
Abstract. The aim of the present study was to examine the
potential antitumor activity of lovastatin and other statins
together with pamidronate, a second generation bisphosphonate
(BP), against tumor cell lines. Cytostatic/cytotoxic effects were
measured using crystal violet assay. Regulation of the cell
cycle and induction of apoptosis were evaluated using flow
cytometry and Western blotting, migration of tumor cells was
measured in a scratch wound assay and their invasiveness was
measured with a Matrigel-invasion assay. Antitumor effects
of the combination treatment were evaluated in a murine
PANC 02 pancreatic adenocarcinoma model. Combination of
pamidronate and lovastatin produced potentiated cytostatic/
cytotoxic effects against breast and pancreatic cancer cell
lines. The combination was also effective in inhibition of tumor
cell adhesion to collagen IV and fibronectin and interfered
with migration and invasiveness of tumor cells. Neither

pamidronate nor lovastatin alone affected tumor growth in
mice but the combination treatment resulted in retardation
of tumor growth and prolongation of mouse survival. The
combination of statins and pamidronate, a second generation
bisphosphonate, demonstrates promising antitumor effects at
doses readily achievable in patients. This combination holds
promise for future clinical studies.

Introduction

Statins are competitive inhibitors of 3-hydroxy-3-methyl-
glutaryl-coenzyme A (HMG-CoA) reductase that inhibit
the synthesis of mevalonic acid, an essential precursor of
isoprenoid compounds including cholesterol, dolichol, and
ubiquinone as well as farnesyl and geranylgeranyl groups
required for posttranslational modification of many proteins
including Ras/Rho superfamily members (1). Due to their
ability to lower blood cholesterol levels statins are commonly
used to prevent and to treat atherosclerosis of the coronary
vessels.

Statins have also been found to induce cytostatic and
cytotoxic effects against tumor cells in vitro (2-6) and to
exert antitumor effects in experimental tumor models (7,8).
Results of clinical studies revealed only modest (9) or not
very encouraging (10) antitumor activity of statins. Several
studies revealed that long-term use of statins is associated
with diminished cancer incidence (11,12) but again these
observations have not been confirmed by other studies (13,14)
and few have even shown increased cancer incidence in
statin users (15). 

Bisphosphonates are analogs of endogenous pyrophosphate
with a central oxygen atom replaced by a carbon atom.
They are potent inhibitors of bone resorption used for the
management and prevention of postmenopausal osteoporosis,
corticosteroid-induced bone loss, and Paget's disease. They
increase bone mass, diminish fracture risk and alleviate bone
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pain as well as bone, joint and neurological complications
(16,17). Due to their anti-resorptive activity they are also used
in the treatment of bone metastases reducing the occurrence
of pathologic fractures, bone pain and the need for radiation
therapy or surgery in patients with osteolytic metastases
(18-20). They are also effective in the management of hyper-
calcemia of malignancy (21,22). All these effects translate
into improved quality of life. 

Nitrogen-containing bisphosphonates (N-BP) that include
zoledronic acid, pamidronate or ibandronate among others
have a unique mechanism of action as compared with first
generation bisphosphonates in that they inhibit mevalonate
pathway of cholesterol biosynthesis thereby preventing post-
translational protein prenylation (23,24). Recently, preclinical
studies demonstrated that N-BPs might also have direct anti-
tumor activity (25). N-BPs inhibit proliferation and induce
apoptosis of a number of human tumor cell lines in vitro,
inhibit the ability of tumor cells to adhere to mineralized or
unmineralized matrices and to invade extracellular matrix
(25-29). In vivo studies revealed their antitumor and anti-
metastatic effects that might result from both direct action on
tumor cells as well as from inhibition of tumor angiogenesis
(27,30-32). Clinical observations seem to confirm that N-BPs
inhibit the lesion progression in patients with multiple myeloma
and prostate cancer and may prevent the development of new
bone metastases and skeletal complications in patients with
breast cancer (33,34). 

Accumulating evidence indicates that the antitumor effec-
tiveness of bisphosphonates can be potentiated by chemo-
therapeutics, radiotherapy and antiestrogens (35-39). Despite
modest antitumor activity of statins their potential use in
clinical oncology evokes increasing interest. It seems that
these drugs could find their place in clinical cancer therapy
if combination therapies are found in which statins are
shown to exert potentiated antitumor effects. Therefore, we
investigated whether the combination of pamidronate and
statins could produce potentiated antitumor effects. 

Materials and methods

Mice. C57Bl6 mice, 8-12 weeks of age were used in the
experiments. Breeding pairs were obtained from the Animal
House of the Medical Research Centre, Polish Academy of
Sciences. Mice were kept in conventional conditions with
full access to food and water during experiments. All of the
animal studies were performed in accordance with the guide-
lines approved by the Ethics Committee of the Medical
University of Warsaw. 

