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Multidrug resistant P-glycoprotein positive L1210/VCR cells are 
also cross-resistant to cisplatin via a mechanism distinct from 
P-glycoprotein-mediated drug efflux activity
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Abstract. P-glycoprotein (P-gp, a drug transporter found in the plasma membrane)-mediated 
multidrug resistance of leukemia cells represents a real obstacle in the effective chemotherapeutic 
treatment of leukemia. While cisplatin (CisPt) is known to be a substance that is untransportable 
by P-gp, P-gp positive cells were often found to be resistant to CisPt. 

The aim of the current paper is to study this phenomenon using P-gp positive mouse leukemia 
cells L1210/VCR in which the overexpression of P-gp was induced by its ability to adapt to growth 
on vincristine (VCR).

L1210/VCR cells are also resistant to CisPt. However, resistance to this substance could not 
be reversed by addition of the known P-gp inhibitor verapamil. CisPt induced more pronounced 
entry into apoptosis, as measured using the annexin V/propidium iodide kit, in sensitive L1210 
cells than in resistant L1210/VCR cells. In addition, CisPt induced an increase in the proportion 
of L1210 cells that were in the g2 phase of the cell cycle when compared to L1210/VCR cells, as 
measured by staining with propidium iodide. Similarly, a higher release of cytochrome c from 
the mitochondria to the cytosol was induced by CisPt treatment in L1210 than in L1210/VCR 
cells.

While similar levels of Bax and Bcl-2 proteins were observed in sensitive and resistant cells, 
CisPt induced a more pronounced decrease of the Bcl-2 levels in L1210 cells than in L1210/VCR 
cells. Consistent with this observation, CisPt induced a larger decrease of the Bcl-2 content in 
the Bcl-2:Bax heterooligomer in L1210 cells than in L1210/VCR cells. Moreover, CisPt induced 
a similar apoptotic DNA fragmentation pattern in both resistant and sensitive cells.

All of the above observations indicated that L1210/VCR cells are also resistant to CisPt and 
that this resistance is related to the differences in the regulatory mechanisms responsible for 
CisPt-induced apoptosis in L1210/VCR cells without any contribution from the drug efflux 
activity of P-gp.
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Introduction

Multidrug resistance (MDR) represents a real obstacle in the 
effective chemotherapeutic treatment of neoplastic diseases 
(Pauwels et al. 2007). The massive overexpression of the plasma 
membrane protein P-glycoprotein (P-gp), an ABCB1 member 
of the ABC membrane transporter family, represents the most 
common feature that confers MDR (Zhou 2008). Cell selec-
tion with cytotoxic substances, that are P-gp substrates, leads 
to the creation of P-gp positive drug-resistant cell lines (Pop et 
al. 2008). The mouse leukemia cell line L1210/VCR represents 
an MDR cell sub-line that was selected for MDR from the 
parental L1210 cell line by the addition of vincristine (VCR) 
(Polekova et al. 1992). This cell line is characterized by the mas-
sive overexpression of P-gp (Fiala et al. 2003; Sulova et al. 2005), 
a mechanism that is responsible for its ability to confer drug 
resistance (Bohacova et al. 2000, 2006) in addition to its cross-
resistance to doxorubicin, cyclophosphamide, dexamethazone, 
mitomycin C and actinomycin D (Breier et al. 2000). Several 
alterations in the regulatory and metabolic pathways such as: 
i) changes in the expression and activity of regulatory kinases 
(Barancik et al. 2001, 2006; Kisucka et al. 2001), ii) changes in 
the expression of the nuclear receptors for retinoids (Sulova et 
al. 2008), iii) differences in the content and composition of sac-
charides that are particularly located on the cell surface (Sulova 
et al. 2009), and iv) changes in the expression of endoplasmic 
reticulum proteins involved in the regulation of calcium home-
ostasis (Seres et al. 2008) were found to be associated with P-gp 
overexpression in L1210/VCR cells. These alterations, coupled 
with the presence of a significant amount of P-gp in the plasma 
membrane, are responsible for the complex phenotype of P-gp-
mediated MDR (Breier et al. 2005).

