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ABSTRACT: Thallium acetate is a known neurotoxic agent. In this study, we in-
vestigated the mechanisms by which thallium acetate induces cell cycle arrest
and cell apoptosis in cultured LC6 glioma cells. Exposure of C6 glioma cells to
thallium acetate decreased cell viability as demonstrated by the MTT assay. In-
cubation of thallium acetate arrested cell cycle progression at the G2/M phase
and caused cellular apoptosis at 300 �M as determined by trypan blue exclu-
sion and flow cytometric analysis. The G2/M arrest was associated with a de-
crease in expression of CDK2 protein and an upregulation of p53 and the CDK
inhibitor p21Cip1, but not p27Kip1. Thallium acetate did not alter the protein
levels of cyclin A and B; cyclin D1, D2, and D3; and CDK4 expression in C6
glioma cells. Incubation of C6 glioma cells with thallium acetate upregulated
the expression of proapoptotic proteins Bad and Apaf and downregulated the
expression of anti-apoptotic proteins Bcl-xL and Bcl-2. In conclusion, these
data suggest that thallium acetate inhibits cell cycle progression at G2/M phase
by suppressing CDK activity through the p53-mediated induction of the CDK
inhibitor p21Cip1. Impairment of cell cycle progression may trigger the activa-
tion of a mitochondrial pathway and shifts the balance in the Bcl-2 family to-
ward the proapoptotic members, promoting the formation of the apoptosome
and, consequently, apoptosis.
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INTRODUCTION

Thallium, a toxic heavy metal originally found in coal combustion and cement
manufacturing, has become an important environmental pollutant.1 Thallium salts
were once used as medicine to treat tuberculosis, sexually transmitted diseases, and
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ringworm of the scalp.2 Thallium has also been used as a poison in criminal plots to
hurt or kill people. A case of acute thallium poisoning in a suspected murder attempt
has been reported in Taiwan recently.3 The manifestations of thallium toxicity in-
clude extremely painful sensory neuropathy, motor paralysis alteration of mental sta-
tus, and dysfunction and damage of such organs as the heart, liver, and kidney.4

However, the exact mechanism of thallium toxicity has not been completely eluci-
dated. Thallium interferes with energy production by inhibiting sodium–potassium–
ATPase.5 Thallium-induced brain damage is associated with increases in lipid per-
oxidation in the brain, suggesting that free radical production plays a pivotal role in
thallium toxicity.6,7 An increase in the generation of reactive oxygen species (ROS)
and the disruption of cellular energy production may block cell cycle progression,
which in turn may induce cell apoptosis.8 

Cell cycle progression is controlled by a growing family of cell cycle regulatory
proteins, cyclins, and their catalytic subunit cyclin-dependent kinases (CDKs).9 Ar-
rest of the cell cycle requires a group of CDK inhibitors (CKIs) that interact with the
cyclin–CDK complexes and block cell cycle progression.10 Recent reports have
demonstrated that CKI expression is upregulated upon exit from the cell cycle or the
maintenance of irreversible growth arrest.11 

Apoptosis is an endogenous mechanism that regulates cell mass in various organ
systems. Apoptosis can be regulated by several Bcl-2 family members. The Bcl-2
family comprises both anti-apoptotic proteins (e.g., Bcl-2 and Bcl-xL) and proapop-
totic proteins (e.g., Bad and Bax).12 Bcl-2 and Bcl-xL are mitochondrial membrane
proteins that interact with Bax, another mitochondrial membrane-bound proapoptot-
ic protein, to inhibit the Bax homo-oligomeric channel. The proapoptotic protein,
Bad, binds and prevents the inhibitory constraint of Bcl-2/Bcl-xL, resulting in ion
flux across the mitochondrial outer membrane and subsequently leading to the re-
lease of cytochrome c from the mitochondrial intermembrane space into the cytosol.
Cytochrome c binds to the adaptor protein Apaf-1 to promote autoactivation of pro-
caspase-9 and the downstream caspase cascade, causing apoptosis executed by the
terminal caspase-3.13 Apoptosis can be triggered by downregulation of the anti-ap-
optotic homolog Bcl-2 and Bcl-xL with or without upregulating the expression of
proapoptotic proteins such as Bax and Bak or other apoptosis-related gene products
such as p53 and p21Cip1.12

