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Glioblastoma multiforme (GBM) is one of the most common and deadliest cancers of the central nervous system (CNS). GBMs
high ability to inﬁltrate healthy brain tissues makes it diﬃcult to remove surgically and account for its fatal outcomes. To
improve the chances of survival, it is critical to screen for GBM-targeted anticancer agents with anti-invasive and antimigratory
potential. Metformin, a commonly used drug for the treatment of diabetes, has recently emerged as a promising anticancer
molecule. This prompted us, to investigate the anticancer potential of metformin against GBMs, speciﬁcally its eﬀects on cell
motility and invasion. The results show a signiﬁcant decrease in the survival of SF268 cancer cells in response to treatment with
metformin. Furthermore, metformin’s eﬃciency in inhibiting 2D cell motility and cell invasion in addition to increasing cellular
adhesion was also demonstrated in SF268 and U87 cells. Finally, AKT inactivation by downregulation of the phosphorylation
level upon metformin treatment was also evidenced. In conclusion, this study provides insights into the anti-invasive
antimetastatic potential of metformin as well as its underlying mechanism of action.

1. Introduction
Gliomas are brain tumors that originate within the central
nervous system (CNS). Glioblastomas (GBMs), which
account for about 80% of malignant gliomas, contain selfrenewing cancer stem cells (CSCs) that contribute to tumor
initiation and resistance to treatment [1, 2]. Death due to
malignant gliomas is the third most common cause of cancer
death [3, 4]. The management of malignant gliomas, especially GBMs, remains challenging despite medical and scientiﬁc advancements in cancer therapeutics. This is largely
attributed to their increased resistance to chemotherapy as
well as their highly invasive behavior which makes them difﬁcult to surgically remove [5, 6]. Such shortcomings have
called forth for the screening for new GBM-targeted anticancer agents with antimigratory and anti-invasive potential.
Metformin, (N, N-dimethylbiguanide) is an antihyperglycemic agent that belongs to the biguanide class. It is

commonly used to treat type 2 diabetes mellitus [7, 8].
Metformin decreases hyperglycemia by suppressing glucose
production in the liver, increasing insulin sensitivity and glucose uptake by the peripheral tissues, and inhibiting glucose
absorption by the gastrointestinal tract as well as inhibiting
the mitochondrial respiration [7, 9–11]. The drug’s
mechanism of action has been shown to be both adenosine
monophosphate protein kinase- (AMPK) dependent and
AMPK-independent [7, 10, 12]. Cancer cells resort to an
increased glucose metabolism to meet their energy
requirements needed for rapid expansion and proliferation
[13, 14]. Consequently, metformin has emerged as a
promising anticancer agent in various cancers including
GBMs [15–23]. Speciﬁcally, metformin has been shown to
inhibit GBMs growth in vitro and in vivo alone or in
combination with other chemotherapeutics as well as
radiation therapy [24–31]. Furthermore, metformin’s anticancer potential has also been demonstrated against glioma
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cancer stem cells and brain tumor-initiating cells [26, 27, 30,
32–35]. However, the eﬀects of metformin on glioma cell
motility and invasion as well as its mechanism of action
remain poorly understood.
Glioma invasion is a multistep process regulated by
extracellular and intracellular interactions [36–38]. It starts
with the detachment of cancer cells from primary tumor
sites, their binding to the extracellular matrix (ECM) and
subsequent degradation of the ECM to ﬁnalize the invasion
process. Cell motility is essential for the migration and
invasion of cancer cells. Cell motility requires the formation
and liberation of cell protrusions from adhesion structures
[36, 37, 39, 40].
In this study, we sought to assess the anticancer potential
of metformin on SF268 brain cancer cells and investigate the
drug’s antimigratory and anti-invasive potential as well as its
mechanism of action. To this aim, we ﬁrst evaluated metformin’s cytotoxic eﬀects against SF268 cancer cells using WST1 proliferation assay. We then performed 2D motility, adhesion, and invasion assays to determine the drug’s antimigratory and anti-invasive potential. Finally, we examined the
mechanism of action of metformin, by assessing its eﬀects
on the PI3K pathway, one of the most deregulated signaling
pathways in glioblastoma. Speciﬁcally, we studied the
involvement of the antiapoptotic protein AKT of the PI3K
pathway in metformin’s anticancer, anti-invasive, and antimigratory potential.