The high expression levels of both P-gp and the proto-on-
cogene Bcl-2 were reported to be associated with the in vitro 
resistance to chemotherapeutic agents and a poor clinical out-
come in cases of acute myeloid leukemia (Campos et al. 1997) 
and in cases of adults who have acute lymphoblastic leukemia 
(Del Principe et al. 2003). Amount of Bcl-2 was shown to 
be reduced in tissues characterized by apoptotic cell death 
(Hockenbery et al. 1991). This protein hetero-oligomerizes 
in vivo with a conserved homolog, i.e. Bax, and this process is 
known to modulate apoptosis (Oltvai et al. 1993). Both these 
proteins are members of the Bcl-2 family, and notably only 
Bcl-2 (like Bcl-XL, Mcl-1, Bcl-w and Bfl-1) was recognized 
as an anti-apoptotic protein, as opposed to Bax (like Bak, 
Bim, Bid, Bad, Bik, Puma, Noxa, Bmf, BNIP3, Bmf, Hrk, 
MULE), which is known to function as a pro-apoptotic protein 
(Brunelle and Letai 2009). The translocation of the Bax (or 
Bak) monomer from the cytosol to the mitochondria followed 
by the formation of Bax (or Bak) homo-oligomers represents 
a physiological death stimulus, which may be antagonized 
by the presence of the Bcl-2 protein (or other anti-apoptotic 
proteins) that prevents Bax homo-oligomerization (Brunelle 

and Letai 2009; Gross et al. 1998). Homo-oligomerization 
of the pro-apoptotic proteins participate in the formation of 
pores in the outer mitochondrial membrane through which 
pro-apoptotic molecules like cytochrome c escape the mito-
chondria and initiate apoptosis via the activation of caspases 
(Degli Esposti and Dive 2003; Brunelle and Letai 2009). The 
overexpression of anti-apoptotic proteins from the Bcl-2 fam-
ily is commonly associated with an unfavorable pathogenesis 
in neoplastic diseases (Lessene et al. 2008).

We have previously described an increase in the Bcl-2 
protein content and a decrease in the cleaved-activated 
caspase 3 content in L1210/VCR cells upon comparison 
with L1210 cells (Barancik et al. 2006). Thus, the drug re-
sistance of L1210/VCR cells could include a less significant 
apoptotic response from chemotherapeutic agents due to 
an alteration in the apoptotic regulatory pathways that may 
be an sinergistic mechanism with the P-gp-mediated drug 
elimination from the cells. To prove this hypothesis, we 
need to characterize the differences in the mechanism of 
apoptosis entry between L1210 and L1210/VCR cells.

Apoptosis may be induced in neoplastic cell lines using 
a variety of anticancer drugs. Cisplatin (CisPt) was reported 
to induce apoptotic DNA fragmentation in human promy-
elocytic leukemia HL-60 cells and murine leukemia L1210 
cells (Cipak et al. 2003). Drug resistance induced by CisPt 
was not found to be a consequence of the overexpression of 
either MDR1 or MDR3 gene products in ovarian carcinoma 
cell lines (Ren et al. 2007). While the adaptation of the hu-
man ovarian cancer cell line SKOV3 to CisPt, which yields 
a CisPt resistant sub-line (SKOV3/CIS), was accompanied 
by the overexpression of P-gp, P-gp alone was not found 
to be responsible for the resistance to CisPt conferred by 
this sub-line (Yang and Page 1995). However, SKOV3/CIS 
was cross-resistant to P-gp substrates such as doxorubicin, 
taxol and actinomycin D, and resistance to these latter three 
substances was sensitive to verapamil, which is a well-known 
P-gp inhibitor, in contrast to CisPt resistance, which was 
unaffected by treatment with verapamil. CisPt resistance was 
found to be associated with an upregulation of Bcl-2 and the 
subsequent inhibition of Bax translocation from the cytosol 
to the mitochondria (Cho et al. 2006).

The aim of the current paper is to answer the question 
of whether or not any differences exist in CisPt-induced 
apoptosis between a P-gp negative L1210 cell line and a P-gp 
positive L1210/VCR cell line.

