
Introduction
Glycogen synthase kinase 3 (GSK-3) has been extensively studied
due to its role in several physiological processes such as cell pro-
liferation, glucose uptake, sleep disorders, etc. [1, 2]. GSK-3 is a
serine/threonine kinase that is regulated by Akt (also called PKB)

and which phosphorylates GSK-3 at Ser-9 and inhibits it [3–6].
Many data support a prominent role for GSK-3 as a key regulator
of neuronal cell death in brain disorders such as Alzheimer's dis-
ease and Parkinson's disease [7, 8]. Likewise, GSK-3 is involved
in cell-cycle regulation, which suggests the potential application of
GSK-3 inhibitors in cancer treatment [9–11]. Accordingly, inhibi-
tion of this enzyme offers a strategy for the treatment of neurode-
generative diseases, bipolar disorders and potential application in
chemotherapies [3–6].

Lithium has been tested in most studies of GSK-3 inhibitors [2].
Lithium is a monovalent ion that was used more than 50 years ago
for the treatment of bipolar disorders. It is well documented that
lithium inhibits GSK-3 directly by competition with magnesium,
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Abstract

Pharmacological GSK-3 inhibitors are potential drugs for the treatment of neurodegenerative diseases, cancer and diabetes. We exam-
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(tyr15-cdc2). Both drugs increased the expression of tyr15-cdc2, thus inhibiting mitosis. On the other hand, SB-415286 increased the
expression of SIRT2, involved in the regulation of proliferation. Moreover, cell-cycle arrest mediated by SB-415286 was accompanied
by apoptosis that was not prevented by 100 �M of zVAD-fmk (benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone), a pan-caspase
inhibitor. Likewise, GSK-3 inhibitors did not affect the mitochondrial release of apoptosis inducing factor (AIF). We conclude that
inhibitors of GSK-3 induced cell-cycle arrest, mediated by the phosphorylation of cdc2 and, in the case of SB-415286, SIRT2 expres-
sion, which induced apoptosis in a caspase-independent manner.
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which is required for its activity, and also indirectly through the
 activation of Akt (also called PKB) [12]. Lithium has been shown to
protect primary neural cultures from several cell death stimuli via
GSK-3 inhibition [13]. On the other hand, GSK-3 inhibition by
lithium also induces morphological differentiation in the mouse
neuroblastoma cell line, Neuro 2a [14]. Although it is effective in
clinical studies, this drug is not a selective GSK-3 inhibitor. Lithium
affects more than one target in apoptotic proteins such as Bcl-2,
p53, protein kinase C and others [15–18]. Moreover, apart from
lithium, more specific GSK-3 inhibitors have been developed, among
them SB-415286 which is a potent and selective small-molecule
inhibitor of GSK-3. In contrast to the extensive research on lithium,
few studies have been performed with SB-415286, a compound that
may be a useful tool by which the role of GSK-3 in cellular signalling
can be further elucidated. Interestingly, SB-415286 exerts the same
effects of lithium in the prevention of neuronal cell death after treat-
ment of neuronal cultures with neurotoxins [17, 18].

Recent studies have indicated that GSK-3 inhibitors may have a
potential application in cancer treatments specifically ovarian cancer,
hepatocellular carcinoma and other tumours [19–24]. Thus, GSK-3
inhibitors inhibited cell growth in colorectal cancer cells and
myeloma cells. Accordingly, it is important to gain a better under-
standing of the mechanisms involved in GSK-3 inhibition-induced
cell cycle arrest for pharmacological treatment of cancer and also
human gliomas [22–28]. Likewise, GSK-3 is implicated in the control
of the Wnt/�-catenin pathway and thus in the regulation of prolifer-
ation and GSK-3 inhibitors may have pro-carcinogenic properties.

