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Metformin inhibits cell cycle progression of B-cell chronic
lymphocytic leukemia cells
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ABSTRACT
B-cell chronic lymphocytic leukemia (CLL) was believed to result from clonal
accumulation of resting apoptosis-resistant malignant B lymphocytes. However, it
became increasingly clear that CLL cells undergo, during their life, iterative cycles of
re-activation and subsequent clonal expansion. Drugs interfering with CLL cell cycle
entry would be greatly beneficial in the treatment of this disease.
1, 1-Dimethylbiguanide hydrochloride (metformin), the most widely prescribed
oral hypoglycemic agent, inexpensive and well tolerated, has recently received
increased attention for its potential antitumor activity. We wondered whether
metformin has apoptotic and anti-proliferative activity on leukemic cells derived from
CLL patients.
Metformin was administered in vitro either to quiescent cells or during CLL
cell activation stimuli, provided by classical co-culturing with CD40L-expressing
fibroblasts.
At doses that were totally ineffective on normal lymphocytes, metformin induced
apoptosis of quiescent CLL cells and inhibition of cell cycle entry when CLL were
stimulated by CD40-CD40L ligation. This cytostatic effect was accompanied by
decreased expression of survival- and proliferation-associated proteins, inhibition
of signaling pathways involved in CLL disease progression and decreased intracellular
glucose available for glycolysis.
In drug combination experiments, metformin lowered the apoptotic threshold
and potentiated the cytotoxic effects of classical and novel antitumor molecules.
Our results indicate that, while CLL cells after stimulation are in the process of
building their full survival and cycling armamentarium, the presence of metformin
affects this process.
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INTRODUCTION

metformin on cancer cells (for review [17]). Indeed,
metformin reduces tumor growth not only indirectly
(systemic effect: glucose and insulin lowering) but also
by direct inhibition of energetic metabolism [18] and
inhibition of pathways involved in cell proliferation
[18–20], through both AMPK-dependent [21, 22] and
-independent mechanisms [23–27].
Given these considerations, we studied how
metformin interferes with the response of CLL cells
to activation stimuli similar to the ones they receive in
lymphoid tissues.
We used well-established in vitro CLL cell culture
systems to recreate a microenvironment where to stimulate
quiescent leukemic cells derived ex-vivo from the peripheral
blood of CLL patients and drive their proliferation [10].
Accordingly, CLL cells were cultured in the presence of
CD40 ligand (CD40L)-expressing mouse fibroblasts, which
provide both stromal cell components and T helper signals.
CD40L, expressed in vivo by CD4 T helper lymphocytes,
binds CD40 on the surface of CLL cells and triggers
activation pathways [9, 10]. Critical requisite for successful
clonal expansion of xenotransplanted CLL cells is indeed
the presence of T helper lymphocytes [28]. The in vitro
cytotoxic and cytostatic effects of metformin on leukemic
cells obtained from CLL patients, either quiescent or
stimulated to enter the cell cycle, were explored.

B-cell chronic lymphocytic leukemia (CLL) is the
most common leukemia in human adults of the Western
world and no definitive cure is yet available.
CLL was believed for long time to be the result
of the clonal accumulation of resting and apoptosisresistant malignant B lymphocytes. Indeed, the majority
of peripheral blood CLL cells are arrested in G0/G1 cell
cycle phase and show a gene expression profile of resting
cells [1]. However, studies on the biology of the disease
undertaken in the last decade, have provided a new, more
dynamic, view. In vivo deuterium (2H) labeling of CLL
cells [2, 3] revealed substantial birth rates of CLL cells,
which vary from 0.08% to 1.7% of the entire clone per day,
with higher birth rates associating with more aggressive
disease [2]. Studies on samples obtained from blood,
bone marrow, and lymph nodes showed that proliferating
leukemic cells were indeed present, particularly in lymph
nodes [2, 4, 5], supporting the notion that activation and
clonal expansion take place in lymphoid proliferation
centers mostly within secondary lymphoid tissues,
where multiple molecular interactions with antigen and
microenvironment contribute to leukemic B cell survival
and proliferation. Yet, the peripheral blood contains
intraclonal dynamic subpopulations of leukemic cells with
different molecular characteristics marking the timing of
previous activation [6–8]. Analysis of these subpopulations
revealed a spectrum of leukemic cells ranging from recently
divided cells that are lymphoid tissue emigrants, to ‘older’
cells that will either reentry into lymphoid tissue or die [7,
8]. Importantly, when transferred in vitro and stimulated
by microenvironment-simulating signals the leukemic cells
from the peripheral blood retain the capability of reentering
the cell cycle [9, 10]. Taken together, these results indicate
a dynamic picture where CLL cells traffic between
peripheral blood and lymphoid tissues, undergo iterative
rounds of slowing-down to quiescence in the periphery
and re-activation with subsequent clonal expansion in
lymphoid tissues. Changes of cytogenetic abnormalities
and acquisition of new chromosomal defects observed
during progression of CLL [11, 12] further endorse the
notion that cyclic (multiple?) rounds of leukemic cell
stimulation occur during and concur to disease evolution.
Drugs that are both cytotoxic on resting CLL cells and
able to inhibit CLLs’ activation and subsequent proliferation
would be beneficial in the treatment of this disease.
Metformin was first synthesized and found to
reduce blood sugar in the 1920s, and is now perhaps the
most widely prescribed antidiabetic drug. Recent studies
have provided evidence that diabetic patients receiving
metformin have a reduced risk of developing cancer
and decreased cancer mortality [13, 14]. Although it is
not clear yet if these observations apply to non-diabetic
populations [15, 16], several studies using tumor cell
lines and mouse models established direct actions of
www.impactjournals.com/oncotarget

