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Abstract. Chronic exposure to inorganic arsenic compounds is responsible for the prevalance of various tumors, as well as
of other diseases. A major problem is the exposure to inorganic arsenic (i-As) in drinking water that affects millions of people,
primarily in Asia and South America. In these regions, the concentration of arsenic in drinking water amounts to several
thousand µg/l and considerably exceeds the standard of 50 µg/l, recommended by the US Environmental Protection
Agency. It is interesting that not all populations are equally sensitive to i-As. Therefore, the existing standard should be
verified and the environmentally safe i-As concentration should be established. Bearing this in mind, it would be helpful
to know the mechanisms of toxicity of inorganic arsenic compounds.
In vitro and in vivo studies and examination of people exposed to high concentrations of i-As in drinking water show its
genotoxicity. Inorganic As increases the frequency of micronuclei, chromosome aberrations and sister chromatid
exchanges both in humans and in animals, but it does not induce point mutations. If arsenic does not affect DNA directly,
then what is the mechanism of its toxicity? The results of various studies suggest that it may intensify toxic effects of other
physical and chemical agents, especially by DNA repair inhibition. Besides, it is believed that inorganic arsenic compounds
may cause changes in the cell redox potential and alter DNA methylation and phosphorylation of cell-cycle control pro-
teins. Some data also suggest that i-As increases celluar proliferation and apoptosis. The purpose of this work is to present
some views on cytotoxic mechanisms of inorganic arsenic compounds.
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INTRODUCTION 

Inorganic arsenic compounds are well recognised human
carcinogens [1,2]. Epidemiological studies have shown
that chronic exposure to inorganic arsenic (i-As) may lead
to the development of many cancer types, including lung,
skin, liver, kidney and urinary bladder cancers [3–6].
Exposure to high concentrations of i-As may also induce
other diseases, such as skin pigmentation, hyperkeratosis
of the palms of the hands and soles of the feet, or vascu-
lar disease [6–8]. 
There are many, mostly anthropogenic sources of inor-
ganic arsenic in the environment. They include among
others: smelting of nonferrous metals, burning of

arsenic-containing coal, production and use of arsenical
pesticides, herbicides, or insecticides, and glass manu-
facturing [1,3,4]. However, the main source of exposure
to inorganic arsenic compounds is contaminated drink-
ing water. This problem affects mainly the populations
of Asia (Bangladesh, China, India, Thailand, Taiwan)
[9] and South America (Chile, Argentina) [7]. The con-
centration of i-As in drinking water in these regions of
the world dramatically exceeds the standard (50 µg/l)
adopted in 1987 by the US Environmental Protection
Agency (USEPA), and the number of the exposed
comes to millions of people. In West Bengal (India)
more than 30 million people are exposed to high con-
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centrations of i-As in drinking water, which amounts to
3400 µg/l [10]. Exceptionally high concentrations of inor-
ganic arsenic compounds, of up to 4400 µg/l have been
observed in artesian wells in some provinces of China –
Shanxi and Xinjiang [9,11] and in Inner Mongolia (from
1800 µg/l up) [12]. 
It is striking that the different populations exposed to the
similar i-As levels in drinking water vary in individual sus-
ceptibility. Moreover, the results of other studies show
that some populations may be insensitive to carcinogenic
effects of i-As, and in spite of high exposure, the increased
cancer incidence has not been observed [13]. On the other
hand, it has been demonstrated that over a one-thousand-
year exposure of many generations of natives from north-
ern Chile (Atacameno people) to i-As does not protect
them from malignant diseases [7]. The various individual
responses in populations may result from the presence of
other factors promoting the carcinogenic process. They
may include dietary, environmental (UV radiation), and
genetic (polymorphism of certain enzymes, primarily
methyltransferases) factors [14,15]. 
Identification and understanding of the mechanisms of
the toxic effect of inorganic As compounds may be help-
ful in estimating cancer risk and preventing malignant and
other diseases. There are many hypotheses on this issue
that are not yet fully clarified and still arise a lot of con-
troversy among researchers. Many studies have led to the
evaluation of several basic theories. It is believed that
inorganic As compounds do not affect DNA directly, form
adducts with DNA, or induce DNA-protein crosslinks.
Exposure to As per se does not cause point mutations,
which are observed during simultaneous exposure to As
and physical factors (UV radiation, X-radiation or gamma
radiation), as well as to some chemical compounds 
(n-methyl-n-nitrosourea) [16]. This means that i-As is a
co-mutagen and enhances mutagenic process of other
agents. Some authors believe that the toxicity of inorganic
As compounds results from the inhibition of the activity of
DNA repair enzymes. This is caused mainly by physical
and chemical properties of As and its ability to bind
sulfhydryl groups present in the enzymes. The other data
also suggest that inorganic As compounds are responsible