Nowadays, it is well known that in all eukaryotic cells, regula-
tion of cell cycle progression is driven by sequential activation of a
group of serine-threonine kinases called cyclin-dependent kinases
(Cdks) and their partners, cyclins. Cdks in association with their
activating subunits: cyclin D–cdk4/6 and cyclin E–cdk2 complexes
regulate G1/S progression, cyclin A–cdk2 complexes mediate S/G2

transitions, and cyclin B–cdc2 complexes mediate M-phase pro-
gression [29, 30]. In addition to cyclins, sirtuin 2 (SIRT2) may reg-
ulate cell proliferation through the mitotic exit. SIRT2 belongs to
the family of histone-deacetylases (HDAC), considered as epige-
netic factors controlling the activity of several genes [31–37].
Sirtuins require NAD� as a cofactor and deacetylate Lys residues
and within the cell regulate a variety of processes, including the
lifespan of organisms, neuroprotection, tumour suppression, dif-
ferentiation and inflammation. Regulation or modulation of activ-
ity/expression of SIRT2 could constitute a potential anticancer ther-
apy, particularly in human gliomas [31].

Here we examine the effects of two pharmacological GSK-3�

inhibitors on B65 cell-cycle progression. We are particularly inter-
ested in evaluating the expression of cell-cycle proteins and also
the effects of GSK-3 inhibitors on G2/M phase. These neuroblas-
toma-derived rat dopaminergic B65 cells have been mainly used in
previous studies to evaluate the oxidative-stress that mimics neu-
rodegenerative processes found in Parkinson's patients [32]. We
report that Li� and SB-415286 successfully inhibit B65 cell prolif-
eration at G2/M by regulating cdc2 activity and we also demon-
strate that the main difference between these drugs is the increase
in protein and mRNA expression of SIRT2 by SB-415286.

Materials and methods

Materials

Drugs used in this study include: lithium chloride and SB-415286 from
Sigma Chemical Co (St. Louis, MO, USA), and cell culture media and foetal
calf serum (FCS) from GIBCO (Life Technologies, Paisley, UK). The produc-
tion of formazan was measured by absorbency change at 595 nm using a
microplate reader (BioRad Laboratories, CA, USA). Cell culture salts,
enzymes and Triton X-100 were purchased from Sigma. Flow cytometry
experiments were carried out using an Epics XL flow cytometer. Optical
alignment was based on optimized signal from 10 nm fluorescent beads
(Immunocheck, Epics Division). Stained cells were visualized under UV
illumination using the 20� objective of a Nikon Eclipse fluomicroscope. To
determine caspase activity, absorbance was measured at 405 nm in a
microplate reader (BioRad). Western blot analysis was performed with
polyvinylidene fluoride (PVDF) sheets (ImmobilonTM-P, Millipore Corp.,
Bedford, MA, USA) and a transblot apparatus (BioRad). We used mono-
clonal antibodies against cyclin D1 (Cell Signalling Technology, Denver,
MA, USA), Cyclin A (Abcam plc, Cambridge, UK), Cdk4, Cdk2 and Cyclin E
(Santa Cruz Biotechnology, Santa Cruz, CA, USA), and peroxidase-conju-
gated IgG secondary antibody (Amersham Corp., Arlington Heights, IL,
USA). Immunoreactive protein was visualized using a chemiluminescence-
based detection kit following the manufacturer's protocol (ECL kit;
Amersham Corp.).

Trizol reagent and DNAse I were purchased from Invitrogen (Invitrogen
Corporation, Carlsbad, CA, USA). cDNA was reverse transcribed using a
First-Strand Synthesis System kit from Invitrogen Corporation. Real-time
quantitative PCR was performed using the ABI PRISM 7700 Sequence
Detection System (Applied Biosystems, Foster City, CA, USA). Real-time
PCR was carried out using an SYBR Green PCR kit (QuantiTect SYBR
Green PCR Kit, QIAGEN). Other chemical reagents were of analytical qual-
ity and purchased from Sharlab (Barcelona, Spain).

Cell culture

The dopaminergic neuroblastoma B65 cell line was purchased from the
European Collection of Cell Cultures (ECACC, Salisbury, UK). Cells were
cultured at 200 cells/mm2 in DMEM media containing 10% FCS and 
2 mM glutamine for 24 hrs prior to addition of lithium chloride and 
SB-415286.

Treatment of B65 and cell proliferation assay

To investigate the antiproliferative effect of both compounds, SB-415286
and lithium were added to the medium at defined concentrations ranging
from 1 to 15 mM and 5 to 44 �M for 24 hrs, respectively.

