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a b s t r a c t

The immunomodulator amonium trichloro[1,2-ethanediolato-O,O’] tellurate (AS101), a

nontoxic tellurium(IV) compound, exhibited antitumoral activity in several preclinical

and clinical studies. In this study, we investigated the synergism between thiols and

AS101 in its antitumoral activity on Jurkat cells. AS101 induced a G2/M arrest in the cell

cycle after 24 h. Addition of the thiols 2-mercaptoethanol or cysteamine led to an induction

of apoptosis. Other thiols, including glutathione (GSH) and cysteine, did not potentiate the

effect of AS101. We propose that this is due to the alpha-carboxylate group present in the

compounds formed between AS101 and these thiols. Programmed cell death was associated

with the loss of mitochondrial transmembrane potential and activation of caspase-3 and -9.

Elevation of intracellular reactive oxygen species (ROS) production was also demonstrated;

the antioxidant catalase significantly reduced the apoptosis, suggesting that ROS play a key

role in the apoptosis induced by AS101 and the thiols. Finally, we quantified the intracellular

concentration of tellurium, using electron microscopy and energy-dispersive spectroscopy

(EDS) analysis. The addition of cysteamine to AS101 significantly increased the concentra-

tion of tellurium within the cells. The results indicate that neutral or positively charged

thiols but not negatively charged ones, increase the antitumoral effect of AS101 by increas-

ing its uptake into the cells.
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1. Introduction

Tellurium is a relatively rare element, belonging to the

chemical family of oxygen, sulfur, selenium, and polonium
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(the chalcogens). Significant amounts of tellurium (up to

600 mg) are present in the human body. These levels are higher

than all but three of the recognized trace elements (viz., iron,

zinc and rubidium) [1], though the physiological functions of
redni).
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tellurium remain obscure [2]. The sources of the tellurium

present within human tissues are also unclear; accumulation of

tellurium in plants, in a manner analogous to that of selenium,

has not been demonstrated [3].

The nontoxic immunomodulator amonium trichloro[1,2-

ethanediolato-O,O’] tellurate (AS101), first developed by us, is a

low molecular weight synthetic tellurium compound. AS101

possesses immunomodulating properties that have shown

beneficial effects in several pre-clinical and clinical studies. In

a variety of tumor models, AS101 was shown to have a direct

anti-tumor effect [4,5] and to improve the survival of Madison

lung carcinoma-bearing mice and B16 melanoma tumor-

bearing mice when given in combination with chemotherapy.

Clinical trials in non-small lung cancer patients treated with

AS101 in combination with chemotherapy have shown a

significant reduction in the severity of neutropenia and

thrombocytopenia that accompanies treatment [6,7].

Tellurium commonly occurs in forms corresponding to

oxidation states +6, +4 or �2. Te(IV) compounds interact

readily with thiols to form Te(thiol)4 compounds. These

undergo redox disproportionation to disulfide and Te(thiol)2
products. The latter is unstable and can further react to a

second disulfide and elemental tellurium [8]. Much of this

chemistry is common to selenium as well [9].

AS101, as a tellurium(IV) compound, can also interact with

thiols to form a Te–S bond. We have shown that many of its

biological activities depend on its ability to interact with a

cysteine residue in the active site of several proteins, and thus

to modify their activity [8,10,11]. The present study was

designed to delineate the ability of AS101 to interact with

several thiols and induce apoptosis in malignant cells. We

further characterize the observed apoptotic process and

describe the efficiency of various thiols in enhancing the

apoptotic effect of AS101.
2. Materials and methods

2.1. Cell culture

Jurkat cells were grown in RPMI-1640 medium with 10% fetal

calf serum supplemented with 100 units/ml penicillin and

100 mg/ml streptomycin (Biological Industries, Kibbutz Beit

Haemek, Israel). Cultures were maintained at 37 8C in a

humidified atmosphere containing 5% CO2.

2.2. Reagents

AS101 was synthesized as previously described [4], dissolved in

PBS (pH 7.4) and maintained at 4 8C. Glutathione, 2-mercap-

toethanol, cysteine, cysteamine, L-cysteine methyl ester, N-

acetyl-L-cysteine, catalase, 20,70-dichlorofluorescein diacetate

(DCFH-DA) and JC-1 (5,50,6,60-tetrachloro-1,10,3,30-tetraethyl-

benzimidazol-carbocyanine iodide) were all obtained from

Sigma–Aldrich.