for altered gene expression which is caused by the induc-
tion of oxidative stress [17,18] and/or disturbance of DNA
methylation [19–23]. 
The increased expression of genes responsible for positive
regulation of cell cycle and simultaneous inhibition of the
expression of negative regulation genes was also observed
during excessive cell proliferation caused by exposure to
i-As. These genetic abnormalities usually lead to the
development of malignancies. Thus i-As is undoubtedly
carcinogenic, although some inorganic arsenic com-
pounds, such as arsenic trioxide is used in China and India
[24,25] as an anticarcinogenic drug. 
The aim of this paper is to present the new data on car-
cinogenic and mutagenic properties of i-As and above all
to systematize our knowledge about mechanisms of its
genotoxic activity. We focused on the inhibition of DNA
repair, disturbances in DNA methylation processes,
oxidative stress induction, enhancement of cellular prolif-
eration and induction of apoptosis. 

CARCINOGENIC POTENTIAL
OF INORGANIC AND ORGANIC As COMPOUNDS

For over one hundred years inorganic As compounds have
been considered to be human carcinogens.
Epidemiological data show that i-As causes lung, skin,
liver, kidney and urinary bladder cancers. Lung cancer is
associated with i-As exposure via inhalation, while expo-
sure to i-As via ingestion induces skin, liver, kidney and
bladder cancers [3,4]. It is believed that the most carcino-
genic forms of As are inorganic compounds of trivalent
and pentavalent As (AsIII and AsV, respectively).
Although inorganic As compounds are recognized as car-
cinogenic to humans [1,2], their carcinogenicity to animals
is doubtful [26]. Only a few studies suggest that they may
induce malignancies in animals. Ng et al. [27] showed that
sodium arsenate administered to C57B1/6J mice induced
at least one type of malignancy in about 40% of the an-
imals. 
Inorganic As undergoes a number of metabolic changes in
the organism, leading to its decreased toxicity. These
changes include reduction of AsV to AsIII and methylation
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of these forms to monomethylarsonic (MMA) and
dimethylarsinic (DMA) acid. 
The mechanism of As methylation proceeds according to
the following scheme [15]:

H2AsVO4 
-⇔ H3AsIIIO3 ⇒ CH3AsVO3

2- ⇔ CH3AsIIIO2
2-

MMA
⇒ (CH3)2AsVO2

-

DMA

Methylation is regarded as a detoxification process.
Therefore, organic metabolites of As are probably harm-
less to people in vivo. The in vitro study of the human alve-
olar cells (L132) pointed out to considerable toxicity of
DMA [28]. These data have been confirmed by investiga-
tions on animal models. The high concentrations of DMA
(about 1500 mg/kg) induced single DNA breakage in the
lung cells of male ICR mice [29], and the prolonged
administration of DMA in drinking water developed uri-
nary bladder cancer in F344 rats [30,31].
There are no complete literature data on toxicity of other
organic As forms, such as arsenocholine and arsenobe-
taine, which occur mainly in the sea organisms. It seems
that the amount of inorganic As released from these com-
pounds during ingestion is rather small and probably
harmless to humans [32].