Tumor cells. The following human breast cancer cell lines:
MDA-MB-361, MDA-MB-231, MCF-7 and human pancreatic
cancer cell lines: PANC-1, MIA PaCa-2, all from ATCC
(American Type Culture Collection, Rockville, MD, USA)
were used throughout all experiments. PANC 02 murine
pancreatic carcinoma cells were kindly obtained from Carsten
Ziske (Rheinische Friedrich-Wilhelms-Universität, Bonn,
Germany). Cells were maintained in DMEM or RPMI-1640
medium (Invitrogen, Co., Paisley, UK), supplemented with
10% heat-inactivated fetal bovine serum (FBS), antibiotics,
2-mercaptoethanol (50 μM) and L-glutamine (2 mM) (all

from Invitrogen, Co.), hereafter referred to as culture medium.
Cells were cultured in 75-cm2 tissue flask (Corning, NY,
USA) at 37˚C in a fully humidified atmosphere of 5% CO2,
and were passaged every 3-4 days after short trypsinization
with trypsin/EDTA (Invitrogen, Co.).

Reagents. The following statins have been used: atorvastatin
(Pfizer Pharmaceuticals, Inc., Groton, CT), cerivastatin (Bayer
Corp., West Haven, CT), mevastatin (ICN Biochemicals, Costa
Mesa, CA), simvastatin and lovastatin (both from Merck, Sharp
& Dohme Res. Lab., Rahway, NJ). Mevastatin and lovastatin
were obtained in the inactive lactone form and were converted
to the active form as described (40). Pamidronate sodium
(Vipharm, Warsaw, Poland) was dissolved in water to the
final stock concentration of 97.6 mM. Farnesyl pyrophosphate
(FPP) and geranylgeranyl pyrophosphate (GGPP) were
purchased from Sigma (St. Louis, MO, USA). Farnesyl
transferase inhibitor (FTI-277) and geranylgeranyl transferase
inhibitor (GGTI-298) were purchased from Calbiochem (San
Diego, CA).

Tumor treatment and monitoring. For in vivo experiments
exponentially growing PANC 02 cells were harvested from
culture flasks and washed twice in cold-PBS (Polfa, Poland).
Cells were then resuspended in PBS to a concentration of
50x106 cells/ml and injected 2x105 cells in 20 μl PBS into the
footpad of the right hind limbs of C57Bl6 mice. PANC 02
viability, estimated by trypan-blue staining, ranged between
95 and 97%. Lovastatin was administered intraperitoneally
(i.p.) at a dose of 30 mg/kg daily starting from day 7 after
inoculation of tumor cells for 14 consecutive days. Control
mice received an equal volume of 20% ethanol. Pamidronate
was administrated i.p. at a dose of 10 mg/kg on days 7 and 14
following inoculation of tumor cells. Local tumor growth was
determined as described (41) by the formula: tumor volume
(mm3) = (longer diameter) x (shorter diameter)2. Relative
tumor volume was calculated as: relative tumor volume =
[(tumor volume)/(initial volume)] x 100%.

Western blotting. For analysis of protein expression cells
were cultured with drugs for 48 h. After an indicated time
of culture the cells were washed with PBS and lysed with
radioimmunoprecipitation assay buffer (RIPA) containing
50 mM Tris base, 150 mM NaCl, 1% NP-40, 0.25% sodium
deoxycholate and 1 mM EDTA supplemented with Complete®

protease inhibitor cocktail tablets (Roche Diagnostics,
Mannheim, Germany). Protein concentration was measured
using Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA).
Equal amounts of whole cell proteins were separated on
12.5% SDS-polyacrylamide gel, transferred onto Protran®

nitrocellulose membranes (Schleicher and Schuell BioScience
Inc., Keene, NH, USA), blocked with TBST [Tris-buffered
saline (pH 7.4) and 0.05% Tween-20] supplemented with
5% non-fat milk and 5% FBS. The following antibodies at
1:1000 dilution were used for the 24-h incubation: mouse
monoclonal antibodies anti-α-tubulin (Calbiochem, San Diego,
CA), anti-cleaved caspase-3 (Cell Signaling Technology,
Beverly, MA), anti-p21, anti-cdk2, anti-cdk6, anti-cyclin D1,
anti-p27 (all from Santa Cruz). After extensive washing with
TBST, the membranes were incubated for 45 min with

ISSAT et al:  ANTITUMOR EFFECTS OF STATINS AND PAMIDRONATE1414

1413-1425  4/5/07  13:18  Page 1414



corresponding horseradish peroxidase-coupled secondary
antibodies (Jackson Immuno Research). The color reaction
for horseradish peroxidase was developed using SuperSignal
WestPico Trail Kit® (Pierce). The X-ray film was exposed for
different periods of time depending on the kind of antibody
and developed with a standard X-ray film developer. The
blots were stripped between antibodies in 0.1 M Glycine
(pH 2.5).