2.3. Cell cycle and apoptosis analysis

Subconfluent cells were treated with AS101 for 24 h. Cells were

harvested, washed with PBS, fixed and resuspended in 70%
ethanol at �20 8C overnight. Next, the cells were washed once

with PBS and resuspended in Nicoletti buffer [12]. DNA content

was analyzed by a FACSCalibur flow cytometer using

CellQuest pro software (BD Biosciences). The apoptotic

fraction was assessed as the percentage of cells present in

the sub-G1 population.

2.4. Apoptosis determination with annexin/PI

Cells were dual-labeled with annexin V and propidium iodide

(Annexin V-FITC Apoptosis Detection kit I, Pharmingen).

Labeled cells were acquired in a FACSCalibur flow cytometer

(Becton Dickinson), and analysis of cell populations was

performed using the CellQuest package.

2.5. Measurement of intracellular ROS

To measure the amount of intracellular ROS generated by

the cells, 20,70-dichlorofluorescein diacetate (DCFH-DA) was

used. This compound is a nonfluorescent, cell-diffusible

dye. Intracellular esterases cleave the acetyl groups

from the molecule to produce nonfluorescent DCFH.

This is trapped inside the cell and in the presence of ROS,

DCFH is subsequently modified to fluorescent DCFH, which

can be detected by flow cytometry. After the cells were

incubated with AS101 and cysteamine, they were preloaded

with 10 mM DCFH-DA at 37 8C for 30 min and then washed

twice with PBS. Each sample was analyzed using a

FACSCalibur. The results show the change in the mean

fluorescent intensity (MFI) compared to the untreated

controls.

2.6. Analysis of mitochondrial membrane potential

Mitochondrial damage was assessed by JC-1 (5,50,6,60-tetra-

chloro-1,10,3,30-tetraethylbenzimidazol-carbocyanine iodide)

staining. This dye, which emits green fluorescence (537 nm)

in its monomeric form in solution, can assume a dimeric

configuration emitting red fluorescence (597 nm) in a reaction

driven by the mitochondrial transmembrane potential [13].

Thus, red fluorescence of JC-1 indicates integral mitochon-

dria, whereas green fluorescence shows monomeric JC-1 that

remained unprocessed due to collapse of the mitochondrial

membrane potential (Dcm). Cells were adjusted to a density of

0.2 � 106 ml�1, washed with PBS, resuspended in 1 ml

medium, stained with 1 mg/ml JC-1 for 30 min at 37 8C and

5% CO2 in the dark, then washed twice with PBS and

resuspended in 0.5 ml PBS. Analysis was performed by a

FACSCalibur flow cytometer and mitochondrial function was

assessed based on the ratio of red and green fluorescence [14].

The results show the change in the ratio compared to the

untreated controls.

2.7. Caspase-3, -9 assay

Cells were collected to test tubes and centrifuged at

1200 rpm. They were then washed once with cold PBS,

resuspended in 500 ml of PBS and fixed in cold 70% ethanol.

After 24 h, the cells were washed with PBS and resuspended

in blocking solution (2% BSA, 0.5% Tween-20 in PBS)
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containing 10 ml phycoerythrin (PE)-conjugated anti-active

caspase-3 antibody (BD Biosciences, Palo Alto, CA), and

samples were incubated for 30 min at RT. Samples were

washed twice, resuspended in 300 ml PBS and analyzed

by flow cytometry. The proportion of cells staining for PE

above the level of a nonspecific PE-conjugated control

antibody was quantified. The percentage of positive

cells reacting with each antibody was determined on a

FACSCalibur flow cytometer. The presence of active

caspase-9 was determined according to the protocol in

the Carboxyfluorescein FLICA kit purchased from Immuno-

chemistry Technologies, LLC. This assay is based on the

FLICATM reagent (Fluorescent Labeled Inhibitors of Cas-

pases) and is comprised of 3 segments: a green fluorescent

label (FAM = carboxyfluorescein); a peptide inhibitor

sequence targeted by active caspase-9 (LEHD); and a

fluoromethylketone group (FMK) which acts as an alky-
Fig. 1 – Treatment of Jurkat cells with AS101 results in increased

were treated with increasing amounts (1.6–8 mM) of AS101 for 2

percentage of cells in each phase of the cell cycle was estimate

representative experiment out of three performed. (B) Data repr
*p < 0.05 increase vs. untreated cells.
lating group and forms a covalent bond with the active

enzyme.

2.8. EDS

In electron microscopy, an electron beam is scanned across

(SEM) or through (TEM) a sample’s surface to obtain an

image of the structure under investigation. Interaction of

the primary beam with atoms in the sample causes shell

transitions which result in the emission of an X-ray.