In this study, we investigated whether thallium acetate regulates cell cycle progres-
sion and cell apoptosis in C6 glioma cells. We demonstrated that thallium inhibits
DNA replication, leading to cell cycle arrest and cell death. The induction of cell cycle
arrest is associated with upregulation of the CDK inhibitor p21Cip-1. On the other hand,
thallium-induced apoptosis is associated with elevation of proapoptotic proteins, Apaf
and Bad, and downregulation of the anti-apoptotic proteins, Bcl-2 and Bcl-xL. 

MATERIALS AND METHODS

Materials

Affinity-purified mouse polyclonal antibodies to cyclin D1, D2, and D3, as well
as CDK2, CDK4, p21Cip1, and p27Kip1, were obtained from Transduction Laborato-
ry (Lexington, KY); Dulbecco’s modified Eagle’s medium, heat-inactivated fetal
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bovine serum, and other reagents required for cell cultures from Life Technologies
(Gaithersburg, MD); protease inhibitor cocktail tablets from Boehringer Mannheim
(Mannheim, Germany); thallium acetate and other chemicals from Sigma
(St. Louis, MO).

Cell Culture, Preparation of Cell Lysates, Polyacrylamide Gel Electrophoresis, 
and Western Blotting

C6 glioma cells (from Food Industry Research and Development Institute, Hsin-
Chu, Taiwan) were cultured as described previously.14 Cells were lysed by adding
lysis buffer containing 10 mM Tris–HCl (pH 7.5), 1 mM EGTA, 1 mM MgCl2, 1 mM
sodium orthovanadate, 1 mM dithiothreitol, 0.1% mercaptoethanol, 0.5% Triton X-
100, and the protease inhibitor cocktails (final concentrations: 0.2 mM phenylmeth-
ylsulfonyl fluoride, 0.1% aprotinin, 50 mg/mL leupeptin). Cells adhering to the
plates were scraped using a rubber policeman and stored at –70°C for further mea-
surements. Electrophoresis was carried out using 7.5% sodium dodecyl sulfate–
polyacrylamide gel. Following electrophoresis, proteins on the gel were elec-
trotransferred onto a polyvinylidene difluoride (PVDF) membrane. The PVDF
membrane was incubated with a solution containing appropriate primary antibodies
in the blocking buffer. Finally, the PVDF membrane was incubated with peroxidase-
linked anti–mouse immunoglobulin G antibodies for 1 h and then developed using a
LumiGLO chemiluminescence kit (Amersham, UK). 

MTT Assay

The effect of thallium acetate on cell viability was measured by a modified MTT
assay, based on the ability of live cells to utilize thiazolyl blue and convert it into
dark blue formazan. In brief, 6,000 cells/well (in 96-well microtiter plates) were in-
cubated with different concentrations of thallium acetate in 0.2 mL of culture medi-
um overnight. The supernatant was then removed, and 0.1 mL of 40 mM HCl in
isoprotanol was added to each well at 37°C for 2 h. The absorbance at a wavelength
of 550 nm was measured with a micro-ELISA reader (Bio-Rad, Hercules, CA). Each
assay was performed in triplicate. 

Cell Cycle Synchronization and Flow Cytometry

Cells were synchronized at the G1 phase by serum starvation for 24 h at 37°C. The
cells were collected and fixed with 70% ethanol and then washed with phosphate-
buffered saline. RNA was lysed with RNAse for 20 min at 37°C and stained with pro-
pidium iodide for 2 h at 4°C. The DNA content was measured using a flow cytometry
analysis (Becton-Dickinson, San Jose, CA); 15,000 events were analyzed for each
sample.