Cytostatic/cytotoxic assay. The cytostatic and/or cytotoxic
effects of treatment of tumor cells were measured using
crystal violet staining as described (42). Briefly, tumor cells
were dispensed into 96-well plates (Nunc) at a concentration
depending on the tumor line (MDA-MB-231 and PANC 02
tumor cells were seeded at 5x103 cells per well/100 μl; MIA
PaCa-2, PANC-1, and MDA-MB-361 cells were seeded at
7.5x103 cells per well/100 μl; MCF7 tumor cells were seeded
at 1x104 cells per well/100 μl) and allowed to attach overnight.
The following day all reagents were added. Then, 48 h after
incubation with reagents the cells were rinsed with PBS and
stained with 0.5% crystal violet in 30% ethanol for 10 min
at room temperature. Plates were washed four times with
tap water and the cells were lysed with 1% SDS solution.
Absorbance was measured at 595 nm using an enzyme-linked
immunosorbent assay reader (SLT Labinstrument GmbH,
Salzburg, Austria), equipped with a 595-nm filter. Cytotoxicity
was expressed as relative viability of tumor cells (% of control
cultures incubated with medium only) and was calculated as
follows: relative viability = (Ae - Ab) x 100/(Ac - Ab), where Ab

is the background absorbance, Ae is experimental absorbance,
and Ac is the absorbance of untreated controls.

Cell cycle. For the cell cycle analysis tumor cells were
scraped off the Petri dishes (Nunc) in chilled PBS after
incubation with lovastatin or pamidronate or both reagents
together for 12, 24, or 48 h. Cells were then washed twice
and fixed in 70% ethanol in PBS. Analysis of the cell cycle
was performed with propidium iodide (Roche, Indianapolis,
IN, USA) according to the manufacturer's protocols and
analyzed using FACS Vantage (Becton-Dickinson, San Jose,
CA, USA). To detect apoptosis, cells were trypsinized from
the Petri dishes (Nunc) in cold-PBS, washed twice in PBS
and suspended in chilled PBS. 

Adhesion, migration and invasion assays. For the adhesion
assay, pamidronate and/or lovastatin pretreated cells were
harvested and plated at a density of 5x105 cells/well in 24-well
plates coated with fibronectin or collagen IV (Becton-
Dickinson). After a 30-min incubation at 37˚C in a CO2 incu-
bator, the plates were shaken at 200 rpm for 10-15 sec, 3 times
washed with 0.1% BSA in PBS and fixed with 4% para-
formaldehyde. The cells were stained with crystal violet,
washed with water and photographed. Finally, the cells
were lysed by addition of 1% SDS and the absorbance from
quadruplicate wells was assessed using an enzyme-linked
immunosorbent assay reader (SLT Labinstrument GmbH). 

A modified scratch-wound assay was used for the
evaluation of tumor cell migration. MDA-MB-231 cells were
seeded in triplicate on a 24-well plate in culture medium with
lovastatin (0.2 μM), pamidronate (10 μM), FPP (10 μM)

and/or, GGPP (10 μM). After 24 h a scratch was made across
the cell layer (at 60-80% confluence) with a pipette tip. Cells
were washed twice with PBS and medium with drugs was
reapplied. Pictures of the same areas of the wells were taken
at 0, 26, and 48 h. The migration of the drug-treated cell
population was quantified by calculating the percentage of
recolonization of the wound surface over time as compared
with untreated cells.

For the invasion assay a Growth Factor Reduced Matrigel
Matrix (BD Biosciences, San Diego, CA, USA) was diluted
to 500 μg/ml in PBS and 100 μl were applied on polycarbonate
filters (6.5 mm of diameter, 8.0-μm pore size) (Transwell,
Corning Incorporated, Corning, NY, USA). Filters were
allowed to dry for 24 h and were subsequently rehydrated
with 50 μl of serum-free DMEM containing lovastatin,
pamidronate with or without FPP or GGPP at indicated
concentrations for 2 h at 37˚C in a humidified atmosphere.
MDA-MB-231 cells (4x105) were seeded for 24 h on 6-cm
tissue culture plates in DMEM containing 10% FBS followed
by the addition of lovastatin, pamidronate, GGPP and/or
FPP. After another 24 h cells were detached by trypsin,
washed twice with PBS, resuspended in serum-free DMEM
and 1x105 cells were seeded on matrigel-coated inserts. DMEM
containing 10% FBS and appropriate drugs were added to
lower chambers as attractant. After another 24 h inserts were
washed with PBS, Matrigel with cells that did not migrate
was removed, cells on the lower surface of filters were fixed
with 95% methanol and 5% PBS solution and stained with
DAPI. Cell nuclei at the center of the filter were counted
under the fluorescence microscope. In parallel, the same
amount of cells treated identically as above were seeded on a
96-well plate in DMEM containing 10% FBS and stained
with crystal violet after 24 h of incubation.

