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Summary

Purpose: Glioblastoma stem cells (GSCs), responsible for
the dismal disease prognosis after conventional treatments,
are driven by overactive signaling pathways, such as PI3K/
AKT/mTOR and RAS/RAF/MAPK. The objective of our
study was to target in vitro-GSCs by combining metformin
(Met) as a mTOR inhibitor, with sorafenib (Soraf) as a RAF
inhibitor.

Methods: GSCs cultured under basal conditions were
treated with Met, temozolomide (TMZ), Soraf, Met+TMZ
and Met+Soraf; as untreated arm served as control. At 4 hrs
of drug exposure, we measured the level of reactive oxygen
species (ROS) by 2’,7’-dichlorofluorescein diacetate (DCF-
DA) assay, apoptosis by prodium iodide (PI)-V Annexin
staining and efflux pump activity by using the fluorescent
dye rhodamine 123. At 24 hrs, we measured cell prolifer-
ation by 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazoli-
um bromide (MTT) assay, apoptosis and malondialdehyde
(MDA) levels. MTT results were compared with correspond-
ing measurements on cultures of non-stem glioblastoma

Introduction

Glioblastoma is a highly infiltrative and dead-
ly tumor of the central nervous system that rap-
idly spreads within nervous tissues and makes

cells and osteoblasts.

Results: Met+Soraf exerted the highest antiproliferative
effects in GSCs and non-stem glioblastoma cells (p<0.001).
Both Met and Soraf monotherapy exhibited a selective cy-
totoxic effect on GSCs (p<0.001), while no effect was de-
tected on non-stem glioblastoma cells (p>0.05). Soraf, but
not Met, impacted the proliferation of normal cells. Soraf
displayed synergism with Met in producing high levels of
ROS, decreasing efflux pump activity and generating the
highest apoptotic rates when compared to either drug alone
(p<0.001).

Conclusion: GSCs were highly sensitive to the combina-
tion of Met and Soraf which reduced cell proliferation, in-
creased oxidative stress, inhibited efflux pump activity and
ultimately killed GSCs. We strongly believe that these re-
sults warrant further in vivo exploration.

Key words: glioblastoma, metformin, sorafenib, stem-like
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complete resection illusive in most cases [1,2].
Although the current gold standard treatment
consists of a multidisciplinary approach that in-
cludes surgery and adjuvant radio-chemotherapy,
followed by maintenance chemotherapy with te-
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mozolomide [3,4], the median survival rarely ex-
ceeds 15 months [5]. The failure of conventional
treatments along with the observation that 60-
75% of patients derive no benefit from treatment
with temozolomide [6], have imposed the urgent
need for new treatment strategies.

A major breakthrough in modern neuro-on-
cology reveals that the aggressive and incurable
nature of glioblastoma has been associated with
the existence of a small subpopulation of GSCs
that have the ability to undergo self-renewal and
are resistant to conventional chemo-radiother-
apy, thus initiating tumorigenesis and support-
ing tumor growth [7]. Proposed mechanisms of
chemo- and radioresistance in GSCs include the
overactivity of various signaling pathways impor-
tant for the maintenance of the stemness feature,
cell growth, proliferation and survival, enhanced
DNA repair mechanisms and drug-efflux trans-
porters [8], as well as the preferential localization
of GSCs within hypoxic areas [9]. Moreover, the
dismal prognosis of glioblastoma is associated
with an aberrantly elevated expression or con-
stitutive activation of various tyrosine kinase re-
ceptors, such as epidermal growth factor receptor
(EGFR) [10,11], vascular endothelial growth factor
receptor 2 (VEGFR2) [12], platelet-derived growth
factor receptor beta (PDGFRDb) [13] or insulin-like
growth factor 2 (IGF2) [14]. As a consequence,
important roles are provided for the phosphati-
dylinositol 3-kinase (PI3K)/mammalian target of

Sorafenib

EGF
EGFR

rapamycin (mTOR) and mitogen-activated protein
kinase (MAPK) pathways in the biology of glio-
blastoma, as they are downstream pathways ac-
tivated by the frequently over-expressed receptor
tyrosine kinases stated above [15,16].

