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1 Introduction 

1.1 Human exposure to arsenic and health effects 

Arsenic toxicity is a health problem affecting millions of people all over the world, especially 

in India and Bangladesh. Human exposure to arsenic is mainly represented by intake of food 

and drinking water contaminated with arsenic. Epidemiological studies show that a long time 

arsenic intake correlates with the occurrence of several illnesses: abnormal development, 

neurological and neurobehavioral disorders, cardiovascular and haematological diseases, 

diabetes, hearing loss, fibrosis of the liver and lung, blackfoot disease, and several types of 

cancers (Abernathy et al., 1999; Tchounwou et al., 1999; Sordo et al., 2001). The permissible
 

level of arsenic in drinking water was, before 2001, as high as 50
 
ppb but was further reduced 

by the Environment Protection Agency (USA) down to 10 ppb (National Research Council, 

2001; Ratnaike, 2003). Nevertheless, 10 ppb arsenic concentration in drinking water might 

not be sufficiently low to avoid the toxicity and carcinogenity induced by arsenic (Florea and 

Büsselberg, 2006; Ratnaike, 2003). 

The contamination of drinking water with arsenic could be the result of (1) natural geological 

sources and, may also occur from (2) human activity: mining, industry or agriculture. In 

industry, arsenic is used for producing paints, fungicides,
 
insecticides, pesticides, herbicides, 

wood preservatives, cotton desiccants, semiconductors,
 
light emitting diodes, lasers, and a 

variety of transistors. Additionally, arsenic has been used over the time in agriculture as 

pesticide (Florea and Büsselberg, 2006; Ratnaike, 2003; Florea, 2005).  

In previous times, humans were more often exposed to arsenic toxicity as compared to today. 

Arsenic was constituent in cosmetics as well as in paints (e.g. pigment in “Paris green”) 

(Ratnaike, 2003; Florea and Büsselberg, 2006). Arsenic was used in formal times as a poison 

weapon since arsenic compounds are tasteless and odourless. A famous example is the death 

of Napoleon Bonaparte, which is still a matter of discussion today, whether he was 

intentionally or accidentally poisoned with arsenic. In addition, several cases of death caused 

by paints containing arsenic have been documented. One reason was a fungus (Scopulariopsis
 

breviculis), which metabolises arsenic from the wallpaper; process that results in very 

poisonous vapours of arsenic (mixture of arsine, dimethyl and trimethyl arsine). A second 

source of arsenic induced intoxications was the use of coal fires that emitted hydrogen which, 

combined with the
 
gas for lighting and with arsenic found in “Paris green” formed the toxic 

gas arsine. Fortunately, those sources of human exposure are no longer of concern, while 
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other sources (especially drinking water) remain (Ratnaike et al., 2003; Florea and 

Büsselberg. 2006). 

 

1.2 Medical use of arsenic 

While arsenic compounds are regarded as potent toxic and carcinogens, they also have been 

medically used for over 2000 years, and are still used in diverse treatments (e.g. leukaemia, 

leishmaniosis, trypanosomiasis) (Bergstrom et al., 1998; Shim et al., 2002; Florea, 2005; 

Griffin et al., 2005). Arsenic was a “healing agent” used by Greek physicians (e.g. 

Hippocrates). Later on, Fowler’s solution, a 1% arsenic trioxide preparation,
 
was widely used 

during the 19th century. The indications were: leukaemia, skin conditions (psoriasis, 

dermatitis
 
herpetiformis, and eczema), stomatitis and gingivitis in infants,

 
and Vincent’s 

anginas, as well as a health tonic. Thus, long-term use of Fowler’s solution caused 

haemangiosarcoma, angiosarcoma of the liver and nasopharyngeal carcinoma. Arsenic was 

the primary treatment for syphilis until World War
 
II; (arsphenamine, neoarsphenamine- 30%) 

and some protozoan infections (Florea and Büsselberg, 2006; Ratnaike, 2003).  

Also in traditional Chinese medicine, arsenous acid or arsenic trioxide (As2O3) was often used 

to treat tooth marrow disease (devitalizing agent), but also against psoriasis, syphilis, and 

rheumatosis with the saying: "using a toxic against another toxic" (Chen et al., 1995; 

Ratnaike, 2003). In the 1970s, As2O3 was introduced into the treatment of acute 

promyelocytic leukemia (APL) and showed immense success in China. The clinical complete 

remission rate with As2O3 treatment (10 mg/d, intravenous infusion for 28 to 60 days) was in 

the range from 65.6% to 84% (Sun et al., 1992; Zhang et al., 1999; Zhang, 1999; Wang et al., 

1996). As2O3 is now widely used to induce remission
 
in patients with APL based on its

 

mechanism of induction of apoptosis specifically in tumour cells (Shen et al., 1997; 

Bergstrom et al., 1998; Soignet et al., 2001; Soignet et al., 1998; Fenaux et al, 2001; Zhu et 

al., 2002). 

 

1.3 Manifestation of arsenic intoxications 

In humans, after ingestion, the absorption of arsenic occurs mainly in the small intestine. 

Minimal arsenic absorption is due to skin contact and inhalation. Arsenic exerts its general 

toxicity by inactivating up to 200 enzymes that are involved in cellular energy pathways as 

well as in DNA synthesis and repair. There is no established treatment to handle chronic 

arsenic poisoning. The uses of antioxidants have been discussed as helpful but their benefit is 
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not fully proven. The health management today is to reduce arsenic ingestion from drinking 

water and food by using alternative supplies of water (Kitchin, 2001; Florea and Büsselberg, 

2006; Ratnaike et al., 2003).  

 

1.3.1 Acute arsenic poisoning 

Acute arsenic intoxications shows following clinical
 
manifestation: nausea, vomiting, colicky 

abdominal pain, profuse
 
watery diarrhoea, and excessive salivation, up to acute psychosis, 

toxic cardiomyopathy, haematological abnormalities, renal
 

failure, respiratory failure, 

pulmonary oedema as well as neurological
 
manifestations such as peripheral neuropathy or 

encephalopathy (Goddard et al., 1992; Ratnaike, 2003). The indicator of a recent poisoning is 

the arsenic present in the urine, 1–2 days after arsenic intake. Analyses of blood, urine, and 

hair samples are used to quantify
 
and monitor arsenic exposure: levels between 0.1 and 0.5 

mg/kg on a
 
hair sample indicate chronic poisoning while 1.0 to 3.0 mg/kg

 
indicates acute 

poisoning (Ratnaike, 2003).  

 

1.3.2 Chronic arsenic poisoning 

Chronic arsenic toxicity manifests in all body systems. Arsenic
 
accumulates in the liver, 

kidneys, heart and lungs, as well as in the muscles, nervous system, gastrointestinal tract,
 

spleen, and lungs but, in smaller
 
amounts. Arsenic is deposited in keratin-rich

 
tissues (nails, 

hair, and skin) and an arsenic intoxication indication could be given by “Mee’s lines” that 

appear after to arsenic exposure in
 
the fingernails and toenails. Dermatological

 
changes are 

common expressed as hyper-pigmentation and keratoses. Upon chronic exposure to arsenic 

the risk of cardiovascular
 

disease, peripheral vascular disease, diabetes
 

mellitus, and 

neutropenia are significantly increased. The most important consequence
 
of long time arsenic 

exposure is a malignant transformation of the cells. In
 
Bangladesh and India arsenic is 

associated with skin, lung-, liver-, kidney-, bladder-, nasal cavity-, bone-, liver-, larynx-, 

colon- and stomach-cancer as well as lymphoma (Ratnaike, 2003). Guo and co-workers 

(1997) analysed
 
cancer registry data (1980–1987) of tumours of the bladder

 
and kidney in 

Taiwan and reported that high arsenic levels in
 
drinking water were associated with cell 

carcinomas of the bladder, kidney, ureter, urethral
 
cancers (in males and females), and 

adenocarcinomas of the
 
bladder in males (Guo et al., 1997). Effective treatment of chronic 

arsenic
 
toxicity is not yet established (Ratnaike, 2003). 
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1.3.3 Arsenic neurotoxicity 

The nervous system is an important target of arsenic (Piao et al., 2005; Florea et al., 2005; 

Florea and Büsselberg, 2006). Arsenic induces peripheral neuropathy as well as changes in 

behaviour, confusion,
 
and memory loss. Cognitive impairment was reported in two

 
workers 

after 14–18 months of exposure, but mental function
 
returned to normal after withdrawal of 

the arsenic exposure. An increased prevalence of cerebro-vascular disease was observed in a 

large study of 8102 men
 
and women who experienced long-term arsenic exposure in drinking 

water (Chiou et al., 1997; Morton and Caron, 1989; Schenk and Stolk, 1967; Florea et al., 

2005; Florea and Büsselberg, 2006; Ratnaike, 2003).  

 

1.4 Molecular mechanisms of arsenic interaction with living cells 

The mechanisms of arsenic interaction with living cells are not fully understood. After intake, 

arsenic undergoes a biomethylation, process that results in formation of organic trivalent and 

pentavalent arsenic compounds. For a long time, the biotransformation of arsenic was 

believed to be a detoxification process because the pentavalent organic forms of arsenic 

showed little or no toxic effects in “in vitro” systems. But today, the arsenic methylation is 

regarded as a toxification process. The reasons are the trivalent organic forms of arsenic that 

are produced intracellular upon biotrasformation, products that are by far more toxic than the 

arsenic inorganic forms (for review see Florea, 2005; Florea et al., 2005, Florea and 

Büsselberg, 2005, 2006).  

Arsenic compounds have the ability to replace physiological metals (e.g. zinc, selenium) from 

their binding sites in molecules and therefore, interferes with many physiological processes 

(Qian et al., 2003). Arsenic contributes to reactive oxygen species (ROS) production that 

could further damages DNA, lipids, or proteins. It was also shown that arsenic activates the 

proto-oncogene
 
c-myc. Interference of arsenic with signalling transduction pathways related to 

cell growth, cell proliferation, and apoptosis was also proven. Not at last, arsenic may act as a 

co-carcinogen, tumour promoter,
 
or tumour progressor, under certain circumstances inducing 

cancer development (Abernathy et al., 1999; Qian et al., 2003; Yang and Frenkel, 2002; 

Ratnaike, 2003; Florea and Büsselberg, 2006).  

Different possible modes of action of arsenic induced carcinogenesis have been proposed: 

chromosomal damage, oxidative stress, modification of gene expression, modulation of DNA 

repair or DNA methylation and interactions with growth factors or cell proliferation. It could 
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also determine promotion/progression, gene amplification, suppression of p53, as well as 

global DNA hypomethylation or malignant transformation (Kitchin, 2001, Zhao et al., 1997).  

In the last years, there was a high research interest regarding the genotoxic effects of arsenic 

species. Cytogenetic studies showed that arsenic organic derivatives (especially trivalent 

forms) are particularly damaging the DNA (micronuclei, chromosome aberrations and sister 

chromatid exchanges) by ROS formation. Only little arsenic is up taken in the in vitro cell 

models but after forced uptake pentavalent forms of organic arsenic have shown clastogenic 

effects (Florea et al., 2005; Florea, 2005).  

 

1.5 Calcium signalling and cell death induced by arsenic trioxide 

1.5.1 Calcium as a second messenger in living cells 

Calcium is a universal second messenger. Intracellular calcium ([Ca
2+

]i) signals regulate 

cellular events, including muscle contraction, neurotransmitter release, fertilization, gene 

expression, motility, secretion of hormones and neurotransmitters, changes in energy 

metabolism cell growth and cell death by apoptosis or necrosis. Therefore, calcium signalling 

could be an important mechanism of arsenic interaction with physiological cellular events. To 

survive, living cells need to maintain a tight control over [Ca
2+

]i that ranges from basal levels 

of 100 nM to signalling levels up to millimolar concentrations (Mattson et al., 2000; Berridge 

et al., 2003; Orrenius et al., 2003).  

The classical calcium signalling theory affirms that the increase in [Ca
2+

]i can be due to:  

(1) calcium entry from the extracellular space, through channels in the plasma membrane or 

from (2) intracellular calcium stores. In living cells (e.g. epithelial cells, blood cells, 

fibroblasts), agonists (e.g. G-protein linked receptors, drugs) could activate phospholipase C 

(PLC) causing hydrolysis of phosphatidylinositol (4,5) biphosphate (PIP2) to release the 

signalling molecule inositol-1,4,5-trisphosphate (IP3). The receptor for IP3 (IP3R) located on 

the cell membrane and at the internal stores functions as a ligand-gated calcium channel. Its 

activation by IP3 leads to an opening of calcium conducting channels and therefore to an 

increase in [Ca
2+

]i (Mattson et al., 2000; Berridge et al., 2003; Orrenius et al., 2003).  

The return of [Ca
2+

]i to resting level is done by: (1) plasma membrane pumps or exchangers 

or, through (2) re-entry to the calcium stores (mitochondria, endoplasmic reticulum) via 

Ca
2+

-ATPases (most likely active transport mechanisms driven by a co-transport or by the use 

of ATP). Intracellular calcium could also be bound by calcium-buffering proteins that can 

further modulate [Ca
2+

]i levels. One of the most important events resulting from the calcium 
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signalling is the activation of biological events that are modulated by binding of calcium to 

calcium-sensor proteins (Mattson et al., 2000; Berridge et al., 2003; Orrenius et al., 2003). 

Therefore calcium signalling is essential for function of living cells. 

 

1.5.2 Calcium – cell death link 

Calcium signalling is involved in regulation of accidental or programmed cell death 

(apoptosis). Apoptosis is a highly regulated process of cell death and plays an important role 

in tissue homeostasis. This suicide programme is expressed in most of the cells and can be 

triggered by a variety of extrinsic and intrinsic signals.  

Many human diseases can be attributed directly or indirectly to malfunction of apoptosis. This 

could result in:  

(1) cell accumulation when the cell death is impaired or,  

(2) cell loss where the apoptotic programme is abnormally triggered.  

Inefficient apoptosis results in uncontrolled cell growth and tumour formation. Therefore, 

proper function of the apoptotic process is critical for cancer treatment. Understanding the 

signalling pathways involved in apoptosis and removal of dying cells may be novel 

therapeutic strategies in human cancers and other illnesses (Zhivotovsky and Orrenius, 2006; 

Fadeel and Orrenius, 2005; Green and Reed, 1998; Robertson and Orrenius, 2002; Orrenius 

and Zhivotovsky; 2006; Zimmermann and Pinkoski, 2001; Zimmermann and Green, 2001).  