To assess the cell proliferation, we used the MTT [3-(4,5-dimethylth-
iazol-2-yl)-2,5-diphenyl tetrazolium] method. MTT was added to the
cells at a final concentration of 250 mM and incubated for 1 hr to allow
the reduction of MTT to produce a dark blue formazan product. The
medium was removed, and cells were dissolved in dimethylsulfoxide.
The production of formazan was measured by absorbency changes at
595 nm using a microplate reader. Viability results were expressed as
percentages. The absorbance measured from non-treated cells was
taken to be 100%.
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Analysis of DNA fragmentation by flow cytometry

Apoptosis was measured 24 hrs after drug treatment. In brief, the culture
medium was removed, cells were washed in PBS and flow cytometry
experiments were carried out by adding propidium iodide (PI, 75 �g/ml) 1
hr before analysis. The instrument was set up with a standard configura-
tion: excitation of the sample was performed using a 488 nm air-cooled
argon-ion laser at 15-mW power. Forward scatter, side scatters and red
(620 nm) fluorescence for PI were measured. Optical alignment was based
on optimized signal from 10 nm fluorescent beads. Time was used as a
control for instrument stability; red fluorescence was projected on a 1024
non-parametrical histogram. Aggregates were excluded, gating single cells
by their area versus peak fluorescence signal.

Assay of caspase 3 enzymatic activity

We used the colorimetric substrate Ac-DEVD-p-nitroaniline for the deter-
mination of caspase 3 according to the following method: B65 cells were
collected in a lysis buffer (50 mM Hepes, 100 mM NaCl, 0.1% CHAPS, 
0.1 mM EDTA, pH 7.4), 24 hrs after treatments, and 50 �g/ml of protein
was incubated with 200 mM of colorimetric substrate in assay buffer 
(50 mM HEPES, 100 mM NaCl, 0.1% CHAPS, 10 mM dithiothreitol, 
0.1 mM EDTA, pH 7.4) in 96-well plates at 37�C for 24 hrs. Absorbance of
the cleaved product was measured at 405 nm . Results were expressed as
a percentage of sample absorbance over control values.

Western blot analysis

Aliquots of cell homogenate, containing 15 �g of protein per sample, were
analysed by Western blot. In brief, samples were placed in sample buffer
[0.5 M Tris-HCl pH 6.8, 10% glycerol, 2% (w/v) SDS, 5% (v/v) 2-b-mercap-
toethanol, 0.05% bromophenol blue] and denatured by boiling at 95–100�C
for 5 min. Samples were separated by electrophoresis on 10% acrylamide
gels. Thereafter, proteins were transferred to polyvinylidene fluoride (PVDF)
sheets using a transblot apparatus. Membranes were blocked overnight
with 5% non-fat milk dissolved in TBS-T buffer (50 mM Tris; 1.5% NaCl,
0.05% Tween 20, pH 7.5). They were then incubated with primary mono-
clonal antibodies against GSK-3 ser9, cyclin D1, cyclin E, cyclin A, Cyclin
B1, cdk4, cdk2, cdc2, cdc2 tyr15, AIF and SIRT2 (1:500) and actin-beta
(1:20,000). After 12 hrs of incubation, blots were washed thoroughly in
TBS-T buffer and incubated for 1 hr with a peroxidase-conjugated IgG sec-
ondary antibody (1:3000). Immunoreactive protein was visualized using a
chemiluminescence-based detection kit. Protein load was monitored using
phenol red staining of the blot membrane or immunodetection of actin-beta.

Reverse transcriptase-PCR

Total RNA was extracted from B65 cells using Trizol reagent according to
the manufacturer's instructions. Isolated RNA was treated for 7 min. at
room temperature with amplification grade DNase I in order to remove
contaminating genomic DNA. First-strand cDNA was reverse transcribed
from 2 �g of total RNA using a First-Strand Synthesis System kit from
Invitrogen. �-actin primers were designed to cover a large expanse 
of intronic sequence between exons 2 and 3 of the rat gene (Table 1). 