2. Materials and Methods
2.1. Cell Culture. Human astrocytoma cell lines SF268 and
U87 were purchased from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in
DMEM (Dulbecco’s Modiﬁed Eagle’s Medium) supplemented with 10% FBS and 100 U penicillin/streptomycin
and were maintained under standard cell culture conditions
at 37°C and 5% CO2 in a humid environment.
2.2. Antibodies and Reagents. Rabbit monoclonal antibody
against pan-Akt and rabbit monoclonal antibody against
Akt1 phosphorylated at S473 were purchased from Abcam
(Cambridge, UK). Anti-rabbit HRP-conjugated secondary
antibody was obtained from Promega (Promega, CO., WI,
USA). Collagen was purchased from Invitrogen (Rockville,
MD, USA), metformin (1, 1-dimethylbiguanide hydrochloride) (purity > 99%) from Sigma-Aldrich (St. Louis, MO,
USA), WST-1 from Roche (Germany), the ECL chemiluminescent reagent from GE Healthcare (Little Chalfont, UK),
X-ray ﬁlms from Agfa HealthCare (Mortsel, Belgium), and
the collagen-based invasion assay from Millipore
(Burlington, MA, USA).
2.3. Proliferation Assay. Cells were seeded in ﬂat-bottom 96well plates (growth area: 0.6 cm2) at a density of 105cells/ml
before treatment with or without metformin dissolved in
DMSO. Following treatment period, 10 μl of Cell Proliferation Reagent (WST-1) was added to each well. The plates
were then incubated for 2 h at 37°C and 5% CO2, and absorbance was read at 450 nm using Multiskan FC microplate
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ELISA reader from Thermo Fisher Scientiﬁc (Rockford, IL,
USA). Results were normalized to the corresponding controls, and the percent of cell proliferation was reported. For
the next set of experiments, we followed the methods of
Khoury et al. [41].
2.4. Western Blot. Control and treated cells were scraped and
lysed in buﬀer consisting of 4% SDS, 10% β-mercaptoethanol, 20% glycerol, 0.004% bromophenol blue, and 0.125 M
Tris-HCl at a pH of 6.8. Cell lysates were boiled for 5 min
before separating protein samples by SDS-PAGE on 8% or
15% denaturing polyacrylamide gels. Proteins were then
transferred to PVDF membranes overnight at 30 V before
blocking with 5% nonfat dry milk in PBS containing 0.1%
Tween-20 for 1 h at room temperature. Following, the membranes were incubated with primary antibody at a concentration of 1 : 500 for 2 h at room temperature before washing
and incubation with the appropriate secondary antibody at
a concentration of 1 : 1000 for 2 h. Finally, the membranes
were washed, and the bands were visualized by treatment
with Western blotting ECL chemiluminescent reagent from
GE Healthcare (Little Chalfont, UK). The results were
obtained on X-ray ﬁlms from Agfa HealthCare (Mortsel,
Belgium). Protein expression levels were quantiﬁed by densitometry analysis using ImageJ.
2.5. Wound Healing Assay. Cells were grown to conﬂuency
on culture plates, and a wound was made in the monolayer
with a sterile pipette tip. The cells were then washed twice
with PBS to remove debris and supplemented with new
medium. Phase-contrast images of the wounded area were
taken at 0 and 24 h after wounding. ImageJ was used to quantify wound widths at 12 diﬀerent points for each wound, and
the average rate of wound closure was calculated in μm/h.
2.6. Random Motility Assay. For motility analysis, cells were
treated with wortmannin or metformin or left untreated.
Images of cells moving randomly in serum were collected
every 60 seconds or every 3 minutes for 2 h using a 20x
objective. During imaging, the temperature was controlled
using a heating stage which was set at 37°C. The medium
was buﬀered using HEPES and overlaid with mineral oil.
Cell movement was quantiﬁed using the ROI tracker plugin
in the ImageJ software, written by Dr. David Entenberg. This
was used to calculate the total distance travelled by individual cells. The net distance travelled by the cell was calculated
by measuring the distance travelled between the ﬁrst and the
last frames.
2.7. Invasion Assay. Invasion assay was performed 48 h after
treatment with metformin using the collagen-based invasion
assay kit from Millipore (Burlington, MA, USA) according to
the manufacturer’s protocol. Brieﬂy, SF268 cells were starved
in serum-free medium for 24 h before harvesting and resuspension in quenching medium (serum-free). Culture plate
inserts were rehydrated using 300 μl of serum-free medium
for 30 min at room temperature before plating the cells at a
density of 0.6 × 106 cells/ml. Speciﬁcally, 250 μl of the
serum-free medium was removed from inserts and replaced
by 250 μl of cell suspension. Inserts were then placed in a
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24-well plate containing 500 μl of complete medium in each
well before incubation for 24 h at 37°C in a CO2 incubator.
Following incubation, nonmigrating cells inside the upper
cup were removed using a cotton swab and cells migrating
through the membrane to the bottom surface of the cup were
stained for 20 min at room temperature with 400 μl of cell
stain provided with the kit. The stain was then extracted with
extraction buﬀer and 100 μl of extracted stain was transferred
to a 96-well plate suitable for colorimetric measurement
using the Multiskan FC microplate ELISA reader, and optical
density was measured at 560 nm.
2.8. Adhesion Assay. To perform the adhesion assay, 96-well
plates were covered with collagen using Collagen Solution
Type I from rat tail and incubated overnight at 37°C. After
washing with washing buﬀer (0.1% BSA in DMEM), the
plates were blocked with 0.5% BSA in DMEM at 37°C in a
CO2 incubator for 1 h. Next, the plates were washed and
chilled on ice. In parallel, SF268 cells were trypsinized and
diluted to the density of 4 × 105cell/ml before adding 50 μl
of the cell suspension to each well and incubating at 37°C
in a 5% CO2 incubator for 30 min. Plates were then shaken
and washed 3 times. Next, the cells were ﬁxed with 4% paraformaldehyde at room temperature for 10 min, washed, and
stained with crystal violet (5 mg/ml in 2% ethanol) for
10 min. Following staining, the plates were washed with
water and left to dry. Finally, crystal violet was solubilized
by incubating the cells with 2% SDS for 30 min. The absorption of the plates was read at 550 nm using the Multiskan FC
microplate ELISA reader.
2.9. Statistical Analysis. All the results reported represent the
average values of three independent experiments. All error
estimates are given as mean ± standard error of the mean
(SEM). Statistical analysis was performed using the t-test or
the one-way analysis of variance (ANOVA). Results showed
statistical signiﬁcance with a p value ≤ 0.05.