 

1.5.3 The process of apoptosis 

Apoptosis is characterized as programmed cell death with certain cellular and molecular 

events. Apoptotic cells can be recognised after their morphological feature, such as: (1) 

membrane blebbling, (2) cell shrinkage, (3) cytosolic and nuclear condensation, (4) 

breakdown of chromosomal DNA, (5) formation of vesicles containing intact organelles. Two 

well-characterized apoptotic pathways determine caspase (aspartate-specific cysteine 

protease) activation and execution of apoptosis:  

(1) the death receptor pathway involves the interaction of a death receptor with its ligand and 

(2) the intrinsic or mitochondrial pathway that depends upon the participation of 

mitochondria (receptor-independent) (Zimmermann et al., 2001, Green and Reed, 1998; 

Orrenius et al., 2003, Robertson and Orrenius, 2002; Orrenius and Zhivotovsky; 2006; 

Zimmermann and Pinkoski, 2001; Zimmermann and Green, 2001).  
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The death receptor pathway involves the ligation of death receptors, like the tumour necrosis 

factor receptor-1 and the Fas receptor, which causes the activation of procaspase-8. The 

activated caspase may directly activate procaspase-3 or cleave the pro-apoptotic Bcl-2 

homology 3-only protein Bid that induces cytochrome c release. Nevertheless, in the end 

caspases are activated and the cleavage of specific cellular substrates, results in the 

morphological and biochemical changes associated with the apoptotic phenotype 

(Zimmermann et al., 2001; Orrenius and Zhivotovsky; 2006; Zimmermann and Pinkoski, 

2001; Zimmermann and Green, 2001).  

The intrinsic apoptotic pathway is triggered by various extracellular and intracellular 

“stresses” such as: withdrawal of the growth-factor, hypoxia, ROS, DNA damage or 

oncogenes. Its induction is triggered by the activation of the caspase cascade. Besides the 

mitochondrial role in the energy metabolism another mitochondrial function is the regulation 

of cell death mechanisms. Pro- and anti-apoptotic members of the Bcl-2 family regulate the 

mitochondrial pathway. Death signals determine the induction of members of the pro-

apoptotic Bcl-2 family to translocation from the cytosol to the mitochondria, followed by 

cytochrome c release. The anti-apoptotic Bcl-2 proteins prevent cytochrome c release from 

mitochondria, and therefore preserve cell survival. In the cytoplasm, cytochrome c catalyzes 

the oligomerization of apoptotic protease activating factor-1, thereby promoting the activation 

of procaspase-9, which in turn activates procaspase-3 ending with the execution of apoptosis 

after reaching “the point of no return” (Zimmermann et al., 2001; Green and Reed, 1998, 

Orrenius et al., 2003; Robertson and Orrenius, 2002, Orrenius et al., 2007, Bossy-Wetzel and 

Green, 1999; Orrenius and Zhivotovsky; 2006; Zimmermann and Pinkoski, 2001; 

Zimmermann and Green, 2001).  

Thus, mitochondria play a decisive role in the regulation of apoptotic and necrotic cell death. 

The outer mitochondrial membrane permeabilization induces a release of intermembrane 

space proteins are important features of necrosis and apoptosis. Thus, mitochondrial 

permeability transition appears to be associated mainly with necrosis, whereas primarily the 

Bcl-2 family of proteins regulates the release of caspase activating proteins during early 

apoptosis (Gogvadze et al., 2006; Gogvadze and Orrenius, 2006).  

 

1.5.4 Arsenic induced cell death 

Although toxicologists have traditionally associated cell death with necrosis a body of 

evidence suggests that different types of environmental and clinical relevant chemicals could 
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exert their toxicity by triggering apoptosis. The mechanism responsible for pro-apoptotic 

effects of a given chemical is often unknown (Robertson and Orrenius, 2002) but many 

toxicants target the mitochondria to promote the cytochrome c release and other pro-apoptotic 

proteins, followed by caspase activation and apoptosis. The Bcl-2 family (Bax and Bak) of 

proteins could control the release of cytochrome c, or by Ca
2+

-triggered mitochondrial 

permeability transition; whereas other proteins can modulate the caspase activation, including 

inhibitor of apoptosis proteins and heat shock proteins (Orrenius, 2004).  

As2O3 is actually used to induce remission
 
in patients with APL based on its

 
mechanism of 

induction of apoptosis specifically in tumour cells (Shen et al., 1997; Zhang et al., 1999; 

Zhang et al., 2000; Bergstrom et al., 1998; Soignet et al., 1998; Soignet et al., 2001; Fenaux et 

al, 2001; Zhu et al., 2002). Previous studies have demonstrated that arsenic compounds cause 

direct damage to mitochondria (Nutt et al., 2005; Bustamate et al., 2005). At low 

concentrations, arsenic stimulated cytochrome c release and apoptosis via a Bax/Bak-

dependent mechanism whereas at higher concentrations (125 µM-1 mM), cells died via a 

Bax/Bak-independent mechanism mediated by oxidative stress resulting in necrosis (Nutt et 

al., 2005; Bustamate et al., 2005). It has been also shown that arsenic directly inhibits the 

complex I of the mitochondrial electron transport chain that further results in mitochondrial 

permeability transition (MPT), generation of ROS and thiol oxidation. Thus, these effects 

occurred at concentrations of As2O3 of 50 µM and higher where the oxidative stress 

associated with these effects blocked the caspase activation. At high concentrations of arsenic 

the cytochrome c release occurs indirectly via the activation of Bax/Bak rather than via direct 

mitochondrial damage. Furthermore, the results implicate ROS in a concentration-dependent 

mechanistic switch between apoptosis and necrosis (Bustamate et al., 2005; Nutt et al., 2005).  

It was affirmed that arsenic compounds are effective in the treatment of APL by down 

regulating the Bcl-2 expression. It induces apoptosis by releasing an apoptosis-inducing
 
factor 

(AIF) from the mitochondrial intermembrane space from
 
where it translocates to the cell 

nucleus. AIF then continues the
 
apoptosis process, resulting in altered nuclear biochemistry, 

chromatin
 
condensation, DNA fragmentation, and cell death (Lorenzo et al., 1999). These 

effects result in complete remission with minimal toxicity in patients with refractory APL 

(Ora et al., 2000; Wei et al., 2001; Chen et al., 2001a,b).  

In vitro, As2O3 exerts a dose-dependent dual effect: (1) it triggers apoptosis at relatively high 

concentrations (0.5 to 2.0 µM) associated with the collapse of mitochondrial transmembrane 

potentials and (2) induces partial differentiation at low concentrations (0.1 to 0.5 µM) where 

the retinoic acid signalling is required for APL cell differentiation (Chen et al., 2001a). As2O3 
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induced about 40 % - 60 % of apoptosis in leukaemia NB4, K562, and HL-60 cells at the 

concentration of 0.6, 2.7, and 8.1 µM respectively, as well as down-regulated telomerase 

activities (Wei et al., 2001).  

Furthermore, As2O3 could be effectively used for treatment of other forms of cancer. Positive 

effects have been documented for neuroblastoma as well as prostate, ovary and cervix 

carcinoma (Ora et al., 2000; Chun et al., 2002; Lindskog et al., 2006; Cheung et al., 2007). 

Like APL cells, neuroblastoma (NB) cells are arrested at an early stage of differentiation, and 

cells of highly malignant tumours fail to undergo spontaneous maturation if treated with 

As2O3. In vitro, 1 µM As2O3 concentration can reduce the number of viable NB cells, after 72 

h of exposure. The IC50 in six different neuroblastoma cell lines treated for 3 days was 

between 1.5 to 5 µM, the most sensitive being SK-N-BE(2) cells derived from a 

chemotherapy resistant tumour. As2O3 induced apoptotic death of NB cells and involved 

decreased expression of Bcl-2 and stimulation of caspase-3 activity (Ora et al., 2000). The 

effect of As2O3 was also investigated in vivo, in nude mice bearing tumours of NB cells. 

As2O3 treatment reduced tumour growth but, complete remission was not achieved. 

Therefore, it was suggested that As2O3 in combination with existing treatment modalities, 

might be a treatment approach for high-risk euroblastoma patients (Ora et al., 2000).  

Arsenic compounds can inhibit growth and induce apoptosis in human ovarian and cervical 

cancer cells (CI80-13S, OVCAR and HeLa cells) at clinically achievable concentrations 

indicating that these compounds could be effectively used for treating gynecological cancer 

(Du and Ho, 2001; Chun et al., 2002). In addition, As2O3 could sensitise human cervical 

cancer cells to ionizing radiation in vitro and in vivo. This has a synergistic effect in 

decreasing clonogenic survival and in the regression of established human cervical tumours 

(Chun et al., 2002). Apoptosis of the cells by combined treatment of As2O3 and radiation was 

associated with ROS generation and loss of mitochondrial membrane potential, resulting in 

the activation of caspase-9 and caspase-3; increased G2/M cell cycle distribution at the 

concentration of As2O3 which did not alter cell cycle when applied alone (Chun et al., 2002). 

In vivo, As2O3 induces a high complete remission rate in patients with both primary and 

relapsed APL (85% - 90%) (Chen et al., 2001b). After complete remission obtained in 

relapsed patients, chemotherapy in combination with As2O3 as post remission therapy has 

yielded better survival than treatment with As2O3 alone (Chen et al., 2001a, b).  

The mechanisms of interaction of arsenic with living cells look to be more complicated as by 

now believed. Into a study using cDNA microarray, Zheng and co-workers (2005) showed 

that in APL, NB4 cell lines the effects of As2O3 combinations involve several molecular 
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networks including transcription factors and cofactors, activation of calcium signalling 

(especially endoplasmic reticulum related calcium events), stimulation of the interferon 

pathway, activation of the proteasome system, restoration of the nuclear body, cell-cycle 

arrest, and gain of apoptotic potential (Zheng et al., 2005). Having such a large body of 

evidence in the background this study focuses on determining the role of As2O3 induced 

[Ca
2+

]i signals in induction of cytotoxicity using two target cell models: human 

neuroblastoma SY-5Y and human embryonic kidney (HEK) cells. 

 

1.6 Aims of the study 

The paradox of arsenic compounds is that, on the one hand, they are considered extremely 

dangerous for the human`s health, the most dangerous outcome of the long term exposure to 

arsenic is the progression to cancer. On the other hand, arsenic compounds are regarded as 

potential drugs against cancer. Although arsenic compounds are known and used for 

centuries, their mechanisms of interaction with living cells are not fully elucidated. Since 

calcium signalling is important for regulation of physiological and pathological processes 

arsenic could decisively modify the calcium homeostasis leading to deregulation of normal 

function of the cells. Therefore, this work was focussed on investigation of 

clinical/environment relevant concentrations of As2O3 interaction with calcium homeostasis 

and calcium rise and the effects were related with induction of cell death.  

The specific aims of this work were: 

1. To test if As2O3 interferes with calcium homeostasis of neuroblastoma and human 

embryonic kidney cells; 

2. To identify if As2O3 triggers different types of calcium signals in the cell models tested;  

3. To examine if the calcium rise depends on the As2O3 concentration; 

4. To investigate the sources from where the calcium originates, after exposure of cells to 

As2O3; 

5. To determine the types of calcium receptors involved in As2O3 induced calcium signalling; 

6. To study if As2O3 induced calcium rise is related to cytotoxicity/apoptosis. 
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2 Material and Methods 

2.1 Material 

2.1.1 Cell lines 

 

 

Fig. 1: Microscopic view of neuroblastoma and HEK cells. 

 

The Neuroblastoma SH-SY5Y cell line (Fig. 1) was ordered from American Tissue Culture 

Collection (ATTC). The cell line stems from SH-SY5, SH-SY, and from SK-N-SH. The 

original cell line was isolated from a woman's metastatic bone tumour, in 1970. The SH-

SY5Y cells are genetically female since they posses two X chromosomes, and have blood 

type A with a positive Rh group (A+). The cells have very different growth phases: propagate 

via mitosis and differentiate by extending neurites to the surrounding area. While dividing, the 

aggregated cells can look very different from the differentiated cells. The dividing cells can 

form clusters of cells that are reminders of their cancerous nature. SY-5Y neuroblastoma cells 

were maintained in RPMI 1640 (Gibco) supplemented with 10% heat-inactivated foetal calf 

serum (Cambrex Biowhiteker), 100IU/ml penicillin and streptomycin (Gibco). 

Human Embryonic Kidney 293 cells (HEK 293) (Fig. 1) were also purchased from ATCC. 

Human Embryonic Kidney cells, also known as HEK cells, HEK 293 or 293 cells, are 

epithelial cell line originally derived from embryonic human kidney. HEK cells are widely 

used cell line in cell biology research. HEK 293 cells were generated by transformation of 

cultures of normal human embryonic kidney cells with sheared adenovirus 5 DNA. HEK 293 

cells were maintained in DMEM (Gibco) supplemented with 10% heat-inactivated foetal calf 

serum (FCS, Gibco), 100IU/ml penicillin and streptomycin. Cells were kept incubated at 

37°C, under an atmosphere of 5% CO2.  

Neuroblastoma cells (SY5Y) Human Embryonic Kidney cells (HEK 293) 
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2.1.2 Cell culture 

Cells were grown in cell culture flasks and split for confocal microscopy in “petri dishes”, and 

in “chamber slides” for microscopic counting of cells. Splitting is the division of a cell rich 

culture into less dense cultures to preventing overcrowding, senescence, or for expanding the 

number of cultured flasks. The general procedure was as follows: the old cell media was 

aspirated using vacuum, the cell monolayer was rinsed with sterile phosphate saline buffer 

(D-PBS), and about 2 ml of Trypsin was add (20 sec), in order to break apart all of the cellular 

proteins that make the cells adhere to the flask. After removal of the used Trypsin, the cells 

were further incubated at 37°C for another 3-5 minutes. The detachment of the cells was 

controlled under the microscope. Fresh, previously warmed feeding media was added to the 

cells and then split to fresh culture dishes as needed.  