Gelatin zymography. MDA-MB-231 cells were treated with
lovastatin (0.2 μM) and/or pamidronate (10 μM) for 24 h in
DMEM containing 10% FBS. After that serum-free medium
containing drugs was applied for 24 h. Medium was collected,
10 μl was mixed with SDS-loading buffer without ß-mercapto-
ethanol and resolved on SDS-gel containing 1 mg/ml gelatin.
Gel was incubated twice in 2.5% Triton X-100 for 15 min,
incubated for 72 h in 50 mM Tris-HCl pH 8.0, 150 mM NaCl,
10 mM CaCl2, 1 μM ZnCl2, 0.02% Brij-35, 0.02% sodium
azide at 37˚C and stained with Coomassie.

Statistical analysis. Data were calculated using Microsoft™
Excel 98. Differences in in vitro cytotoxicity assays and tumor
volume were analyzed for significance by Student's t-test.
Significance was defined as a two-sided P<0.05. 

The nature of the interaction observed between pamidronate
and lovastatin was analysed using the Calcusyn software
(Biosoft, Cambridge, UK) which uses the CI method of Chou
and Talalay (43), based on multiple drug effect equation. The
constant ratio combination design was applied to assess the
effect of both drugs in combination, in which dose-response
curves were determined. The advantage of this method is the
automatic construction of a fraction affected-CI table, graph,
and calculation of dose reduction indices by the software.
CIs<1 indicate greater than additive effects (synergism; the
smaller the value, the greater the degree of synergy), CIs
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equal to 1 indicate additivity, and CIs>1 indicate antagonism.
The dose reduction index defines the extent of drug dose
reduction possible in combination for a given degree of effect
as compared with the dose of each drug alone (43). 

Results

Pamidronate and lovastatin exert synergistic cytostatic/cyto-
toxic effects against tumor cells in vitro. We have investigated
the cytostatic/cytotoxic effects exerted by pamidronate and
lovastatin as well as by their combination against human tumor
cell lines of pancreatic (PANC 02, PANC-1, MIA PaCa-2)
and breast (MDA-MB231, MDA-MB-361, T47D) origin
using crystal violet staining. Both pamidronate and lovastatin
exerted a dose- and time-dependent growth inhibition in the
investigated tumor cell lines. The 50% growth inhibition
(IC50) after a 48-h incubation period was reached at pamidronate
concentrations between 20 and 60 μM in most of the cell
lines. Only MDA-MB-361 cells were resistant to pamidronate-
mediated growth inhibition. For lovastatin IC50 was between
0.5 and 3 μM. Only PANC-1 required higher doses of lovastatin
(10 μM) to achieve IC50 (Table I).

The combination of pamidronate and lovastatin exerted
potentiated cytostatic/cytotoxic effects against all investigated
tumor cell lines. The experiments were performed with crystal
violet staining and confirmed in some cell lines with MTT
assay. The resulting data were elaborated with a dedicated
software Calcusyn to verify potential synergistic interactions
between the investigated agents using Chow and Talalay
calculations. In this mathematical model, synergism can be
defined when the combination index (CI) is <1.0 (when CI
is <0.5 the synergism is defined as very strong). We have
found that the combination of pamidronate and lovastatin was
highly synergistic when both drugs were used at equipotent
concentrations against PANC-1, PANC 02 and MDA-MB231
cells. A synergistic interaction was also noted for MIA PaCa-2,
MDA-MB-361 cells (Fig. 1). Unexpectedly, we have observed

that the combination of pamidronate and lovastatin was
antagonistic when used in vitro against MCF-7 breast cancer
cells (Fig. 1). 

Importantly, other statins including atorvastatin, cerivastatin,
mevastatin and simvastatin also significantly potentiated the
cytostatic/cytotoxic effects of pamidronate in vitro against
PANC 02 cells (Fig. 2). 

The combination of pamidronate and lovastatin induces cell
cycle arrest and apoptosis. We have selected such concen-
trations of pamidronate and lovastatin that were highly
synergistic at Calcusyn calculations to evaluate the influence
of the combination on the cell cycle and apoptosis induction
in PANC 02 cells (Table II). Lovastatin used at a 0.25-μM
concentration had already induced G1 arrest after 24 h of
incubation. After another 24 h, 18.47% of the cells were
found in the sub-G1 fraction. Pamidronate at the concentration
of 40 μM did not significantly influence cell cycle distribution
or apoptosis-induction in tumor cells. However, it augmented
the lovastatin-induced G1 arrest after 24 h and significantly
increased the percentage of cells in sub-G1 fraction (from
18.47 to 33.59%) (Fig. 3A and Table II). Western blotting
analysis of cell cycle regulating proteins revealed that both
lovastatin and pamidronate decreased the expression of CDK2
and cyclin D1 and slightly induced the expression of p21Waf-1.
Lovastatin was also effective in the slight induction of p27Kip-1

expression and in decreasing CDK6 expression. The combin-
ation of both drugs induced the highest expression of p21Waf-1,
completely decreased the expression of cyclin D1, and induced
cleavage of caspase-3 (Fig. 3). 