RESULTS
Metformin affects CLL cell viability,
mitochondrial ∆Ψ and down-regulates
Mcl-1 expression
We first addressed the cytotoxic activity of
metformin on CLL cells, both on quiescent and activated
CLL cells. Activation was achieved by culturing CLL
cells at high cell density and in the presence of CD40Lexpressing fibroblasts. The response to CD40L-stimulation
was followed by monitoring cellular and molecular
parameters associated with CLL activation phenotype (not
shown). Metformin was added at the same time of CD40Lfibroblasts. Multiparameter flow cytometry was used to
measure cell death (damage of cell plasma membrane
by PI uptake) and loss of mitochondrial trans-membrane
potential (decreased fluorescence of the cationic voltage
dependent fluorescent probe DiOC6) (Figure 1A).
We found that metformin exerted dose-dependent cell
death, particularly on quiescent CLL cells (Figure 1A and
1B) and ∆Ψ dissipation (Figure 1A and 1C). Metformininduced ∆Ψ dissipation was noticed in a substantial fraction
of CLL cells already after 8 hours metformin treatment,
when no plasma membrane rupture was observed yet
(Figure 1A), suggesting that ∆Ψ dissipation preceded plasma
membrane damage. Drop of mitochondrial transmembrane
potential was remarkable in both unstimulated and
stimulated CLL culture conditions (Figure 1C), but ended
22625
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Figure 1: Metformin is cytotoxic to CLL cells, causes ∆Ψ dissipation and Mcl-1 down-regulation. A. Dot plot of DiOC6/

PI fluorescence from one CLL sample treated with 3 mM metformin for 48 hours. The following subpopulations are indicated: DiOC6pos/
PIneg cells (intact ∆Ψ), DiOC6neg/PIneg cells (dissipated ∆Ψ but intact plasma membrane) and DiOC6neg/PIpos cells (dead cells). B. CLL cell
viability in response to metformin treatment at different concentrations, evaluated as % PI-negative cells on DiOC6/PI dot plots. Metformin
was added either to unstimulated CLL cells (Quiescent) or CD40L-stimulated (Activated) cells at the beginning of stimulation. Values are
the mean on 6 CLL samples (± SD). C. Mitochondrial transmembrane potential ∆Ψ in response to 24 hours metformin treatment, evaluated
as the % of DiOC6-positive cells. The mean of six CLL samples is reported (± SD). D. Bcl-2, Mcl-1 and Noxa protein expression measured
by flow cytometry on the viable cell subpopulation (‘high-FSC’ cell population in the dot plot, see details in Materials and Methods), of
unstimulated (Quiescent) or CD40L-stimulated (Activated) CLL samples treated with metformin. For each CLL sample the geometric
mean of protein fluorescence was evaluated for 10.000 cells, and background-deducted. Mean values of 5 CLL samples are shown (± SD).

up in frank cell death more effectively in quiescent CLL
cells than in activated ones (Figure 1B).
Mcl-1 is one of the most important Bcl-2 family
members in CLL cell survival. High levels of this protein
have been associated with poor treatment response and high
risk of disease progression [29, 30]. We observed by flow
cytometric single-cell analysis of Mcl-1 expression that
metformin hampered the up-regulation of Mcl-1 occurring
in response to CLL activation stimuli (Figure 1D). Mcl1 is neutralized by Noxa, a proapoptotic member of the
Bcl-2 family, and contributes to promote its proteasomal
degradation [31]. Metformin induced an increase of Noxa
protein expression, as evaluated by flow cytometry, both
in quiescent and activated CLL cells (Figure 1D). The
expression of Bcl-2 protein remained unchanged (Figure 1D).
www.impactjournals.com/oncotarget

Importantly, as protein expression analysis was
performed selectively on CLL cells within the flow cytometric
‘high-FSC’ gate, i.e. a gate that contains, in the case of the
CLL cell systems, only cells with intact ∆Ψ dissipation and
plasma membrane (as demonstrated in Bruno et al. [32]), we
may deduce that metformin down-regulates Mcl-1 expression
before mitochondrial perturbation and cell death.

Metformin impairs CLL cell activation and
cell cycle entry
As mentioned, CLL cells subjected to co-cultures
with CD40L-fibroblasts become activated blasts. They
progressively increase their size, display an activated
phenotype and enter the cell cycle (not shown). It takes about
22626
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Figure 2: Metformin impairs cell cycle entry of CLL cells. A. Left: Flow cytometric DNA content histograms of CLL cells cultured

with CD40L-fibroblasts for 66 and 90 hours, either in the absence or in the presence of metformin 3 mM. Noticeable, the G0G1 peak is skewed
on the right side, likely reflecting an accumulation of CLL cells at the G1-S transition point. The percentage of cells in S+G2M cell cycle phases
is reported. Right: Percentage of CLL cells in S+G2M phase in cell cultures of six CLL patients after 66 hours stimulation either in the absence
or in the presence of metformin at the doses indicated (Lines are Mean ± SD). B. Left: Flow cytometric DNA/KI67 bivariate plots of CLL cells
from one patient, un-stimulated or CD40L-stimulated for 66 hours either alone or in the presence of 3 mM metformin. Right: Percentage of Ki67 positive cells in leukemic cell cultures of four CLL patients, after 66 hours CD40L-stimulation, either untreated or treated with metformin
at the doses indicated. C. Left-side for each of the two panels: Flow cytometric histograms of cyclin D3 and cyclin E expression of leukemic
cells of one CLL patient, un-stimulated (Quiescent, Q) or CD40L-stimulated (Activated) for 66 hours either in the absence or in the presence
of 3 mM metformin. Right-side for each of the two panels: Percentage of cyclin D3 and cyclin E positive cells in CLL cultures from three CLL
patients after 66 hours CD40L-stimulation, either in the absence or in the presence of metformin at the doses indicated.