3. Results
3.1. Metformin Treatment Decreases Cell Viability in SF268
and U87 Cells. First, we investigated the anticancer potential
of metformin against human glioblastoma SF268 and U87
cancer cells. To this aim, cells were treated with increasing
concentrations of metformin (1, 1.5, 2, 2.5, 5, 10, 15, 20, or
50 mM) for 24 h before assessing cell proliferation and viability. The results presented in Figure 1(a) for SF268 and 1B for
U87 show that metformin signiﬁcantly reduces cell viability
of both cell lines in a dose-dependent manner as compared
to the untreated control. In SF268, metformin exerted a maximum cytotoxic eﬀect at a concentration of 2.5 mM, whereby
the proliferation of glioblastoma cells decreases about twofold in response to treatment with metformin as compared
to the untreated control. The eﬀect on cytotoxicity in SF268
plateaued beyond the 2.5 mM concentration. This concentration was thus chosen for further investigation in the study.
3.2. Metformin Treatment Inhibits Cell Motility in SF268 and
U87 Cells. After determining the cytotoxic potential of
metformin against SF268 glioblastoma cancer cell line,
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we tested the drug’s ability to modulate cell motility.
Therefore, SF268 cancer cells were exposed to metformin
and the motility of treated versus untreated cancer cells
was evaluated in 2D using wound healing and timelapse assays. Figures 2(a)–2(c) (as well as supplemental
movies S1 and S2) show that exposure of SF268 glioblastoma cells to 2.5 mM metformin for 24 h signiﬁcantly
inhibits cell motility. Quantitatively, the rates of wound
closure reached 1 μm/h and 0.22 μm/h for control and
metformin-treated cells, respectively. Also, the total
migrated distance decreased by approximately 50% upon
treatment with metformin. The time-lapse analysis traces
individual cell migration, thus eliminating the potential
interference from the eﬀect on proliferation. We also
wanted to see the eﬀect of metformin on cellular migration of U87 cells. The time-lapse assay showed a 40%
decrease in the total migrated distance of U87 cells after
treatment with metformin (2.5 mM) for 24 h (Figure 2(d)
and supplemental movies S3 and S4).
3.3. Metformin Treatment Decreases Cellular Invasion in
SF268 and U87 Cells. Having established that metformin
inhibits cell motility in 2D, we further studied the eﬀect
of metformin on invasion, one of the main cancer hallmarks. Using a transwell migration assay and FBS as a
chemoattractant in the lower wells, SF268 and U87 cells
were treated with 2.5 mM metformin for 24 h before
assessing their ability to invade in vitro in a collagenbased invasion assay. Figures 3(a) and 3(b) show less
invading cells upon treatment with metformin as compared to the control.. Quantitatively, metformin inhibits
cell invasion by around 30% in SF268 as compared to
the untreated control and by 50% in U87 cells
(Figures 3(b) and 3(d), resp.).
3.4. Metformin Treatment Increases SF268 Adhesion to
Collagen. To further investigate the inhibition of 2D cell
motility and invasion in response to treatment with metformin, we assessed metformin’s eﬀects on the adhesion of
SF268 cells to collagen, a major component of the ECM.
Results in Figure 4(a) show an increase in the stabilization
and adhesion of SF268 metformin-treated cells (2.5 mM for
24 h) to collagen as compared to the control. As shown in
Figure 4(b), about 35% increase in adhesion was noted following treatment with metformin as compared to the
untreated control.
3.5. Eﬀect of Metformin on SF268 Cell Motility Is Mimicked by
Inhibiting PI3K. Since previous work showed that metformin inhibits cellular migration and invasion by inhibiting Akt, we wanted to see if this model applies to
SF268 glioblastoma cells. We examined the eﬀect of metformin on the PI3K/Akt signaling pathway. Figure 5(a)
shows that treatment of SF268 cells with 2.5 mM of
metformin for 24 h has no eﬀect on the expression levels
of the Akt protein. However, as seen in both
Figures 5(a) and 5(b), treatment with metformin
signiﬁcantly inhibits the phosphorylation of Akt which
reﬂects the activation of the PI3K pathway. Speciﬁcally,
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Figure 1: Metformin treatment decreases cell viability in SF268 and U87 cells. Cells were treated with increasing concentrations of
metformin (1, 1.5, 2, 2.5, 5, 10, 15, 20, or 50 mM) for 24 h or left untreated. Cell proliferation was assessed using the WST-1
reagent. The data represents the mean ± SEM from 3 independent experiments.
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Figure 2: Metformin treatment inhibits cell motility in SF268 and U87 cells. (a) Control and metformin-treated SF268 cells were allowed to
form monolayers before wounding with a micropipette. The same frame was imaged directly (upper micrographs) or 24 h (lower
micrographs) after wound. (b) Mobility in (a) was quantiﬁed by measuring the width of single wound at 12 distinct points. The average
rate of wound closure was calculated in μm/hr. Data are the mean ± SEM from 3 diﬀerent wound healing experiments. ∗ indicates that the
values are signiﬁcant with p < 0 05. (c) SF268 cells were treated with metformin (2.5 mM) (Supplemental movie S2) for 24 h or left
untreated (Supplemental movie S1). Quantitation of their net path is expressed in μm. ∗ indicates that the values are signiﬁcant with
p < 0 001. U87 cells were treated with metformin (2.5 mM) (Supplemental movie S4) for 24 h or left untreated (Supplemental movie S3).
Quantitation of their net path is expressed in μm. ∗ indicates that the values are signiﬁcant with p < 0 001.