Taking into account the cooperative func-
tion of PI3K/AKT/mTOR and RAS/RAF/MAPK in
tumorigenesis and cancer cell proliferation, we
propose a novel combination between the mTOR
inhibitor, metformin, and the RAF inhibitor,
sorafenib, in the treatment of GSCs. Encouraging
results have emerged from recent data published
on glioblastoma [17-20] and suggest that met-
formin could be “the most clinically relevant drug
ever reported for targeting of glioma-initiating
cells” [18], mainly due to mTOR inhibition [21,22].
Sorafenib, a tyrosine kinase inhibitor used in the
treatment of hepatocellular and renal cell carcino-
ma, was also recently proven to inhibit glioblas-
toma-initiating cells [23] by targeting molecules
frequently over-expressed in glioblastoma, such
as VEGFR, PDGFR, c-kit or RAF [24], and it may
become a promising drug in the treatment of glio-
blastoma (Figure 1).

In the present study, we show for the first time
that metformin and sorafenib could be combined
into an efficient in vitro treatment strategy that
targets GSCs and that this association is superior
to either drug used alone or when compared with
the gold standard chemotherapy, TMZ.
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Figure 1. Putative molecular targets of sorafenib and metformin in glioblastoma stem cells.
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Methods

Reagents

Metformin (Woérwag Pharma) was diluted in phos-
phate buffer solution (PBS) and used in a final concen-
tration of 6 mM, according to the calculated half max-
imal inhibitory concentration. TMZ (Schering-Plough)
was used at a final concentration of 50 uM after dilution
in Dulbecco’s Modified Eagle Medium (DMEM) adjust-
ed at pH of 4.0. Sorafenib (Bayer and Onyx Pharma-
ceuticals) was prepared as stock solution by dilution in
dimethyl sulphoxide and the working solution by dilu-
tion in cell medium and used at a final concentration of
2.5 uM. Both TMZ and Sorafenib doses corresponded to
the clinically relevant concentrations used in patients.

DMEM, high glucose, HAM nutrient F12 medium,
streptomycin, penicillin, glutamine, non-essential ami-
noacids, MTT solution, beta-mercaptoethanol, fetal calf
serum (FCS) and trypsin were all purchased from Sig-
ma Aldrich (St Louis, MO, USA).

Cell cultures

GSCs were isolated from a freshly surgically re-
sected human glioblastoma specimen, and cultured in
a serum-free medium containing epidermal growth
factor (EGF), basic fibroblast growth factor (FGF), and
B27 supplement, as previously described [7]. After iso-
lation and expansion, cells were cultured at 37 °C in
a humidified atmosphere of 95 % air and 5% CO., in
Ham’s F-12 and DMEM media used in 1:1 ratio, supple-
mented with 15% FCS, 100 U/ml penicillin and 100 pg/
ml streptomycin, 2mM L-glutamine, 1% non-essential
amino acids (NEA), 55 uM beta-mercaptoethanol and 1
mM sodium pyruvate. Cells were previously shown to
express stem cell features, such as CD133, OCT 3, CD
90, nestin and nanog, while having also the capacity to
form neurospheres in serum-free medium and display-
ing a high proliferative potential despite chemotherapy
and irradiation [7]. Non-stem glioblastoma cells were
cultured in the same conditions and in a similar growth
medium. Osteoblasts were cultured in complex osteo-
genic medium consisting of DMEM/F-12 medium with
10% FCS, 2mM L-glutamine, 1% NEA, antibiotics, 10
nM dexamethasone, 50 pg/ml ascorbic acid and 10 mM
B-glycero-phosphate [25] and served as “normal cell
model”.