48 hours after CD40L-stimulation to detect the first CLL cells
in S- and G2M-phases of the cell cycle (not shown). Their
proportion increases progressively with time (not shown).
We determined whether metformin affected cell cycle
entry and mitotic activity. Data from the third and fourth
day after stimulation are shown in the flow cytometric
DNA content distributions of Figure 2A (left). The rate
of increase of the S+G2M cell fraction was diminished
when metformin was present in the CLL cell cultures
(Figure 2A). The reduction was dose-dependent (Figure 2A
www.impactjournals.com/oncotarget

right). Likewise, the fraction of Ki-67 positive cells was
significantly lower in metformin-treated CLL cells than in
untreated controls, in a dose-dependent way (Figure 2B).
The G1-S phase transition is regulated by a tightly
tuned interplay between cyclins, serine/threonine cyclin
dependent kinases, and cdk inhibitors. D3 and E type
cyclins have a key regulatory role in CLL, for the induction
of G1 progression and G1/S transition [33, 34]. Therefore,
we determined whether metformin-induced impairment
of CLL cell cycle entry was associated with inhibition of
22627
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Figure 3: Metformin impairs stimulation-induced up-regulation of adhesion and homing molecule expression. Expression

of adhesion and homing molecules in leukemic cells from 4 CLL patients, either unstimulated (Quiescent, Q) and untreated, or stimulated
with CD40L (Activated, A) and untreated or treated with metformin for 48 hours. For each adhesion/homing molecule, an arbitrary value of
100 was assigned to the CLL sample that displayed the highest expression level. Background levels identified by isotype-matched negative
controls are indicated by the dotted line.

these cell cycle regulatory proteins. In our CLL samples,
metformin dose-dependently reduced the positive effect
caused by CD40 ligation on expression of cyclins D3
and E after CD40 ligation (Figure 2C) indicating a direct
biguanide interaction with this pathway as a mechanism
underlying the decrease in G1-S transition.
Altogether, the data indicate that metformin imp
airs CLL response to activation stimuli hampering
subsequent G1-S transition and clonal expansion.

This increase was significantly and dose-dependently
inhibited by metformin (Figure 3). A similar effect was
observed for CD62L and CXCR4(CD184) whose response
to CD40L-stimulation expectedly showed a dual phase
response [42, 43] with an initial drop (in the first 24 hours,
not shown) followed by later increase. Again, this response
was dose dependently reduced by metformin (Figure 3).

Metformin impairs stimulation-induced
activation of NF-kappaB, STAT3 and Akt in
CLL cells

Metformin impairs stimulation-induced increase
of adhesion and homing molecule expression in
CLL cells

Given that metformin depressed CLL cell cycle
progression, we investigated the biguanide effects on
related signaling pathways. We addressed PI3/Akt
[44–47] and NF-κB/STAT3 [5, 48–51]. These pathways
play a major role in CLL pathogenesis. NF-kappaB
is up-regulated in CLL cells and sustains CLL cell
survival [48–50], proliferation [5], activation-promoting
activity of adhesion [51] and homing molecules [52].
Specifically in CLL cells, NF-kappaB is activated by
the un-phosphorylated form of STAT-3 [50], which is
highly expressed in CLL cells [53]. STAT3 in CLL cells
exhibits the peculiarity of being activated not only through
the more common tyrosine (Tyr705)-phosphorylation
but also through phosphorylation on Ser727 [53, 54].
Pathways involved in CLL prosurvival [44–46] and cell
cycle progression [47] signaling are driven also by the

The interaction of CLL leukemic cells with the micro
environment plays a pro-activation/proliferation role while
altered adhesion properties inhibit their clonal expansion [35].
CD44 promotes CLL disease development and
apoptosis-resistance [36]. Adhesion molecules CD54
(ICAM-1) and CD58 (LFA-3) are overexpressed in
CLL and are associated with disease progression [37].
CXCR4(CD184) and CD62L mediate CLL cell survival
and activation and are involved in homing, being
overexpressed by leukemic cells when they are in lymph
node and bone marrow [35, 38, 39].
Flow cytometric experiments showed that the levels
of CD44, CD54 and CD58 were remarkably up-regulated
by CD40L-stimulation, as previously described [40, 41].
www.impactjournals.com/oncotarget
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Figure 4: Metformin impairs stimulation-induced up-regulation of NF-kappaB, STAT3 and Akt activity. Expression of

pan and phosphorylated transcription factors in leukemic cells from 4 CLL patients, quiescent (Q) or stimulated with CD40L (Activated, A)
in the absence or presence of metformin for 48 hours. An arbitrary value of 100 was assigned to the CLL sample that displays the highest
expression level. Dotted lines indicate the background fluorescence level, as identified by isotype-matched negative controls.

serine-threonine kinase Akt. Accordingly, we analyzed
the effects of metformin on the intracellular expression
of Akt(pan), STAT3(pan) and the phosphorylated forms
pSTAT3(Tyr705), pSTAT3(Ser727), pAkt(Ser473), and
pNF-kB(Ser536). Quiescent CLL cells did not display
significant levels of phosphorylated kinases. CD40Lstimulated CLL cells showed strong up-regulation
(Figure 4). The presence of metformin during CD40Lstimulation significantly inhibited the up-regulation of all
transcription factors (Figure 4).