Akt phosphorylation was reduced by 30% upon treatment with metformin indicating a partial inactivation
of this protein.
To assess the role of the PI3K/Akt pathway in glioblastoma migration, we inhibited PI3K using wortmannin. The inhibition leads to a signiﬁcant decrease in
cellular motility in a 2D random motility assay as seen
in Figure 5(c) and Supplemental movies S5 and S6. Our

results indicate that PI3K/Akt pathway plays an important role in GBM invasiveness.

4. Discussion
This work provides an understanding of metformin treatment eﬀects on SF268 and U87 glioblastoma cancer cell viability, motility and invasion. It also establishes the Akt
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Figure 3: Metformin treatment decreases cellular invasion in SF268 and U87 cells. Representative images showing invasive cells at the bottom
side of the membrane for SF268 cells in (a) and U87 cells in (c). The cells were stained with crystal violet as per the manufacturer’s
recommendations (b) and (d) show quantitation of stained SF268 and U87 cells, respectively, by colorimetric measurement using ELISA
(560 nm). Data is measured in arbitrary units and normalized to the control. Data are the mean ± SEM from 3 independent experiments. ∗
indicates that the values are signiﬁcant with p < 0 001.
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Figure 4: Metformin treatment increases SF268 adhesion to collagen. (a) Representative images of cells that were ﬁxed and stained with
crystal violet to detect adhesion. (b) Quantitation of stained cells by colorimetric measurement using ELISA (560 nm). Data is measured in
arbitrary units and normalized to the control. Data are the mean ± SEM from 3 independent experiments. The results were signiﬁcant
with p = 0 02.
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Figure 5: Eﬀect of metformin on SF268 cell motility is mimicked by inhibiting PI3K. (a) Cells were treated with metformin for 24 h before
blotting for Akt and p-Akt. (b) Densitometry analysis was performed using the ImageJ software, and the values were normalized to the
control. Data are the mean ± SEM from 3 independent experiments. The results were signiﬁcant with p = 0 03. (c) SF268 cells were treated
with wortmannin (100 nM) (Supplemental movie S6) or with DMSO alone (Supplemental movie S5). Quantitation of their net path is
expressed in μm. Data are the mean ± SEM. ∗ indicates that the values are signiﬁcant with p < 0 001.