Since the emitted X-ray has an energy characteristic of

the parent element, detection and measurement of the

energy permits elemental analysis (energy dispersive X-ray

spectroscopy or EDS). EDS can provide rapid qualitative, or

with adequate standards, quantitative analysis of elemental

composition. Cells (6 � 105 cells/ml) were cultured and

AS101 and cysteamine were added for 2–4 h; the cells
accumulation of cells in the G2/M phase. Cells (5 T 105 mlS1)

4 h and cell cycle distribution was assessed. (A) The

d by flow cytometry analysis. Results show one

esent mean W S.E. from three independent experiments.
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were centrifuged and fixed in 70% ethanol. The fixed

cells were centrifuged, and the pellet was resuspended in

ethanol and dripped onto a carbon grid for analysis. High-

resolution TEM energy dispersive X-ray spectra were

obtained with a JEOL 2011 TEM equipped with EDS (Oxford

Instruments). INCA energy software was used for the

collection and storage of the spectrum and the percentage

of tellurium was calculated from the total spectrum of

elements measured in the cells. For scanning electron

microscopy, spectra were collected with a JEOL JSM-7000F

with a Themo Noran System Six energy dispersive X-ray

spectrometer.

2.9. Statistical analysis

Data are presented as mean � S.E. Comparisons between

treatment groups were made using either paired t tests or

ANOVA and Dunnett T3 post hoc tests. Significance was

established at a value of p < 0.05.
Fig. 2 – AS101 synergizes with 2-mercaptoethanol or cysteamin

malignant cells. Each of the thiols at 100 mM was added to AS1

fraction (Sub-G1) of 2-ME, AS101 and AS101 plus 2-ME was esti

representative experiment out of three performed. (B) The perc

sub-G1 cells. Data represent mean W S.E. (n = 3).
3. Results

3.1. AS101 alters the cell cycle of Jurkat cells

AS101 exhibits anti-tumor properties in several cancer models

[4,5]. In this experiment we tested the effect of AS101 on the

cell cycle of Jurkat cells. Jurkat cells were treated with or

without 1.6, 3.2 and 8 mM AS101 for 24 h. As the concentration

of AS101 increased, the number of cells within the G2/M

populations was increased in a dose dependent manner,

displaying significance at 3.2 and 8 mM (Fig. 1).

3.2. AS101 synergizes with 2-mercaptoethanol or
cysteamine, but not with GSH and cysteine, to induce
apoptosis in malignant cells

We have shown that many of AS101’s biological activities

depend on its ability to interact with a cysteine residue in the

active site of several proteins and thus modify their activity
e but not with GSH or cysteine to induce apoptosis in

01 (0.32, 0.64, 1.6 and 3.2 mM) for 24 h. (A) The apoptotic

mated by flow cytometry analysis. Results show one

entage of apoptotic cells is indicated as the proportion of
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[8,11]. 2-Mercaptoethanol (2-ME) is an essential part of the

primary T-lymphocyte medium and acts as a cystine carrier in

L1210 cells which are deficient in the capacity to take it up [15].

We therefore examined whether the addition of 2-ME to the

Jurkat cells would modify the effect of AS101. In addition, we

tested another thiol, cysteamine, which has a similar effect to

2-ME on T-lymphocytes [16] but is a natural product of cells

and was shown to react with selenite to form a selenium

compound that is rapidly absorbed by the intestinal epithe-

lium [17]. We also studied the effect of two other physiological

thiols, glutathione (GSH) and cysteine. Fig. 2 shows that AS101
Fig. 3 – AS101 synergizes with 2-ME or cysteamine to induce ap

concentrations of AS101 (0.32, 0.64 and 1.6 mM) together with cy

FACScan analysis of annexin-V–FITC/PI staining (A). Cells treat

(C) were analyzed for the processing of caspase-3 as described

experiment of three performed.
together with cysteamine or 2-ME, but not GSH or cysteine,

caused dose dependent apoptosis in the Jurkat cells.