B lymphocytes undergo metabolic reprogramming
to aerobic glycolysis (‘Warburg effect’) when they are
activated and enter cell proliferation [59]. Mitogenic
stimulation is a highly energy demanding process for
leukemic cells as well. Accordingly, CLL cells were
found to rely on aerobic glycolysis to produce energy for
their proliferation [60]. Thus, we expected that lowering
extracellular glucose concentration would have enhanced
sensitivity to metformin. CLL cells cultured in low
glucose medium displayed lower proliferative response
to microenvironment stimuli (Figure 5C). When also
oxidative phosphorylation was inhibited by metformin,
cell cycle block was further enhanced (Figure 5C).
Since AMPK is a negative regulator of the
Warburg effect [61], we explored whether metformin
affects the glycolytic capacity of activated CLL
cells. The novel fluorescent 2-deoxyglucose analog
probe 2-NBDG) was used to this purpose. 2-NBDG
is transported within the cell by glucose transporters
(GLUTs) and is phosphorylated by the same hexo
kinases responsible for the conversion of glucose into
glucose 6-phosphate (G6P) [62]. By the latter reaction
the molecule is retained within the cell but, unlike
G6P, cannot be further processed [62, 63]. Thus,
2-NBDG fluorescence within the cell tracks the level

Metformin induces AMPK phosphorylation and
reduces glucose metabolism in CLL cells
CLL cells rely on oxidative phosphorylation for
their bioenergetics needs [55–57]. One of the best-known
mechanisms responsible for cell cycle arrest by metformin
is inhibition of mitochondrial respiratory chain complex I
[18], which results in ATP depletion [18, 58] and consequent
accumulation of AMP, thus inducing phosphorylation of 5′
AMP-activated protein kinase (AMPK) [19].
The latter mechanism took place in CLL cells as
well. Drug treatment of activated CLL cells remarkably
decreased their ATP:AMP ratio (Figure 5B) and increased
pAMPK expression (Figure 5A and 5B).
www.impactjournals.com/oncotarget
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Figure 5: Metformin increases CLL cell AMPK phosphorylation and decreases intracellular phosphorylated glucose
available for glycolysis. A. Western blot of phosphorylated AMPK (Thr172) and Akt (Ser473) in CD40L-stimulated CLL cells untreated
or treated with 10mM metformin. B. pAMPK protein expression, as calculated from WB by densitometric analysis and normalized to actin
signal and ATP:AMP ratio determined by enzymatic assay (mean ± SE from three CLL patients). C. Proliferation of CLL cells cultured in
media with different glucose concentrations: standard culture concentration of 12 mM glucose or lowered glucose concentration, i.e. 6 mM
and 3 mM. Cells were CD40L-stimulated for 66 hours either in the absence or in the presence of metformin at the doses indicated (range
100 microM–10 mM) and assayed for proliferation by measuring the percentage of cells in S+G2M cell cycle phases, on flow cytometric
DNA content histograms. D. 2-NBDG fluorescence (arbitrary units) measured by flow cytometry in unstimulated untreated CLL cells
(Quiescent, Q), or CD40L-stimulated CLL cells (Activated, A), either untreated or treated with metformin for 48 hours. Results for five
CLL patients are shown (mean ± SD). The intracellular glucose available for glycolysis is significantly lower in metformin-treated than in
untreated CLL cells. E. Metformin-induced reduction of FDG uptake in six samples from 5 CLL patients. FDG uptake is normalized to cell
number and expressed as the amount of trapped FDG6P relative to untreated controls (arbitrarily set to 100).

of intracellular phosphorylated 2-NBDG and provides
indirect information on the level of G6P, which lies at
the start of fundamental metabolic pathways.
Flow cytometric single-cell data of 2-NBDG
fluorescence indicated that the average uptake of 2-NBDG
after 48 hours CD40L-stimulation was almost ten fold the
uptake of 2-NBDG in quiescent CLL cells (Figure 5D).
The presence of metformin during CLL cell activation
remarkably inhibited this rise (Figure 5D).
www.impactjournals.com/oncotarget

Metformin effect on CLL cell glycolysis was also
evaluated by estimating the capability of the cells to retain
18
F-fluorodeoxyglucose (FDG). This quantitative method
confirmed a reduction in overall glucose flux caused by
metformin in CLL leukemic cells (Figure 5E).
Taken together, these results indicate that the block
in G1-S transition observed when CD40L-stimulated
CLL cells are treated with metformin is associated with
overall ATP reduction and impairment of the stimulation22630

Oncotarget

Figure 6: Combination cytotoxicity of metformin and Fludarabine or ABT-737. A. Upper: metformin and/or Fludarabine

cytotoxicity (48 h) in four CLL samples, resting or activated, expressed as % cells positive for PI uptake (spontaneous apoptosis subtracted).
Lower: CI values (at LC75 and LC90, see Materials and Methods) calculated on dose-effect profiles obtained by treating cells with
increasing concentrations of metformin (1–10 mM), Fludarabine (1–10 microM) or Met/Fludarabine at constant ratios. Dotted lines
separate CI values indicating synergism (CI < 0.9), additive effect (0.9 ≤ CI ≤ 1.1) and antagonism (CI > 1.1). B. Upper: metformin and/or
ABT-737 cytotoxicity (48 h) in three resting or activated CLL samples. Lower: CI values calculated on dose-effect profiles obtained treating
cells with increasing concentrations of metformin (1–10 mM), ABT-737 (1–10 nM for resting CLLs, 10–100 nM for activated samples) or
Met/ABT-737 at constant ratios.

induced rise of intracellular glucose phosphorylation and
glycolytic ability.

or in combination, indicated mostly additivity of the two
treatments, and synergy in some cases (Figure 6A).
Co-administration of metformin with the BH3only mimetic ABT-737 [64] significantly increased the
cytotoxicity of sub-lethal doses of ABT-737 (that is, 3 or 30
nM for resting or activated CLLs, respectively) (Figure 6B).
Activated/proliferating CLL cells are much more resistant
to ABT-737 than quiescent cells are [32, 65]. This is why
CD40L-stimulated CLL cells were treated in our doseresponse experiments with 10-fold higher doses of ABT-737
compared to quiescent CLL cells. CI values demonstrated a
good level of synergy in activated CLL samples, and mostly
additive effect in unstimulated ones (Figure 6B).