Materials and Methods

Cell cultivation conditions

The following cell variants were used: sensitive L1210 cells 
(S) and a drug-resistant L1210/VCR cell line, which was 



393P-glycoprotein positive L1210/VCR cells are also cross-resistant to cisplatin

cultivated prior to experiments in the absence of VCR (R) 
and in the presence of 1.08 μmol/l VCR (V). VCR was 
supplied by Gedeon Richter Co. (Hungary). The resistant 
cell sub-line L1210/VCR was obtained by selection with 
increasing concentrations of VCR (Polekova et al. 1992). 
This cell sub-line represents the MDR cell model that is 
characterized by a significant expression of P-gp (Fiala 
et al. 2003; Sulova et al. 2009), in which other markers of 
MDR, such as glutathione S-transferase, MRP1 (multidrug 
resistance protein 1) and BCRP (breast cancer resistance 
protein) were not found to be changed (Bohacova et al. 
2000, 2006). The cells (S, R and V) were cultivated in RPMI 
1640 medium with L-glutamine (1 mg/ml), 4% fetal bovine 
serum and 1 μg/ml gentamycin (all purchased from Gibco, 
USA) in a humidified atmosphere with 5% CO2 in air at 
37°C for either 24 or 48 h.

Effect of CisPt on the viability of S, R and V cells

Cells (5 × 104 cells per each well) were cultivated in the 
absence or presence of various concentrations of CisPt in 
combination with verapamil (10 μmol/l*) in 96-well cul-
ture plates. Verapamil, CisPt and vincristine were added 
directly to the cultivation medium. For V cells, vincristine 
was present during the cultivation of the cells with CisPt. 
After 48 h, the cell viability was assayed using a MTT test 
(Gerlier and Thomasset 1986) that was performed by 
the addition of MMT (3-(4,5-dimethyldiazol-2-yl)-2,5 
diphenyl tetrazolium bromide) at a final concentration 
of 0.5 mg/ml to each well followed by a 2 h incubation 
period. Then the plates were centrifuged for 15 min (2500 
rpm), after which the cell sediment was extracted using 
dimethyl sulfoxide. The absorbance at 540 nm was then 
measured.

The concentration dependence of CisPt-induced cell 
death was fit using Eq. (1) (Kupsakova et al. 2004):

N = 100% × exp[ln(0.5) × (c/IC50)n]  (1)

where N represents the proportion of viable cells after 
cultivation in the presence of CisPt at concentration c. The 
IC50 is the median lethal concentration, and n is the order 
exponent.

The experimental data were fit by nonlinear regression 
using SigmaPlot Graphing Software (version 2.01). The 
significance differences were analyzed using the unpaired 
Student’s t-test.

Detection of apoptosis and necrosis induced in S, R and V cells 
by CisPt

Cells (1 × 106 cells per ml) were incubated for 4, 12 or 
24 h in the absence or presence of various CisPt con-
centrations under standard cultivation conditions. After 
these incubation periods, the proportions of apoptotic and 
necrotic cells were detected using an annexin V/propid-
ium iodide kit (Calbiochem, USA) according to procedure 
described by the manufacturer. Briefly, the cells were 
washed twice with PBS and gently resuspended in bind-
ing buffer containing 0.5 μg/ml annexin V labeled with 
fluorescein isothiocyanate (FITC). The mixtures were 
incubated for 15 min at room temperature in the dark 
and then centrifuged (2500 rpm, 15 min). The resulting 
sediments were resuspended in binding buffer, and pro-
pidium iodide (final concentration 0.6 μg/ml) was added 
to each sample, after which the samples were analyzed 
by flow cytometry using a Coulter Altra flow cytometer 
(Beckman coulter USA).

Effect of CisPt on the proportion of S and R cells in different 
phases of the cell cycle

Cells (1 × 106 cells per ml) were incubated for 12 h in the 
absence or presence of CisPt (10 and 25 mg/l) under stand-
ard cultivation conditions and were then washed with 
PBS and resuspended in 0.05% Triton X-100 dissolved 
in PBS containing 0.1 mg/ml RNase A and incubated for 
20 min at 37°C. The final mixtures were cooled on ice for 
10 min, and propidium iodide (40 μg/ml) was added to 
the samples, which were then incubated on ice another 
30 min. Finally, the fluorescence of propidium iodide 
was monitored using a Coulter Altra flow cytometer for 
each sample.