Table 1 Primer sequences for �-actin, cdk4, cdk2, cyclin D1, cyclin
E, cdc25a and used in real-time PCR experiments

Gene symbol Primer sequence 5’ → 3’ Product 
size (bp)

Forward: ATG GAT GAC GAT ATC GCT GCG

�-Actin Reverse: CAG GGT CAG GAT GCC TCT CTT 200

Forward: GAC TCC CAC AAC ATC CAG ACC

Cdk4 Reverse: ACT CGG AGG AGG AGA AAT CCT 87

Forward: CTT AAG AAA ATC CGG CTC GAC

Cdk2 Reverse: ATC CAG CAG CTT GAC GAT GTT A 111

Forward: TGC ATC TAC ACT GAC AAC TCT AT

Cyclin D1 Reverse: GCA TTT TGG AGA GGA AGT GTT C 131

Forward: TGA AAT TGG TGT CGG TGC CTA T

Cyclin E Reverse: TGC TCC TCC ATT AGG AAC TCT CAC 103

Forward: ATA TGT ACG GGA ACG AGA TAG G

Cdc25a Reverse: TTG GTG CGG AAC TTC TTT AGG T 179

Forward: ATG GAA GGA GCT GGA AGA CCT 191

Sirt2 Reverse: GAC TTT CTA GGG GAG ACG GTA

Fig. 1 The effect of Li� 10 mM and SB-415286 30 �M on pGSK-3 Ser9
in B65 neuroblastoma cell line. Li�-induced site-specific modifications
of pGSK-3 Ser9 phosphorylation. Phosphorylated pGSK-3 Ser9 was
quantified as densitometry values, which were normalized to �-actin.
The data was expressed as mean � S.D. with four independent experi-
ments. ***P � 0.001* versus Li�-treated group.
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Non-reactivity of the primers with contaminating genomic DNA was tested
by the inclusion of controls that omitted the reverse transcriptase enzyme
from the cDNA synthesis reaction (RT-negative controls). The lack of
primer dimerization or non-specific PCR product bands was also tested.

Real-time PCR quantification

Determination of relative gene expression was performed by real-time
quantitative PCR, using the ABI PRISM 7700 Sequence Detection System.
Real-time PCR was carried out using an SYBR Green PCR kit. Thus,
primer concentration and PCR melting temperature were adjusted to
avoid non-specific PCR products, as SYBR Green binds non-specifically
to each double-stranded DNA product formed during the amplification.
The optimum temperature was that which gave the maximum reading 
for the specific product when the non-specific product could no longer 
be detected.

Once the optimum temperature had been determined, quantitative PCR
was carried out using the following thermal cycling programme: Stage 1
was undertaken at 95�C for 15 min.; Stage 2 consisted of three steps: 95�C
for 15 sec.; 60�C for 30 sec. and 72�C for 30 sec. Stage 2 was repeated for
40 cycles. The relative mRNA expression was calculated by the standard
curve method. In brief, both �-actin and target gene amplifications were
run in separate tubes. Standard curves were obtained for all genes by

using decreasing amounts of cDNA template. PCR reactions were
 performed in duplicate for standard curves whereas samples were tested
in triplicate, at a final volume of 25 �l in all cases. For each cDNA template,
the cycle threshold (Ct) necessary to detect the amplified product was
determined and semi-logarithmic standard plots were drawn (Ct versus
cDNA amount). The calculations were performed according to the compar-
ative threshold cycle (Ct) method, which uses the formula 2	

Ct to cal-
culate the expression of target genes normalized to a calibrator (n-fold).
The threshold cycle Ct indicates the cycle number by which the amount of
amplified target reaches a fixed threshold. The Ct data for all target genes
and housekeeping genes in each sample were used to create 
Ct values
[
Ct � Ct (target gene)	Ct (housekeeping gene)]. In our experiments, we
used �-actin as a reference (housekeeping) gene. Thereafter, 

Ct values
were calculated by subtracting the calibrator from the 
Ct value of each

Fig. 2 (A) Time-course of the effects on cell proliferation of Li� in B65
rat neuroblastoma cells. Exposure to different concentrations of Li�

(1–15 mM) up to 72 hrs reduced the cell proliferation of B65 cells eval-
uated by the MTT method. (B) Time-course of the effects on cell prolif-
eration of SB-415286 in B65 rat neuroblastoma cells. Exposure to dif-
ferent concentrations of SB-415286 (5–44 �M) up to 72 hrs reduced
the cell proliferation of B65 cells. The data was expressed as percent-
age of control with four independent experiments.