Combination cytotoxicity of metformin with
Fludarabine and ABT-737
We examined the ability of metformin in
potentiating in vitro cytotoxicity of anti-tumor drugs.
Combined treatment of CLL cells with Fludarabine
(F-ara-AMP) and metformin induced higher cytotoxicity
if compared to each drug alone, in both resting and
activated conditions (Figure 6A). Combination Index (CI)
data, computed from cytotoxicity profiles of drugs alone
www.impactjournals.com/oncotarget
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Figure 7: CLL cells are more sensitive to metformin than healthy peripheral blood lymphocytes. Peripheral blood

lymphocytes (PBL) from two normal donors and leukemic cells from three CLL patients were assayed for survival and proliferation after
66 hours metformin treatment. Upper panel: dose-response curves of the % of dead cells (as evaluated by PI-uptake) in unstimulated PBL
and CLL cultures. Lower panel: dose-response curves of the % of cells in S+G2M cell cycle phases in CD40L-stimulated CLL cells and
PHA-stimulated normal PBLs.

CLL cells are more sensitive to metformin than
healthy peripheral blood lymphocytes

caused by global translational inhibition, as observed for
Mcl-1 in metformin-treated head and neck squamous
cell carcinoma cell lines [26], since Mcl-1 reduction was
associated with increased Noxa expression.
Cytostatic effects of metformin on activated CLL
cells were demonstrated by diminished proliferation
and diminished expression of proliferation-associated
molecules. In these cells metformin inhibited the
activation-induced up-regulation of chemokine receptors
and adhesion molecules that co-operate to elicit mitotic
activity and cell homing in lymphoid tissues, all of which
play a pivotal role in the development and progression of
CLL [5, 68].
Metformin inhibited the activation of transcription
factors lying on CLL pro-survival and pro-activation
pathways. Particularly involved in CLL disease
progression are PI3/Akt [69] [44–47] and NF-κB/STAT3
[5, 48–51]. According to the results of the present study,
metformin exerted an inhibitory effect on all the above
pathways.
This inhibitory effect was associated with activation
of AMPK and reduction of glucose metabolism. Both
mechanisms hamper CLL cell survival, activation and

The cytotoxic action of metformin on peripheral
blood lymphocytes from normal donors only occurred
at doses significantly higher than those required to affect
CLL cell survival (Figure 7A). A similar difference could
be documented for the biguanide cytostatic effect that
was virtually absent when it was administered on normal
lymphocytes at doses that inhibited cell cycle progression
of CLL cells (Figure 7B).

DISCUSSION
In this study we addressed the in vitro effects of
metformin on CLL cells either quiescent or stimulated to
become activated blasts that enter the cell cycle. We found
that metformin was cytotoxic to quiescent CLL cells and
cytostatic to activated leukemic cells.
Induction of cell death was associated with
inhibition of Mcl-1, a Bcl-2 family survival protein highly
relevant in CLL [29, 30, 66, 67]. Metformin-mediated
down-regulation of this protein did not appear to be only
www.impactjournals.com/oncotarget
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clonal expansion. In particular, AMPK activation opposes
tumor progression in several cancer types [70] through
inhibition of tumor growth-stimulating mammalian Target
of Rapamycin (mTOR) [20], and to down-regulation of
cyclins and cyclin dependant kinases (CDKs) to inhibit
cell-cycle progression [71]. Reduction of glucose
metabolism reduces Mcl-1 protein translation [72] and
stabilization [73]. Interestingly, metformin reduced
CLL cells glycolytic flux as documented by a reduced
capability to retain fluorescent and radioactive probes of
sugar metabolism. The well accepted kinetic model of
these tracers implies that their phosphorylated forms are
false substrates for both phospho-fructoisomerase and
glucose-6P-dehydrogenase. Accordingly, the reduction
in their cytosol retention caused by metformin has to be
considered as a marker of reduced overall glucose flux
[74]. In this line, our findings agree with our previous
experience in solid tumors and might be at least partially
correlated with the interference caused by the biguanide
on hexokinase catalytic function [75, 76].
Cytotoxic effects of metformin were previously
reported in two studies performed on unstimulated
quiescent CLL cells [55, 57]. Both studies attributed this
effect on inhibition of oxidative phosphorylation. Here we
provide evidence that metformin also modulates glycolytic
capability on CLL cells stimulated to enter the cell cycle.
We studied metformin activity in combination with
other agents. Cytotoxicity of the classical anti-CLL drug
Fludarabine was potentiated by co-administration with
metformin. In vitro sensitivity of CLL cells to Fludarabine
is compromised by abnormal mitochondrial activity,
which is typical of CLL cells [56, 77]. Thus, inhibition
of mitochondrial respiration exerted by metformin may
restore the CLL cell apoptotic response to Fludarabine.
ABT-737 holds promise for the treatment of CLL
[64, 78]. However, the cytotoxic activity of this BH3-only
mimetic is impaired when Mcl-1 is overexpressed [78] or
when cells are activated and proliferate [32, 65]. In our
experimental setting metformin potentiated the action of
ABT-737 in resting CLL cells, due, at least in part, to its
Mcl-1 inhibitory effect. More remarkable was the synergy
between metformin and ABT-737 in stimulated cells,
possibly because metformin impairs cell cycle progression,
thus enhancing ABT-737 cytotoxicity. Co-administration of
metformin might increase the cytotoxic activity of drugs
that are more effective on non-cycling CLL cells.
Peripheral blood lymphocytes from healthy donors,
either quiescent or activated, were insensitive to the
cytotoxic or cytostatic action of metformin at the doses
that were effective on CLL cells. Leukemic cells rely on
ATP availability and glycolysis more than normal cells
do. Also, CLL cells are more addicted to the protective
activity of Bcl-2 anti-apoptotic proteins compared to
normal cells [79]. This may explain, at least in part, the
higher metformin-sensitivity of CLL cells compared to
normal lymphocytes.
www.impactjournals.com/oncotarget