 

2.1.3 Calcium sensitive dyes for calcium imaging 

Calcium sensitive dyes used for calcium imaging were Fluo4/AM (fluo-4) for intracellular 

calcium concentration and rhod2/AM (rhod-2) used for imaging calcium in the internal 

calcium stores. Calcium dyes were ordered from Molecular Probes (OR, USA). The 

acetoxymethyl (AM) ester derivatives of fluorescent indicators are very useful compounds to 

study living cells. AM ester groups results in permeability through cell membranes. Inside the 

cell, the lipophilic blocking groups are cleaved by non-specific esterases, resulting in a 

charged form that cannot leave the cells easily. Thus, the hydrolysis of the esterified groups is 

essential for binding of the target ion. In some cases (e.g., calcein AM), the AM ester is 

colourless and non-fluorescent until hydrolyzed.  

Fluo-4 is a fluorescent indicator that provides brighter images of intracellular calcium 

dynamics compared to its predecessor fluo-3. Fluo-4 has applications for imaging calcium 

fluxes that support cellular signal transduction and the transmission and propagation of 

impulses in excitable cells. It has also been used for flow cytometry, for experiments 

involving photoactivation of caged chelators, second messengers and neurotransmitters, and 

for cell-based drug discovery screening. Fluo-4 has an absorption spectrum which is 

compatible with an excitation at 488 nm by argon-ion laser sources, a high calcium binding 

affinity and selectivity, and a very large (>100-fold) fluorescence intensity increase in 

response to calcium binding (Kd = 345 nM). Fluo-4 is available as a cell-permeant 

acetoxymethyl (AM) ester and it was stored and protected from light at ≤–20°C (Molecular 

Probes, OR, USA).  
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Fig. 2: Intracellular calcium staining using with fluo 4 and calcium store staining with rhod 2. 

 

Rhod-2 has fluorescence excitation and emission maxim at 552 nm and 581 nm, respectively, 

the AM ester forms of these rhodamine-based indicators are cationic, resulting in potent 

uptake into mitochondria and punctuate staining pattern when loaded cells are viewed by 

fluorescence microscopy (Fig. 2). This has led to the use of rhod-2 as a selective indicator for 

mitochondrial calcium The rhod dextranes consist of rhod indicators coupled to a dextran 

carrier, these conjugates will not leak out of cells and therefore are suitable for long term 

calcium measurements. Rhod-2, exhibit large fluorescence intensity increases upon binding 

calcium. The fluorescence intensity in crease upon calcium binding is typically >100-fold 

(Kd= 540 nM) (Molecular Probes OR, USA). 

 

2.1.4 Other chemicals and reagents 

Arsenic trioxide (As2O3, Fluka) was solved in methanol and in Phosphate Saline Buffer (PBS) 

Ca
2+

 and Mg
2+

 free, for 1mM stock solution. Final solutions where made in Tyrodes (in mM: 

140 NaCl, 5 KCl, 1 MgCl2, 10 glucose, and 10 HEPES, pH 7.2) buffers with no Ca
2+

 added or 

with 1.8mM Ca
2+

. 2-aminoethoxydiphenyl borate (2-APB; Tocris, Germany) was solved in 

dimethylsulphoxide (DMSO) to a stock solution of 50 mM and dantrolene (Tocris, Germany) 

was solved in distilled water to a concentration of 100 mM. Final concentrations were 50 µM 

and 20 µM, respectively. Caffeine (Sigma) was dissolved in Tyrodes to a final concentration 

of 10 mM. Cyclosporine A and ryanodine were provided by Tocris, dissolved in DMSO to a 

final concentration of 100 mM or 1 M respectively. Final concentrations used were 5 µM for 

cyclosporine A and 20 µM for ryanodine. Liposomal reagents were provided from Invitrogen 

(Lipofectamine) and Roche (Fugene6). The 0.4% trypan blue was ordered at Sigma, the 

fluo 4 rhod 2 
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“Vybrant
®

 MTT Cell Proliferation Assay Kit” provided by Molecular Probes (Invitrogen, 

Germany) and Hoechst 33342 at Molecular Probes, Germany. 

 

2.2 Methods 

2.2.1 Confocal laser scanning microscopy 

To study [Ca
2+

]i modulations by As2O3 two Ca
2+

 sensitive dyes were used: fluo-4/AM to 

observe changes of [Ca
2+

]i and rhod-2/AM to determine the changes of Ca
2+

 within the 

calcium stores (Florea et al., 2005 a, b, 2007). Fluorescence images were collected at room 

temperature every 30s. To observe faster events the time interval was reduced to 1s. The 

resolution was 512x512 for the fluo-4 and 1024x1024 for rhod-2 experiments. Full screen 

images were taken which allows analysing offline selected regions of interest (ROI’s). As2O3 

(1 µM, 100 nM, 10 nM, 1 nM, 100 pM) was applied using an flow system at a rate of 1 

ml/min. Reversibility on [Ca
2+

]i–homeostasis was tested by applying Tyrodes buffer.  

For determination of [Ca
2+

]i concentration the “ion concentration” option of the META 

software (Zeiss) was used. Images were background subtracted and the [Ca
2+

]i–concentration 

was calculated using the following equation:  

[Ca
2+

]i=Kd*(F-Fmin/Fmax-F), 

where “Kd” is the dissociation constant (2.1.3 and see Molecular Probes) and “F” is the fluo-4 

intensity. The basal [Ca
2+

]i concentration was considered 100 nM (Orrenius et al., 2003). To 

illustrate [Ca
2+

]i changes over time, the “subtraction” option from the META software was 

used. In the calculated images with “rainbow scale”, blue illustrates the minimum and red the 

maximum change of [Ca
2+

]i. 

 

2.2.2 Fluorescent activated cell sorting (FACS) 

Cells were grown in 125 cm
2
 flasks and collected by trypsin treatment in culture media (with 

FCS), centrifuged and washed with phosphate saline buffer (PBS). The cell suspension was 

aliquoted in 1.5 ml eppendorf tubes, and re-suspended in 1 ml Tyrodes buffer. Fluo-4 (50 µg) 

was dissolved in DMSO (20 µl) and 1 µl was added to each sample of 1 ml Tyrodes buffer. 

Unstained and stained controls were used. After 30 min they were washed once with buffer 

solution and As2O3 was applied to the cell suspension for 30 min. After incubation with 

As2O3 the cells were washed twice with Tyrodes buffer. Cells were fixed in 2.5% 
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formaldehyde in PBS and measured by FACS. 10,000 events (cells) were counted for each 

sample. The parametric analysis of FITC/ fluo-4 green fluorescence (x-axis) was performed 

with the “WinMDI” software. The modification of fluo-4 intensity was observed by a shift of 

the cell population to the right on the x-axis.  

 

2.2.3 Trypan Blue Cytotoxicity Test 

For determination of cell viability, treated as well as untreated cells were used. Non-confluent 

cell monolayers were exposed to As2O3, in cell culture flasks, for 24, 48 and 72 h. All 

experiments were repeated twice. After treatment, the culture media was collected in a 50 ml 

centrifugation tube, since it might contain dead cells necessary for cell counts. The cell 

monolayer was washed with PBS and then collected in the same tube. Cells were treated with 

Trypsin and, the Trypsin with the cells was collected in the same 50 ml tube. The suspension 

was centrifuged (2min, 1200rpm) and the supernatant removed. The pellet was washed with 

PBS, centrifuged (2min, 1200rpm) and re–suspended again in complete culture media. Then, 

a small aliquot of the cell suspension (50 µl) was mixed with the same volume of 0.4% trypan 

blue (Sigma) solution and the sample was counted after 3 min of staining using a 

haemocytometer. The number of bright (viable) cells and blue cells (non-viable) were 

evaluated using a light microscope with a 20-fold magnification. After counting, the cell 

viability (CV) was expressed as the percentage of surviving cells compared to the total 

number of cells:  

CV = (viable cells/total number of cells)x100. 

As2O3 was considered to be cytotoxic, when it induced a decrease of cell viability of more 

than 50%. Controls and exposed samples were compared using the two-tailed Student’s t-test 

with equal variance. 

 

2.2.4 MTT-cytotoxicity test 

For the MTT test we used a “Vybrant
®

 MTT Cell Proliferation Assay Kit” provided by 

Molecular Probes (Invitrogen, Germany) as suggested by the manufacturer recommendation. 

Briefly, 5,000 cells were seeded in each well of a 96 well plate, using 100 µl culture media. 

They were allowed to attach over night. As2O3 (1 µM) was applied to non-confluent cultures, 

to avoid grow inhibition, for different time of exposure (2 h to 72 h). Stock solution of 12 mM 
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MTT was prepared by adding 1 ml of sterile PBS to one 5 mg vial of MTT 3-(4,5-

domethylthiazol-2-yl)-2,5-diphenyltetrazolim (component A). Stock solution of 1 gm SDS 

(sodium dodecyl sulphate) was prepared by adding 10 ml of DMSO to one tube of component 

B included in the kit. Before exposure to As2O3, the culture medium was exchanged. For 

controls and blanks, complete culture medium was used (100 µl/well). The test cells were 

exposed to 1 µM As2O3 in a final volume of 100 µl culture medium. After exposure 10 µl of 

the solubilized MTT (component A) was add to the controls and exposure wells, but not to the 

blanks. The blanks were used to correct the microplate readings. The plate was further 

incubated 4h at 37°C. After labelling with MTT, 25 µl of the supernatant was removed and 50 

µl DMSO-component B was added and mixed and further incubated at 37°C (10 min). Again 

the plate was carefully mixed/shacked and red at a wavelength of 540 nm. For analysis the 

blanks were subtracted and calculated using the formula:  

CV = (absorbance treated wells/absorbance control wells) X 100. 

Controls and exposed samples were compared using the two-tailed Student’s t-test with equal 

variance. 

 

2.2.5 Hoechst staining to score micronucleated cells, condensed nuclei, and cells in mitosis 

Four well chamber slides (LabTek) were seeded with 100,000 cells, in 1 ml culture media and 

incubated overnight. 1 µM, 10 nM, 100 pM of As2O3 concentrations was applied for 24, 48 

and 72 h. After the incubation period, the cells were washed twice with PBS, and for fixation, 

treated with cold methanol (-20°C) and left overnight at -20°C. After fixation, slides were air-

dried, stained with 10 µM Hoechst 33342 (Molecular Probes) for 30 s and mounted with 

cover slips. Cells were analysed using a 63x magnification with an Axiovert fluorescent 

microscope. The two-tailed Student’s t-test was used to compare the difference between 

controls and exposed samples. For the treatment with liposomes 1 µl of 1 mM arsenic trioxide 

was mixed with 1.5 µl Lipofectamine or Fugene6 and further incubated with 50 µl culture 

media for 15 min. This mixture was given to cells cultured on chamber-slides to final volume 

of 1 ml per well. Cells were fixed and stained as previously described. Controls and exposed 

samples counts were compared using the two-tailed Student’s t-test with equal variance.
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3 Results 

3.1 As2O3 induced changes in [Ca
2+

]i in neuroblastoma and HEK cells 

As2O3 is an anticancer drug used for APL treatment that could be potentially used for other 

types of cancer. Unfortunately, secondary effects may occur upon treatment such as 

neurotoxicity, hepatotoxicity or nephrotoxicity. To understand the cellular mechanisms of 

As2O3 interactions with living cells, the study was focused on [Ca
2+

]i signals that could be a 

trigger for cytotoxicity. The aims of the first part of this study were to: 

(1) investigate whether clinical relevant concentrations of As2O3 influence [Ca
2+

]i,  

(2) define the types of [Ca
2+

]i-signals and, 

(3) investigate from which sources the Ca
2+

 originates.  

Experiments using LSM and FACS (Fig. 3) demonstrated that 1 µM As2O3 induced an 

increase of [Ca
2+

]i in neuroblastoma and in HEK cells. Confocal images show the increase of 

the intracellular calcium concentration over time with traces of 3 different cells (Fig. 3A for 

neuroblastoma, Fig. 3B for HEK). Before application of As2O3 a stable base line of [Ca
2+

]i 

was established. The application of As2O3 elevated [Ca
2+

]i, with variations in time course 

(Fig. 3). Overall, the pattern of [Ca
2+

]i increase was similar in the two cell lines until a steady 

state was reached. The [Ca
2+

]i rise was not reversible after removal of As2O3 from the 

application system, and during the time of the experiment. The averaged [Ca
2+

]i rise was 

170+4.84% in neuroblastoma (7 experiments, 58 cells) and 166.88+1.68% in HEK cells (3 

experiments, 13 cells), a difference that was not significant in t-test (p>0.05).  

As2O3 induced [Ca
2+

]i-rise in both cell lines was also confirmed by using a different 

experimental approach: measuring large cellular populations (10,000 cells) in FACS 

experiments (Fig. 4). Examples of FACS plot after 30 min of incubation with arsenic are 

shown in Fig. 4. The auto-fluorescence level of cells is presented with red trace (a) and the 

fluorescence level of the cells after staining with fluo4 is presented in trace (b). Observe that 

the intensity of cell population shifted to the right after incubation with As2O3 as shown in 

trace c (compare trace (b) with trace (c)), an indication that [Ca
2+

]i rose in neuroblastoma as 

well as in HEK cells. 



 18   

 

 

 

Fig. 3: Arsenic trioxide (As2O3) triggers an increase of [Ca
2+

]i in neuroblastoma SY-5Y (A) und in 

HEK cells (B) if cell cultures were exposed to 1µM As2O3. The black line marks the application As2O3 

and the arrow marks the removal of the drug (washout). The traces illustrate the increase of [Ca
2+

]i 

during the application of As2O3 using selected regions of interest (ROI). The image series show the 

overtime modification in fluo 4 intensity that is in direct relationship with the concentration of [Ca
2+

]i. 

 

A 

B 
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Fig. 4: As2O3 induced increase of [Ca

2+
]i in FACS experiments. FACS plots of neuroblastoma (A) and 

HEK cells (B) are shown. Cells were stained with fluo 4 and incubated with As2O3 (1µM). The traces 

show the auto fluoresce level of unstained cells (a), the green fluorescence after staining with fluo 4 for 

30min (b) and (c) is fluo 4 fluorescence after incubation with 1µM As2O3 (30min). Notice the shift of the 

intensity to the right that is in concordance with increased [Ca
2+

]i. 

 

3.2 As2O3 induced different types of [Ca
2+

]i changes in neuroblastoma and HEK cells 

In addition to the slow [Ca
2+

]i increase to a steady state, two other types of [Ca
2+

]i elevations 

were found:  

(1) transient [Ca
2+

]i-elevations and  

(2) [Ca
2+

]i spikes.  