Statistical Analysis

  Results are expressed as mean ± standard error of the mean from the number of
independent experiments performed. One-way analysis of variance (ANOVA) and
Student’s two-tailed t test were used to determine the statistical significance of the
difference between means. A P value of less than 0.05 was considered significant. 
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FIGURE 1. Effects of thallium acetate on cell viability and cell cycle progression. (A)
MTT assay of cell viability revealed a dose- and time-dependent reduction in cell viability
following thallium acetate exposure. (B) Cell cycle analysis showed an increase in cell pop-
ulation at G2/M phase after thallium acetate exposure. 
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RESULTS

Effects of Thallium Acetate on Cell Viability and Cell Cycle Progression

Thallium has been shown to interfere with energy production and increase ROS
generation.6,7 Because oxidative stress is a deleterious event leading to cell death,
we investigated whether thallium alters cell viability. C6 glioma cells were incubated
with different concentrations of thallium acetate and cell viability determined by the
MTT assay. FIGURE 1A shows that cell viability was reduced by thallium acetate
treatment in a dose- and time-dependent manner. To further address whether thalli-
um acetate halts cell cycle progression, we synchronized C6 glioma cells by serum
starvation for 24 h; serum was then added to the quiescent cells to activate the cell
cycle progression. Different concentrations of thallium acetate were added to the
growth-stimulated cells for 24 h, and the percentage of the cells in the G0/G1 phase
and G2/M phase were determined by flow cytometry. As shown in FIGURE 1B, the
cell population at G2/M phase was increased after thallium acetate exposure, sug-
gesting cell cycle arrest at G2/M phase. Because cell proliferation and death are
closely linked to several regulatory proteins, we analyzed the protein levels of cy-
clins, CDK, and pro- and anti-apoptotic proteins in C6 glioma cells.

FIGURE 2. Effects of thallium acetate on the expression of cell cycle regulatory pro-
teins. (A) Western blot analysis for cyclins and CDKs showed a significant reduction in the
protein level of CDK-2 following thallium acetate exposure. (B) Western blot analysis re-
vealed that treatment of cells with thallium acetate increased the expressions of p21Cip1 and
p53.
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Effects of Thallium Acetate on Expression of Cell Cycle Regulatory Proteins

To investigate changes in the expression of cell cycle regulatory proteins during
these processes, we carried out Western blot analysis for cyclins A, B, D1, D2, D3,
E, and CDK2 and CDK4, using specific monoclonal antibodies. CDK2 expression
was significantly suppressed by thallium acetate (300 µM) (FIG. 2A). In contrast to
CDK2, the expression of CDK4 was not affected. Cell cycle arrest was characterized
by increased expression of CDK inhibitors. Treatment of cells with thallium acetate
(100 µM) increased the expression of p21Cip1 but not p27kip1, with the maximum in-
duction of p21Cip1 seen after 24 h (FIG. 2B). The induction of p21Cip1 was in parallel
with an increase in p53 expression.

Effects of Thallium Acetate on Expression of Pro- and Anti-Apoptotic Proteins

The increase of sub-G1 population (FIG. 1B) suggests that thallium acetate induc-
es C6 glioma cell apoptosis. In an effort to delineate the mechanism, we examined
the effect of thallium on the expression of Bcl-2, Bcl-xL, Bad, and Apaf. Western
blot analysis revealed that treatment with thallium acetate for 24 h downregulated
the expression of two anti-apoptotic proteins, Bcl-2 and Bcl-xL (FIG. 3A). Thallium
acetate upregulated the expression of proapoptotic proteins Bad and Apaf in C6 glio-
ma cells (FIG. 3B). 

