ, Bosland MC. Arsenite is a
cocarcinogen with solar ultraviolet radiation for mouse skin: an ani-
mal model for arsenic carcinogenesis. Toxicol Appl Pharmacol 2001;
176 (1): 64-71.
100. Lee TC, Tanaka N, Lamb PW, Gilmer TM, Barrett JC. Induction
of gene amplification by arsenic. Science 1988; 241: 79-81.

101. Simeonova PP, Luster MI. Mechanisms of arsenic carcinogenicity:
genetic or epigenetic mechanisms? J Environ Pathol Toxicol Oncol
2000; 19(3): 281-6.

102. Zhao CQ, Young MR, Diwan BA, Coogan TP, Waalkes MP.
Association of arsenic- induced malignant transformation with DNA
hypomethylation and aberrant gene expression. Proc Natl Acad Sci
USA 1997; 94 (20): 10907-12.

103. Germolec DR, Spalding J, Boorman GA, Wilmer JL, Yoshida T,
Sieonova PP, et al. Arsenic can mediate skin neoplasia by chronic
stimulation of keratinocyte-derived growth factors. Mutat Res 1997,
386 (3): 209-18.

104. Tice RR, Yager JW, Andrews P, Crecelius E. Effect of hepatic
methyl donor status on urinary excretion and DNA damage in
B6C3F1 mice treated with sodium arsenite. Mutat Res 1997; 386
(3): 315-34.

105. Brown ChC, Chu KC. Implications of the multistage theory of car-
cinogenesis applied to occupational arsenic exposure. INCI 1983; 70
(3): 455-63.

106. Ramirez P, Del-Razo LM, Gutierrez-Ruiz MC, Gonsebatt ME.
Arsenite induces DNA-protein crosslinks and cytokeratin expression
in the WRL-68 human hepatic cell line. Carcinogenesis 2000; 21
(4): 701-6.

107. Gebel TW. Genotoxicity of arsenical compounds. Int J Hyg Environ
Health 2001; 203 (3): 249-62.

108. Mass MJ, Tennant A, Roop BC, Cullen WR, Styblo M, Thomas
DI, et al. Methylated trivalent arsenic species are genotoxic. Chem
Res Toxicol 2001; 14 (4): 355-61.

109. Buzard GS, Kasprzak KS. Possible roles of nitric oxide and redox
cell signaling in metal-induced toxicity and carcinogenesis: a review.
J Environ Pathol Toxicol Oncol 2000; 19 (3): 179-99.

110. Wang TS, Hsu TY, Chung CH, Wang AS, Bau DT, Jan Ky, et al.
Arsenite induces oxidative DNA adducts and DNA-protein cross-
links in mammalian cells. Free Radic Biol Med 2001; 31 (3):
321-30.

111. Liu SX, Athar M, Lippai I, Waldren C, Hei TK. Induction of
oxyradicals by arsenic: implication for mechanism of genotoxicity.
Proc Natl Acad Sci USA 2001; 98 (4): 1643-8.

112. Chen F, Ding M, Castranova V, Shi X. Carcinogenic metals and
NF-kappaB activation. Mol Cell Biochem 2001; 222 (1-2): 159-71.

113. Kreppel H, Bauman JW, Liu J, McKim JM, Klaassen CD.
Induction of metallothionein by arsenicals in mice. Fundam Appl
Toxicol 1993; 20 (2): 184-9.

114. Park JD, Lin Y, Klaassen CD. Protective effect of metallothionein
against the toxicity of cadmium and other metals. Toxicology 2001;
163 (2-3): 93-100.

115. Wilcox DE, Bennett LL, Cox EH, et al. Interaction of metalloth-
ionein with the carcinogenic metals Ni (1I), Cr (VI) and As (III). In:

[JOMEH, Vol. 15, No. 2, 2002

115



116

REVIEW PAPERS . SZYMANSKA-CHABOWSKA ET AL,

Klaassen C, editor. Metallothionein IV, Switzerland: Birkhauser
Verlag Basel; 1999.

116. Liu J, Liu Y, Habeebu SM, Waalkes MP, Klaassen CD. Chronic
combined exposure to cadmium and arsenic exacerbates nephrotoxi-
city, particularly in metallothionein I/II null mice. Toxicology 2000;
147(3): 157-66.

117. Maiti S, Chatterjee AK. Differential response of cellular antioxidant

mechanism of liver and kidney to arsenic exposure and its relation to

[JOMEH, Vol. 15, No. 2, 2002

dietary protein deficiency. Environ Toxicol Pharmacol 2000; 8(4):
227-35.

118. Vogt BL, Rossman TG. Effects of arsenite on p53, p21 and cyclin D
expression in normal human fibroblasts - a possible mechanism for

arsenite’s comutagenicity. Mutat Res 2001; 478 (1-2): 159-68.

Received for publication: January 18, 2000
Approved for publication: May 10, 2002