Fig. 3 Evaluation of DNA fragmentation by flow cytometry in B65 cells
treated with Li� (1–15 mM) and SB-415286 (5–44 �M). The percent-
age of nuclei with subdiploid peak (apoptotic peak) was about 15% for
Li� 15 mM and about 81.51% for SB-415286 44 �M, both at 24 hrs of
treatment. Statistical significance was determined by one-way ANOVA

 followed by Tukey's tests: *P � 0.05, **P � 0.01,***P � 0.001
versus control.
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target. The relative quantity (RQ), or n-fold, values were calculated with the
equation: RQ � 2	

Ct. Real-time PCR data were quantified using the
SDS 2.2 software package.

Non-reactivity of the primers was tested by the inclusion of controls
that lacked the cDNA template (which was replaced by buffer). Genomic
DNA contamination was tested by the inclusion of total RNA samples from
RT-PCR reactions lacking the reverse transcriptase enzyme. The absence
of non-specific PCR product was tested in all samples by analysing a melt-
ing temperature profile using the 7700 Sequence detector. The programme
consisted of Stage 1, 95�C for 1 min.; Stage 2, 60�C for 1 min. followed by
an increase in temperature up to a final temperature of 95�C at stage 3 with
a 19 min. ramp time. Fluorescence data were collected for each PCR reac-
tion and melting graphs were drawn to confirm the presence of a single
specific product.

Statistical analysis

Data are given as the mean � S.E.M. of at least three experiments for pro-
tein determination and at least two independent experiments for gene
expression analysis. In protein experiments, data were analysed by ANOVA

followed by post hoc Tukey-Kramer multiple comparison tests. P-values
lower than 0.05 were considered significant.

Results

Expression of GSK-3 in B65 neuroblastoma 
cell line

Levels of GSK-3, and specifically its inactive form pGSK-3 Ser9,
were evaluated in B65 cells by Western blot analysis at the con-
centration of Li� 10 mM. We found that Li� significantly increased
the inactivated form of GSK-3, phosphorylated at serine 9 (Fig. 1).
However, SB-415286 did not change the phosphorylation pattern
of GSK-3 at Ser9. These data indicate that this compound inhibits
GSK-3 by a competitive mechanism at the ATP binding site, while
Li� inhibits this enzyme indirectly through AKT activation and
directly by a competitive mechanism with Mg2�. Thus, in this

Fig. 4 (A) Bar chart showing caspase-3 activity in B65 neuroblastoma
cells exposed to Li� 10 mM and SB-415286 30 �M, for 24 hrs. Bars
represent means � S.E.M. of four or five separate experiments with
four or five different culture preparations (n � 4–5). (B) Evaluation of
anti-apoptotic effects of zVAD-fmk on SB-415286 20 �M. The percent-
age of nuclei with subdiploid peak (apoptotic peak) was about 30% for
SB-415286 at 24 hrs of treatment and zVAD-fmk did not prevent apop-
tosis. Statistical significance was determined by one-way ANOVA fol-
lowed by Tukey's tests: *P � 0.05 versus control.

Fig. 5 Immunoblots showing the expression of AIF in B65 neuroblas-
toma cells treated with Li� 10 mM and SB-415286 30 �M, for 24 hrs.
The band intensities levels were calculated as percentages of the con-
trol values, which were normalized to �-actin. Bars represent means �
S.E.M. of four or five separate experiments with four or five different
culture preparations (n � 4–5). The statistical analysis was carried out
with the one-way ANOVA followed by Tukey's test.
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 cellular model, GSK-3 is present and lithium exerts its effects by
phosphorylation mechanisms.

Effects of lithium and SB-415286 on B65 cell
 proliferation and apoptosis

To assess whether GSK-3 inhibition affects the proliferation of
B65 neuroblastoma cells, we examined the effects of different
concentrations of GSK-3 inhibitors using the MTT method 

(Fig. 2). Cells were treated with increasing concentrations of 
Li� (1–15 mM) or SB-415286 (1–44 �M) for up to 72 hrs. Both
compounds showed an inhibitory action on the proliferation of
B65 neuroblastoma cells. The growth-inhibitory effects were
dose-dependent. Higher doses of both compounds (15 mM and
44 �M, for Li� and SB-415286, respectively) caused significant
inhibition of cell proliferation.