Performed tests

a) Evaluation of cell proliferation by MTT assay

The proliferation rates were evaluated in GSCs, as
well as in non-stem glioblastoma cells and osteoblasts.
Cells were cultured at a density of 5x10° cells in 200
pl/well in 96-well microtiter plates and incubated over-
night to allow cells to attach to the wells. As shown in
Figure 2, cells were divided into 6 arms which were as-
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signed to different treatments: no treatment, Met alone,
TMZ alone, Soraf alone, Met+TMZ and Met+Soraf. Sev-
enty two hrs after seeding, the MTT test was performed.
After removing the medium and washing three times
with PBS, the yellow MTT solution [3-(4,5-dimethylth-
iazolyl-2)-2,5-diphenyltetrazolium bromide] was added
and the plate was left at 37°C for 1 h to allow MTT to
be metabolized. Finally, the resulting purple formazan
(MTT metabolite product) was resuspended in 200 pl
DMSO and placed on a shaking table to mix the for-
mazan with the solvent. The reduction of MTT to for-
mazan takes place only when mitochondrial enzymes
are active; therefore, the conversion rate can directly
estimate the number of living cells. The concentration
was determined by optical density at 492 nm by using
a fluorescence microplate reader (Synergy 2, BioTek,
Winooski, VT, USA). Results derived from the three
cell lines were also confirmed through microscopic cell
counting.

b) Evaluation of oxidative stress parameters in GSCs

Reactive oxygen species production by DCF-DA assay

Intracellular ROS production was quantified by
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Figure 2. Experimental design. Cells were cultured
and divided into 6 arms. After 24 hrs, cells received
the following treatment: the first arm (control), re-
ceived no treatment; the 204 arm received 6mM Met/
day at 24 and 48 hrs after seeding; the 37 arm re-
ceived 50 pM TMZ at 48 hrs after seeding; the 4™ arm
received 2.5 pM Soraf at 48 hrs; the 5t arm received
6 pM Met/day at 24 and 48 hrs and 50 pM TMZ at
48 hrs after seeding; the 6t arm received 6 pM Met/
day at 24 and 48 hrs and 50 pM TMZ at 48 hrs. Met:
metformin, TMZ: temozolomide, Soraf: sorafenib.
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measuring the fluorescence intensity of the cell perme-
able dye 2’,7’-dichlorofluorescein diacetate (DCF-DA)
(Molecular Probes Inc, USA), according to the manu-
facturer instructions. Ninety six well plates were seed-
ed with 10 cells. Due to the rapid formation of ROS,
cells were incubated with the drugs for 1 and 4 hrs
before adding the DCF-DA solution. Cell monolayers
were washed twice with PBS and stained for 30 min
with DCF-DA in the dark, at 37 °C at a final concentra-
tion of 2.4 mM. The wells were subsequently washed
twice with PBS supplemented with Mg?* and Ca*" and
fluorescence intensity was measured at 488 nm using a
BioTek Synergy 2 fluorescence microplate reader.

Malondialdehyde (MDA) level

MDA was determined using the fluorometric meth-
od with 2-thiobarbituric acid described by Conti et al.
[26]. The samples were mixed with a solution of 10 mM
2-thiobarbituric acid in 75 mM K,HPO,, pH 3 solution
and heated in a boiling water bath for 1 h. After cooling,
the reaction products were extracted in n-butanol. The
MDA levels were determined spectrofluorometrically
in the organic phase using a synchronous technique
with excitation at 534 nm and emission at 548 nm. The
MDA values were expressed as nmols/mg protein.