The cytostatic/cytotoxic effects of the combination of
pamidronate and lovastatin result from inhibition of iso-
prenoid compound synthesis. By inhibiting HMG-CoA
reductase, statins decrease synthesis of mevalonic acid-
derived isoprenoid derivatives thereby influencing post-
translational processing of numerous proteins, including
Ras and Rho family members. Incubation of PANC 02 and
MDA-MB-231 cells with mevalonic acid, farnesyl or geranyl-
geranyl pyrophosphate abrogated the antitumor effectiveness
of the combination of pamidronate and lovastatin (Fig. 4).
Interestingly, FPP was less effective than GGPP in reversing
the growth-inhibitory effect of the combination treatment in
MDA-MB-231 cells. To further verify the role of protein
prenylation in the cytostatic/cytotoxic effects of statins used
in combination with pamidronate, we combined the latter with
inhibitors of protein farnesylation and geranylgeranylation.
Inhibition of geranylgeranyltransferase was effective in
potentiating the cytostatic/cytotoxic effects of pamidronate
in both cell lines. FTI potentiated the cytostatic/cytotoxic
effects of pamidronate in PANC 02 cells but was completely
ineffective in doing so in MDA-MB-231 cells (Fig. 4). 

The combination of pamidronate and lovastatin inhibits
adhesion, migratory capacity and invasiveness of tumor
cells. The influence of pamidronate and lovastatin on adhesive
properties of MDA-MB-231 cells was evaluated using 24-well
plates covered with basement membrane proteins fibronectin
and collagen IV (Fig. 5A-F). A 24-h incubation with either drug
alone did not affect adhesion of tumor cells but incubation
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Table I. The 50% growth inhibition for pamidronate and
lovastatin against human tumor cell lines.a

–––––––––––––––––––––––––––––––––––––––––––––––––
Tumor cell line Pamidronate Lovastatin 

concentration concentration
μM μM

–––––––––––––––––––––––––––––––––––––––––––––––––
PANC 02 80 0.5 

PANC-1 20 10

MIA PaCa-2 40 3

MDA-MB-231 30 1-2

MDA-MB-361 120 0.5-1
–––––––––––––––––––––––––––––––––––––––––––––––––
aTumor cells were dispensed into 96-well plates at 5x103 or 7.5x103

cells per well/100 μl and allowed to attach overnight. The following
day serial dilutions of pamidronate or lovastatin in 100 μl of medium
were added. Then, after 48 h of incubation the cells were rinsed
with PBS and stained with crystal violet and the absorbance was
evaluated with a microplate reader.
––––––––––––––––––––––––––––––––––––––––––––––––– 
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Figure 1. Potentiation of in vitro cytotoxic effects of pamidronate by lovastatin. Tumor cells of pancreatic (PANC 02, PANC-1, MIA PaCa-2) and breast
cancer (MDA-MB-231, MDA-MB-361, T47-D, MCF-7) origin were dispensed into a 96-well flat-bottomed microtiter plate at a concentration of 5-10x103 cells/
100 μl/well. Cells were incubated with dilutions of pamidronate and/or lovastatin or a control Et-OH-containing medium. After 48 h the cytostatic/cytotoxic
effects were measured using crystal violet staining and are expressed as mean survival (as compared with controls) ± SD. Next to the graphs showing
cytostatic/cytotoxic effects there are results of the Chow and Talalay analyses of the combination indices (CI) presented here as a function of inhibition of cell
growth in cells exposed to pamidronate and lovastatin for 48 h (solid red lines) ± SD (thin hyphenated line). The straight line at CI = 1 represents the additive
effects of both drugs. *P<0.05 (Student's t-test) as compared with controls and single agent-treated cells.
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with both pamidronate and lovastatin significantly impaired
the capacity of MDA-MB-231 cells to adhere to both fibro-
nectin and collagen IV. After 48 h of incubation the effects
were more pronounced. Incubation of tumor cells with either
lovastatin or pamidronate only slightly, but significantly
affected adhesion of tumor cells to both proteins. The effects
of the combined treatment were more pronounced as they
decreased adhesion to fibronectin by 85% (Fig. 5E), and
adhesion to collagen IV by 88% as compared with controls
(Fig. 5F). 

Migratory capacity of MDA-MB-231 cells was evaluated
in a scratch-wound assay. Lovastatin (0.2 μM) and pamidronate
(10 μM) were used at very low concentrations that did not
affect cell survival (Fig. 5H). While lovastatin and pamidronate
alone inhibited the distance of tumor cell migration by 15.5 and
25% after 26 h of assay, the combination treatment inhibited
the migratory capacity of MDA-MB-231 cells by 59.5%. After
another 24 h the effects were even more pronounced as lova-
statin inhibited tumor cell migration by 25.8%, pamidronate
by 43.5% and the combination by almost 75% (Fig. 5G). As
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Figure 2. Potentiation of in vitro cytotoxic effects of pamidronate by statins. PANC 02 cells were dispensed into a 96-well flat-bottomed microtiter plate at a
concentration of 5x103 cells/100 μl/well. Cells were incubated with dilutions of pamidronate and/or atorvastatin, cerivastatin, mevastatin or simvastatin or a
control Et-OH-containing medium. After 48 h the cytostatic/cytotoxic effects were measured after crystal violet staining and are expressed as mean survival
(as compared with controls) ± S.D. *P<0.05 (Student's t-test) as compared with controls and single agent-treated cells.