antiapoptotic protein of the PI3K signaling pathway as a key
mediator of metformin’s mechanism of action. To our
knowledge, this is one of the few studies investigating the
anticancer potential of metformin against the aggressive
SF268 and U87 and assessing the anti-invasive and antimigratory eﬀects of this drug in this GBM cancer model.
First, we examined the anticancer potential of the drug
in vitro and established that metformin is cytotoxic to
SF268 and U87 cancer cells as evidenced by the reduced cell
viability following treatment with metformin. This was consistent with a similar study which shows that treatment of
T98G glioblastoma multiform cells with metformin
decreases cell viability and triggers apoptotic morphological
alterations in the cells [28]. The decrease in SF268 and U87
cell viability following treatment with 2.5 mM was also similar to the results obtained by another group which have
reported a decrease in U87MG, T98G, and U251 cancer cell
viability by 46%, 92% and 99%, respectively, upon treatment
with 2.5 mM metformin as compared to the control [42].
Our ﬁndings further revealed that metformin decreases
2D cell motility by 80%, hence almost abrogating it. This
property has been previously reported in other cancer models
including pancreatic, breast, renal cell, colon, lung, ovarian,
glioma, and prostate [43–47]. For instance, metformin was
shown to inhibit wound healing in cholangiocarcinoma cells
and metformin in combination with cisplatin was shown to
inhibit the migration of nasopharyngeal carcinoma cells

[46, 47]. This is thus the ﬁrst evidence of metformin’s antimigratory eﬀects in GBMs in 2D, in vitro.
In addition, we observed an increase in the adhesion of
SF268 cancer cells to collagen upon treatment with
metformin. Focal adhesion dissolution is required for cell
movement; hence, the increase in adhesion is in line with
the reduced cell motility ﬁndings discussed earlier. However,
one other group found that cell adhesion and invasion of
U251 GBM cancer cells were suppressed following treatment
with metformin [48]. The increase in adhesion we report
herein is consistent with previous work performed in our
lab which shows that the RhoGAP STARD13 maintains
RhoA active and prevents focal adhesion dissolution [49,
50]. Indeed, the metformin-treated cells exhibited a more
elongated phenotype (Supplemental movie S2) which is reminiscent of the StarD13 KnDn phenotype in SF268 cells previously observed in our laboratory, which can be explained
by the increase in adhesion and lack of detachment at the tail
while the cells migrate. We are thus currently testing the
eﬀect of metformin on STARD13 and RhoA and the interplay with cell adhesion and cell motility.
In parallel, we investigated the eﬀects of metformin on
the 3D motility or the invasion of SF268 and U87 cancer cells
and demonstrated the eﬃcient reduction cell invasion in
response to treatment with metformin. This was consistent
with the literature and was reported in melanoma, ovarian
cancer, U251 brain cancer, and others [48, 51, 52].
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Finally, we showed that metformin inactivates AKT, a
major signaling molecule of the PI3K pathway suggesting a
potential role for PI3K inhibition in the mediation of the
anticancer potential and anti-invasive as well as antimigratory eﬀects exerted by metformin. The importance of the
PI3K/Akt pathway in glioblastoma was validated when we
treated cells with wortmannin, a PI3K inhibitor. Wortmannin treatment decreased cellular motility and inhibited EGF
stimulated protrusions correlating with our metformin
results. Similar studies have supported this conclusion
whereby the eﬀects of metformin correlated with a signiﬁcant
inhibition of Akt-dependent cell survival pathway [34].

5. Conclusions
This study elucidates the anticancer potential of metformin
treatment in a new GBMs in vitro model which have not been
previously studied. It also demonstrates the drug’s antiinvasive and antimigratory potentials. Invasion is a major
obstacle for GBM therapy; hence, these ﬁndings enhance
metformin’s chances as a therapeutic candidate for GBM
treatment. Further studies are thus needed to investigate
metformin’s eﬃciency in treating GBMs in vivo.
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Supplementary 3. Supplemental movie S3. U87 cells undergoing 2D motility.
Supplementary 4. Supplemental movie S4. U87 cells treated
with Metformin undergoing 2D motility.
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treated with DMSO undergoing 2D motility.
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