MUTAGENIC AND GENOTOXIC PROPERTIES OF As

Inorganic As does not induce point mutations in bacteria
or mammalian cells [16,33,34]. It may, however, cause
multilocus deletions, which are rarely detected due to
their lethal character. They were observed only in the spe-

cially selected cell models. Li and Rossman [16] found this
type of mutations in locus gpt in the G12 cell lineage, con-
taining gpt plasmid from E. coli. Other tests on hamster-
human hybrid cells, containing human chromosome 11
encoding surface antigens (AL cells), revealed that As
induced mainly large chromosome mutations dependent
on the size of the arsenic dose and mediated by reactive
oxygen species (ROS) [35]. 
Inorganic As is genotoxic to animals and humans [36–39].
In laboratory animals exposed to sodium and potassium
arsenate and to Fowler`s solution (arsenic oxide dissolved
in potassium carbonate) at doses of 10 mg/kg, the
increased frequency of micronuclei (MN) in bone marrow
was observed [38]. In the culture of embryonic cells of
Syrian hamster the frequency of chromosome aberrations
(CA) and sister chromatid exchanges (SCEs) was
increased in the presence of sodium arsenate and arsenite
[39]. A higher level of genotoxic effects was also observed
in people exposed to high concentrations of i-As in drink-
ing water (Table 1).

EFFECTS OF CO-OPERATION OF As WITH SOME
TOXIC AGENTS

Inorganic arsenic compounds at non-toxic concentrations
have a comutagenic or cocarcinogenic character. They
enhance toxic effects induced by other factors like 
X-radiation, UV radiation, alkylating agents (e.g. n-methyl-
-n-nitrosourea – MNU) [16,40–42]. It has been demon-
strated that i-As strongly enhances mutagenic effects of
UV radiation in E. coli [41]. The increase in the number
of E. coli mutants was found to be directly proportional to
the increase in As concentration for the same values of

Table 1. Genotoxic effects observed in the humans exposed to high concentrations of
As in drinking water

Effect
Level of exposure 

to As
Cell type References

MN 670 µg/l Urinary bladder cells 37

CA 408 µg/l Peripheral blood lymphocytes 36

MN 408 µg/l
Buccal cells and urothelial 
exfoliated cells 

36

MN 593 µg/l Buccal cells 13



R E V I E W  P A P E R S     D. GRADECKA ET AL.

IJOMEH, Vol. 14, No. 4, 2001320

UV radiation. Other authors report that non-toxic doses
of sodium arsenite (5 µM for 24 h or 10 µM for 3 h)
accompanied by exposure to MNU considerably increase
the number of mutations in locus hprt in the cells of the
V79 Chinese hamster [16]. Moreover, the results of
another experiment revealed that co-exposure to As and
Cd caused more severe damage in mice kidneys than sep-
arate exposure to each of these chemicals [43].
Toxic effects of inorganic As compounds depend, to a
large extent, on a simultaneous exposure of the organism
to different environmental agents. On the one hand, i-As
supports the harmful effect of the above mentioned phy-
sical and chemical agents, but on the other, some chemical
compounds counteract its toxicity. Compounds of selen-
ium, antimony and zinc are among the examples of agents
protecting from the toxic effects of i-As. Sodium selenite
added to the culture of human lymphocytes considerably
decreases the level of CA and SCEs induced by sodium
arsenite [44]. Similar effects of simultaneous exposure to
Se and As were observed in mice bone marrow, where a
decreased level of CA was found [45]. It has also been
demonstrated that trivalent antimony decreases the level
of arsenic-induced MN. The presence of zinc in the organ-
ism decreases the extent of damage of peripheral vessels,
thus lowering the risk of “blackfoot disease” [46].
However, this hypothesis has not been proved. The inhi-
bition of the disease development may be due to other
reasons as well. Therefore, it is necessary to carry out fur-
ther investigations.
The mechanisms of interaction between inorganic As
compounds and other factors remain unexplained. It is
believed that As inhibits repair processes of  DNA, which
has been damaged by other than As toxic agents [40,42]. 