Table II. Effects of pamidronate, lovastatin and drug combination on PANC 02 cell cycle distribution and apoptosis.a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Controls Pam 24 h Pam 48 h Lova 24 h Lova 48 h Pam + Lova 24 h Pam + Lova 48 h

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
% Sub-G1 3.54 3.80 3.67 4.11 18.47 4.37 33.59

% G1 46.13 41.28 48.95 58.16 54.68 62.39 39.57

% S 13.61 13.46 10.11 9.74 7.25 5.97 6.15

% G2/M 21.73 20.72 19.92 17.94 13.21 13.75 11.53
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
aCells were grown in Petri dishes for 24 h before addition of compounds for the indicated time. Pamidronate was used at a 40-μM
concentration, and lovastatin was used at a 0.25-μM concentration. Cell cycle analysis was performed by flow cytometric analysis using
ethanol-fixed, propidium iodide-stained cells.
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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expected, addition of FPP (10 μM) or GGPP (10 μM) reversed
the inhibition of cell migration (Fig. 5G).

We have also observed a significant inhibition of MDA-
MB-231 cell invasiveness through the Matrigel extracellular
matrix layer by the combination of lovastatin and pamidronate
at the concentrations identical as in scratch-wound assay.
This effect was superior to the inhibition of invasiveness
observed in single agent-treated cells (Fig. 5I and J). As
expected, addition of FPP or GGPP partially reversed the
inhibitory effect. Since the migration of cells in the Matrigel-
based assay is at least partially dependent on extracellular
matrix breakdown by secreted metalloproteinases, we have
investigated the level of MMP2 and MMP9 gelatinases in
cell culture medium. Impaired invasiveness of MDA-MB-
231 cells was not accompanied by decreased secretion of
MMP2 nor MMP9 metaloproteinases to cell culture medium
as assayed by gelatin zymography (Fig. 5K).

The combination of pamidronate and lovastatin potentiates
antitumor effects in vivo. Next, we decided to evaluate the
antitumor activity of the combination treatment in vivo in a
murine model of syngeneic pancreatic carcinoma (PANC 02),
growing in C57/Bl6 mice. Treatment with pamidronate and/or
lovastatin was started 7 days following inoculation of tumor
cells. Pamidronate and lovastatin were administered i.p. at 10
and 30 mg/kg, respectively. Pamidronate was administered
twice on days 7 and 14 after inoculation of tumor cells, and
lovastatin was administered daily on days 7-21. Although
neither of the drugs inhibited tumor growth when given alone,
their concomitant administration resulted in both inhibition of
tumor growth and prolongation of mouse survival time (Fig. 6).
A statistically significant retardation of tumor growth was
observed on days 23-42 following inoculation of tumor
growth (P<0.05, Student's t-test, as compared with all other
groups). The median survival in the combination-treated mice
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Figure 3. The influence of pamidronate and/or lovastatin on the cell cycle and expression of positive and negative cell cycle regulators as well as cleavage of
caspase-3. A, cells were grown in Petri dishes for 24 h before addition of compounds for the indicated time. Pamidronate was used at a 40-μM concentration,
and lovastatin was used at a 0.25-μM concentration. Cell cycle analysis was performed by flow cytometric analysis using ethanol-fixed, propidium iodide-
stained cells. B, PANC 02 cells were dispensed into 10-cm Petri dishes at a concentration of 5x105 cells/10 ml. The cells were cultured in the presence of
0.25-μM lovastatin and 40-μM pamidronate for 48 h. The cells were harvested and the prepared cell lysates were subjected to Western blot analysis: 50 μg of
protein extracts were separated during electrophoresis. Blots were sequentially probed (after stripping) with different antibodies.
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(74.5 days) was significantly longer than controls (46.5 days),
pamidronate (42.5 days) or lovastatin-treated (50.4 days) mice
(P<0.05, log-rank test, as compared with all other groups). 

Discussion

Studies on combined application of HMG-CoA reductase
inhibitors and antitumor drugs deserve particular attention as

many cancer patients, because of their age, are treated not
only with chemotherapeutics but also with statins for
accompanying cardiovascular disorders. In most studies on
the anti-proliferative and antitumor effects of statins, both
in experimental murine models and in humans, lovastatin
has been used although atorvastatin, fluvastatin, cerivastatin,
simvastatin and pravastatin have also shown antitumor effects
(4,44-46). Since the concentrations of statins required for