In addition to the sub-G1 population analysis, we investi-

gated the effect of AS101 and cysteamine on annexin V

binding, which is an early hallmark of apoptosis. As the dose of

AS101 increased from 0.32 to 1.6 mM the number of cells in

early apoptosis (annexin V positive, PI negative) was increased

from 3% in the control to 17% with 1.6 mM AS101 in a dose

dependent manner. In addition, there was also a considerable

increase in the late apoptosis (Fig. 3a). AS101 and 2-ME

produced similar results (data not shown). To further confirm
optosis. Jurkat cells were treated with increasing

steamine (100 mM) for 24 h and cell death was assessed by

ed with AS101 and 100 mM 2-ME (B) or 100 mM cysteamine

under Section 2. The results show one representative
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that AS101 and cysteamine or 2-ME induce apoptosis, we

tested caspase activity. These enzymes play a critical role in

the execution of apoptosis and are responsible for many of the

biochemical and morphological changes associated with it

[18,19]; consequently, caspase activity has been widely used to

identify cells undergoing apoptosis. Significant increase in the

active form caspase-3 was seen in cells treated with AS101 and

2-ME (Fig. 3b), which is consistent with results from the sub-G1

and annexin assays. Similar results were attained with
Fig. 4 – AS101 together with cysteamine induce apoptosis by in

potential. (A) FACScan analysis of Jurkat cells incubated with 3.2

with 10 mM DCFH-DA for 30 min. (B) Cells were treated with sev

cysteamine for 5 h and then stained with 10 mM DCFH-DA to de

AS101 and 100 mM cysteamine for different time periods and th

to determine the level of ROS. Data are presented as mean W S.

between treatment groups were made using ANOVA and Dunne

of *p < 0.05, **p < 0.01.
cysteamine (Fig. 3c). In all the experiments AS101 alone had

no effect on the level of apoptosis (data not shown).

3.3. AS101 together with cysteamine or 2-ME induce
apoptosis by increasing ROS and disrupting the mitochondrial
membrane potential

Several studies have suggested that intracellular ROS genera-

tion may constitute an apoptotic event and cite ROS production
creasing ROS and disrupting the mitochondrial membrane

mM AS101 and 100 mM cysteamine for 5 h and then stained

eral concentrations of AS101 with or without 100 mM

termine the level of ROS. (C) Cells were treated with 1.6 mM

en stained with either JC-1 to test MMP or 10 mM DCFH-DA

E. from three independent experiments. Comparisons

tt T3 post hoc tests. Significance was established at a value
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as a critical determinant of toxicity associated with exposure to

ionizing radiation and chemotherapeutic drugs [20]. One of the

more prominent models for ROS induction suggests that H2O2

acts upon mitochondria, causing a disruption of mitochondrial

membrane potential (MMP), the release of cytochrome c which

then initiates the caspase cascade by first activating caspase-9

and later caspase-3 [21].

We wished to determine whether the apoptotic signal

triggered by AS101 and cysteamine has an effect on the level of

ROS. Cells were incubated with AS101 and cysteamine for

various time periods before staining with DCFH-DA to

measure ROS. Results show that when AS101 is added together

with cysteamine there is a dose dependent increase in ROS,

compared to untreated cells. In addition, AS101 alone (without

cysteamine) at 3.2 mM showed a small but significant increase

in ROS (Fig. 4a and b). Next, we tested the effect of AS101 and
Fig. 5 – The antioxidant enzyme catalase blocked the apoptotic

100 mM cysteamine, alone or together with 1.6 or 3.2 mM AS101

stained with JC-1 to test MMP. (B) Cells given the same treatment

form of caspase-9 as described under Section 2. The results sh

Detection of apoptotic cells by annexin V and PI staining for cells

with or without 1000 units/ml catalase for 24 h.
cysteamine on the level of ROS and MMP over time. The results

show that both the level of ROS and the number of cells with a

depolarized mitochondrial membrane increase over time.

However the level of ROS increases somewhat faster and

shows a change after 3 h, which is significant after 4 h, in

comparison to the reduction in mitochondrial potential,

which shows significance only after 5 h (Fig. 4c). To further

investigate the role of ROS in the apoptosis induced by AS101

and cysteamine, we used the antioxidant enzyme catalase.

Several studies show that catalase can enter cells and carry its

antioxidative activity inside [22,23]. The results show that

catalase completely blocked the mitochondrial dysfunction

induced by AS101 and cysteamine (Fig. 5a). In addition, it also

abolished the activation of caspase-9 and substantially

reduced the apoptosis as determined by the annexin/PI assay

(Fig. 5b and c). We confirmed that catalase normalized the ROS
effect of AS101 and cysteamine. (A) Cells were treated with

, with or without 1000 units/ml catalase for 7 h and then

s but for 11 h were analyzed for expression of the activated

ow one representative experiment of three performed. (C)

treated with 0.64 or 1.6 mM AS101 and 100 mM cysteamine



Fig. 6 – Cysteamine elevates the level of tellurium within the Jurkat cells. (A) Cells were treated with 3.2 mM AS101 and

100 mM cysteamine for 4 h, fixed in ethanol, dripped on to a carbon grid and analyzed with the SEM/EDS and TEM/EDS. (B)

Cells were treated with AS101 and cysteamine and the percentage of tellurium within the cells was detected with TEM/EDS.