EFFECTS OF As ON CELLULAR FUNCTIONS
Inhibition of DNA repair 
Data show that i-As inhibits the activity of enzymes which
are involved in DNA repair by base excision repair (BER)
and nucleotide excision repair (NER) [40,47]. DNA
repair through BER and NER is a rather complex process
and consists of several stages. They include: damage
recognition, DNA strand cleavage, resynthesis of the

damaged fragment and ligation. It is not known, however,
at which stage the influence of inorganic As compounds is
the strongest. It is judged that As inhibits the process of
repair at its final stage – ligation. This hypothesis is sup-
ported by the findings indicating that As delays the liga-
tion of DNA broken by As + MNU [16]. The delay of liga-
tion of the repaired DNA fragments damaged by UV radi-
ation was also observed in cultures of Chinese hamster
ovary (CHO) cells [48] and in the culture of human
fibroblasts [47]. Thus it may be concluded that i-As
inhibits the activity of both polymerases and ligases. This
probably results from high affinity of As to sulfhydryl
groups of these enzymes, its binding to them and denatu-
ration of enzymes. The study on the activity of purified
DNA repair enzymes showed, however, that AsIII or AsV

at concentrations from 0,1 to 50 mM did not inhibit the
activity of enzymes, even those with high content of
sulfhydryl groups. Moreover, these concentrations
induced an increase in the activity of DNA ligases I and
III, DNA polymerase β. Similar results were obtained
when the activity of DNA ligase extracts from unexposed
AG06 keratinocyte cultures, treated with AsIII and AsV

after extraction, was compared with the activity of DNA
ligase extracts from 24 h exposed cells. It was shown that
the sensitivity of DNA ligases from untreated cells to As
was not higher than that of purified enzymes. However,
the decreased ligases activity in the exposed cell line was
observed [49,50]. The lack of sensitivity of purified DNA
repair enzymes and DNA ligases isolated from unexposed
cells, and then treated AsIII and AsV suggests that As does
not influence directly the inhibition of repair enzymes, but
affects ligation through changes in gene expression or
post-translation modification of ligases, polymerases and
other repair enzymes.

Disturbances in DNA methylation processes 
It is believed that one of probable mechanisms of carcino-
genic effect of inorganic As compounds is their influence
on DNA methylation processes, which are necessary in
the normal cell cycle regulation. This theory is based on
the results of many studies indicating the relation between
DNA methylation disturbances and the development of
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malignancies. It has been observed that inorganic com-
pounds of AsIII may activate arsenite methyltransferases
which, by using S-adenosyl-methionine (SAM) as a donor
of methyl groups, decrease its concentration and cause
DNA hypomethylation. Hence, the increased expression
of protooncogenes [19–22] and simultaneously lowered
expression of suppressor genes [51]. These results suggest
that i-As may induce carcinogenesis through DNA
hypomethylation and aberrant gene expression.
Disturbances of methylation processes depend on the
availability of SAM. Many studies demonstrate that defi-
ciency of choline, methionine and folic acid in the diet of
rats and certain strains of mice may induce carcinogenesis
in hepatocytes [20]. These data are in agreement with the
results of the studies on male rats fed methyl-deficient
diet. It was found that the rats exhibited low level of DNA
methylation and increased level of the mRNA fragments
encoding c-myc, c-fos and c-Ha-ras genes, responsible for
cancer induction [20,21]. The increase in expression of
c-myc and c-Ha-ras was also observed in B6C3F1 mice
[22]. Herman et al. [51] observed that inactivation of p16
suppressor gene is often associated with its altered methyl-
ation and usually occurs in the most common types of
human cancer. The disturbances in methylation processes
and overexpression of protooncogenes are often accom-
panied by morphological changes. In male C57BL/6 mice
fed a diet poor in substances supplying methyl radicals
and simultaneously exposed to sodium arsenite hyper-
trophy of urinary bladder, loss of body mass and liver
damage, manifested by a decreased number of hepato-
cytes and inflammatory infiltration, were observed [52].
Disturbances in the DNA methylation processes caused
by i-As also lead to excessive methylation of DNA –
hypermethylation. It comes from a partial inhibition of
SAM-dependent methyltransferase activity, which results
in the increase of SAM pool in the cell and excessive
methylation of cytosines in DNA. In  vitro studies on
human lung cancer cells – A549 show that exposure to low
doses of sodium arsenite and arsenate (0.08–2 µM and
30–300 µM, respectively) leads to hypermethylation of
cytosines in the promoter region of p53 gene. Cytosine
hypermethylation may inhibit the transcription of the