¢) Apoptosis assessment by flow cytometry and immunoflu-
orescence microscopy

Cells were seeded in complete medium at a concen-
tration of 10° cells/well in a 6-well plate and exposed
for 4 and 24 hrs to treatment at the concentrations spec-
ified in Table 1. After drug exposure, cells were harvest-
ed and washed with cold phosphate-buffered solution
and then resuspended in annexin binding buffer. Five
pL Alexa Fluor® 488 annexin V and 1 pL (100 pg/pL)
PI working solution (Sigma-Aldrich Chemicals GmbH,
St Louis, MO, USA) were added to each 100 pL of cell
suspension. Cells were then incubated for 15 min in the
dark at room temperature, mixed gently with 400 pL
1X annexin-binding buffer and then analyzed by flow
cytometry, measuring the fluorescence emission at 530
nm (FL1) and >575 nm (FL3) with a BD FACS Canto
II flow cytometer. After 24 hrs of drug exposure, cells
were also deposited on glass microscope slides and ex-
amined using an inverted phase microscope with a 488
nm fluorescence filter for V-annexin Alexa Fluor 488
and for PI. Samples counterstained with an antifade
medium containing DAPI (UltraCruzTM Mounting me-
dium-Santa Cruz Biotechnologies) in order to highlight
cell nuclei were observed using the 346nm filter (Axio-
vert, Zeiss, Oberkochen, Germany). Image acquisition
was performed using an AxioCam MRC camera.

d) Rhodamine efflux assay

The fluorescent dye rhodamine 123 is used as a
functional assay for cell efflux pump activity [27]. At
24 hrs after treatment, 5x10° cells were re-suspended

in a solution of rhodamine 123 diluted in PBS (Sig-
ma-Aldrich Chemicals GmbH, St Louis, MO, USA)
(1:1000) at a final concentration of 1 pg/ml and incu-
bated for 40 min at 37°C in the dark. Subsequently, the
samples were harvested and washed twice by centrif-
ugation for 5 min at 1200 rpm and the resulting pel-
let was suspended in 300 pl PBS with Ca2+ and Mg2+.
After transferring each sample on a 96-well plate, the
fluorescence was read at 488 nm by using a BioTek mi-
croplate reader.

Statistics

The data are expressed as the meanzstandard de-
viation. All statistical analyses were performed by us-
ing the GraphPad Prism software, version 5.0 statistics
program (La Jolla, CA, USA). Statistically significant
values were obtained by a one-way analysis of variance
(ANOVA), with the Bonferroni multiple comparison
test (Kruskal-Wallis as nonparametric) and a 95% con-
fidence interval level. Statistical significance was set at
p < 0.05.

Results

a) Metformin combined with sorafenib exerts the
highest antiproliferative effects in GSCs and non-stem
glioblastoma cells

As summarized in Figure 34, in GSCs, signif-
icant inhibition of cell proliferation was observed
in cells treated with Met alone (p<0.001), Soraf
alone (p<0.001) and the combination of Met+Soraf
(p<0.001) and Met+TMZ (p<0.001), respectively,
as compared to the controls. The most efficient
therapy was proven to be the combination be-
tween Met and Soraf, which displayed significant-
ly decreased proliferation rates when compared to
any other treated arm. Interestingly, TMZ alone
failed to offer any benefit and the Met+TMZ com-
bination arm was not statistically different when
compared with Met alone (p<0.001) (Figure 3A).

Aside from affecting the number of GSCs and
their rate of proliferation, Met also impacted cell
shape after 24-48 hrs of drug exposure, as shown
in Figure 3B.

In non-stem glioblastoma cells, cell prolif-
eration did not reach any significant statistical
difference when treated with either drug alone or
even when combined to TMZ (p>0.05). The only
efficient therapy seemed to be the combination of
Met and Soraf (p<0.001) (Table 1A).

In normal cell lines - osteoblasts, Met alone
(p>0.05) did not significantly reduce cell prolifera-
tion when compared to the control arm. However,
there was a significant reduction of proliferation
rate in arms treated with Soraf (p<0.01) and the
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Figure 3. GSC proliferation and morphology at 24 and 48 hrs after treatments. A: MTT proliferation assay.
GSCs were pre-treated with 6 pM Met 24 hrs prior to and concomitant with the addition of 2.5 pM Soraf or 50
pM TMZ. The combination of Met and Soraf was the most efficient therapy in terms of decreased proliferation
rates at 24 hrs compared with untreated cells, with either drug alone or with Met+TMZ. Data are statistically
significant, as pointed by ** p<0.01 and *** p<0.001. Values are expressed as units of absorbance optical density
(OD). B: Untreated round-shaped GSCs experienced a morphological change to a fibroblastoid appearance (C)
after exposure to Met for 48 hrs (white light microscopy, x10)