Data represent mean W S.E. from three independent experiments.

b i o c h e m i c a l p h a r m a c o l o g y 7 4 ( 2 0 0 7 ) 7 1 2 – 7 2 2 719
levels in cells treated with AS101 and cysteamine (data not

shown). Thus, we suggest that AS101 together with cystea-

mine induce an increase in ROS, which then leads to a

disruption of the mitochondrial membrane potential and

finally to the activation of caspase-9.

3.4. Cysteamine elevates the level of tellurium within
the Jurkat cells

2-Mercaptoethanol interacts with cystine to form a mixed

disulfide, which is taken up by the cells mainly via the L

system, a transport system for neutral a-amino acids such as

leucine [15]. We examined whether the interaction between

thiols and AS101 enables the AS101 to be more readily taken

up by the cells. We used energy dispersive X-ray spectroscopy

(EDS) to evaluate the presence of tellurium within the cells.

Fig. 6a shows that both the SEM/EDS and the TEM/EDS

detected an emission line specific for tellurium in cells grown

with AS101 and cysteamine. No such peak was detected in the

untreated control (data not shown). Next, we quantified the

percentage of tellurium within the Jurkat cells, with and

without the addition of cysteamine. The results show that

cysteamine significantly elevated, by a 3.5-fold, the percentage

of tellurium within the cells in comparison to those grown

with AS101 alone (Fig. 6b). When comparing the control cells to

those with AS101 alone, a small increase was observed;

however the values are in the instrument’s range of

uncertainty and therefore cannot be considered significant.

The results suggest that the reaction between the thiol and

AS101 yields a compound that is more readily taken up by

the cells.
3.5. The origin of thiol selectivity in potentiating
AS101 activity

We have shown that the compound that is probably formed

from the reaction between AS101 and cysteamine is readily

incorporated through the cell membrane and once inside

induces the malignant T cells to undergo apoptosis. This

however did not occur with some other thiols like cysteine and

GSH. Further analysis revealed that the thiols that do not

potentiate the effect of AS101 have a free carboxyl and amine.

We speculated that charges on the compound formed by the

interaction between AS101 and these thiols might inhibit

uptake through the cell membrane. In order to test this

hypothesis, we used two compounds; L-cysteine methyl ester

(CYSM) and N-acetyl-L-cysteine (NAC). CYSM does not have a

free carboxylate and therefore could not carry a negative

charge. In NAC the amino group is acetylated, and therefore

does not carry a positive charge. Fig. 7 shows that AS101

together with CYSM, but not with NAC, caused an increase in

apoptosis in Jurkat cells. Furthermore, tellurium could be

detected in cells grown with CYSM but not with NAC (data not

shown). These results suggest that the negative charge on

the carboxylate inhibits the entry of the AS101 thiol product

into the cell.
4. Discussion

In this study we present evidence that the synthetic Te(IV)

compound AS101 increases the accumulation of cells in the

G2/M phase of the cell cycle. We show that the addition of



Fig. 7 – Understanding the interaction between thiols and AS101. (A) Chemical structure of L-cysteine, L-cysteine methyl

ester and N-acetyl-L-cysteine. (B) Jurkat cells were treated with AS101 together with L-cysteine methyl ester or N-acetyl-L-

cysteine (100 mM) for 24 h. Cell death was assessed by FACScan analysis of annexin-V–FITC/PI staining. The results show

one representative experiment of three performed.
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thiols that do not contain a free carboxylate can synergistically

increase apoptosis, which is accompanied by an increase of

ROS, a decrease of the mitochondrial membrane potential and

an increase of the percentage of cells that express the initiator

caspase (caspase-9) and the effector caspase (caspase-3).

Finally we show that certain thiols increase the tellurium

concentration within the cells.

Selenium, an essential nutritional trace element, is posi-

tioned in group 16 of the periodic table of elements, directly

above tellurium, and resembles it in its chemical activity and

physical properties. Many of selenium’s attributes are similar

to those of tellurium and it was shown to be effective in

preventing the initiation of cancer at supranutritional levels of

dietary intake in animals and humans [24]. Various selenium

compounds can react with thiols to either form adducts or

modify the original compounds and change their chemical or

biological activities. The toxic effect of selenite (Se4+), one of

the most extensively investigated selenium compounds, on

tumor cells is enhanced by the addition of glutathione [25].

Furthermore, the reaction of some thiols such as cysteamine

and cysteine with selenite results in selenium compounds
that are rapidly absorbed by the intestinal epithelium [17].