It is important to highlight that the analysis of protein
expression by flow cytometry was restricted to viable
leukemic cells only (gating out apoptotic cells), thus to CLL
cells that have still intact ∆Ψ, intact plasma membrane and
do not express activated caspase 3 [32]. By this approach
early changes of protein expression can be discriminated
from changes that are a late consequence of apoptosis.
Metformin is a relatively well-tolerated drug
at the typical doses for diabetic patients (1 g, twice
daily). At these doses the peak and steady-state plasma
concentrations of metformin rarely exceed 50 μM [80,
81], a concentration that is much lower than the doses that
were effective in our in vitro CLL cell system. However,
we found that limiting extracellular glucose availability
remarkably increased CLL cell sensitivity to the cytostatic
action of metformin. In low-glucose conditions, inhibition
of CLL cell cycle entry and proliferation was achieved
by metformin doses that were totally ineffective in
standard culture conditions. Glucose-starvation or
glycolysis inhibition were shown to potentiate metformin
cytotoxicity in other tumor cells as well [82] [83, 84]
[85]. We could envisage that, within the pseudofollicles
of lymphoid tissues where CLL leukemic cells are
concentrated and proliferate, glucose may be depleted
because of cancer cells’ intense use of glycolysis; this
would consequently increase leukemic cells’ sensitivity
to metformin. An additional factor that would increase
metformin efficacy in CLL patients treated with standard
doses of metformin, resides in the possible accumulation
of the drug within the lymphoid tissues where CLL cells
are triggered to re-enter the cell cycle. Drug accumulation
in concentrations several fold higher than those in blood
has been demonstrated in various other tissues [86, 87].
Also, transient high-dose drug exposure could be achieved
by nonconventional routes of administration, as recently
observed in mice where peak plasma levels of metformin,
after intraperitoneal injection, were ~150-fold higher than
those obtained with the oral dosing schedule [82, 88].
Both CLL and diabetes mellitus occur more frequently
in the elderly. CLL patients under metformin treatment are
not rare, considering that half of the diabetic patients take
metformin and approximately 20% of CLL patients have
diabetes as co-morbidity [89]. However, observation of
these patients may not be informative of the real effects of
metformin on CLL, for two reasons. First, these patients
are not representative of the overall CLL population,
as indicated by data from the European Prospective
Investigation into Cancer and Nutrition (EPIC) study
showing that men with diabetes have double the risk of
CLL [90]. Second, most of them were already on metformin
when CLL was diagnosed. In these patients CLL developed
in the presence of (and maybe ‘despite’) metformin.
Hypothesizing a CLL inhibitory role of metformin,
one could envisage that, among the cohort of diabetic
patients with potential CLL disease (e.g. monoclonal
B-cell lymphocytosis (MBL)), the continuous presence of
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metformin could have selected metformin-resistant forms
of MBL progressing to CLL. Instead, metformin-treated
diabetic patients with metformin-sensitive MBL cells could
have been protected from progression to overt CLL and lost
from the cohort of CLL patients. This would introduce a
bias and possibly mask the beneficial effects of metformin.
Only clinical trials will elucidate whether this inexpensive
medication has the potential to become an adjuvant to
current CLL therapies. One pilot study of metformin monotherapy in poor prognosis CLL patients has started in 2012
(NCT 01750567).

Drug treatment on stimulated CLL cells was
performed simultaneously to exposure of CLLs to
CD40L-fibroblasts. Freezing/thawing of CLL cells did
not influence sensitivity to metformin, since for three
CLL patients fresh and frozen/thawed CLL cells were
compared, displaying the same level of cytotoxicity.
Cytotoxicity on 3T3-NIH fibroblasts was not
observed at the metformin doses that were cytotoxic to
CLL cells. Therefore, we could exclude that the observed
impairment of cell cycle entry by metformin was due to
possible cytotoxicity on the stimulating fibroblasts.

MATERIALS AND METHODS

Flow-cytometric assays for apoptosis and
proliferation

CLL cells and drugs

Multiparameter flow cytometric analysis of cellular
viability by propidium iodide (PI) exclusion assays,
mitochondrial transmembrane potential (∆Ψ) by the
cationic dye 3, 3′-dihexyloxacarbocyanine iodide (DiOC6)
fluorescence and cell cycle-phase distribution by DNA
content were previously described [32]. Ki-67 staining
procedures are described below.