Detection of the effect of CisPt on the Bcl-2, Bax and P-gp 
content in S and R cells using Western blot assays

Cells (S and R) were cultivated in standard medium for 
48 h in the absence or presence of CisPt (1 mg/l) and 
verapamil (10 μmol/l). After incubation, the cells were 
harvested, and the whole cell lysates were prepared by ho-
mogenization in RIPA buffer (Pierce Biotechnology, USA) 
according to the manufacturer’s instructions. Briefly, the 
cells were washed twice in PBS and centrifuged (2800 
rpm, 5 min), and the pellets were extracted using RIPA 
buffer for 15 min under shaking. The resulting sample was 
centrifuged (11 200 rpm, 15 min), and the supernatants 
were stored for further analysis. In addition, the protein 
concentration was determined using the Lowry assay. The 
protein content in samples was separated using SDS-PAGE 
in 12% SDS-polyacrylamide gel (Laemmli 1970) and then 

*Verapamil at the applied concentration was found to completely 
antagonize P-gp activity in R cells measured with Calcein/AM and 
Fluo-3/AM as fluorescent substrates of P-gp.
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transferred to a nitrocellulose membrane (Amersham, 
USA) by electro-blotting (Towbin et al. 1979). Rabbit anti-
Bcl-2 (N-19) and anti-Bax (N-20) polyclonal antibodies 
(Santa Cruz Biotechnology, USA) were used as primary 
antibodies, while goat anti-rabbit IgG conjugated with 
horseradish peroxidase (Santa Cruz Biotechnology, USA) 
served as a secondary antibody that was used for protein 
detection on the blot. Either a monoclonal anti-P-gp 
antibody (c219, Calbiochem, USA) or an anti-GAPDH 
antibody (Santa Cruz Biotechnology, USA) in addition 
to an anti-mouse antibody conjugated with horseradish 
peroxidase (Calbiochem, USA) was used for P-gp and 
GAPDH detection, the latter of which served as an inter-
nal detection standard. The protein signals were visualized 
with an ECL detection system (Amersham, USA) using 
a Kodak (USA) scanning system CF 440.

Detection of the Bax:Bcl-2 complexes by immuno-precipitation

Cells (1 × 108) were cultivated as described in the previ-
ous chapter and then were lysed in 50 mmol/l Tris-HCl 
(pH 7.4) containing 150 mmol/l NaCl and 1% Nonidet 
P40 (Roche, Germany) for 15 min at 1°C under intensive 
shaking. Proteins were adjusted to a final concentration 
of 400 μg/ml by the addition of 50 mmol/l Tris-HCl (pH 
7.4), after which either the anti-Bax or anti-Bcl-2 antibody 
(described in the previous chapter) was added. After 2 h 
of incubation at 4°C, 20 μl of protein A/G PLUS-agarose 
(Santa Cruz Biotechnology, USA) was added, and the 
mixture was shaken overnight at 4°C. Afterwards, the 
precipitates were centrifuged (10 000 rpm, 10 min, 4°C) 
and washed twice in 50 mmol/l Tris-HCl (pH 7.4). The 
presence of Bax or Bcl-2 in the immuno-precipitated 
samples was estimated using the Western blot procedure 
as described above.

Detection of Bcl-2 protein and cytochrome c by immuno-
fluorescence

Cells (1 × 106) were incubated for 24 h under standard 
cultivation conditions in either the absence or presence of 
CisPt (10 μg/ml). Afterward, the cells were washed and re-
suspended in PBS and were transferred onto poly-L-lysine 
cover glasses (Menzel Glaser, Germany). The bound cells 
were washed twice in PBS and then were fixed in metha-
nol at –20°C for 20 min. After fixation, specimens were 
washed in PBS and then blocked by incubation with 1% 
BSA in PBS for 1 h at 37°C. Subsequently, the specimens 
were incubated with the anti-Bcl-2 antibody (described 
in the previous chapters) or with the anti-cytochrome c 
antibody (Santa Cruz, USA) for 1 h at 37°C in PBS contain-
ing 1% BSA and then were washed twice in PBS contain-
ing 1% BSA. Finally, specimens were also incubated with 

goat anti-rabbit IgG conjugated with FITC (Calbiochem, 
USA) in 1% BSA and PBS for 1 h at 37°C and then washed 
twice in PBS containing 1% BSA. The specimens labeled 
by immuno-fluorescence were additionally labeled us-
ing a solution of 10 mg/l 4’-6-diamidino-2-phenylindole 
(DAPI; Sigma, USA) in PBS to visualize the nuclei (Krishan 
and Dandekar 2005). Finally, the cover-slips were mounted 
onto slides with a mounting medium (80% glycerol) and 
analyzed using a confocal laser-scanning microscope LSM 
510 META Carl Zeiss.