About 65 years ago, Painter proposed that the toxicity of

inorganic selenium could be related to the oxidation of thiols

of biological importance [26]. He proposed that selenite readily

oxidizes sulfhydryl groups, producing disulfide and an

unstable selenotrisulfide intermediate, which subsequently

may decompose to elemental selenium. Several years later,

Ganther [27] accomplished the isolation of selenotrisulfide in a

pure form. Similarly, tellurium(IV) also interacts with thiols,

producing disulfide and TeII(thiol)2 products. The latter can

further react to form a second disulfide and elemental

tellurium. We have shown that although AS101 can react

with many thiols [8], it produces a synergistic apoptotic effect

only with 2-ME and cysteamine, thiols that do not contain a

free carboxylate (Fig. 2). Thus, we speculate that only a

tellurium-thiol compound that does not contain a free

carboxylate can be readily taken up by the cells.

Our results in Fig. 6 show that the thiols increase both the

level of apoptosis and the level of tellurium within the cells

3.5-fold. If the role of the thiols is only to increase the level of

the intracellular tellurium this would suggest that high
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dosages of AS101 alone should show a similar apoptotic effect

as low dosages together with the thiols. However the results in

Fig. 1 show that even at relatively high concentrations of

AS101 no apoptosis was detected. We speculate that since the

concentration detected by the TEM/EDS for AS101 alone was

within the instruments range of uncertainty its true concen-

tration might be a great deal lower and therefore the

difference between the cells uptake of tellurium with and

without the thiols might be far greater than a 3.5-fold. In

addition the apoptotic effect might be due not only to an

increase in the level of intracellular tellurium but that the

combination of AS101 and cysteamine or 2-ME might in itself

induce a different apoptotic effect.

Cells possess antioxidant systems to control the redox

state, which is important for their survival. Excessive

production of ROS gives rise to the activation of events that

can lead to death in several cell types [28]. In our study we

demonstrated, that AS101 and thiols increase the level of

oxidative stress within the cells in a dose dependent manner.

Mitochondrial dysfunction was detected a little later than the

oxidative stress, followed by the activation of the caspase

enzymes. The antioxidant catalase significantly reduced the

apoptosis. These results suggest that ROS plays an important

role during the induction of apoptosis by AS101 and the thiols.

In addition to catalase, we tested the effect of N-acetylcysteine

(NAC) and glutathione (GSH), which were both shown to

exhibit antioxidant activity [29,30]. We found that they were

both able to significantly reduce the apoptosis induced by

AS101 and cysteamine (data not shown). However we

speculate that this inhibition might have been due to the

direct interaction of their thiols with AS101 which obstructed

its interaction with cysteamine and not because of their

cellular antioxidant activity.

In order to compare the above results to the effect of AS101

together with the thiols on primary cells, PBMCs grown in

human serum were incubated with AS101 with and without 2-

ME or cysteamine for long periods of time, but no significant

effect was detected either in the cell cycle or in the level of

apoptosis of the cells (data not shown). Membrane transpor-

ters play an important role in mediating chemosensitivity and

resistance of tumor cells [31]. Amino acid transporters play a

role in drug sensitivity, by mediating the uptake of amino acid

analog drugs, but also in drug resistance, promoting tumor

growth by providing essential amino acids. SLC7A5, encoding

the sodium-independent L-type amino acid transporter 1

(LAT1), transports large, branched-chain and aromatic, neu-

tral amino acids, including several essential amino acids.

SLC7A5 displays broad substrate selectivity for amino acid-

like compounds such as melphalan [32,33]. In preliminary

results we have found that BCH (2-aminobicycloheptane-2-

carboxylic acid), an L-system inhibitor, can significantly

reduce the apoptotic effect of AS101 and cysteamine (data

not shown). We speculate that the L-system might play a role

in the absorption of AS101 or the product of its interaction with

thiols into the cells. In addition, its higher expression in

malignant cells might explain the difference in the effect of

AS101 and the thiols on the Jurkat cells in comparison to the

human PBMCs. More research is required in order to

characterize the compound or compounds that are formed

in the reaction between AS101 and the thiols and to under-
stand the mechanism by which they are incorporated into the

tumor cells.