To analyse fast [Ca
2+

]i rises LSM images were taken at an time interval as short as 1s. NO 

bleaching of the calcium sensitive dye was observed. Transient [Ca
2+

]i–elevations measured 

with the fast scanning are illustrated in Fig. 5. Apparently, transient calcium elevations and 

calcium spikes were generated independently of each other and varied in time and intensity. 

[Ca
2+

]i traces of independent cells show that the cells could express synchronized calcium rise 

as it can be observed at the time point of ~1500s; and also unsynchronised transient [Ca
2+

]i 

increases that occurred simultaneously with a sustained increase.  
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Fig. 5: Changes of [Ca

2+
]i occur differently in individual cells. Transient [Ca

2+
]i signals occur in 

different single cells, within the same culture, synchronized as well as unsynchronized. White arrow 

marks the application of As2O3.  

 

Strikingly, localized, transient [Ca
2+

]i elevations can occur even in different compartments of 

the same cell as shown in Fig. 6. The time course of two neighbouring ROIs within one 

neuroblastoma cell in figure 6A, is enlarged in figure 6B. The area of the cell represented by 

the ROI marked in yellow colour (cytosol) slowly increases and decreases during the 

application, while [Ca
2+

]i reached a higher level at the end of the experiment (after 4500s). 

The near ROI (green colour), placed most likely on a calcium store, shows a [Ca
2+

]i increased 

in three distinct steps during the presence of As2O3. Fig. 7 shows another example where the 

ROI placed in the cytosol of a neuroblastoma cell had a slight time-dependent [Ca
2+

]i rise, 

while in the region next to this ROI, the [Ca
2+

]i rose faster and higher and even a [Ca
2+

]i-spike 

occurred. The transient [Ca
2+

]i–elevations point to a (re-)uptake of the Ca
2+

 by localized 

calcium buffer systems, which are probably unaffected by arsenic. When comparing the 

differences in [Ca
2+

]i-increase at a specific time and location, the spatial distribution is even 

clearer (Fig. 7).  
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Fig. 6: Localized calcium signals. Images of neuroblastoma cells were taken under control conditions 

and, after the application of As2O3 (white arrow). False colours highlight the [Ca
2+

]i. changes. The 

arrows (A) mark specific points of interest that show intracellular localised spikes. A magnification of 

the area marked in figure 4A is presented in part 4B, with time course of two neighbouring ROIs of 

the same cell; white arrow marks the application of As2O3. While one trace (yellow ROI) has a small 

but transient increase, a neighbour area (green ROI) showed a stepwise elevation of [Ca
2+

]i. 

control 10 min 20 min 

30 min 40 min 50 min 

A 

B 
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Fig. 7: Localized calcium signals are presented as fast [Ca
2+

]i increases, which returned to base level 

within 1 min (red line) could be neighboured by regions which show a slow sustained increase of 

[Ca
2+

]i (green line). 

 

3.3 The changes in [Ca
2+

]i induced by As2O3 are concentration dependent in neuroblastoma 

and HEK cells 

In this study it was further tested whether the As2O3 induced calcium increase is concentration 

dependent. As2O3 was applied to cells in also in submicromolar concentrations of 100 nM, 10 

nM, 1 nM and 100 pM (Fig. 8). At these low environmental and clinical relevant 

concentrations As2O3 interacted with calcium homeostasis in both cell lines with the same 

patterns as observed a concentration of 1µM of As2O3.  

The calcium rise in neuroblastoma and HEK cells was concentration dependent as presented 

in Fig. 9. Only the 1µM concentration showed a lower increase probably due to a biphasic 

dose-response shown by As2O3. The averaged calcium rise for neuroblastoma cells was: 100 

nM: 232%+3.2 (3 experiments; 19 cells), 10 nM: 189%+4 (3 experiments; 45 cells), 1 nM: 

177%+1.7 (3 experiments; 40 cells), 100 pM: 122%+0.46 (4 experiments; 35 cells). For HEK 

cells the calculated calcium increase was: 100 nM: 263%+2 (3 experiments; 30 cells), 10 nM: 

232%+1.4 (3 experiments; 31 cells), 1nM: 197%+2.2 (3 experiments; 31 cells), 100pM: 

153%+4.3 (4 experiments; 30 cells) (Fig. 9). The lowest concentration tested was still able to 

trigger calcium rise to steady state as well as fast calcium signals (spikes) as shown in Fig. 10. 
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Fig. 8: Calcium rise induced by application of low concentrations of As2O3. Application of As2O3 

concentration down to 100 pM still induced elevations of [Ca
2+

]i in (A) neuroblastoma and (B) HEK 

cells. 

A B 
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Fig. 9: [Ca
2+

]i rise induced by As2O3 in neuroblastoma (A) and HEK cells (B) was concentration 

depended in the range between 100 nM and 100 pM. Surprisingly a concentration of 1 µM gave a 

smaller increase in intracellular calcium than concentrations between 100 nM and 1 nM probably due 

of biphasic As2O3 dose-response. 

 

 

 

Fig. 10: Example of fast [Ca
2+

]i rise induced by 100 pM As2O3 : while some cells had a over time 

gradual calcium rise to a steady state, other cells showed fast calcium spikes in (A) neuroblastoma, (B) 

HEK cells, white arrows mark the application of the drug. 

A 

B 
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3.4 Ca
2+

 stores are involved in the As2O3 mediated [Ca
2+

]i changes 

To analyse from which sources the increase of [Ca
2+

]i originates, we performed experiments 

where:  

(1) Ca
2+

 in the stores of neuroblastoma and HEK cells were labelled with rhod-2 before As2O3 

was applied, and  

(2) [Ca
2+

]i was stained with fluo-4 under two experimental conditions; (a) no calcium added 

to the external solution (to exclude a Ca
2+

 entry from the extracellular space) and (b) these 

results were compared with the data obtained in extracellular solution which contained 1.8 

mM Ca
2+

.  

Exposure of neuroblastoma and HEK cells to As2O3 showed a Ca
2+

 release from the internal 

calcium stores since an application of 1 µM As2O3 decreased over time the intensity of rhod-2 

(Fig. 11A - neuroblastoma and Fig. 11B - HEK cells). Experiments with fluo-4 staining and 

no extracellular Ca
2+

 underline that the [Ca
2+

]i-rise depend on calcium stores (Fig. 12). While 

in neuroblastoma cells the increase of [Ca
2+

]i was not influenced by the presence of Ca
2+

 in 

the external solution (164.8+2.93% increase; p>0.05, Student`s t-test, not significant, 3 

experiments, 13 cells), surprisingly the [Ca
2+

]i in HEK cells rose nearly twice as high 

(241+0.59%, p<0.001 in t-test, highly significant) (Fig. 10). This is an other indication that 

the rise of [Ca
2+

]i did not result from Ca
2+

 entry from the extracellular space but from Ca
2+

 

release. Possible explanations, why the absence of extracellular Ca
2+

 triggered a larger release 

from the stores in HEK cells will be given in the discussion.  

 

3.5 Ca
2+

 receptors are involved in the As2O3 mediated [Ca
2+

]i changes 

To determine whether inositol-1,4,5-triphosphate (IP3) and/or ryanodine (Ry) receptors, 

which are found at the endoplasmatic reticulum (ER) and/or the Golgi apparatus (Pinton et al., 

1998), are involved in the regulation of [Ca
2+

]i we used specific blockers for these receptors 

(2-APB and dantrolene). A pre-incubation (20 min) with 2-APB (50 µM) and/or dantrolene 

(20 µM) reduced significantly the As2O3 induced [Ca
2+

]i–rise (in 1.8 mM calcium buffer, Fig. 

12). After preincubation with 2-APB, As2O3 determined a [Ca
2+

]i-increase of: 121±0.17%, (3 

experiments, 23 cells) in neuroblastoma and 113±0.91% in HEK cells (3 experiments, 28 

cells). Similar effects were observed with dantrolene: 137±1%, (3 experiments, 28 cells) 

increase of [Ca
2+

]i in neuroblastoma and 125±2.45% in HEK cells (3 experiments, 18 cells). 

The rise was highly significantly reduced (p<0.001) compared with the [Ca
2+

]i-rise induced 
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by As2O3 (1 µM) in normal containing calcium buffer. This results drive the conclusion that 

[Ca
2+

]i-rise induced by As2O3 is basically modulated by IP3- and Ry-receptors. 

 

A B

 
Fig. 11: As2O3 releases Ca

2+
 from the calcium stores. During the application of As2O3 the internal 

calcium stores of neuroblastoma (A) and HEK cells (B) got depleted over the time of application as 

presented by the confocal images of the stores (blue = no calcium, yellow = medium calcium and red 

= high calcium) and with 2.5 D false colour images (colour coding as in figure 1). The first row (from 

top to bottom of the figure) illustrates the calcium stores under control conditions, while following 

rows show decreased intensity after 15 min (2
nd

 row) and 30 min (3
rd

 row) of incubation with As2O3 (1 

µM).  
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Fig. 12: (A) Standardized and averaged changes of [Ca
2+

]i  after the application of As2O3 under 

control conditions and when Ca
2+

 entry from the extracellular space was excluded by using an 

extracellular solution where no Ca
2+

 was added and by blocking the Ca
2+

 release from the stores with 

2-APB or dantrolene. 1 µM As2O3 increased [Ca
2+

]i similarly as in HEK cells and in neuroblastoma 

cells. But, while in neuroblastoma cells, this [Ca
2+

]i increase did not significantly depend on 

extracellular Ca
2+

, in HEK cells [Ca
2+

]i increase was nearly doubled with no Ca
2+

 in the external 

solution, but cells were dying faster with specific apoptotic morphology (B). In both cell lines 

blocking of the IP3 or ryanodine receptors with specific blockers significantly reduced the As2O3 

induced rise of [Ca
2+

]i since Ca
2+

 release from the stores was reduced (A). 

 

3.6 Other indications of Ca
2+

 pools which are involved in As2O3 mediated [Ca
2+

]i changes 

The involvement of internal calcium stores of neuroblastoma and HEK cells was further 

analysed using:  

A 

B 
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-caffeine, to release the calcium from the internal calcium stores before application and in co-

application with As2O3 (Florea et al., 2005 a) 

-cyclosporine A, a mitochondrial pore inhibitor (Lindskog et al., 2006), 

-ryanodine, to inhibit the ryanodine sensitive calcium release (Tocris, Bioscience) (Fig. 13). 

 

 

 

Fig 13: Standardized and averaged changes of [Ca
2+

]i  after the application of As2O3 under control 

conditions; after incubation with caffeine, cyclosporine A, ryanodine; after co-application with 

caffeine, cyclosporine A, ryanodine and 1 µM As2O3; (A) neuroblastoma and (B) HEK cells.  

 

The application of caffeine, cyclosporine A and ryanodine alone did induce a slide [Ca
2+

]i rise 

in neuroblastoma and HEK cells. In HEK cells, the [Ca
2+

]i rise induced by cyclosporine A and 

ryanodine was higher than in neuroblastoma cells, probably because these substances have 

secondary effects, interfering with other physiological processes. In neuroblastoma cells, co-

application of caffeine (4 experiments, 13 cells), cyclosporine A (3 experiments, 20 cells) or 

ryanodine (3 experiments, 16 cells) with As2O3 did reduce the calcium rise as induced by 

A 

B 
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As2O3 alone. This could mean that As2O3 induced signals are positively modulated by RyR, 

ER and mitochondria. Interestingly, in HEK cells different effects were observed compared to 

neuroblastoma cells. The co-application of As2O3 with caffeine (4 experiments, 15 cells) and 

respectively ryanodine (3 experiments, 13 cells) slightly increased calcium rise comparing 

with [Ca
2+

]i elevation induced by As2O3 alone, a fact that could underline that RyR and ER 

regulates in the negative way the As2O3 induced [Ca
2+

]i elevation. Thus, cyclosporine A (3 

experiments, 16 cells) did reduce the As2O3 induced [Ca
2+

]i rise probably because 

mitochondria positively modulated As2O3 induced [Ca
2+

]i elevation. 

 

3.7 No Ca
2+

 rise in the absence of As2O3 in neuroblastoma and HEK cells 

To prove that the [Ca
2+

]i rise is specifically induced by As2O3 experiments without addition of 

As2O3 were employed. In the calcium imaging experiments, absence of As2O3 from the bath 

solution did not induced any significant calcium signals (Fig. 14). Calcium level was 

maintained at the basal level over the entire experiment. This shows that the calcium signals 

observed were dependent on the incubation of neuroblastoma and HEK cells with As2O3. 

A   B 

 

Fig. 14: Absence of As2O3 from the incubation solution did not elevate calcium concentration in (A) 

neuroblastoma and (B) HEK cells.  

 

3.8 As2O3 determines cell death and damages DNA of neuroblastoma and HEK cells 

With Trypan blue staining and with MTT cytotoxicity test it was analyzed whether As2O3 (1 

µM) decreases cell viability after 2, 24, 48 and 72h and whether the used concentration is 

cytotoxic (expressed as less than 50% cell survival) in both cell lines. As2O3 (1 µM) had an 
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increased toxic effect on both cell lines. In Trypan blue exclusion assay, after exposure to 

1µM As2O3, the cell viability was significantly decreased (t-test, p<0.05), with an 

approximate 80% survival after 72h of exposure. However, it did not drop under 50% cell 

survival. The effect was similar for both cell types (Fig. 15). When applying MTT test, the 

neuroblastoma cells had higher sensitivity to 1µM As2O3 than HEK cells (70% vs. 85%), but 

the cell survival did also not drop under 50% (Fig. 15).  

 

0 2 24 48 72
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Fig. 15: Cytotoxic effects induced by As2O3. A trypan blue staining of cells after incubation with As2O3 

(1 µM) shows slight cytotoxic effects since cell viability was significantly reduced over time in 

neuroblastoma (black squares) and HEK cells (grey triangles). These results were confirmed with the 

MTT toxicity test as indicated by the black bars for neuroblastoma and the white bars for HEK cells. 

 

After exposure to As2O3, neuroblastoma and HEK cells were scored for DNA damage 

(micronucleated cells) apoptotic cells (condensed nuclei) and cells in mitosis (Fig. 16). The 

number of cells with damaged DNA as well as apoptotic cells was significantly increased 

(p<0.05, t-test) in neuroblastoma (Fig. 17A and C) and HEK cells (Fig. 17B and D). The 

number of mitotic cells was not significantly affected in any of the cell lines (compare Tab. I). 