gene. As a result of p53 gene blocking, the concentration
of p53 protein in the cell decreases, followed by distur-
bances in the cell cycle control, DNA repair control and
apoptosis control. On the other hand, it has been demon-
strated that short-term exposure to i-As increases the con-
centration of p53 protein in cells [53]. As p53 protein is
degraded by ubiquitin-dependent proteolysis, its
increased level may be related to the blocking of this
mechanism. This leads to the conclusion that As may dis-
turb protein p53 proteolysis, and continuous overexpres-
sion of p53 genes results in shutting down its expression by
hypermethylation of its promoter. As a consequence, the
amount of p53 protein is decreased and the cell cycle
regulation processes are disturbed [34]. 
DNA methylation disturbances induced by inorganic
arsenic compounds may, like inhibition of repair enzymes,
directly affect cell physiology and lead to carcinogenesis.
Similar carcinogenic effects may be caused by the induction
of oxidative stress as a result of processes involving i-As.

Oxidative stress induction 
The results of many studies demonstrate that many met-
als, including Cd, Cu, Fe and Pb may modulate the cellu-
lar redox state by changing the level of cell thiols, e.g. glu-
tathione (GSH) [54]. The induction of oxidative stress in
cells exposed to inorganic As compounds proceeds in a
similar way.
Glutathione is an antioxidative compound, playing a key
role in the process of i-As detoxification. It modulates the
methylation reactions and stimulates excretion of DMA
from the organism. Moreover, it reduces the harmful
products of oxygen transformations according to the fol-
lowing scheme:
2GSH + R-O-OH ⇒ GSSG + H2O + ROH
Exposure to i-As may lead to long-term changes in redox
potential, and thus to changes in the control of cell func-
tions which depend on this potential. Persistent changes in
the cell cycle lead to the initiation of carcinogenic
processes. The studies of cytotoxicity carried out on a cul-
ture of human AG06 keratinocytes showed that toxic
effects of inorganic As compounds is strictly connected
with the change in the level of reduced glutathione [49].
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The sensitivity to AsIII of AG06 keratinocytes with
decreased GSH level by adding buthionine sulfoximine
(BSO) or 2-chloroethanol (CHE) was over ten times high-
er. The effect of decreased viability was not so strong in
the cells in which the level of GSH was increased by
adding N-acetylcysteine (NAC) – GSH precursor (Fig. 1)
[49]. Simultaneously, the study of activity of enzymes iso-
lated from exposed cells did not reveal changes in the
activity of glutathione reductase, although some authors
believe that inhibition of its activity is responsible for
decreasing the GSH level [40].

The results of other studies show that a decrease in GSH
concentration induced by i-As is related to the process of
lipid peroxidation [55]. The decreased GSH level was
observed, among others, in the rat liver, contributing to
the increased lipid peroxidation. A similar tendency of
GSH decrease and peroxidation increase was observed in
the presence of NAC and BSO. Both the elevated and
decreased GSH levels due to the presence of NAC and
BSO, respectively, exhibit a falling tendency after expo-
sure to As. At the same time, the decreased GSH concen-
tration was, in both cases, accompanied by the increased
lipid peroxidation (Fig. 2). 
Furthermore, the data suggest that oxidative stress
induced by i-As contributes to enhanced expression of
c-myc oncogene and GADD153 gene, which is responsible
for the cell growth control, and for the inhibition of the
cell cycle. The increase in c-myc expression was observed
in the cultures of L6 rat myoblasts exposed to As.
Moreover, c-myc expression increased rapidly when GSH
concentration was decreased by adding BSO [17]. Guyton
et al. [18] observed that arsenite increases GADD153 gene
expression, which is probably related to the decreased
GSH concentration. At the same time, it is believed that
ROS scavengers do not affect the expression of the above
mentioned genes. This view is supported by the studies
suggesting that the presence of ROS scavengers, such as 
o-phenanthroline, or mannitol, does not affect GADD153
gene expression induced by As, whereas mannitol inhibits
GADD153 expression induced by H2O2 [40]. It follows
that gene expression is modified by the effect of As on
GSH and not on ROS. 
Other studies indirectly indicate that inorganic As com-
pounds induce oxidative stress. Superoxide dismutase in
the culture of human lymphocytes incubated in the pres-
ence of As decreases the frequency of SCEs [56] and MN
[57]. On the other hand, it is believed that 
i-As may play a protective role for the cell by inducing
the increased concentration of proteins such as metal-
lothionein [58], or heme oxygenase [59], which protect
the cell from the effects of oxidative stress. However, the
studies by Ng et al. [27] and Shimizu et al. [17] demon-
strate that metallothionein does not protect cells from