Table 1. MTT proliferation assay performed on non-stem glioblastoma cells and osteoblasts at 24 hrs
Ctrl Met TMZ Soraf Met+TMZ Met+Soraf

A. Non-stem cancer cells

Mean 0.203 0.189 0.196 0.180 0.214 0.137

SD 0.019 0.017 0.006 0.013 0.007 0.002

p-value p >0.05 p <0.001
B. Normal cells (osteoblasts)

Mean 0.159 0.133 0.146 0.103 0.107 0.083

SD 0.025 0.003 0.016 0.003 0.003 0.002

p-value p >0.05 p <0.01 p <0.001

A. Cell proliferation of non-stem glioblastoma cells at 24 hrs after proposed treatments. Non-stem glioblastoma cells were pre-treat-
ed with 6 mM Met 24 hrs prior to and concomitant with the addition of 2.5 pM Soraf or 50 pM TMZ. MTT cell proliferation assay
shows that the combination of Met and Soraf is superior to either treatment alone or compared with Met+TMZ in non-stem glioblas-
toma cells. Data are statistically significant (p<0.001).

B. Cell proliferation of osteoblasts at 24 hrs after proposed treatments. Osteoblasts were pre-treated with 6 mM Met 24 hrs prior to
and concomitant with the addition of 2.5 pM Soraf or 50 puM TMZ. The combination of drugs and sorafenib monotherapy affected
normal osteoblasts. Data are statistically significant, (p<0.01, p<0.001).

combinations Met+TMZ (p<0.01) and Met+Soraf the TMZ arm or the Soraf arm. After 4 hrs of in-
(p<0.001) (Table 1B). cubation with the drugs, Soraf considerably raised
the amount of ROS, in the same manner as Met+-
b) Metformin combined with sorafenib induces ROS ~Soraf. Although the combination between Met+T-
production in GSCs MZ also maintained increased stress marker val-
ues when compared to the control arm, Met+Soraf

was more effective in inducing oxidative stress
DCF-DA assay (Figure 4).

After 1 h of incubation with the drugs, oxida-
tive stress was equally elevated in the arms treat- Malondialdehyde level
ed with Met, Met+TMZ and Met+Soraf. There Metformin administration increased lipid
were no differences between the control arm and peroxidation when compared to controls, both
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Figure 4. DCF-DA performed on GSCs at 1 and 4 hrs of drugs exposure. A: The effects of treatments on reactive oxygen
species production at 1 hour. ROS formation increased significantly at 1 hour after treatments with Met, Met+TMZ respec-
tively. Met+Soraf compared to control cells or cells treated with TMZ or Soraf (*** p<0.001). Values are expressed as units
of fluorescence. B: The effects of treatments on reactive oxygen species production at 4 hrs. ROS formation increased sig-
nificantly at 4 hrs after treatments with Met and Soraf, respectively. Met+Soraf compared to control cells or cells treated
with TMZ (* p<0.05; *** p<0.001). Values are expressed as units of fluorescence.
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Figure 5. Lipid peroxidation assay performed on Figure 7. Rhodamine 123 assay performed on GSCs
GSCs at 24 hrs after treatments. MDA levels increased 4 hrs after treatments. Rhodamine accumulated signif-
significantly at 24 hrs after treatments with Met and icantly within the cells at 4 hrs after treatments with
Met+TMZ, respectively. Met+Soraf compared to con- Met, Met+TMZ and Met+Soraf compared to control cells
trol cells (* p<0.05; ** p<0.01). or TMZ treated cells (* p<0.05 ; ** p<0.01; *** p<0.001).
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Figure 6. Apoptosis induced in GSCs. A: Apoptosis assay at 4 hrs performed by flow cytometry. Apoptosis
occurred in the arms treated with Met, Met+TMZ and Met+Soraf, with the highest apoptotic rate corresponding
to Met+Soraf (* p<0.05 ; ** p<0.01 ; *** p<0.001). B: Apoptosis - fluorescence microscopy - 24 hrs after therapy.
Cell death was analyzed using annexin-V staining to detect early apoptotic cells, propidium iodide (PI) staining
to detect necrotic cells and the staining with both annexin-V and PI to detect late apoptotic cells. Left panel:
cells were counterstained with DAPI for nuclei (blue) (A-D). Right panel: same cells stained with V-Annexin
Alexa Fluor488 (green) and PI (red) (a-d). (x63 immersion objective Zeiss Axiovert microscope, filter 488 nm).
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when used alone (p<0.05) or when combined with
TMZ (p<0.01) or with Soraf (p<0.01). The highest
values of malondialdehyde corresponded to the
lowest proliferation rates obtained with the com-
bination between Met and Soraf (Figure 5).