 

Time of exposure (h) 
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neuroblastomaneuroblastoma HEKHEK

  

Fig. 16: Specific morphology of cells with DNA damage (micronuclei-loss of DNA) after application 

of As2O3; apoptotic nuclei, smaller nuclei and condensed chromatin are shown in for neuroblastoma 

and for HEK cells as well as cells in mitosis. 

 
Tab. I: The level of DNA damage (MN) and apoptosis (AP) compared with control levels, induced 

by1µM As2O3 in neuroblastoma and HEK cells.   

 

Liposomal therapy is an option in anticancer drug delivery; therefore an increased uptake of 

As2O3 was tried using liposomes with As2O3, in order to see consolidated effects. Fugene6 

and Lipofectamine did not modify the background level of DNA damage, apoptosis or mitosis 

(Fig. 17). In Figs. 17 C (neuroblastoma) and D (HEK) it is illustrated that Fugene6 and 

Lipofectamine had similar effects. After application of As2O3 with Lipofectamine/Fugene6, 

Neuroblastoma  MN AP 

24 h  370% 266% 

48 h 514% 152% 

72 h 400% 214% 

HEK MN AP 

24 h 335% 156% 

48 h 481% 192% 

72 h 316% 200% 
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neuroblastoma and HEK cells showed significant increase in the number of cells with 

damaged DNA. In the same experimental conditions the number of apoptotic cells was 

significantly increased (p<0.05) while the number of cells in mitosis was significantly 

decreased (p<0.05). However, the DNA damaged and apoptotic level of cells was not 

significantly different compared to the experiments without usage of liposomes, an indication 

that intracellular concentration of As2O3 is possibly regulated (Tab. II).   

 
Tab. II: The level of DNA damage (MN) and apoptosis (AP) compared with control levels, induced by 

liposomic treatment with As2O3 in neuroblastoma and HEK cells.   

 

 

 

 

Neuroblastoma MN AP 

As2O3 and Fugene 6 (24h) 231% 246% 

As2O3 and Lipofectamine (24h) 264% 242% 

HEK MN AP 

As2O3 and Fugene 6 (24h) 348% 252% 

As2O3 and Lipofectamine (24h) 356% 240% 
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Fig. 17: As2O3 significantly induced DNA damage; rise of apoptotic rate but no significant influence on the mitosis rate was observed in neuroblastoma (A) 

and HEK (B) cells. Cells were exposed to As2O3 for 24h, 48h as well as 72h of exposure and then Hoechst stained. In panel (C) and (D) the levels of DNA 

damage, apoptosis and the number of cell in mitosis after liposomic treatment are presented for neuroblastoma (C) and HEK (D). The level of DNA damage, 

apoptosis and mitosis is significantly increased compared to control.

C D 

A B 
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3.9 Differential effects of nanomolar and picomolar concentrations of As2O3 on cell death 

and damages DNA of neuroblastoma and HEK cells. 

Exposure of neuroblastoma and HEK cell to lower concentrations than 1µM of As2O3 showed 

a concentration dependent effect (Fig. 18 and Tab.III). While nanomolar concentration of 

As2O3 did significantly induced the level of DNA damage expressed as micronuclei, As2O3 in 

the same concentration range was able to induce apoptosis in neuroblastoma cells but not in 

HEK cells. This underlines again the specificity of As2O3 for tumour cells. The number of 

mitotic cells was not significantly affected at any of the concentrations tested. 

 

Tab. III: Significance analysis applied on lower concentration range experiments with As2O3. 

Student’s t-test was applied where (*) is p<0.05, (**) is p<0.01, (***) is p<0.001.    

 

 

 

 

 

 

 

 

 

neuroblastom a HEK

24 h M N AP M I 24 h M N A P M I

100pM - - - 100pM ** - -

10nM * - - 10nM *** - -

1µM *** *** - 1µM *** ** -
48 h M N AP M I 48 h M N A P M I

100pM * * - 100pM ** - -

10nM ** *** - 10nM *** - -

1µM *** *** - 1µM *** * -
72 h M N AP M I 72 h M N A P M I

100pM - - - 100pM - - -

10nM ** *** - 10nM *** - -

1µM *** *** - 1µM ** - -
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Fig. 18: Dose and time dependence of As2O3 induced DNA damage, apoptosis rate and the mitosis rate in neuroblastoma and HEK cells. Cells were exposed to 100 pM, 10 

nM and 1µM As2O3 concentration for 24h, 48h as well as 72h of exposure and then Hoechst stained. The effect of As2O3 on DNA damage, apoptosis and was concentration 

dependent (see text) 
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4 Discussion 
 

Ca
2+

 is an important signal transducer in excitable and none excitable cells. [Ca
2+

]i signalling 

is involved in physio- as well as pathological processes and therefore the level of  [Ca
2+

]i is 

tightly regulated. [Ca
2+

]i dynamics are modulated by calcium channels and calcium stores. 

[Ca
2+

]i could be increased by Ca
2+

-entry from the extracellular space such as opening of Ca
2+

 

selective pores; Ca
2+

 release from the stores; impairment of Ca
2+

 selective transport proteins 

which pump Ca
2+

 in the extracellular space and/or in the calcium stores (Ferguson et al., 

2000). [Ca
2+

]i could be decreased by a reduction of Ca
2+

 entry by blocking calcium selective 

pores (Büsselberg et al., 1994, Büsselberg, 1995) or by an enhancement of the efficiency of 

calcium transport proteins.  

Besides its physiological function, [Ca
2+

]i-rises as well as deregulation of in local intracellular 

Ca
2+

 distribution could lead to accidental (necrosis) or programmed cell death (apoptosis) 

(Orrenius et al., 2003). The calcium stores represented mainly by mitochondria and 

endoplasmic reticulum (ER) play important roles in cellular Ca
2+

 homeostasis and signalling 

like (a) regulating crucial processes (e.g. motility, secretion, gene expression); (b) signalling 

cascades that drive proliferation, differentiation, and various metabolic reactions as well as 

(c) cell death in physiological settings or during injury or diseases (Mattson et al., 2000; 

Berridge et al., 2003). Therefore, calcium signalling could play a major role in As2O3 induced 

toxicity. 

 

4.1 As2O3 influences [Ca
2+

]i homeostasis  

Metallic compounds could interact with [Ca
2+

]i homeostasis of living cells (Florea and 

Büsselberg, 2005, 2006) although [Ca
2+

]i is highly controlled the deregulation of [Ca
2+

]i 

induced by metallic species could affects the plasma membrane, mitochondria, or ER 

(Orrenius et al., 2003; Florea and Büsselberg, 2005). One of the many metallic compounds, 

As2O3, is used effectively to treat APL (Shen et al., 1997; Bergstrom et al., 1998; Soignet et 

al., 1998; Fenaux et al, 2001; Zhu et al., 2002; Diaz et al., 2005) and it could be useful to treat 

other types of cancer. In to a recent study using cDNA microarray technology and applying 

As2O3 on APL, NB4 cells, several molecular signalling pathways modulated the cell response 

to As2O3 including the activation of calcium signalling (with ER stress and involvement of 

calcium receptors) with end point leading to cell death (Zheng et al., 2005). It was also shown 

that an As2O3 triggered increase of [Ca
2+

]i inhibited cell growth and induces apoptosis in 



 

 37 

human malignant cell lines by an increase of cellular H2O2, a decreased of mitochondrial 

membrane potential and activation of caspase-3 (Zhang et al., 1999; Kajiguki et al., 2003; 

Miller et al., 2002; Diaz et al., 2005). While it is documented that [Ca
2+

]i overloads could 

trigger apoptosis (Orrenius et al., 2003), there is no detailed work describing how As2O3 

induced [Ca
2+

]i modulations are involved in programmed cell death. Therefore in this work it 

was investigated the mechanisms of [Ca
2+

]i elevation triggered by As2O3, using two different 

target models: neuroblastoma and embryonic kidney cells.  

In this study it was demonstrated that As2O3 triggers: an (1) increase of [Ca
2+

]i that was 

irreversible and reached a steady state level or/and induces (2) faster and slower calcium 

transients. The effects on calcium homeostasis induced by 1µM As2O3 were similar in the 

two cell lines; suggesting that As2O3 could target these cell models in a similar manner. Ca
2+

-

release from intracellular calcium stores was most the important effect induced by As2O3 

since extracellular calcium did not significantly influenced [Ca
2+

]i elevation. This shows 

minimal effect of As2O3 on Ca
2+

 entry from the extracellular space; however, a Ca
2+

 intake 

from the extracellular space is not totally excluded by the experiments presented here since 

we were unable to clamp the Ca
2+

-concentration in the extracellular solution (e.g. using 

BAPTA) because the cells did not survive the course of the experiments (up to 4h). Therefore 

we compared data were no calcium was added to the extracellular solution with results were 

this solution contained 2 mM Ca
2+

.  

Other authors affirmed that As2O3 induces an uptake of calcium from the extracellular matrix. 

Ma and colleagues (2006) showed that in low extracellular Ca
2+

 concentration As2O3 (10 µM) 

did not induce the opening of the mitochondrial transition pore (PTP) and cytochrome c 

release from mitochondria, while the same concentration of As2O3 with high extracellular 

Ca
2+

 concentration induced PTP opening and cytochrome c release. A possible explanation 

could be the different cell systems, as well as the at least 10-fold lower concentration of 

As2O3 used in our study.  

In this study we also demonstrated that As2O3 triggered different kinds of Ca
2+

 signals: slow 

(sustained), transient elevations and calcium spikes. Calcium signals were often not 

synchronized between the different cells and they could occur highly localized within the 

different compartments of the cell. During the slow increase of [Ca
2+

]i the over time reduction 

of Ca
2+

 concentration in the stores was observed. This effect could be explained by an 

enhanced calcium release (e.g. IP3 and/or ryanodine mediated opening of calcium pores) or 
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defective re-uptake of calcium into the stores (reduced transport rate of calcium pumps). 

Therefore, calcium stores play a major role in the As2O3 induced changes of [Ca
2+

]i.  

Additionally, the calcium stores could take up Ca
2+

 from the cytosol by calcium transport 

proteins. Calcium overload of mitochondria and ER unless regulated could result in oxidative 

stress, caspases activation and cell death by apoptosis, hypothesis supported also by Zheng et 

al., 2005. Since an impaired re-uptake of calcium in the stores for the slower transient of 

[Ca
2+

]i cannot be excluded, the fast calcium spikes are not in the support of this hypothesis. 

Calcium spikes do depend on functional extrusion mechanisms for the cytosolic Ca
2+

 that are 

still functional.  

Transient increases of [Ca
2+

]i occur fast, are localized and appeared independently, in 

different regions of same cell. Also, cells have individual changes of [Ca
2+

]i after the 

application of As2O3. These effects could be explained by interaction of As2O3 with 

hetrogenous cells. The heterogenicity of the cells could be given by:  

(1) different protein expression at the cell membrane (e.g. membrane receptors),  

(2) different activation level of signalling pathways or  

(3) variable efficiency of the extrusion mechanisms as well as  

(4) different stages of the cell cycle. 

More difficult to explain are the fast calcium spikes. An extensive analysis of fast calcium 

signalling effects was impossible due to the limitations of our recording parameters such as: 

(1) taking one scanning for each 30s to avoid bleaching and data overload of the computer; 

(2) the ROIs set-up of a specific seize where very small and localized events could hardly be 

analyzed; (3) or searching for events which occurred in the 3D-structure of the cell when 

analyzing a 2D confocal image. Therefore, fast calcium signalling events such as spikes are 

difficult to judge because they could occur any time in the interval when no images were 

taken. Thus, when faster scanning was applied (1 image/sec.) spikes that lasted 3-5 seconds or 

longer were recorded. 

An important question that arise from this study is whether As2O3 needs to enter the cytosol to 

accomplish the rise of [Ca
2+

]i. This study was not designed to check to which level As2O3 

permeate the membrane of the cells, but it was previously documented that arsenite, an 

inorganic trivalent arsenic form has a very low uptake in vitro (below 5% of the substrate 

(Florea, 2005)). Since As2O3 is structurally very similar with arsenite this is an indication that 
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As2O3 does not need to enter the cells to complete its effect but it could directly interact with 

receptors at the cell membrane and therefore activating signalling pathways through the rise 

of [Ca
2+

]i. This conclusion is underlined by the ability of under-nanomolar concentrations of 

As2O3 to induce a calcium rise in neuroblastoma and HEK cells, which were concentration 

and time dependent. In addition, the experiments using liposomes, to increase the amount of 

As2O3 in the cell, did not result in a higher cytotoxicity, probably due to a fast export out of 

the cells. Therefore it could be speculated whether As2O3 interaction with the cell models 

tested in two different ways. Either (1) As2O3 binds to receptors at the extracellular 

membrane, which trigger intracellular pathways resulting in an elevated [Ca
2+

]i-level, or/and 

(2) relatively small amount of As2O3 which enters the cytosol is sufficient to release Ca
2+

 

from the stores.  

In other work regarding the interaction of As2O3 with tumours cells the involvement of 

mitochondria on the rise of [Ca
2+

]i was demonstrated (Ma et al. 2006; Shen et al., 2002). 

Thus, little or no investigations have been done in analysing the involvement of ER in As2O3 

induced [Ca
2+

]i rise and cell death. Only the study of Zheng et al., 2005 using microarray 

technology have underlined the importance of calcium signalling and ER in the As2O3 

induced effects in tumour cells. The control of Ca
2+

 dynamics are complex and are regulated 

not only by ion channels and pumps at the plasma membrane but the ER could play a major 

role in regulation of rapid and long-term changes in [Ca
2+

]i e.g. Ca
2+

 is released from the ER 

in response to signals that activate receptors coupled to IP3 production (Mattson et al., 2000; 

Berridge et al., 2003).  

In this work it is shown that IP3- and Ry-receptors are involved in regulation of [Ca
2+

]i rise 

induced by As2O3. This could be an important finding for improving anti-cancer treatments 

since the involvement of ER, IP3 and RyR was also proven by Zheng et al., 2005 using cDNA 

micoarray study. These authors show that calcium signalling play an important role in As2O3 

induced apoptosis of APL cells that could be also in connection with other cellular events. 