Fig. 1. Effect of AsIII on the decrease of GSH concentration and via-
bility of AG06 keratinocytes [49]. 
Keratinocytes were incubated for 24h with 10 mM NAC, 1.5 mM CHE
and 250 µM BSO. Then they were exposed to 3 µM As for 48 h.
Viability was determined by the method of neutral red dye uptake.

Fig. 2. Changes in GSH concentration and lipid peroxidation in the
liver of rats exposed to sodium arsenite (Asa –14.8 mg/kg and Asb –
18.2 mg/kg) and in the presence of NAC or BSO [55].
Lipid peroxidation level was established by measuring the amount of
TBA-RS (thiobarbituric acid reactive substances). TMP (1,1,3,3-
tetramethoxypropane) was used as external reference. The level of
TBA-RS was expressed in nmol TMP/g tissue.
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cytotoxic effects of i-As and carcinogenesis induced by
arsenic.

Enhancement of cellular proliferation 
There is a lot of evidence to support the hypothesis that
carcinogenic properties of inorganic As compounds result
from modulation of cellular proliferation. It is believed
that i-As affects the specific cell signal involved in cellular
proliferation. Germolec et al. [60] observed that sodium
arsenite at concentrations between 0.001 and 0.005 µM
causes a considerable growth of the number of human ker-
atinocytes, as evidenced by the increase in 3H-thymidine
incorporation. Increased cellular proliferation was also
observed in the cultures of human urinary bladder epithe-
lial cells [61], as well as in the in vivo investigation on ani-
mals. In mice exposed to sodium arsenite, an increase in
the number of skin epithelial cells and urinary bladder cells
was observed [61]. The enhanced cellular proliferation was
also found in female F344 rats exposed to DMA [62]. It has
been observed that both in people and in animals
enhanced cellular proliferation is accompanied by
increased frequency of binding transcription factors such
as AP-1 with DNA and the increased expression of genes
c-fos, c-jun, c-myc, responsible for positive regulation of
the cell cycle. The increased activation of AP-1-DNA bind-
ing in the presence of i-As may modulate c-fos, c-jun and
c-myc expression, thus speeding up cellular proliferation.
In vitro studies on both mice and human fibroblasts [63,64]
showed that inorganic As compounds may modulate the
mutagenic effect of certain growth factors which activate
the transmission of extracellular proliferation signals to
the cell nucleus by activation of receptor tyrosine kinase
pathway (RTK). It is believed that i-As may disturb the
positive and negative RTK pathway control. In the culture
of C3H 10T1/2 fibroblasts after long-term exposure to
sodium arsenite, the expression of E2F positive regulator
genes and myc genes was increased while the expression of
negative regulation MKP-1, p27kip1 was decreased [64].
It has also been found that inorganic As compounds may
affect the expression of growth factors, thus leading to the
development of malignancies. Inorganic arsenic stimu-
lates the expression of the tumor necrosis factor (TNFα),

tumor growth factor (TGFα) and the granulocyte-
macrophage colony stimulating factor (GM-CSF) in
human keratinocyte cultures [60]. GM-CSF is involved
not only in inflammatory reactions, but also in enhanced
cellular proliferation. Besides, it has been observed that,
like TGFα, GM-CSF is actively transcribed in the car-
cinogenic processes. 
Other studies suggest that i-As affects the control of the
cell cycle by activation of kinases, which catalyse the
process of phosphorylation of proteins participating in the
cell cycle regulation. The changes in kinase activity results
in the disturbance of the cell cycle control and enhanced
proliferation. Cavigelli et al. [65] found that sodium arsen-
ite activates c-jun N-terminal kinase (JNK) in HeLa cells.
This effect may cause the induction of protooncogenes
c-jun/c-fos and activation of AP-1 transcription factor. 