¢) Metformin combined with sorafenib generates the
highest apoptotic rates of GSCs

The contribution of cell death to the an-
tiproliferative effect of drugs was measured after
4 and 24 hrs of treatment. As shown in Figure
6A , the apoptotic index was shown to be most
elevated in the arm treated with Met+Soraf. When
compared to the control arm, significant results
were obtained in the Met arm and the Met+T-
MZ (p<0.05) and Met+Soraf arms, respectively
(p<0.001). There were no statistically significant
differences between the Met and Met+TMZ arms,
whereas the combination of Met+Soraf was high-
ly effective in inducing apoptosis when compared
to all other arms. Similar results were obtained
through fluorescence microscopy, with the obser-
vation that Soraf-treated groups had higher levels
of late apoptotic cells at 24 hrs (Figure 6B).

d) Rhodamine 123 efflux assay in treated GSCs

Low levels of the fluorescent dye rhodamine
123 persisted in the control arm, as well as in the
arm treated with TMZ monotherapy, indicating a
high efflux capacity. Met monotherapy slightly in-
creased the dye concentration within the cells. In-
terestingly, the fluorescent dye accumulated in a
significantly increased manner when Soraf alone,
or when the Met+TMZ or Met+Soraf combina-
tions were used. Thus, the efflux pumps, which are
responsible for the expulsion of drugs from can-
cer cells, seemed to be inhibited when such drug
combinations were used (Figure 7).

Discussion

The failure of existing treatments for glio-
blastoma has been attributed to the existence of
cancer stem-like cells and their high resistance to
conventional treatments [28], as well as to their
ability to stimulate neoangiogenesis, as previ-
ously shown by our research [17]. The existence
of drug efflux pumps, which prevent the accumu-
lation of drugs at steady-state levels in tumors,
along with the enhanced DNA repair mechanisms
in GSCs, contribute to their resistance to therapy
[29]. An important determinant of TMZ treatment
failure is the increased activity of O-6-methyl-
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guanine-DNA methyltransferase (MGMT), a
DNA-repair enzyme which removes alkyl groups
induced by TMZ from the O6 position of guanine
[30]. MGMT is frequently over-expressed in GSCs,
most notably in GSCs located in the inner core of
the tumor mass [9,31], which could explain their
ability to resist chemotherapy.