ISSAT et al:  ANTITUMOR EFFECTS OF STATINS AND PAMIDRONATE1420

Figure 4. Cytostatic/cytotoxic effects of pamidronate and lovastatin depend on inhibition of protein prenylation. PANC 02 and MDA-MB-231 cells were
dispensed into a 96-well flat-bottomed microtiter plate at a concentration of 5x103 cells/100 μl/well. (A-D) Cells were incubated with dilutions of pamidronate
and/or lovastatin with or without the following precursors of prenyl groups: 200 μM mevalonic acid (MEV), 10 μM farnesylpyrophosphate (FPP) or 10 μM
geranylgeranyl pyrophosphate (GGPP). (E-F) Cytostatic/cytotoxic effects of the combinations of pamidronate with geranylgeranyl transferase (GGTI) or
farnesyltransferase (FTI) inhibitors. After 48 h of incubation with drugs the cytostatic/cytotoxic effects were measured using crystal violet staining and are
expressed as mean survival (as compared with controls) ± SD.
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Figure 5. Inhibition of adhesion, migration and invasiveness of tumor cells by the combination of pamidronate and lovastatin. For the adhesion assay
MDA-MB-231 cells were incubated with pamidronate (20 μM) and/or lovastatin (0.25 μM) for 24 or 48 h. Upper part (A-D) shows images of drug-treated
crystal violet-stained cells that adhered to either fibronectin or collagen after a 30-min incubation at 37˚C in a CO2 incubator. The treatment groups are: A,
controls; B, pamidronate; C, lovastatin; D, pamidronate with lovastatin. (E and F) Quantitative assessments of adhesion (% absorbance as compared with
controls) after staining with crystal violet. For the migration (G) and invasion (I and J) assays MDA-MB-231 cells were incubated with pamidronate (10 μM)
and/or lovastatin (0.2 μM) for 24 or 48 h. (G) Migration of MDA-MB-231 cells was investigated using a scratch-wound assay. The migration of the drug-
treated cell population was quantified by calculating the percentage of re-colonization of the wound surface over time as compared with controls. (H) The
cytostatic/cytotoxic effects of pamidronate (10 μM) and/or lovastatin (0.2 μM) either alone or in combination or with FPP (10 μM) or GGPP (10 μM) against
MDA-MB-231 cells measured by crystal violet assay. (I and J) Matrigel invasion assay: i, untreated controls; ii, Lovastatin-treated cells; iii, pamidronate-
treated cells; iv, lovastatin + pamidronate-treated cells; v, lovastatin + pamidronate + FPP-treated cells; vi, lovastatin + pamidronate + GGPP-treated cells.
(K) Gelatin zymography for the detection of MMP2 and MMP9 in supernatants of MDA-MB-231 cells incubated with 0.2 μM lovastatin and/or 10 μM
pamidronate for 48 h. All experiments were performed at least twice with comparable differences between experimental groups. *P<0.05 (Student's t-test) in
comparison with controls, **P<0.05 (Student's t-test) in comparison with all other groups.
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antiproliferative effects and especially for the induction of
apoptosis in vitro are frequently far from those achievable
in vivo, and both in experimental tumor models and in
clinical trials statins exert only modest antitumor effects it
can be hypothesized that these drugs should be used in
combination with other agents. In our studies we have used
statin concentrations that are readily achievable in plasma
after oral administration. In the lipid-lowering regimens, the
peak plasma concentration of lovastatin was in the range of
0.1-3.9 μM (10). However, in a recent clinical study with
lovastatin taken by patients with advanced malignancies the
peak plasma concentration reached 12.3 μM (47). 

In one of the recent studies a series of drugs including
carboplatin, cisplatin, 5-fluorouracil, docetaxel, epirubicin,
fluvastatin, gemcitabine, imatinib, paclitaxel, trastuzumab,
or vinorelbine were studied in vitro in combination with
zoledronic acid (48). Interestingly, one of the drugs that
significantly potentiated the antiproliferative effectiveness of
zoledronic acid was fluvastatin. Therefore, our studies confirm
that statins can effectively potentiate the cytostatic/cytotoxic
effects of bisphosphonates and extend these observations by
showing that the combination is also effective in inhibiting
invasiveness of tumor cells. Moreover, we show here for the
first time that lovastatin in combination with pamidronate is
also effective in vivo in both retarding tumor growth and in
prolonging the survival of tumor-bearing mice.

The combination of statins used with BPs has several
potential benefits and therefore holds promise for clinical
development. Both groups of drugs have a good safety profile
and can be administered without significant toxicity for a
long term (49,50). Although they seem to have a different
mechanism of action both classes of these drugs target post-
translational prenylation of proteins. Bisphosphonates,
including pamidronate have been shown to effectively inhibit
Farnesyl pyrophosphate synthase, and posttranslational
prenylation of Ras or Rap1A proteins (51-53). Although statins
which inhibit synthesis of mevalonic acid prevent both
farnesylation and geranylgeranylation of selected proteins,
their mechanism of antiproliferative, cytotoxic and anti-invasive