Increased apoptotic death was observed in cells treated with
lithium or SB-415286, with average values of 13.5% and
75.1%, respectively, at the higher concentrations of both com-
pounds (Fig. 3). In order to clarify the pathway implicated in the

Fig. 6 Representative flow cytometric analysis of cell cycle inhibition by Li� and SB-415286.
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apoptotic death of B65 cells, we determined the enzymatic
activity of caspase 3, and while SB-415286 induced a significant
increase, Li� had no effect (Fig. 4). Furthermore, a pan inhibitor
of caspases such as zVAD-fmk did not block the apoptosis
induced by SB-415286 (Fig. 4). Therefore, these data suggest
the involvement of a caspase-independent mechanism in the
apoptosis caused by the inhibition of GSK-3 in B65 cells. We
also analysed the implication of caspase-independent apoptotic
pathways, determining the levels of nuclear apoptosis-inducing
factor (AIF) in cells exposed to lithium or SB-415286; no signif-
icant changes were observed (Fig. 5). Collectively, these results
indicate that neither caspase activation nor mitochondrial 
AIF release are involved in the observed apoptosis induced by
GSK-3 inhibitors.

Effects of lithium and SB-415286 on cell cycle

To examine the phase of the cell-cycle in which cells were
arrested after treatment with Li� (1–15 mM) and SB-415286
(1–44 �M), DNA was stained by propidium iodide and analysed
by flow cytometry (Fig. 6). Lithium increased the fraction of 
cells in the S phase of the cell cycle at 15 mM (about 50%; 
***P � 0.001) (Table 2). The number of cells arrested in the
G2/M phase increased at a concentration of 15 mM (about 38%
at the highest concentration evaluated). On the other hand, when
B65 cells were treated with SB-415286, the fraction of cells in
the G2/M phase increased in a dose-dependent manner. For
example, when cells were exposed to 20 �M SB-415286, the
fraction of cells in G2/M was about 42% (***P � 0.001), at 
30 �M about 73% (***P � 0.001) and at 44 �M about 93% 
*** (P � 0.001) (Fig. 6).

Effects of lithium and SB-415286 on the expression
of cell cycle proteins in B65 neuroblastoma cells

Cell cycle analysis, measured by flow cytometry, showed a dose-
dependent inhibition of B65 proliferation mediated by GSK3
inhibitors, and thus additional experiments were performed to
characterize the expression of cell-cycle proteins. After 24 hrs of
treatment, Western blotting analysis further confirmed that Li�

and SB-415286 significantly increased the expression of cell cycle
proteins related to the G1-phase (Fig. 7). With respect to the
expression of cell cycle regulatory proteins involved at the G2/M
boundary (Fig. 8), neither drug modified the expression of cyclin
B. However, we found a significant increase in the expression of
cyclin A, cdc2 and the phosphorylated form of cdc2. Therefore,
these compounds specifically impair the activity of cdc2, which
could explain, in part, the G2/M arrest and the inhibition of cell
cycle proliferation. With respect to the analysis of changes in gene
expression, neither drug significantly changed cdk2, cdk4 or cdc2
gene expression (Fig. 9). By contrast, significant up-regulation of
cyclin D and cyclin E transcriptional activity was observed.

Changes in the expression of SIRT2 after
 treatment with GSK-3 inhibitors

Although SB-415286 and Li� showed selective G2/M inhibition
mediated by Cdc2, we studied an additional mechanism involved
in cell cycle arrest that is regulated by Cdc2, namely SIRT2.
Expression of SIRT2 significantly increased after treatment with
SB-415286, while lithium had no effect (Fig. 10). Furthermore,
gene expression analysis showed a similar pattern (Fig. 9).

Table 2 Cell cycle analysis of B65 Cells after treatment with SB-415286 and lithium

Cell cycle phase: Treatment G1 S G2/M

SB-415286

Control 55.55 ± 0.7 25.46 ± 2.12 18.99 ± 1.41 

5 µM 48.47 ± 7.0 26.57 ± 1.73 24.96 ± 6.65 

20 µM 30.37 ± 5.56 26.87 ± 1.15 42.76 ± 6.50 

30 µM 18.78 ± 0.70 8.3 ± 1.41 72.92 ± 1.42

Lithium

44 µM 6.92 ± 7.02 0 ± 0 93.08 ± 7.50

1 mM 53.31 ± 1.15 27.38 ± 1.52 19.32 ± 1.73 

5 mM 46.58 ± 1.0 32.84 ± 2.08 20.58 ± 2.51

10 mM 37.73 ± 3.51 33.12 ± 0.57 29.15 ± 3.60 

15 mM 12.20 ± 2.64 50.19 ± 6.11 37.62 ± 4.61
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Discussion