Additionally, Zheng and coworkers (2005) have shown that calcium binding proteins (S100 

family of proteins) could be also involved in calcium signalling by As2O3 as well as PKC, 

PKA, aquaporin 9 (Zheng et al., 2005). 

An other issue, specifically in regard to HEK cells, is the higher increase of [Ca
2+

]i in the 

absence of extracellular Ca
2+

. We also observed that those cells were dying faster in no 

calcium conditions, with signs of apoptosis (membrane blebs, apoptotic bodies - Fig. 12). We 

have no conclusive explanation for this phenomenon. A hypothesis is that feedback 
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mechanisms, which are involved in the Ca
2+

 induced Ca
2+

 release, are not functional when 

As2O3 is present.  

In addition to experiments with low/high calcium in the external solution and the use of 

calcium sensitive dyes for the calcium stores, the analysis of involvement of other calcium 

pools that could be involved in As2O3 induced calcium signals revealed that there is a 

difference in mechanism of calcium release between neuroblastoma and HEK cells. In 

experiments using caffeine to release the calcium stores before application of As2O3 

neuroblastoma cells showed a clear reduction of the calcium increase dependent of As2O3 

while HEK cells reacted in the opposite way. An explanation could be that feedback 

mechanisms, which are involved in the Ca
2+

 induced Ca
2+

 release, are not functional when 

As2O3 is present, as discussed for the experiments in low calcium. Treatment with 

cyclosporine A, a mitochondrial pore inhibitor, showed that the mechanism of calcium 

increase involving mitochondria is similar in booth cell lines, while blocking RyR again 

differential effects were observed. These results could give the indication that probably the 

calcium modulation by ER makes the difference between As2O3 in tumour cells and non 

tumour cells fact that is supported by the work of Zheng et al., 2005.  

 

4.2 [Ca
2+

]i changes induced by As2O3 induces cell toxicity 

Several authors describe the cytotoxicity of As2O3; e. g. As2O3 induced cytotoxicity in vitro 

(human chronic leukaemia cell line) with an IC50 of 10 µM after 24h of exposure (Shim et al., 

2002). The same authors described DNA fragments, morphological changes, and chromatin 

condensation of the cells undergoing apoptosis after incubation with a two times higher As2O3 

concentration with caspase 3 and p38 activation that was confirmed by other authors using 

different cell lines (Verma et al, 2002; Shim et al., 2002). Zhang et al. (1999) showed that 1 

µM As2O3 had cytotoxic effects in malignant cells but not in none malignant human 

embryonic cells which is in contradiction with our results. This could be explained by the use 

of different in vitro models that could have different sensibility, since kidneys represent a 

target for As2O3 toxicity. In our study it is shown that As2O3 (1 µM) exhibits cytotoxic effects 

by significantly decreasing cell viability, enhanced cell death by apoptosis, and induces DNA 

damage in neuroblastoma as well as in HEK cells; while no As2O3 application did not have an 

effect on calcium homeostasis and cytotoxicity. The increase in micronucleus and apoptotic 

rate could be a result of mitochondrial and ER stresses with formation of ROS that can further 

damage the DNA and can signal to induce programmed cell death.  
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Other authors have established an involvement on ROS production in As2O3 induced 

cytotoxicity. Haga et al., 2005 have shown in human glioblastoma cell lines (A172) that 

As2O3 causes mitochondrial damage mediated by the production ROS and the dissipation of 

mitochondrial transmembrane potential leading to apoptosis. These authors have hypothesised 

that mitochondria might be the key target of antitumour activity by As2O3 that we also show 

in our study. To support this finding, into a study of Shen et al., 2002 using SHEEC1 cells 

exposed to As2O3 the authors observed characteristic morphological and functional changes of 

mitochondria such as hyperplasia, swelling and disruption, accompanied by a decrease of the 

transmembrane potential. The Ca
2+ 

level increased immediately after adding As2O3 and the 

nitric oxide (NO) concentration increased continuously over 24 h, finally apoptotic 

morphology of cells occurred. The authors suggested that As2O3 induces a rise of Ca
2+

 and 

NO, the apoptotic signal messengers, which will trigger a mitochondria-dependent apoptotic 

pathway (Shen et al., 2002).  

Additionally, As2O3 concentrations of 0.01-1 µM applied to human malignant cell lines, 

MGC-803, HIC, MCF-7, HeLa, BEL-7402 and A549 cells showed growth inhibition and 

apoptosis in a time dose-dependent manner. Changes in [Ca
2+

]i, correlated with the sensitivity 

of these cells to As2O3 indicating that a critical intracellular Ca
2+

 signal transduction pathway 

could be involved in As2O3 -mediated cell-death (Zhang, et al., 1999). In other investigations, 

arsenite applied to Chinese hamster ovary cells (CHO-K1) perturbed intracellular calcium 

homeostasis, activated PKC activity and induced genotoxicity represented a micronuclei 

production. Also, it was shown that the protein kinase C activator 12-O-tetradecanoylphorbol-

13-acetate increased the apoptotic action of As2O3, an effect mediated by ERK activation and 

GSH depletion (Fernandez et al., 2004). Therefore activation of PKC activity may play an 

important role in arsenite-induced DNA damage and toxicity (Jarvis et al., 1994; Liu and 

Huang, 1997; Fernandez et al., 2004). 

Strikingly, lower concentration than 1 µM As2O3 were able to damage the DNA in 

neuroblastoma and HEK cells, however apoptosis was triggered in neuroblastoma cells but 

not in HEK cells, showing As2O3 specificity for tumour cells. As shown with low As2O3 

concentrations, the induction of DNA damage could be a problem when the apoptosis is not 

longer triggered because cells undergo division and proliferate with a damaged DNA. This 

effect could be a supplementary risk in the case of non-tumour cells, since clastogenesis 

increases the possibility of secondary malignancies. Cell line specific effects exhibited by 

As2O3 have been shown also by other authors. In human glioblastoma cell lines, As2O3 
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induced apoptosis in A172 cells but not in T98G cells even when As2O3-induced ROS 

production was observed in both cell lines but the authors affirmed that mitochondrial 

aggregation played an important role in regulating the sensitivity to As2O3-induced apoptosis 

(Haga et al., 2005).  

Thus, micromolar concentrations of As2O3 rose [Ca
2+

]i, triggered apoptosis, damaged DNA, 

and stopped the cells to enter mitosis. [Ca
2+

]i rise from mitochondria and/or ER could induce 

mitochondrial and ER stress, formation of ROS that could further damage DNA. Therefore, 

localised Ca
2+

 accumulation could be a result of a Ca
2+

 re-uptake, Ca
2+

 overload, PTP opening 

and apoptosis. The non-reversibility of the calcium elevation indicates that [Ca
2+

]i disturbance 

could also lead to ”a point of no return” and cell death. The different types of [Ca
2+

]i-signals 

induced by As2O3 could also be interpreted as modulators for specific processes such as 

resistance, transport and gene expression. In addition, the number of cells in mitosis was 

significantly decreased only in the co-treatment of As2O3 with liposomes, a fact that 

underlines that the cells do not divide anymore. Unfortunately, this effect was not strictly 

related to tumour cells but also affected non-tumour cells, finding that emphasize a 

therapeutic strategy that protects non-tumour cells.  

Trying to determine the involvement of IP3 and Ry receptors in DNA damage, apoptosis and 

mitosis induced by As2O3 we faced the challenge that the blockers themselves induced a high 

rate of micronuclei and apoptotic cells after 24 h of incubation, and therefore it was 

impossible to obtain dependable results (data not shown). Another non-cytotoxic 

experimental set up (e.g. siRNA, over-expression or IP3 and RyR) will be necessary to be 

established in order to investigate these effects. 

To conclude, arsenic induces apoptosis in several tumour and non-tumour cell lines. Several 

[Ca
2+

]i dependent apoptotic pathways were emphasised: (1) an intrinsic mitochondrial 

pathway, (2) an activation/repression MAPK, and/or of (3) other protein kinases (Chen et al., 

2001a; Fernandez et al., 2004; Davidson et al., 2004; Verma et al., 2002; Maeda et al., 2001; 

Zhou et al. 2004; Zhu et al. 2002; Jarvis et al. 1994; Lorenzo et al., 1999; Cheung et al., 2007; 

Zheng et al., 2005). The same concentration of As2O3 (1 µM) as used in our work induced 

apoptosis in a NKM-1 cell line. It increased oxidative stress, decreased mitochondrial 

membrane potential and activation of caspase-3 and C-Jun-terminal kinase activation (JNK) 

(Kajiguki et al., 2003). This finding was confirmed by other authors in different cell lines. 

As2O3 activated p38, JNK, and caspase-3 concentration dependently with ROS formation in 

human androgen-independent prostate cancer cell lines, PC-3, DU-145, and TSU-PR1 (Maeda 
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et al, 2001). Experiments completed with APL and NB4 support an essential role for JNK 

signalling in the induction of growth inhibition and apoptosis by As2O3 and suggest that 

activating JNK may provide a therapeutic advantage in the treatment of cancers that do not 

respond to arsenic alone (Davison et al., 2002). 

 

4.3 Anticancer drugs could have different effects on calcium signalling e.g. As2O3 vs. 

cisplatin 

In this thesis it was shown that As2O3 interferes with calcium signalling leading to 

cytotoxicity. Another question that arises after discussing all these effects induced by As2O3 is 

if other anticancer drugs have similar effects as showed by As2O3 on intracellular calcium 

homeostasis. Therefore we also investigated the effect exhibited by cisplatin on human cervix 

carcinoma cells (HeLa-S3) (Splettstoesser et al., 2007), showing that cisplatin also interferes 

with [Ca
2+

]i-signalling of Hela cells. But we found a different mechanism: uptake of Ca
2+

 

from the external space was the main source if the [Ca
2+

]i rise. This rise was dependent on IP3 

receptors which - most likely – were expressed at the cell membrane. Interestingly, the 

increase of [Ca
2+

]i was related to the activation of calpain but not caspase-8 to trigger 

apoptosis. These finding support the possibility of using combinations for successful 

anticancer therapy especially if the tumour cells are resistant or become resistant to a certain 

chemotherapeutic. This fact is supported by other authors (see 4.4) and in addition it was 

specifically shown that arsenic compounds can inhibit growth and induce apoptosis in human 

ovarian and cervical cancer cells resistant to cisplatin at clinically achievable concentrations 

(Du et al., 2001). 

 

4.4 Synergistic effects of drug combinations 

Even if As2O3 is generally efficient to treat different forms of cancer, combinations of As2O3 

with other anticancer drugs could enforce the effect. Therefore, I will discuss some of the 

therapeutic strategies for use of combinations with As2O3. The classical example for the 

clinical treatment of APL is the combination of retinoic acid (RA) and As2O3. Treatment of 

patients with this combination results in a high-quality disease-free survival in most patients 

after consolidation with conventional chemotherapy (Zheng et al., 2005). Using cDNA 

microarray, 2D gel electrophoresis with mass spectrometry, and methods of computational 

biology Zheng and co-workers (2005) investigated in vitro (APL, NB4 cell lines) the effects 
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of RA and As2O3 combinations. They found that several molecular networks are involved in 

RA and As2O3 effects including transcription factors and cofactors, activation of calcium 

signalling, stimulation of the interferon pathway, activation of the proteasome system, 

degradation of the putative transcription factor
 
(PML) and the retinoic acid receptor (RAR 

alpha) known as PML-RAR-alpha oncoprotein, restoration of the nuclear body, cell-cycle 

arrest, and gain of apoptotic potential (Zheng et al., 2005). 

Another therapeutic strategy is the induction of tumour cells apoptosis by combined treatment 

of As2O3 and ionized radiation (Chun et al., 2002; Griffin et al., 2005). Chun and his group 

(2002) found that this combination applied to human cervix carcinoma cells results in the 

generation of ROS and loss of mitochondrial membrane potential and the activation of 

caspase-9 and caspase-3. The combined treatment also resulted in an increased G2/M cell 

cycle distribution at a concentration of As2O3 that did not alter cell cycle when applied alone 

(Chun et al., 2002). Diaz and co-workers (2005) have tested the combinations of As2O3 and 

trolox on APL, myeloma, and breast cancer cells. Combined therapy of As2O3 and trolox 

increased intracellular oxidative stress, JNK activation, and protein and lipid oxidation. 

Interestingly, trolox protected non-malignant cells from As2O3-mediated cytotoxicity (Diaz et 

al., 2005). A treatment strategy that combines As2O3 with the tyrosine kinase inhibitor 

imatinib-mesylate- induces markedly more cell apoptosis than imatinib-mesylate alone in 

chronic myeloid leukemia (CML) (Du et al., 2006). Du and colleagues (2006) showed that 

matinib-mesylate appears to induce mainly the intrinsic pathway of cell apoptosis, whereas 

As2O3 induces the ER stress-mediated pathway of cell apoptosis, a fact that was shown also in 

this thesis. The combination of the two agents is more effective to induce the intrinsic, 

extrinsic, and ER stress-mediated pathways of cell apoptosis (Du et al., 2006). 

 

4.5 Outlook 

Despite its many therapeutic qualities, As2O3 has been mentioned mainly as a poison and 

public health problem than as an effective anticancer drug. The ability of As2O3 to treat APL 

has changed the point of view in regard with its positive evaluation (Zhu et al., 2002). Arsenic 

affects many cellular and physiological pathways, and therefore malignancies such as 

hematologic cancer as well as solid tumours might be treated with As2O3 (Miller et al., 2002). 

In the last years research was focussed on arsenic compounds bringing new insights into the 

pathogenesis of tumours and a rising hope that arsenic coumpounds might be useful in 

treating other types of cancer (Zhu et al., 2002). Thus, these multiple actions of As2O3 also 
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show the need for additional mechanistic studies to determine which actions mediate the 

diverse biological effects of this agent. These informations will be critical to realize the 

potential for synergy between As2O3 and other chemotherapeutic agents, thus providing 

enhanced benefit in cancer therapy (Miller et al., 2002). 
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5 Summary 

Arsenic trioxide (As2O3) is an anticancer drug used in humans to treat some forms of cancer. 

However its clinical application could also result in secondary effects such as neuro-, hepato- 

or nephro-toxicity. As2O3 interactions with cells are not fully understood, but effects on 

calcium signalling could be a major factor of As2O3 interactions with living cells. In this work 

it was investigated whether As2O3 influences the intracellular calcium ([Ca
2+

]i) homeostasis in 

two human derived cells lines: human neuroblastoma SY-5Y and embryonic kidney cells 

(HEK 293) and whether As2O3 induced [Ca
2+

]i modifications are related to cytotoxicity.  