FIGURE 3. Effects of thallium acetate on the expression of apoptosis regulatory pro-
teins. (A) Western blot analysis showed that treatment of C6 glioma cells with thallium ac-
etate for 24 h downregulated the expression of anti-apoptotic protein Bcl-2 and Bcl-XL. (B)
Thallium acetate also upregulated the Bad and Apaf protein levels in C6 glioma cells.
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DISCUSSION

Thallium is known to damage the nervous system and organs such as the heart,
liver, and kidney. However, little is known regarding the precise mechanisms of thal-
lium toxicity at molecular and cellular levels. This study demonstrated that thallium
acetate inhibits cell cycle progression at G2/M phase by suppressing CDK2 expres-
sion and by inhibiting the CDK activity, likely through induction of the CDK inhib-
itor p21Cip1. Impairment of cell cycle progression probably is the mechanism
leading to C6 glioma cell apoptosis. Thallium crosses the blood–brain barrier and
accumulates in the brain after exposure.6 Results from this study suggest that thalli-
um exerts its toxic effects in cells in the nervous system via the influence of cell cy-
cle progression and induction of cell apoptosis.

Several mechanisms of thallium toxicities have been proposed. Thallium may
substitute for potassium in the Na, K-ATPase pump, possibly due to the similar ionic
charges and radii.5,15 Thallium induces lipid peroxidation, presumably due to an in-
crease in ROS generation.6 In this study, we demonstrated that thallium toxicity may
be associated with induction of cell cycle arrest and apoptosis in C6 glioma cells.
Increased ROS generation leads to DNA damage. C6 glioma cells possess normal
p53 status,16 which plays an important role in regulating DNA repair. Induction of
p53, probably secondary to ROS-induced DNA damage, may be an initiating event
to cause G1 and G2 arrest.17 Thallium acetate increased the expression of both p53
and p21Cip1 in C6 glioma cells, suggesting that cell cycle arrest and cell death occurs
through a p53-dependent induction of p21Cip1. Concomitant with the expression of
p53 and p21 Cip1, downregulation of Bcl-2 and Bcl-xL (anti-apoptotic proteins) and
upregulation of Bad and Apaf, (proapoptotic proteins) were also noted. These
apoptosis-regulatory proteins play prominent roles in several cell death paradigms.
Bcl-2 and Bcl-xL suppress, whereas Bad promotes, apoptosis through their actions in
preserving and disrupting, respectively, the integrity of the mitochondrial mem-
brane.18 Downregulation of Bcl-2 and Bcl-xL and upregulation of Bad may thereby
facilitate the disintegration of the mitochondrial membrane, leading to the release of
mitochondrial proteins such as cytochrome c. Once cytochrome c is released from
mitochondria into the cytosol, it binds to the adaptor protein Apaf-1 and promotes
activation of the caspase cascade to execute the cell death program. Thus, thallium
acetate–induced cell cycle arrest at G2/M followed by the induction of p53 and
p21Cip1 may be the triggering events. Prolonged cell cycle arrest that resulted in C6
glioma cell apoptosis is likely due to an imbalance in the expression of anti-apoptotic
(Bcl-2 and Bcl-xL) and proapoptotic (Bad) proteins.

A relatively high concentration of thallium acetate is required to induce cell apo-
ptosis. The 50% lethal dose of thallium has been estimated to be 32 mg/kg of body
weight in rats (given intraperitoneally).6 However, because thallium acetate tends to
accumulate in rat brain regions,6 it is difficult to estimate the dose required to exert
neurological toxicity in vivo.

In summary, we demonstrated that treatment of C6 glioma cells with thallium ac-
etate results in cell cycle arrest and apoptosis induction. Thallium is known to
heighten oxidative stress to cause DNA damage. DNA damage may in turn upregu-
late p53 expression, leading to the induction of CDK inhibitors such as p21Cip1. In-
duction of p21Cip1 expression may cause cell cycle arrest and lead to apoptosis.
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