The aim of the present study was to evaluate the molecular path-
ways involved in the inhibition of B65 rat neuroblastoma cell pro-
liferation by the GSK-3 inhibitors, Li� and SB-415286. First, we
showed that GSK-3 is expressed in B65 cells and that Li� inhibits
this expression. Recent data implicate GSK-3 in the regulation of
cell proliferation and indicate that GSK-3 inhibitors exert an
antiproliferative effect [10, 36, 38–40]. However, previous studies
demonstrated a dual role of lithium in cell proliferation, inhibiting
or increasing cell growth depending on cellular type [19, 20]. In
this study, GSK-3 inhibition by Li� and SB-415286 augments cell
cycle arrest specifically in G2/M and, we also conclude that both
drugs show a common mechanism in the inhibition of cell cycle
by  regulating the phosphorylation of Cdc2.

When we analysed specifically the effects of Li� and SB-
415286 on the cell cycle by flow cytometry, we found a different

pattern of action for each drug. For instance, SB-415286 signifi-
cantly inhibits the G0/G1 and S phase and increases G2/M and
apoptosis. However, although lithium also increased the percent-
age of cells in G2/M phase the pattern of cell cycle inhibition was
not the same that SB-415286. The finding that GSK-3 inhibitors
increase the percentage of cells at G2/M is in line with previous
studies [5, 9]. Moreover, Western blot analysis of the cell cycle
showed a significant increase in the expression of all proteins
involved in G0/G1 phase giving support to the hypothesis that
G2/M phase is the target involved in cell cycle arrest mediated by
GSK-3 inhibition.

We then studied the potential mechanism by GSK-3 inhibitors
to cause G2/M cell-cycle arrest. Cyclin-dependent kinase Cdc2
complexes with cyclin B1 regulates the passage through G2/M
transition. We examined whether Li� and SB-415286 affect the
expression of these proteins. Our data indicate both compounds
increased the levels of Cdc2 in B65 cells. However, we found no
changes in cyclin B1 expression. The mechanism involved in Cdc2

Fig. 7 Immunoblots showing the
expression of cell cycle proteins in
B65 cells treated with Li�10 mM
and SB-415286 30 �M, for 24 hrs:
Cdk4, Cdk2, Cyclins D1, and E . The
band intensities levels were calcu-
lated as percentages of the control
values, which were normalized to
�-actin. Bars represent means 
� S.E.M. of four or five separate
experiments with four or five differ-
ent culture preparations (n � 4–5).
Statistical significance was deter-
mined by one-way ANOVA followed
by Tukey's tests: *P � 0.05, 
**P � 0.01 versus control.
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regulation is mediated by phosphorylation. Thus, cdc2 is inacti-
vated by phosphorylation of amino acid residues Thr14 and Tyr
15. We found that Li� and SB-415286 increased the level of phos-
phorylated Cdc2 at tyrosine 15 (inactivated form). Therefore,
treatment of B65 cells with GSK-3 inhibitors decreased cdc2 activ-
ity, which could explain the effect of these compounds on cell-
cycle arrest and impaired cell proliferation. Our results on Li� are

consistent with previous studies performed by Smits et al. 1999,
which demonstrated that lithium prevents the activation of the
mitotic cyclin B/cdc2 complex, through interference with Tyr-15
phosphorylation [41].

Because our data suggest a key role for Cdc2 activation in
the process of cell cycle inhibition, we studied an additional 
target of this pathway, namely SIRT2. Recent studies have

Fig. 8 Immunoblots showing the expression of cell cycle proteins in B65 cells treated with Li�10 mM and SB-415286 30 �M, for 24 hrs: Cyclin A,
Cdc2 tyr15, Cdc2, Cyclin B1. The band intensities levels were calculated as percentages of the control values, which were normalized to �-actin. Bars
represent means � S.E.M. of four or five separate experiments with four or five different culture preparations (n � 4–5). Statistical significance was
determined by one-way ANOVA followed by Tukey's tests: *P � 0.05, **P � 0.01 versus control.
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implicated SIRT2 in the control of the cell cycle [32–35].
Furthermore, in  different cell models, SIRT2 reduces cellular
proliferation, while SIRT2 expression is down-regulated in
human gliomas [32, 33]. Likewise, drugs that induce micro-
tubule alteration such as nocodazole inhibited cell cycle 
progression in mitosis by SIRT2 activation [35, 42–44]. We
found that SIRT2 expression increased after treatment with 
SB-41528641, while Li� had no effect. Since our data suggest
that unlike Li� and SB-41528641 have a potent effect on the
G2/M phase and also induces apoptosis, we propose that the
different effect on the cell cycle may be explained by the selec-
tive SIRT2 protein and mRNA expression.