To measure Ca
2+

 changes during the application of As2O3 calcium sensitive dyes (fluo-4 and 

rhod-2) were used combined with laser scanning microscopy or fluorescence activated cell 

sorting. In addition cytotoxicity tests were employed (Trypan blue extrusion and MTT 

assays).  

As2O3 (1 µM) increased [Ca
2+

]i in SY-5Y and HEK 293 cells. Three forms of [Ca
2+

]i 

elevations were found: (1) steady-state increases, (2) transient [Ca
2+

]i–elevations and (3) Ca
2+

-

spikes. [Ca
2+

]i modifications were independent from extracellular Ca
2+

 but dependent on 

internal calcium stores. The effect was not reversible. As2O3 is able to modulate calcium 

signalling even with a low concentration of 100 pM. Steady state increase of [Ca
2+

]i and 

calcium-spikes were observed. Calcium rise depended on time and drug concentration. The 

calcium rise in neuroblastoma cells was: 1 µM: 171+5%, 100 nM: 232+3.2%, 10 nM: 

189+4%, 1 nM. 177+1.7%, 100 pM: 122+0.46% and in HEK 1 µM: 167+1.68%, 100 nM: 

263+2% 10 nM: 232+1.4%, 1 nM: 197+2.2%, 100 pM: 153+4.3%. Inositol triphosphate (IP3) 

and ryanodine (Ry) receptors are involved in regulation of calcium signals induced by As2O3. 

In addition, cyclosporine A sensitive calcium pools are similarly modulated in neuroblastoma 

and HEK cells, while the caffeine and ryanodine sensitive calcium pools are differentially 

regulated in the two cell line. In cytotoxicity tests As2O3 (1µM) significantly reduced cell 

viability in both cell types. Staining with Hoechst 33342 showed occurrence of apoptosis and 

DNA damage with 1µM As2O3. Lower concentrations have a specific apoptotic effect for 

neuroblastoma cells but not for HEK cells. The data suggest that [Ca
2+

]i is an important 

messenger in As2O3 induced cell death and that low concentrations of As2O3 are able to 

interfere with physiological processes in diverse cell models. 
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Abbreviations  
AIF       apoptosis-inducing

 
factor 

APL       acute promyelocytic leukemia  

ATTC       American Tissue Culture Collection  

As2O3       arsenic trioxide 

[Ca
2+

]i       intracellular calcium  

CML       chronic myeloid leukemia  

CV       cell viability 

DMSO       dimethylsulphoxide 

ER       endoplasmatic reticulum 

FACS       fluorescent activated cell sorting 

fluo-4       fluo4/AM 

FCS       heat-inactivated foetal calf serum 

HEK 293     embryonic kidney cells 

IP3R       inositol triphosphate receptor 

JNK       c-Jun-terminal kinase  

MTT  3-(4,5-domethylthiazol-2-yl)-2,5-diphenyltetrazolim 

NB      neuroblastoma 

NO       nitric oxide  

PBS       phosphate saline buffer 

PTP       mitochondrial transition pore 

RA       retinoic acid  

rhod 2/AM      rhod-2 

ROI       regions of interest 

ROS       reactive oxygen species 

RyR       ryanodine receptor 

SDS      sodium dodecyl sulphate 

SY-5Y       neuroblastoma cells 

2-APB                2-aminoethoxydiphenyl borate 
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2001-2005: PhD degree (Dr. rer. nat) in Environmental Toxicology, at the Faculty of Geo- and 

Biology, University of Duisburg-Essen, Germany  

1995–1999: University Diploma in Marine Ecology, Faculty of Biology, Department of Ecology and 

Environment Protection, University ‘Al. I. Cuza’ of Iasi, Romania 

1994–1997: Vocational Diploma, Medical-Theological Vocational School "Sfanta Parascheva" Iasi, 

Romania. 

 

Prizes, grants and awards: 

Travelling grant sponsored by “Physiologische Gesellschaft”, to attend the workshop held on 8-10 

December, 2005, Xanten, Germany. 

Travelling award, sponsored by German Physiological Society to attend “German Physiology 

Meeting”, held on 18 to 21 March 2006, in Munich, Germany. 

Travelling award, sponsored by International Brain Research Organisation (IBRO) to attend “World 

Neuroscience Meeting-IBRO 2007”, held on 12 to 17 July 2007, in Melbourne, Australia. 

Poster Prize sponsored by German Physiological Society for the poster Presented at German 

Physiology Meeting, held on 18 to 21 March 2006, in Munich, Germany 
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Current appointment: 

Postdoctoral fellow at the University Hospital Tübingen, Institute of Medical Virology, Section of 

Experimental Virology 

 

Positions and appointments: 

2006 Jan-present: postdoctoral fellow at the University Hospital Tübingen, Institute of Medical 

Virology Section of Experimental Virology 

2005 Jan-Dec: scientist (postdoctoral level) at the University Hospital Bergmannsheil, Department of 

Internal Medicine, Endocrinology, University of Ruhr-Bochum, Germany 

2005 Jan-present: Dr. rer. medic candidate in Cell Physiology, at the University Hospital Essen, 

Germany, Institute of Physiology 

2004 Nov-Dec: visitor scientist at the University Hospital Essen, Germany, Institute of Physiology 

2004 May-Oct: visitor scientist at the University of California, Davis, USA; Center for Neuroscience; 

Department of Otolaryngology 

2001–2005: PhD student and scientist at the University Hospital Essen, Germany, Institute of Hygiene 

and Occupational Medicine 

1999–2001: stuff biologist at the Institute for Public Health and Medical Research ‘M.Ciuca’ of Iasi, 

Romania, Occupational Medicine Section, Industrial Toxicology Lab, Cytogenetics Department 

1997–1999: technical assistant at the Institute for Public Health and Medical Research ‘M.Ciuca’ of 

Iasi, Romania, Occupational Medicine Section 

 

Specific achievements: 
Foreign languages:  Romanian-native speaker 

English–fluent,  
German–beginner, French–beginner,  

Italian–beginner, Spanish–beginner. 

Computer skills include: MS Office 

   Diverse lab analysis programs for LSM, FACS, etc. 

 

Scientific interests (in alphabetical order): 

Cancer Research, Cell signalling and mechanisms of cell death, Genetics Toxicology, Molecular 

Biology, Neuroscience, Physiology. 
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Publications 

Publications related to this work are marked with *) 

Articles 

1. Dopp, E., Hartmann, L.M., Florea, A.-M., Rettenmeier, A.W., Hirner, A.V.: (2004) Environmental 

distribution, analysis and toxicity of organometal(loid) compounds. Critical Reviews in 

Toxicology May 15 (34) 3. 

2. Dopp, E.; Hartmann, L.M.; Florea, A.-M.; von Recklinghausen, U.; Piper, R.; Shokouhi, B.; 

Rettenmeier, A.W.; Hirner, A.V.; Obe, G.: (2004) Uptake of trivalent and pentavalent inorganic 

and methylated arsenicals and association with cytotoxic and genotoxic effects in Chinese hamster 

ovary (CHO) cells. Toxicol. Appl. Pharmacol. 201, 156-165. 

3. Florea A.-M, Dopp E., Büsselberg D.: Elevated calcium transients in HeLa cells: types and levels 

of response. Cell calcium 37, 252-258 

4. Seck T., Pellegrini M., Florea A. M., Grignoux V., Baron R., Mierke D.F., Horne W.C. The 

{Delta}e13 isoform of the calcitonin receptor forms a six transmembrane domain receptor with 

dominant negative effects on receptor surface expression and signaling. Mol Endocrinol. 2005 Apr 

28. 

5. Dopp E., Hartmann L.M., von Recklinghausen U., Florea A. M., Rabieh S., Zimmermann U., 

Shokouhi B., Yadav S., Hirner A.V., Rettenmeier A.W. Forced uptake of trivalent and pentavalent 

methylated and inorganic arsenic and its cyto-/genotoxicity in fibroblasts and hepatoma cells. 

Toxicol Sci. 2005 Jun 9.  

6. Florea, A.-M., Yamoah, E.N., Dopp, E. Intracellular calcium disturbances induced by arsenic and 

its methylated derivatives in relation to genomic damage and apoptosis induction: a mini-review. 

Environ Health Perspect. 2005 Jun;113(6):659-64. 

7. Florea A.-M., Splettstoesser F., Dopp E., Rettenmeier A.W., Büsselberg D. Modulation of 

intracellular calcium by trimethyltin chloride in human tumour cells: neuroblastoma SY5Y and 

cervix adenocarcinoma HeLa S3. Toxicology. 2005 Dec 1;216(1):1-8.  

8. *) Florea A.-M, Büsselberg D. Toxic effects of metals: use, benefits and toxic cellular effects 

Matterial Wissenschaft 2005, 36: 757-760. 

9. Dopp E, Hartmann LM, Florea AM, von Recklinghausen U, Rabieh S, Shokouhi B, Hirner AV, 

Rettenmeier AW. Trimethylantimony dichloride causes genotoxic effects in Chinese hamster 

ovary cells after forced uptake. Toxicol In Vitro. 2006 Sep;20(6):1060-5. Epub 2006 Mar 9. 

10. *) Florea A.-M, Büsselberg D.: Metals and metal compounds: occurrence, use, benefits and toxic 

cellular effects. Biometals 2006, 19: 419-427. 

11. Dopp E, Hartmann LM, von Recklinghausen U, Florea AM, Rabieh S, Shokouhi B, Hirner AV, 

Obe G, Rettenmeier AW. The cyto- and genotoxicity of organotin compounds is dependent on the 

cellular uptake capability. Toxicology. 2007 Apr 11;232(3):226-34. Epub 2007 Jan 24. 

12. *) Florea, A.-M., Splettstoesser, F. and D. Büsselberg. Mechanisms of arsenic trioxide (As2O3) 

induced calcium signals and cellular death in two human SY-5Y Neuroblastoma and 293 

embryonic kidney (HEK) cells. TAAP. 2007; May 220: 292-301. 

13. *) Splettstoesser, F., Florea, A.-M. and D. Büsselberg. IP3-receptor-antagonist 2-APB attenuates 

cisplatin induced Ca
2+

-influx in HeLa-S3 cells and prevents activation of calpain. Brit. J. 

Pharmacology. 2007 Accepted with Revision. 

In preparation 

1. *) Florea, A.-M., Splettstoesser, F. and D. Büsselberg. Picomolar concentrations of arsenic trioxide 

(As2O3) induce calcium signals and interfere with cell survival of human SY-5Y Neuroblastoma 

and 293 embryonic kidney (HEK) cells. (ready for submission) 
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2. *) Florea A.-M, Kunz, I., Büsselberg D.: Cisplatin, a short review  

3. *) Florea, A.-M., Splettstoesser, F. and D. Büsselberg. Calcium stores involvement in arsenic 

trioxide (As2O3) induced calcium signals. 

 

Book publications 

Florea A.-M.: Toxicity of Alkylated Derivatives of Arsenic, Antimony and Tin: Cellular Uptake, 

Cytotoxicity, Genotoxic Effects, Perturbation of Ca
2+

 Homeostasis and Cell Death. Shaker Verlag, 

Aachen, 2005.  

 

Book articles 

1.  Florea A.-M, Dopp E, Obe G, Rettenmeier AW (2004) Genotoxicity of organometallic species. 

In: Hirner AV and Emons H (Eds). Organic metal and metalloid species in the Environment: 

Analysis, Distribution, Processes and Toxicological Evaluation. Springer-Verlag, Heidelberg. pp. 

205-219. 

2. Florea, A.-M., Splettstoesser, F., Dopp, E., Rettenmeier, A. W., and D. Büsselberg. The 

environmentally relevant trimethylltin (TMT) influences calcium homeostasis in excitable and 

non-excitable cell systems. In: Neuro-Visionen 2; K.-A. Hossmann (Ed.), Verlag Ferdinand 

Schöningh, Paderborn, München, Wien, Zürich, 2005, 23-25. 

3.  *) Florea, A.-M., Splettstoesser, F., Tomaszewski, A. and D. Büsselberg. Anti cancer drugs 

(As2O3 and cis-platin) interfere wit calcium signals in in tumour cells. In: Neuro-Visionen 3; K.-A. 

Hossmann (Ed.), Verlag Ferdinand Schöningh, Paderborn, München, Wien, Zürich, 2006, 34-36. 
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Poster abstracts 

• Micronucleus And Chromosomal Aberrations In The Peripheric Blood Lymphocytes Of 

Workers Professionally Exposed To A Chemical Complex Mixture; Roman, S. Simirad, A.-

M. Florea; Zilele Academice Ieşene, 4-6 oct. 2001 Iasi; Romania. 

• Cytogenetic Changes in Workers Occupationally Exposed to Complex Mixtures in a Metal-

plating Factory. I. Roman, S. Simirad, A.-M. Florea, Free communications Section III, 

XXXVI Conference at The Institute for Public Health Bucharest, Romania, 2001. 

• Cytogenetic Effects Of Organic Arsenic And Organic Tin Compounds; A.-M. Florea, E. 

Dopp, L.M. Hartmann, U. von Recklinghausen, R. Piper, B. Shokouhi, A.V. Hirner, A.W. 

Rettenmeier, G. Obe; University Hospital Essen, 18th of July, 2003, “40 Jahre Medizinische 

Fakültat Essen-Tag der Forschung”, Essen, Germany. 

• Elevated Ca
2+

 Transients By Trimethyltinchloride In HeLa Cells: Types And Levels Of 

Response; A.-M. Florea, E. Dopp, A.W. Rettenmeier, D. Büsselberg; Deutsche 

Physiologische Gesellschaft, Congres 2004, Leipzig, Germany, March, 13-17, 2004. 

• Uptake Of Trivalent Inorganic And Methylated Arsenicals And Asociation With Cytotoxic 

And Genotoxic Effects In Mammalian Cells In Vitro; A.-M. Florea, L.M. Hartmann, U. von 

Recklinghausen, A.W. Rettenmeier, A.V. Hirner, G. Obe, E. Dopp; 1
st
 International 

Conference “Molecular Research in Environmental Medicine”, Düsseldorf, Germany, March 

18-20, 2004. 

• Genotoxische Eigenschaften organischer Arsen- und Zinnverbindungen. E. Dopp, A.-M. 