CLL cells were obtained from the peripheral blood
of CLL patients, after informed consent according to the
Declaration of Helsinki. Mononuclear cells were separated
by Ficoll density gradient centrifugation and assayed by
flow cytometry (FACSCalibur, BD Biosciences, San Diego,
CA) for standard diagnostic immunophenotyping (CD19,
CD5, CD23, CD79B, CD22, CD38) and identification of
heavy chain (IgM, IgG or, very rarely, IgA) and light chain
(kappa or lambda) isotype. Cells were then resuspended
in freezing solution (10% DMSO and 90% Fetal Bovine
Serum (FBS)) and cryopreserved in liquid nitrogen.
Samples from previously untreated CLL patients and
containing at least 95% leukemic cells were considered
eligible for the study. Clinical and molecular characteristics
of the CLL patients utilized in this study are shown as
Supplementary Information in Supplementary Table S1.
Cell cultures of CLL cells were performed by
seeding thawed cells into RPMI (InVitrogen S.r.l., Milan,
Italy) culture medium supplemented with 10% FBS
(InVitrogen) at high cell density, 2–4 × 106/ml. Cells
were kept in fresh culture medium for three hours before
drug addition. In vitro activation of CLL cells by CD40LNIH 3T3 cells was achieved by co-culturing CLL cells
in the presence of a stable CD40L-expressing NIH-3T3
murine fibroblast cell line produced in our laboratory, at
a cell number ratio 1:100 (fibroblasts:CLL cells). In vitro
response to CD40L-activation was assessed by increased
expression of activation molecules (CD80, CD86, HLADR, CD25, CD69, CTLA-4) and the presence of at least
25–30% cells in the S/G2M cell cycle phase three days
after co-culture. We did not add cytokines to contribute to
CLL sustained proliferation, since the activation level in
our culture setting turned out to be adequate enough for
the duration of our experiments.
Metformin (1, 1-dimethylbiguanide hydrochloride)
was from Sigma-Aldrich (www.sigmaaldrich.com).
In drug-combination tests, metformin was added to
the cells simultaneously to a second drug, Fludarabine
monophosphate from Schering AG (Berlin, Germany) or
ABT-737 from Selleck (Houston, TX).
www.impactjournals.com/oncotarget

Protein expression by flow cytometry and
multiparameter analysis
Analysis of protein levels, expressed either on the
plasma membrane or intracellularly, was performed by
immunofluorescence and flow cytometry on a FACS
Calibur (Beckton Dickinson, San Josè, CA, USA).
Antibodies to surface proteins were CD44, CD54
(ICAM-1) and CD58 (LFA-3), CD62L and CXCR4(CD184),
all from BD Pharmingen (San Diego, CA). Antibodies to
intracellular proteins were rabbit polyclonal anti-Mcl-1
(H-260), anti-cyclin D3 and cyclin E, all from Santa Cruz
Biotechnology (San Diego, CA) and used at 20 μg/ml; FITCconjugated KI67 mAb (BD Pharmingen, San Diego, CA);
antibodies specific for transcription factors: Pan-anti-Akt
and pan-anti-STAT3 and antibodies to the phosphoproteins
pSTAT3(Tyr705), pSTAT3(Ser727), pAkt(Ser473), pNFkB(Ser536) were all from Cell Signaling Technology, Inc.
To optimize antibody-antigen binding cells were fixed with
3% paraformaldehyde and permeabilized with 0.01% Triton
X-100 in the case of Mcl-1, cyclins, Akt and Stat3; fixed
with 3% paraformaldehyde and permeabilized with ice-cold
methanol, 3 minutes, in the case of phospho-proteins; fixed
with ice-cold 90% ethanol for KI67. Secondary antibodies,
from Molecular Probes (InVitrogen, Eugene, OR), were Goat
or Donkey Immunoglobulins, either anti-Rabbit or isotypespecific anti-Mouse, conjugated to Alexa fluorochromes.
For multiparameter analysis purposes, in several
cases cells were counterstained with 30 μg/ml PI and 0.5
mg/ml RNase for 30 min at room temperature in the dark,
to obtain DNA content distribution of the cell population
and, therefore, to assess protein expression in different cell
cycle phases.
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It is important to highlight that the analysis of protein
expression by flow cytometry was restricted to viable
leukemic cells, namely cells falling within the ‘live’ gate on
flow cytometric FSC-SSC plots, i.e. the ‘high FSC-low SSC’
gate (thus gating out apoptotic cells). This compartment
contains CLL cells that have still intact ∆Ψ, intact plasma
membrane and do not express activated caspase 3 [91]. CLL
cells outside the gate, with ‘low FSC-high SSC’ features,
are mostly late apoptotic and dead cells, and are not reliable
for intracellular immunofluorescence assays because of
unspecific staining that easily occurs on dead cells. By
this approach early changes of protein expression can be
discriminated from consequences of late apoptotic steps.

overnight, then washed in 0.15% Phoshate Buffered
Saline-Tween (PBS-T) and incubated with the specific
antibodies (Abs) (o.n at 4°C): rabbit polyclonal antiphospho AMPK (Cell Signaling Technology, USA, #2531,
diluted 1:1000 in PBS-T); rabbit polyclonal anti- phospho
AKT (Cell Signaling Technology, USA, #4060, diluted
1:1000 in PBSt); goat polyclonal anti-actin (Santa Cruz
Inc. USA, sc-1616, diluted 1:800 in PBS-T). Secondary
HPR-conjugated Abs were diluted in PBS at 1:10000.
After extensive washing with 0.15% PBST, binding of Abs
was revealed by enhanced chemiluminescence detection
system. Blots were acquired by ChemiDoc (BioRad,
Hercules, CA, USA). Each band was converted by
ChemiDoc into a densitometric trace allowing calculations
of intensity and signals normalized on the signal of actin,
used as the housekeeping protein.