Induction of programmed cell death – apoptosis 
The increased cellular proliferation caused by i-As is often
associated with neoplastic changes in the organism.
Paradoxically, arsenic trioxide at a proper dose (therapeu-
tic concentration of As2O3 – 1–2 µM) is used as a cytosta-
tic drug, inhibiting the oncogenic processes. Arsenic trio-
xide may induce clinical remission in patients with acute
promyelocytic leukemia (APL) by inducing apoptosis, a
programmed cell death [24,25,66,67]. The results
obtained by Zhu et al. [25] show that As2O3 inhibits the
growth of the examined malignant cell lines and decreases
their viability (Table 2). These effects depend on the dose,
exposure time and cellular susceptibility. This study
reveals that the longer the cells were exposed to increas-
ing doses of As2O3, the more their growth was inhibited
and the more their viability was decreased. These effects
are accompanied by morphological changes characteristic
of apoptosis, such as shrinking cytoplasm, condensed
chromatin and nuclear fragmentation with intact cell
membrane. 
At the same time, the degree of decreased mitochondrial
transmembrane potential ∆Ψm was checked [25]. Earlier
studies demonstrated that ∆Ψm plays a significant role in
the process of apoptosis [68]. Lowered ∆Ψm potential is
probably associated with the opening of the mitochon-
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drial permeability transition pores (MPT) or mitochon-
drial channels, which connect the inner and the outer mito-
chondrial membranes. It is believed that i-As decreases
∆Ψm potential by thiol oxidation of structural proteins
present in MPT pores. The formed disulphide bonds
lower ∆Ψm and open MPT pores. The change in the mito-
chondrium transmembrane potential is related to the low-
ered ATP level. It has been observed that in susceptible
cells, ATP concentration is twice as low as in the cells in
which As2O3 does not induce any changes. These data
confirm earlier results of Yih et al. [69] who found low-
ered ATP levels in HeLa S3 cells. 
It seems that apoptosis induced by inorganic As com-
pounds is caused mainly by prolonged cell cycle, and not
by the growth arrest in mitotic stage [25]. Different results
were obtained by Huang et al. [70], who prove that apop-
tosis in HeLaS3 cells exposed to sodium arsenite is caused
by the fact that the cells are arrested in mitosis. According
to them, this is probably due to a delayed cyclin B degra-
dation. It is well known, that on the one hand, cyclin B is
necessary to initiate mitosis, but on the other, its degrada-
tion is needed to proceed to anaphase and complete the
cell cycle. It has been shown that in cells exposed to so-
dium arsenite, degradation of cyclin B is considerably
delayed in comparison with the process occurring in the
control cells. Even 6 h after reincubation of cells in

a medium without As, the level of cyclin B was still high,
while in the control cells after 2 h cyclin B was completely
degraded. Li and Broome [71] suggest that leukemic cells
are arrested in mitosis due to interaction of As2O3 with
tubulin. 
Data also reveal that As2O3 may induce apoptosis in
leukemic cells as a result of decreased expression of bcl-2
gene [24,67] and modulation of promyelocitic leukemia-
retinoic acid receptor α chimeric protein (PML-RARα)
[24,66]. In the studies on the human leukemic cells lines
(NB4) carried out in the presence of As2O3, a decreased
expression of bcl-2 gene whose product has an antiapop-
totic character and is responsible for the defense of the
cell against apoptosis, was observed. The decrease of the
amount of bcl-2 protein, in the cell leads to the induction
of apoptosis. This effect was observed in a microscopic
analysis of morphologically changed cells and in an elec-
trophoretic analysis of characteristic ladder structure. It is
believed that interactions of bcl-2 protein with other pro-
teins, especially with bax protein also play a key role in the
regulation of apoptosis processes. The combination of
antagonistic proteins neutralizes antiapoptotic properties
of bcl-2, thus inducing programed cell death.
A decreased chimeric PML/RARα protein concentration
is also responsible for apoptosis initiated by i-As. Among
other properties, PML/RARα plays the role of apoptosis