Florea, G. Obe, A.V. Hirner, A.W. Rettenmeier; Deutsche Gesellschaft für Arbeitsmedizin 

und Umweltmedizin e.V. 21-24 April 2004, Innsbruck, Austria. 

• Trimethyltin Chloride Induces Intracellular Calcium Elevation And Apoptosis In HeLa S3 

cells. A.-M. Florea, D. Büsselberg, E. Dopp; EEMS 2004, September 4-8 in Maastricht, The 

Netherlands. 

• Uptake Of Trivalent Inorganic And Methylated Arsenicals Is Asociated With Cytotoxic And 

Genotoxic Effects In Mammalian Cells In Vitro; E. Dopp, A.-M. Florea, L.M. Hartmann, U. 

von Recklinghausen, A.V. Hirner, G. Obe, A.W. Rettenmeier, ; EEMS 2004, September 4-8 

in Maastricht, The Netherlands. 

• Trimethyltin Chloride (TMT) Modulates Calcium Signalling In Neuroblastoma And HeLa 

Cells; A.-M. Florea, E. Dopp, D. Büsselberg 7th International and Interdisciplinary Essen 

Symposium Biomaterials and Biomechanics: Fundamentals and Clinical Applications. Essen, 

October 6-8, 2004.  

• The Environmentally Relevant Trimethyltin (TMT) Influences Calcium Homeostasis in 

Excitable and Non Excitable Cell Systems. A.-M. Florea, F. Splettstoesser, E. Dopp, A.W. 

Rettenmeier, D. Büsselberg. Neuro- Visionen Dusseldorf 16.11.2004 Nordrhein-Westfälische 

Akademie der Wissenschaften 

• Trimethyltin (TMT) Influences Calcium Homeostasis in Excitable and Non-Excitable Cell 

Systems. A.-M. Florea, F. Splettstoesser, E. Dopp, A.W. Rettenmeier, D. Büsselberg 

University Hospital Essen, 19th Nov, 2004, “41 Jahre Medizinische Fakültat Essen-Tag der 

Forschung”, Essen, Germany.  

• Arsenic Cytotoxic And Genotoxic Effects are Associated With Their Uptake In Mammalian 

Cells In Vitro A.-M. Florea, L.M. Hartmann, U. von Recklinghausen, A.V. Hirner, G. Obe, 

A.W. Rettenmeier, E. Dopp, University Hospital Essen, 19th Nov, 2004, “41 Jahre 

Medizinische Fakültat Essen-Tag der Forschung”, Essen, Germany. 
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• *) Metal containing compounds: differential interaction with calcium homeostasis. A.-M. 

Florea, F. Splettstoesser, A. Tomaszewski, and D. Büsselberg. September 2005, Proc of the 

Symposium on Biomaterials and Biomechanics in Essen, Germany. 

• *) Picomolar concentrations of arsenic trioxide modulate calcium signals in human 

neuroblastoma SYSY cells. A.-M. Florea and D. Büsselberg. 11 November, 2005, Proc. of 

the Neuroscience meeting in Washington D.C.  

• F. Splettstoesser, A.-M. Florea, and D. Büsselberg. Modulation of calcium homeostasis in 

different cell lines by cisplatin and trimethyltin. 11 November, 2005, Proc. of the 

Neuroscience meeting in Washington D.C. 

• *) Anti-cancer drugs (As2O3 and cis-Platin) interfere with calcium signals in tumour cells. A.-

M. Florea, F. Splettstoesser, A. Tomaszewski, and D. Büsselberg. 29. Nov. 2005Proc.of 

NeuroVision in Düsseldorf. 

• *) [Ca
2+

]i-homeostasis in tumour cells is modified by anti-cancer drugs (As2O3 and cis-Platin). 

A.-M. Florea, F. Splettstoesser, and D. Büsselberg. Proc.of Forschungstag der Medizinischen 

Fakultät Essen am 18. November 2005. 

• *) Splettstoesser, F., Florea, A.-M. and D. Büsselberg. Cisplatin modulates intracellular 

calcium ([Ca
2+

]i). Proc. Deutsche Physiologentagung in München, 2006. 

• *) Florea, A.-M., Sptettstoesser, F. and D. Büsselberg. Low arsenic trioxide concentrations 

releases calcium from internal calcium stores and triggers cell death. Proc. Deutsche 

Physiologentagung in München, 2006. 

• *) Splettstoesser, F., Florea, A.-M. and D. Büsselberg. Cisplatin and As2O3 increase 

intracellular calcium by two different mechanisms in maligne cells. Proc. Deutsche 

Physiologentagung in München, 2006.  

• *) Günes, D., Florea, A.-M., Splettstoesser, F. and D. Büsselberg. Additive effects on 

intracellular calcium concentration [Ca
2+

]i after co-application of cisplatin and arsenic 

trioxide. Proc. Deutsche Physiologentagung in München, 2006.  

• *) Splettstoesser, F., Tomaszewski, A., Florea, A.-M., Günes, D. and D. Büsselberg. 

Intracellular calcium ([Ca
2+

]i) is elevated after the application of anticancer drug cisplatin. 

Proc. DGPT in Mainz 2006. 

• *) Florea, A.-M., Splettstoesser, F. and D. Büsselberg. Arsenic trioxide triggers calcium signals 

and apoptosis in human cells: SY-5Y neuroblastoma and 293 embryonic kidney (HEK). Proc. 

DGPT in Mainz 2006. 

• *) Florea, A.-M., Splettstoesser, F., and D. Büsselberg. Calciumsignals triggered by arsenic 

trioxide (As2O3) are able to induce cytotoxicity in two human cell lines: SY-5Y 

neuroblastoma and 293 embryonic kidney (HEK). Proc of the Neuroscience meeting in 

Atlanta, 2006. 

• *) Günes, D. A., Florea, A.-M., Splettstoesser F., King, W. M. and D. Büsselberg. Synergistic 

effects of cisplatin and arsenic trioxid on intracellular calcium concentration in human 

Nneuroblastoma (5Y-SY) cells. Proc of the Neuroscience meeting in Atlanta, 2006. 

• *) Günes, D. A., Florea, A.-M.; Splettstoesser, F. and D. Büsselberg Intracellular calcium 

homeostasis is modified by metal compounds. Proc of the Symposium on Biomaterials and 

Biomechanics in Essen, 2006. 

• *) Günes, D. A., Florea, A.-M.; Splettstoesser, F., Bingmann, D. and D. Büsselberg. 

Synergistic effects of cisplatin and arsenic trioxide on intracellular calcium homeostasis in 

neuroblastoma and hippocampal neurones. 8
th
 young scientist meeting of the DGZ, 

Heidelberg 21
st
-23

rd
 of September 2006. 
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• *) Günes, D.A., Florea, A-M., Splettstoesser, F. and D. Büsselberg. Gesteigerte Effektivität 

von Chemotherapeutika durch Co-applikation? Ein Vergleich der induzierten 

Calciumanstiege in malignen und nicht-malignen Zellen. Proc. Of the 181. Tagung der 

Rheinisch-Westfälischen Gesellschaft für Innere Medizin e.V. 2.-4. Nov. 2006 in Essen. 

• *) Kunz, I., Günes, D.A., Florea, A-M., Splettstoesser, F. and D. Büsselberg. Die 

intrazelluläre Calcium-Konzentration wird durch Anti-Krebs-Mittel in malignen Zellen 

unterschiedlich verändert. Proc. Of the 181. Tagung der Rheinisch-Westfälischen Gesellschaft 

für Innere Medizin e.V. 2.-4. Nov. 2006 in Essen.  

• *) Günes, D.A., Florea, A-M., Splettstoesser, F., Kunz, I. and D. Büsselberg. Anti-cancer drugs 

elevate intracellular calcium by different mechanisms. Proc. Of “Neuro-Visionen 4” held in 

Düsseldorf on 28
th
 Nov. 2006. 

• *) Kunz, I., Günes, D.A., Florea, A-M., Splettstoesser, F. and D. Büsselberg. [Ca
2+

]i is 

differentially modulated by the chemotherapeutings oxali- and cis-platin in maligne and non-

maligne neuronal cells. Presentation at the “Science Day” of the medical faculty in Essen, 2006. 

• *) Günes, D.A., Florea, A-M., Splettstoesser, F., and D. Büsselberg. Increased efficiency of 

chemotherapie by co-application? A comparison of induced calcium-elevations in maligne 

and non-maligne cell-lines. Presentation at the “Science Day” of the medical faculty in Essen, 

2006. 

• *) Florea, A-.M., Splettstoesser, F. and D. Büsselberg. Arsenic trioxide (As2O3) in picomolar 

concentrations interacts with calcium homeostasis and induces apoptosis in different cell 

lines. Proc. Deutsche Physiologentagung in Hannover, 2007.  

• *) Günes, D., Florea, A.-M., Splettstoesser, F. and D. Büsselberg. Boosted increase of the 

intracellular calcium concentration by co-application of anti-cancer drugs. Proc. Deutsche 

Physiologentagung in Hannover, 2007. 

• *) Florea, A.-M., Splettstoesser, F. and D. Büsselberg. Interaction of arsenic trioxide on 

tumor and non-tumor cell models. Proc. DGPT in Mainz, 2007. 

• *) Günes, D. A., Florea, A.-M., Splettstoesser, F. and D. Büsselberg. The cisplatin and 

arsenic trioxide induced increase of [Ca
2+

]i is independent of each other and a co-application 

results in a synergistic increase of [Ca
2+

]i. Proc. DGPT in Mainz, 2007. 

• *) Florea, A.-M., Splettstoesser, F. and D. Büsselberg. Trimethyltin chloride modulates 

intracellular calcium homeostasis and triggers cell death in „in vitro“ cell models. Proc. of 

IBRO in Melbourne 2007. 
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Presentations 

o Genotoxicity of Metalloids; A.-M. Florea, Seminar at the Institute for Hygiene and 

Occupational Medicine, University Hospital Essen, March, 2002. 

o Genotoxicity of Organometallic Species. A.-M. Florea, E. Dopp, G. Obe, A. W. Rettenmeier; 

at the Workshop in Organometallics, October 2003, University Duisburg Essen, Germany. 

o Trimethyltinchloride induces elevated Ca
2+

 transients in HeLa Cells: types and levels of 

response; A.-M. Florea, E. Dopp, A.W. Rettenmeier, D. Büsselberg; at Physiologische 

Gesellschaft, December, 2003, Xanten, Germany. 

o Uptake Of Trivalent Inorganic And Methylated Arsenicals And Asociation With Cytotoxic 

And Genotoxic Effects In Mammalian Cells In Vitro; A.-M. Florea, L.M. Hartmann, U. von 

Recklinghausen, A.W. Rettenmeier, A.V. Hirner, G. Obe, E. Dopp; 1
st
 International 

Conference “Molecular Research in Environmental Medicine”, Düsseldorf, Germany, March 

18-20, 2004. 

o Trimethyltin chloride (TMT) modulates calcium signalling in neuroblastoma and HeLa cells, 

A.-M. Florea, E. Dopp, D. Büsselberg, Society for Neuroscience Annual Meeting, October 

23-27, San Diego, CA. 

o Toxicity of Alkylated Derivatives of Arsenic, Antimony and Tin: Cellular Uptake, 

Cytotoxicity, Genotoxic Effects, Perturbation of Ca
2+

 Homeostasis and Cell Death. A.-M. 

Florea, seminar held on the 27
th
 of January 2005, at the Institute of Physiology, University 

Hospital Essen, Germany. 

o Trimethyltinchloride perturbes Ca
2+

 homeostasis in HeLa Cells; A.-M. Florea, E. Dopp, A.W. 

Rettenmeier, D. Büsselberg; Deutsche Physiologische Gesellschaft, Congres 2005, Gottingen, 

Germany, March, 6-9, 2005. 

o Toxicity of Alkylated Derivatives of Arsenic, Antimony and Tin: Cellular Uptake, 

Cytotoxicity, Genotoxic Effects, Perturbation of Ca
2+

 Homeostasis and Cell Death. A.-M. 

Florea, seminar held on the 15
th
 of April 2005, at the Institute of Radiation Biology, 

University Hospital Essen, Germany. 

o Calcium as a second messenger in tumor and nontumor cell models: in vitro. A.-M. Florea, 

seminar held on the 26
th
 of September 2005, at the Institute of Virology, University Hospital 

Tubingen, Germany. 

o Cytotoxic effects induced by As2O3 in Human Embryonic Kidney and neuroblastoma cells; 

A.-M. Florea, Frank Splettstoesser and Dietrich Büsselberg at Physiologische Gesellschaft, 8-

10 December, 2005, Xanten, Germany. 

o Human Papilloma Viruse and cervical carcinoma, A.-M. Florea, seminar held on September 

2006 at MPI Berlin. 

o Are PDZ proteins involved in Human Papilloma Viruses induced carcinogenesis? A.-M. 

Florea, seminar held on the 21
st
 of January, 2007, at the Institute of Virology, University 

Hospital Tubingen, Germany. 

o Are PDZ proteins involved in Human Papilloma Viruses induced carcinogenesis? A.-M. 

Florea, seminar held on the 21
st
 of January, 2007, at the Institute of Virology, University 

Hospital Tubingen, Germany. 

o Identification of changes in cellular gene expression involved in cervical cancer that are linked 

to viral infection. A.-M. Florea, S. Krüger-Kjaer, C. Munk, M. Bonin, F. Stubenrauch, T. 

Iftner, at Role of Chronic Infections in the Development of Cancer (INCA) Annual Meeting, 

March 2007, Sesimbra, Portugal.  

o A rapid assay to determine E6 interaction partners and their E6-dependent 

modifications. Peter Münch, Sonja Probst, A.-M. Florea, F. Stubenrauch, T. Iftner, at 

Role of Chronic Infections in the Development of Cancer (INCA) Annual Meeting, March 

2007, Sesimbra, Portugal. 

o Looking for predictive biological markers for development of cervical cancer, a 

microarray approach. A.-M. Florea, seminar held on the 14th of May, 2007, at the Institute 

of Virology, University Hospital Tubingen, Germany. 
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Teaching experience 
Institute of Virology, University Hospital Tübingen, Germany 

• WS 2005-2006: Practicum-Molecular Imaging 

• SS 2006: Practicum-Molecular Imaging 

• WS 2006-2007: Practicum-Molecular Imaging 

 

 

 