effects is usually ascribed to impaired geranylgeranylation.
Usually GGPP, but not FPP, prevents most of the statin-
induced effects in tumor and normal cells (54-56). It has
recently been reported that R115777, a farnesyltransferase
inhibitor, synergistically potentiates cytostatic and proapoptotic
effects of BPs in vitro (57). Our studies confirm the observation
that drugs that interfere with protein prenylation are effective
in potentiating antitumor effects of BPs in vitro and we extend
this observation to an in vivo model in experimental mice,
where the combination treatment produced both retardation
of tumor growth as well as prolonged survival. Moreover, we
observed that although some cells (MDA-MB-231) might be
resistant to the cytostatic effects of the combination of FTI and
pamidronate (Fig. 4H) they are sensitive to the combination
of pamidronate with statins (Fig. 1) and GGTI (Fig. 4E-F).
While the mechanisms of this interaction have not been
elucidated in detail it can be hypothesized that pamidronate
exerts its effects by inhibiting protein farnesylation while
statins additionally target protein geranylgeranylation. Indeed,
it was previously reported that GGTase I inhibitors synergize
with FTase inhibitors in inducing cytostatic/cytotoxic effects
against tumor cells (58-60). Unexpectedly, we have also
observed that pamidronate significantly decreased the
cytostatic/cytotoxic effects of lovastatin against MCF7 cells.
The mechanism of this antagonism is not readily understood.
One likely explanation for this phenomenon is that MCF7
cells carry an inactivating mutation within the caspase-3 gene
(61) and as shown in Fig. 4 the combination of pamidronate
and lovastatin induces pronounced cleavage and activation
of this apoptosis executioner. It will be very interesting to
investigate whether lack of caspase-3 is responsible for the
resistance to this combination treatment. 

The combination of lovastatin and pamidronate produced
G1 cell cycle arrest within 24 h of incubation with drugs,
followed by the transition of G1-arrested cells into sub-G1
fraction. This observation together with effective activation
of caspase-3 in the combination group indicates that the
drugs induce initial cell cycle arrest followed by induction of
apoptosis. 

ISSAT et al:  ANTITUMOR EFFECTS OF STATINS AND PAMIDRONATE1422

Figure 6. Antitumor effect of the combined treatment with pamidronate and/or lovastatin in PANC 02-bearing mice. C57/Bl6 mice were inoculated with
2x105 PANC 02 cells. Administration of lovastatin (30 mg/kg) was started on day 7 and continued for 2 consecutive weeks. Pamidronate was administered
twice at a dose of 10 mg/kg on days 7 and 14 following inoculation of tumor cells. (A) The influence of the treatment on the growth of PANC 02 tumors in
mice. *P<0.05 (Student's t-test) in comparison with all other groups. (B) Kaplan-Meier plots of the survival of the PANC 02-bearing mice. *P<0.05 (log-rank
test) in comparison with all other groups. There were 10 mice in each experimental group.
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Clinically BPs are especially effective in inhibiting bone
metastases of tumor cells but several animal studies have also
reported inhibition of metastases to soft tissues (17). Therefore,
of special importance is effective potentiation of anti-invasive
properties of pamidronate by lovastatin. Importantly, these
effects were observed at low drug doses that can be easily
achieved in cancer patients. In the adhesion, scratch-wound
and Matrigel-invasion assays we have used minimal lovastatin
and pamidronate concentrations that did not affect cell number
in crystal violet assay (Fig. 5H). These small concentrations
of both drugs efficiently inhibited three crucial steps in the
formation of cancer metastases. Although both bisphosphonates
and statins have been shown to decrease the synthesis of
matrix metalloproteinases by tumor and stromal cells (62-65)
we did not observe any influence of low doses of drugs on
the MMP2 and MMP9 activity in supernatants from either
single agent- or combination-treated cells (Fig. 5K). These
results indirectly indicate that decreased invasiveness of tumor
cells results from impaired adhesion/migration (both regulated
by Rho family proteins) and not from impaired degradation of
ECM proteins. Again, FPP and GGPP strongly reversed the
effects of the combination treatment thereby providing further
support for the hypothesis that statins and pamidronate mainly
target protein prenylation. Indeed a number of other studies
revealed that both statins and bisphosphonates inhibit the
adhesion, migration and invasiveness of tumor cells by
impaired farnesylation and/or geranylgeranylation. 

Perhaps the most significant finding of the current report
is that the combination of pamidronate and lovastatin exhibited
marked antitumor effects in vivo, despite negligible effects
observed in single agent-treated mice. These results are of
immediate translational importance as statins have also been
shown to inhibit copious production of proinflammatory
cytokines by peripheral blood γδ T cells in response to BPs
thereby offering a means of avoiding the BP-associated acute
phase response (66). 

Altogether we have observed that the combination of
statins and pamidronate, a second generation BP, is effective
in potentiating cytostatic/cytotoxic effects in vitro, inhibition
of adhesion, migration and invasiveness of tumor cells and in
exerting antitumor effects in an in vivo tumor model. Together
with the reported statin-mediated reduction of bisphosphonate-
induced acute phase response this combination holds promise
for future clinical studies. 
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