The area of tellurium and organotellurium chemistry was

slow to develop, but in the last 30 years, thousands of studies

investigating various aspects of these compounds were

published. Nevertheless, little is known with regard to its

biological and pharmacological effects [9]. This is probably due

to the fact that no specific biological function for tellurium has

been identified [34], and it is still considered a non-essential

element for life. On the other hand, selenium is an essential

trace element whose necessity was also not recognized, until

the discovery of selenium-dependent enzymes such as

glutathione peroxidase [35]. Following this interest in sele-

nium and the introduction by us and others of some synthetic

tellurium compounds [36], we anticipate a similar increase in

the applications of tellurium derivatives in biology and

biochemistry.
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AIDS and Immunology Research; Dr. Tovi Comet-Wallerstein

Chair in Cancer Research; The Frieda Stollman Cancer

Memorial Fund; The Raoul Wallenberg Chair for Immunolo-

gical Chemistry.

This study was a part of Gabi Frei’s Ph.D. thesis.
r e f e r e n c e
[1] Schroeder HA, Buckman J, Balassa JJ. Abnormal trace
elements in man: tellurium. J Chronic Dis 1967;20:147–61.

[2] Larner AJ. Tellurium in Health and Disease. The Bulletin of
Selenium-Tellurium Development Association; 1996.

[3] Cowgill UM. The tellurium content of vegetation. Biol Trace
Elem Res 1988;17:43–67.

[4] Sredni B, Caspi RR, Klein A, Kalechman Y, Danziger Y, Ben
Ya’akov M, et al. A new immunomodulating compound
(AS-101) with potential therapeutic application. Nature
1987;330:173–6.

[5] Hayun M, Naor Y, Weil M, Albeck M, Peled A, Don J, et al.
The immunomodulator AS101 induces growth arrest and
apoptosis in multiple myeloma: association with the Akt/
survivin pathway. Biochem Pharmacol 2006;72:1423–31.

[6] Kalechman Y, Albeck M, Oron M, Sobelman D, Gurwith M,
Horwith G, et al. Protective and restorative role of AS101 in
combination with chemotherapy. Cancer Res 1991;51:1499–
503.

[7] Sredni B, Albeck M, Tichler T, Shani A, Shapira J,
Bruderman I, et al. Bone marrow-sparing and prevention of
alopecia by AS101 in non-small-cell lung cancer patients
treated with carboplatin and etoposide. J Clin Oncol
1995;13:2342–53.

[8] Albeck A, Weitman H, Sredni B, Albeck M. Tellurium
compounds: Selective inhibition of cysteine proteases and
model reaction with thiols. Inorg Chem 1998;37:1704–12.

[9] Nogueira CW, Zeni G, Rocha JB. Organoselenium and
organotellurium compounds: toxicology and
pharmacology. Chem Rev 2004;104:6255–85.

[10] Sredni B, Gal R, Cohen IJ, Dazard JE, Givol D, Gafter U, et al.
Hair growth induction by the Tellurium immunomodulator
AS101: association with delayed terminal differentiation of



b i o c h e m i c a l p h a r m a c o l o g y 7 4 ( 2 0 0 7 ) 7 1 2 – 7 2 2722
follicular keratinocytes and ras-dependent up-regulation of
KGF expression. FASEB J 2004;18:400–2.

[11] Sredni B, Geffen-Aricha R, Duan W, Albeck M, Shalit F,
Lander HM, et al. Multifunctional tellurium molecule
protects and restores dopaminergic neurons in Parkinson’s
disease models. FASEB J 2007.

[12] Nicoletti I, Migliorati G, Pagliacci MC, Grignani F, Riccardi C.
A rapid and simple method for measuring thymocyte
apoptosis by propidium iodide staining and flow cytometry.
J Immunol Methods 1991;139:271–9.

[13] Smiley ST, Reers M, Mottola-Hartshorn C, Lin M, Chen A,
Smith TW, et al. Intracellular heterogeneity in
mitochondrial membrane potentials revealed by a J-
aggregate-forming lipophilic cation JC-1. Proc Natl Acad Sci
USA 1991;88:3671–5.

[14] Legrand O, Perrot JY, Simonin G, Baudard M, Marie JP. JC-1:
a very sensitive fluorescent probe to test Pgp activity in
adult acute myeloid leukemia. Blood 2001;97:502–8.

[15] Ishii T, Bannai S, Sugita Y. Mechanism of growth
stimulation of L1210 cells by 2-mercaptoethanol in vitro.
Role of the mixed disulfide of 2-mercaptoethanol and
cysteine. J Biol Chem 1981;256:12387–92.

[16] Broome JD, Jeng MW. Promotion of replication in lymphoid
cells by specific thiols and disulfides in vitro. Effects on
mouse lymphoma cells in comparison with splenic
lymphocytes. J Exp Med 1973;138:574–92.