Our study used stem-like cells, known as
TMZ-resistant cells, and attempted to collect in-
itial data on a novel approach that could better
target GSCs. As encouraging results have been
published linking cancer stem-like cells isolated
from glioblastoma and an increased sensitization
to Met [17-19] or Soraf [23], we aimed to maxi-
mize this antineoplastic effect by associating Met
and Soraf in the treatment of glioblastoma cells.
The possibility that Met and Soraf could have a
synergistic effect is in line with the fact that Met
and Soraf target two of the most important signa-
ling cascades frequently dysregulated in glioblas-
toma, PI3K/AKT/mTOR and RAS/RAF/MAPK axes
[32]. These pathways commonly mediate signal-
ing from tyrosine kinase receptors and promote
cell proliferation, resistance to cancer therapy and
induce an aggressive tumor behavior [33]. The
mTOR and MAPK pathways may also be able to
relay signals one to another through interactions
between member proteins, such as the RAS mem-
ber of the MAPK pathway, which can induce PI3K
activity and thus mTOR signaling. This link may
constitute a form of oncologic signaling redun-
dancy, which may explain the reason for the ob-
served failure of tyrosine kinase inhibitors in clin-
ical trials. Clinical trials with EGFR inhibitors or
even Soraf in glioblastoma have shown only mod-
est to no advantage in terms of progression free
survival [34-36], which supports the hypothesis
of Gao et al. that other oncogenic signaling path-
ways may compensate for the decrease in MAPK
signaling [32]. Sorafenib, as a multi-tyrosine ki-
nase inhibitor, may display more potent anti-can-
cer effects in combination with metformin. First,
Soraf decreases tumor angiogenesis through inhi-
bition of VEGFR or PDGFR, a feature of cancer ag-
gressiveness, while also inhibiting RAF, a down-
stream member of the MAPK signaling pathway.
Secondly, Met is an activator of the adenosine
monophosphate-activated protein kinase (AMPK),
which subsequently inhibits signaling through
the PI3K/AKT/mTOR pathway through indirect
inhibition of mTOR, while also inhibiting Ras-me-
diated signaling through PI3K [37].

Since the two molecular pathways affected by
Soraf and Met are involved in cell growth and pro-
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liferation, we assessed cell viability and prolifer-
ation after the proposed treatments. A variability
in the response to treatment of different cell lines
was observed. Even though our GSC line was re-
sistant to TMZ and was only slightly affected by
Soraf monotherapy, it was highly sensitive to the
action of Met+Soraf. Interestingly, Met did not af-
fect non-stem glioblastoma cells nor a normal cell
line (osteoblasts), indicating a specific action of
Met on GSCs. Our observations were also recent-
ly confirmed by the in vitro study of Wurth et al.
[19], which showed that Met selectively reduced
the proliferation of the CD133 expressing GSC
and impaired tumor-initiating cell spherogenesis.
This direct effect on self-renewal mechanisms was
associated with a marked inhibition of the Akt-de-
pendent cell survival pathway, while this pathway
was not affected in non-stem cells. Also, Met did
not have a significant cytotoxic effect on normal
umbilical cord-derived mesenchymal stem cells
[19].

An interesting result was also the behavior
of our GSC cell line under Soraf treatment. While
non-stem glioblastoma cells were not significant-
ly impacted by Soraf monotherapy, GSCs exhibit-
ed a slight reduction in proliferation, suggesting
a certain degree of selectivity of Soraf in target-
ing GSCs. Our results are in concordance with the
study of Carra et al. [23], which highlighted a lower
sensitivity of glioblastoma cultures to Soraf after
differentiation when compared with the undiffer-
entiated counterpart. Soraf reduced the prolifera-
tion of glioblastoma cells and this effect might be
partly explained by the inhibition of the PI3K/Akt
and MAPK pathways [23].

The cytotoxic effects of Met, Soraf and their
association seem to be also related to the produc-
tion of ROS. After 1 h of incubation with the drugs,
Met-treated arms were associated with the high-
est values of ROS, while at 4 hrs Soraf became the
most important generator of ROS. The induction
of oxidative stress was further confirmed by the
increased levels of lipid peroxidation, a phenom-
enon known to be associated with oxidative dam-
age [38] and impaired cellular function [39]. At
24 hrs, all treated arms, except for TMZ, showed
increased levels of malondialdehyde, confirming
a pro-oxidant role of Met and Soraf in GSCs. Our
results are consistent with those reported by Isak-
ovic et al. in an in vivo murine model and a hu-
man glioma-derived cell line where Met adminis-
tration enhanced the production of ROS and had
a synergistic anti-neoplastic effect with hydrogen
peroxide, an oxidative stress inducing agent [40].