ATP and AMP quantification
Cells were washed twice with PBS, lysed with 25%
Percloric Acid (PCA) and sonicated in ice three times for
10 seconds. After centrifugation, supernatants containing
PCA were collected and neutralized with K2CO3. ATP and
AMP were assayed enzymatically.
ATP was assayed following NADP reduction at 340
nm (Ɛ = 6, 22 mM−1 cm−1). The medium contained: 50 μg
of cells homogenate, 100 mM Tris- HCl pH 8.0, 1 mM
NADP, 10 mM MgCl2, and 5 mM glucose, 10 IU of purified
hexokinase/glucose-6-phosphate dehydrogenase. AMP was
assayed following the NADH oxidation at 340 nm (Ɛ =
6, 22 mM−1 cm−1). The medium contained: 50 μg of cells
homogenate, 100 mM Tris-HCl pH 8.0, 75 mM KCl, 5
mM MgCl2, 0, 2 mM ATP, 0, 5 mM phosphoenolpyruvate,
0, 2 mM NADH, 10 IU adenylate kinase, 25 IU pyruvate
kinase, and 15 IU of lactate dehydrogenase.

2-NBDG uptake
The fluorescent 2-deoxyglucose analog probe 2-[N(7-nitrobenz-2-oxa-1, 3-diazol-4-yl)amino]-2-deoxyglucose
(2-NBDG) [62] was administered to live cells for 15
minutes at the concentration of 50 microM in glucosefree medium. Cells were washed three times with PBS
and fluorescence of the probe assayed by flow cytometry
(FACS Calibur, Beckton Dickinson) on the FL1 detection
channel (515–545 nm). For each CLL sample the geometric
mean of the fluorescence intensity of 10.000 CLL cells was
calculated.

FDG uptake
Labelling was performed by incubating 2 × 106
CLL cells with FDG, as described [76]. Glucose-free
medium was used for FDG uptake and added with PBS
and FDG so to obtain a tracer concentration of 1 microCi/
mL. Tracer exposure was maintained for 60 minutes at
37°C. Cells then rinsed twice in cold PBS, and counted to
determine cell associated fluorine-18 radioactivity, using
a Packard Cobra II gamma counter (Packard, Meriden,
CT). FDG retention was measured as the ratio between
bound and total radioactivity. Washing did not induce
significant efflux of FDG, as confirmed by preliminary
studies comparing FDG uptake of cells washed for
different periods of time in the presence or absence of
the glucose transport inhibitors, cytochalasin B and
phloretin. This indicates that after an incubation period
of 60 minutes, almost all FDG was trapped intra cells as
FDG6P. Radioactivity uptake values were normalized to
the number of viable (trypan blue-negative) cells.

Electrophoresis, semiquantitative western blot
(WB), and quantification
The denaturing electrophoresis (SDS–PAGE)
was performed using a Laemmli protocol with minor
modifications in a Mini Protean III (BioRad, USA)
apparatus. Separating gel be a gradient gel from 8% to
14% w/v polyacrylamide, containing 0.1% SDS, at pH
8.8. Stacking gels contained 5% w/v polyacrylamide
and 0.1% SDS (at pH 6.8). 20 μg of total proteins were
used for each sample. Total protein concentration was
estimated by Bradford method. Samples were denaturated
by the addition of a solution containing: 8% SDS w/v
in 125 mM Tris-HCl (pH 6.8) and 1.25% v/v DTT and
incubated for 15 minutes. Then, samples was boiled for
5 min and a second solution, contained 40% w/v sucrose
and 0.008% w/v Bromophenol blue was added. Run was
performed at 4°C, at 70 mA for each gel, for 120–150 min.
Electrophoretically separated samples was transferred onto
nitrocellulose (NC) membranes by electroblotting, at 400
mA for 1 h in Tris–glycine buffer (50 mM Tris, 380 mM
glycine) plus 20% (v/v) methanol, at 4°C. NC membranes
was blocked in 5% Bovine serum Albumine (BSA)
www.impactjournals.com/oncotarget

Combination cytotoxicity and statistics
Combined cytotoxicity of metformin administered
together with Fludarabine or ABT-737 was calculated by
the Chou–Talalay method [92] with the CalcuSyn software
(Biosoft, Cambridge, UK). Combination index (CI) was
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computed from dose–effect curves of drugs alone and in
combination. CI represents a measure of the effect of drug
interaction (additive effect: 0.9 ≤ CI ≤ 1.1, synergism: CI <
0.9 and antagonism: CI > 1.1). It depends on the ‘fractional
effect level’ at which it is calculated. We considered two
levels of cytotoxicity, LC75 and LC90 (concentration
lethal to 75% and 90% of CLL cells). Drugs were always
combined at constant molar ratios. Met:ABT-737 ratios
were 106:1 for resting CLL samples and 105:1 for CD40Lstimulated samples (as activation augmented ABT-737
chemoresistance). Met:Fludara ratio was 200:1.
For statistical comparison between samples, the
Mann-Whitney U test was used for unpaired sample
data. Paired sample data were analyzed by the paired
Student’s t-test or Wilcoxon signed-rank test. Analyses
were performed using the GraphPad Prism version 5.00
statistical software (GraphPad Software Inc., La Jolla, CA,
USA). Figure notations: *p ≤ 0.05; **p ≤ 0.01; ***p ≤
0.001; n.s., not significant.
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