[17] Scharrer E, Senn E, Wolffram S. Stimulation of mucosal
uptake of selenium from selenite by some thiols at various
sites of rat intestine. Biol Trace Elem Res 1992;33:109–20.

[18] Cryns V, Yuan J. Proteases to die for. Genes Dev
1998;12:1551–70.

[19] Cohen GM. Caspases: the executioners of apoptosis.
Biochem J 1997;326(Pt 1):1–16.

[20] Hampton MB, Orrenius S. Dual regulation of caspase
activity by hydrogen peroxide: implications for apoptosis.
FEBS Lett 1997;414:552–6.

[21] Chandra J, Samali A, Orrenius S. Triggering and modulation
of apoptosis by oxidative stress. Free Radic Biol Med
2000;29:323–33.

[22] Nakazato T, Ito K, Ikeda Y, Kizaki M. Green tea component,
catechin, induces apoptosis of human malignant B cells via
production of reactive oxygen species. Clin Cancer Res
2005;11:6040–9.

[23] Gao N, Rahmani M, Dent P, Grant S. 2-Methoxyestradiol-
induced apoptosis in human leukemia cells proceeds
through a reactive oxygen species and Akt-dependent
process. Oncogene 2005;24:3797–809.

[24] Ghose A, Fleming J, Harrison PR. Selenium and signal
transduction: roads to cell death and anti-tumour activity.
Biofactors 2001;14:127–33.

[25] Yan L, Yee JA, Boylan LM, Spallholz JE. Effect of selenium
compounds and thiols on human mammary tumor cells.
Biol Trace Elem Res 1991;30:145–62.

[26] Painter EP. Chem Rev 1941;28:179.
[27] Ganther HE. Selenotrisulfides. Formation by the reaction

of thiols with selenious acid. Biochemistry 1968;7:
2898–905.

[28] Simon HU, Haj-Yehia A, Levi-Schaffer F. Role of reactive
oxygen species (ROS) in apoptosis induction. Apoptosis
2000;5:415–8.

[29] Atmaca G. Antioxidant effects of sulfur-containing amino
acids. Yonsei Med J 2004;45:776–88.

[30] De Flora S, Izzotti A, D’Agostini F, Cesarone CF. Antioxidant
activity and other mechanisms of thiols involved in
chemoprevention of mutation and cancer. Am J Med
1991;91:122S–30S.

[31] Huang Y, Sadee W. Membrane transporters and channels
in chemoresistance and -sensitivity of tumor cells. Cancer
Lett 2006;239:168–82.

[32] Kanai Y, Endou H. Functional properties of multispecific
amino acid transporters and their implications to
transporter-mediated toxicity. J Toxicol Sci 2003;28:
1–17.

[33] Uchino H, Kanai Y, Kim DK, Wempe MF, Chairoungdua A,
Morimoto E, et al. Transport of amino acid-related
compounds mediated by L-type amino acid transporter 1
(LAT1): insights into the mechanisms of substrate
recognition. Mol Pharmacol 2002;61:729–37.

[34] Chasteen TG, Bentley R. Biomethylation of selenium and
tellurium: microorganisms and plants. Chem Rev
2003;103:1–25.

[35] Rotruck JT, Pope AL, Ganther HE, Swanson AB, Hafeman
DG, Hoekstra WG. Selenium: biochemical role as a
component of glutathione peroxidase. Science
1973;179:588–90.

[36] Cunha RL, Urano ME, Chagas JR, Almeida PC, Bincoletto C,
Tersariol IL, et al. Tellurium-based cysteine protease
inhibitors: evaluation of novel organotellurium(IV)
compounds as inhibitors of human cathepsin B. Bioorg Med
Chem Lett 2005;15:755–60.


	Neutral and positively charged thiols synergize the �effect of the immunomodulator AS101 as a growth �inhibitor of Jurkat cells, by increasing its uptake
	Introduction
	Materials and methods
	Cell culture
	Reagents
	Cell cycle and apoptosis analysis
	Apoptosis determination with annexin/PI
	Measurement of intracellular ROS
	Analysis of mitochondrial membrane potential
	Caspase-3, -9 assay
	EDS
	Statistical analysis

	Results
	AS101 alters the cell cycle of Jurkat cells
	AS101 synergizes with 2-mercaptoethanol or cysteamine, but not with GSH and cysteine, to induce apoptosis in malignant cells
	AS101 together with cysteamine or 2-ME induce apoptosis by increasing ROS and disrupting the mitochondrial membrane potential
	Cysteamine elevates the level of tellurium within �the Jurkat cells
	The origin of thiol selectivity in potentiating �AS101 activity

	Discussion
	Acknowledgements
	Reference