We also analysed the mechanism implicated in GSK-3 inhibi-
tion-induced apoptosis. The apoptotic process is associated with
the activation of a specific series of cysteine proteases, named
caspases [45–47]. In fact, caspase activation is a marker of the
apoptotic process, more specifically, caspase-3 is the responsi-
ble of the cleavage of substrates involved in the regulation of
nuclear apoptotic process. Our data indicated different mecha-
nisms for Li� and SB-415286 with reference to B65 cell apopto-
sis. Thus, while Li�-induced cell cycle arrest was not associated
with caspase-3 activation, SB-415286 significantly increased
this enzyme and also the apoptotic levels of B65 cells. Moreover,
when zVAD-fmk was added to the cultures treated with 
SB-415286, this caspase inhibitor did not attenuate the apop-
totic process. Collectively, these results suggest that although
caspase-3 is activated in this process, the activation of this
enzyme is not a key event in this apoptotic route. In order to
evaluate the activation of the caspase-independent pathway, we
studied AIF-release from mitochondria to the nucleus. Our
results demonstrated that there is no change in nuclear AIF after

treatment with GSK-3 inhibitors, and thus nuclear AIF is not
involved in this apoptotic process.

The effect of Li� and SB-415286 on cdc2 is important because
there may be other potential pharmacological applications of these
drugs. For instance, re-entry in the cell cycle constitutes a poten-
tial route involved in the process of neuronal cell death in all neu-
rodegenerative diseases [48–50]. In Alzheimer's disease cdc2
could be activated in neurons and human brain and cyclin B-Cdc2
might be involved in the hyperphosphorylation of tau and also in
the regulation of neuronal apoptosis [51, 52]. Furthermore, in cul-
tures of cerebellar granule cells, activation of cdc2 by the apop-
totic stimuli of serum and potassium withdrawal connects re-entry
in the cell cycle with mitochondrial apoptosis activation through
bad phosphorylation [53, 54].

In summary, the results of the present study provide evidence
that GSK-3 inhibitors induce G2/M arrest in rat B65 neuroblas-
toma cells through regulation of Cdc2 activity, specifically the
phosphorylation of Cdc2 and thus inhibition of this enzyme. 

Fig. 9 Fold increase of mRNA expression levels for cyclin D1, Cdk4
and Cdk2, after 24 hrs of treatment with Li�10 mM and SB-415286
30 �M. Treatment with melatonin caused significant down-regula-
tion of cyclin D1, Cdk2 and Cdk4 genes, whereas roscovitine
decreased significantly the expression of Cdk4 gene. Data are given
as mean � S.E.M. from three independent PCR experiments. Data
were analysed by ANOVA  followed by Tukey-Kramer multiple compar-
isons test, *P � 0.05, **P � 0.01 versus control values.

Fig. 10 (A) Immunoblot showing the expression of SIRT2 cell cycle
proteins in B65 cells treated with Li�10 mM and SB-415286 30 �M, for
24 hrs. The band intensities levels were calculated as percentages of the
control values, which were normalized to �-actin. Bars represent means
� S.E.M. of four or five separate experiments with four or five different
culture preparations (n � 4–5). Statistical significance was determined
by one-way ANOVA followed by Tukey's tests: *P � 0.05 versus control. 
(B) Fold increase of mRNA expression levels for SIRT2 after 24 hrs of
treatment with Li� 10 mM and SB-415286 30 �M. Treatment with 
SB-415286 30 �M caused a significant up-regulation of SIRT2 gene,
whereas Li� 10 mM did not modify the expression of SIRT2 gene. Data
are given as mean � S.E.M. from three independent PCR experiments.
Data were analysed by ANOVA followed by Tukey-Kramer multiple
comparisons test, *P � 0.05  versus control values.
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