Table 2. Survival and cell growth inhibition of different cell lineages∗ after expo-
sure to arsenic trioxide in dose- and time-dependent manner [25]

Effects

Inhibition of cell growth 
(%) range 

Cell viability 
(%) range 

1 day 1 µM 0–27 87–100

2 µM 0–55 74–92

3 days 1 µM 15–64 60–98

2 µM 31–93 25–87

5 days 1 µM 25–81 39–98

2 µM 41–100 0–80

As2O3
concentration

Exposure 
time 

∗ The cell lineages used for the investigation included human cancer cell lineages: ALL – acute lympho-
cytic leukemia, CLL – chronic lymphocytic leukemia and lymphoma cell lineages:
Nalm-6 – lymphocytic lineages from pre-B – cell ALL, 
Namalwa, Raji – Burkitt`s lymphoma cells,
BJAB – B-cell lymphoma,
su-DHL-4 – follicular B-cell lymphoma with t(14,18) chromosomal translocation,
Molt-4, Jurkat – T-lymphocytic lineages from T-cell ALL,
SKW-3 – T-lymphocytic lineages from T-cell CLL.
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suppressor in myelocytic cells. It has been shown that in
the presence of As2O3, the amount of PML/RARα
decreases and cellular apoptosis proceeds. 

CONCLUSIONS 

The proposed models of toxic effect of inorganic As com-
pounds on organisms are rather diversified. It is believed
that i-As does not react directly with DNA and does not
cause mutations. However, it induces chromosome dam-
age and may enhance mutagenesis caused by other toxic
agents, especially by inhibiting DNA repair. Many
researchers demonstrate that As inhibits DNA repair at
the stage of ligation. It probably does not cause directly the
inhibition of ligase activity, but inhibits ligation through
changes in gene expression or post-translation enzyme
modification. Inorganic arsenic may also disturb the
process of DNA repair control by inhibiting genes encod-
ing proteins which regulate the DNA repair, such as p53
protein. Some reports point out to inhibition of p53 gene
expression as a result of hypermethylation of the promoter
region of this gene [23]. On the other hand, i-As may cause
global hypomethylation of DNA, disturbances in the activ-
ity of methyltransferases and hyperexpression of pro-
tooncogen c-myc. Overexpression of protooncogen c-myc
and GADD153 was also observed in the cells in which GSH
concentration was lowered in the presence of As. The
decrease of GSH concentration and induced oxidative
stress contribute to the increased lipid peroxidation. 
Exposure to i-As is also associated with the increased cel-
lular proliferation, the expression of oncogens c-myc, c-jun,
c-fos, and the increased frequency of AP-1 – DNA bind-
ing. Enhanced proliferation induced by i-As is associated
with the modulation of RTK pathway regulators, the
increase of expression of growth factors and the change of
kinase activity. The effects observed in other studies,
including lowered ATP level, inhibited cyclin B degrada-
tion and decreased expression of antiapoptotic protein
genes bcl-2 and PML/RARα are related to apoptosis
induction. 
In a multistage process of carcinogenesis, synergistic
and/or antagonistic effects of various dietary and environ-

mental factors also has to be considered. There is evi-
dence that these factors (UV radiation and some chemi-
cal compounds) with i-As may considerably increase the
risk of malignant disease, or to the contrary, neutralize the
toxic effect of this metalloid. It is not known which of the
described mechanisms of i-As action prevail in the induc-
ing cancer development. They probably compete with
each other. Disturbances of DNA repair, DNA methyla-
tion, changes in redox potential or hyperexpression of
oncogenes in the long-term exposure to As cause certain
abnormalities in the cell. In consequence, they may lead
to the development of carcinogenic process. 
A detailed analysis of the mechanisms of harmful effect of
inorganic As compounds would allow to predict the risk of
cancer, malignant and other diseases, prevent them and
perhaps facilitate their treatment. Moreover, the know-
ledge of the mechanisms of i-As toxicity and the estima-
tion of toxic doses would help determine the safe level of
As in the environment. In the meantime, a large number
of issues which still remain unclear underlines the need
for further studies, both in vivo and in vitro.
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