Although Met possesses anti-oxidant properties
in normal cells [41], our results suggest that in
cells with sensitive metabolism such as GSCs,
Met may in fact act as a pro-oxidant factor, no-
tably when combined with other drugs such as
Soraf or TMZ. Increased levels of malondialde-
hyde were correlated with decreased proliferation
rates and increased apoptotic rates.

Apoptosis is a programmed degenerative
process triggered by various extracellular or in-
tracellular factors, including oxidative stress. Our
results indicate a possible role of oxidative stress
in the triggering of apoptotic events, as shown
by the increased oxidative stress markers in the
Met and Met+Soraf combination arm at 4 hrs af-
ter treatments. Soraf however, seems to generate
apoptotic events with delay when compared with
Met. This is also correlated with a delay in ROS
formation when compared to the Met treated arm.
In the study of Carra et al., Soraf was confirmed to
significantly induce apoptosis/cell death via down
regulation of the survival factor Mcl-1 at 24 and
48 hrs after drug exposure [23]. In a chemoradi-
ation scenario, this suggests that the Met-Soraf
combination should be given prior rather than af-
ter the daily fraction of radiotherapy.

However, the lowered proliferation rates in-
duced by Met and the combination between Met
and Soraf are only partly explained by the occur-
rence of apoptotic death, as the reduced self-re-
newal capacity of GSCs might also be responsible
for the lower proliferation rates. In this respect,
Wurth et al. confirmed that Met inhibited GSC
self-renewal, as suggested by the decreased lev-
els of spherogenesis, but without reducing overall
cell viability [19].

GSCs are known to highly express ATP-bind-
ing cassette transporters (ABC transporters),
which may partly explain the multi-drug resist-
ant phenotype of these cells [42]. Since both Soraf
and Met have been shown to selectively target
GSCs, we sought to indirectly assess the activity
of such ABC efflux pumps. For this purpose, the
fluorescent dye rhodamine-123 was used because
of its known role as a substrate for the p-glycopro-
tein [27]. The results showed that the treatment
with Met, Soraf and the combination of Met and
TMZ or Soraf led to increased concentrations of
rhodamine in cancer cells. Although Met has been
shown to be a substrate P-glycoprotein in normal
placental cells [43], in MCF-7/adriamycin (MCF-
7/adr) cells Met was shown to down-regulate
the expression of the P-glycoprotein through the
AMPK-mediated inhibition of NF-xB and cAMP
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response element (CRE) transcriptional activity
[44]. Moreover, Soraf could influence the activi-
ty of P-glycoproteins mainly by strongly inhib-
iting signaling through the RAF/MEK/ERK path-
way in multidrug-resistant v-Ha-ras-transformed
cells [45]. This suggests a possible synergism
between Met and Soraf, which was demonstrated
in our study by the increased retention levels of
rhodamine 123 within the cells treated with both
Met and Soraf.

Also, decreased proliferation rates and de-
creased activity of ABC transporters, along with
the spindle-like morphology change induced by
Met (Figure 3B,C) suggested a differentiation pro-
cess of GSCs. In this regard, Met has been shown
to activate FOX03 via AMPK and consequently to
induce differentiation of stem-like glioma-initiat-
ing cells in vitro, to effectively suppressed their
tumor formation capacity in vivo and to inhibit the
migration of GSC [18,20].

Although our study proposes several hypoth-
eses to explain the observed phenomena, it has
several limitations. First, molecular and genetic
assays should be performed in order to investigate
the expression and activity of signaling pathways
and tyrosine kinases involved in the presumed
mechanism of action of the drugs involved, as
well as molecular phenotyping of the tested cells
after drug exposure. Second, since our study em-
ployed supraclinical concentrations of metformin,
in vivo confirmation is required in order to bet-
ter establish the necessary doses and the possible
toxicity of metformin. However, a recent study
reported that metformin highly accumulates in
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