Estimation of CisPt-induced apoptotic DNA fragmentation 
in S, R and V cells

Cells S, R and V (1 × 106) were incubated in the absence 
or presence of CisPt (10 mg/l) for 24 h under standard 
cultivation conditions, washed in PBS and then were 
used for the estimation of DNA fragmentation upon 
comparison to an Apoptotic DNA Ladder Kit (Roche, 
Germany) according to the procedure described by the 
manufacturer. Briefly, the cells were centrifuged (5 min 
at 2800 rpm) and resuspended in 200 μl of PBS and 200 
μl of binding lysis buffer and were then incubated for 10 
min. Subsequently, 100 μl of isopropanol was added to 
each sample, and the resulting mixtures were rigorously 
shaken. The samples were then transferred to the filter 
tube and centrifuged (8000 rpm, 1 min). These samples 
were subsequently washed twice in washing buffer, after 
which the DNA was extracted from the filter tube using 
pre-warmed (70°C) elution buffer and centrifuged for 
1 min at 8000 rpm. The concentration of DNA in these 
samples was estimated using photometry, and 30 μg of 
DNA was mixed with a MassRuler Loading dye solution 
(Fermentas, Latvia) in each sample. Subsequently, sam-
ples were loaded onto a 1.5% agarose gel containing 0.5 
μg/ml ethidium bromide (EtBr) immersed in a TAE (Tris-
acetate-EDTA) buffer. Electrophoresis was performed at 
75 V, the DNA was stained with EtBr in-gel, and the DNA 
was detected using Typhoon 9400 (Amersham, USA).

Results and Discussion

Cytotoxic effect of CisPt on S, R and V cells

CisPt induced a strong cell death effect that was more 
pronounced in S cells than in R and V cells (Fig. 1A). This 
indicated that R and V cells are less sensitive to CisPt than 
S cells. On the other hand, no significant differences were 
observed for the CisPt cell death effect between R and 
V cells. Thus, the presence of VCR during the cultivation 
of V cells in medium containing different concentrations of 
CisPt did not induce any additional increase in cell damage 
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as CisPt alone was induced in R cells. This indicated that 
a reduced sensitivity of R and V cells to CisPt was induced 
by a mechanism distinct from P-gp-mediated drug efflux. 
To prove this hypothesis, we measured the effect of vera-
pamil (a well-known inhibitor of P-gp) at a concentration 
at which verapamil completely antagonizes the transport 
activity of P-gp in L1210/VCR cells (Orlicky et al. 2004). 
Interestingly, verapamil was unable to induce any poten-
tiation of the cell damage effect induced by CisPt in both 
S and R cells (Fig. 1B). On the contrary, verapamil and 
other known P-gp antagonists were shown to significantly 
reduce the P-gp-mediated vincristine resistance of R cells 
(Poleková et al. 1992; Barancik et al. 1994). Moreover, 
verapamil fully depressed P-gp-mediated protection of 
R cells against intracellular retention of Fluo-3 and calcein 
in experiments where Fluo-3/AM and Calcein/AM were 
applied as P-gp substrates (Orlicky et al. 2004; Bohacova et 
al. 2006). This clearly indicated that the significant amount 
of P-gp present in R and V cells (Fiala et al. 2003; Sulova 
et al. 2005, 2009) in addition to its transport activity is 

not responsible for the lower sensitivity of these cells to 
CisPt as compared to S cells. Therefore, the lower sensitiv-
ity of R and V cells to CisPt must be due to a mechanism 
that is fundamentally distinct from P-gp-mediated drug 
efflux activity. This is in agreement with the fact that P-gp 
was not involved in resistance to CisPt (Ren et al. 2007). 
However, cells treated with CisPt using different proto-
cols may express a higher amount of P-gp as compared 
to their non-treated counterpart cells (Takara et al. 2003; 
Yan et al. 2007). In addition, the overexpression of P-gp 
was accompanied with a lower sensitivity to CisPt in the 
HOB 1/VCR cell variant that was prepared in a similar 
fashion as L1210/VCR cells by selection of parental cells 
using vincristine (Chao 1996; Tsai et al. 2007). It should 
be stressed that resistance to P-gp transportable drugs 
via the overexpression of P-gp and the resistance to CisPt 
by a mechanism distinct from P-gp-mediated drug efflux 
activity may occur together independently if resistant 
cells were selected using a P-gp substrate such as vinca 
alkaloids or with CisPt.

Figure 1. The cell damage effect of CisPt on S, R and V cells. Panel A: The concentration dependence of the CisPt effect. Symbols: Circles 
– S cells; squares – R cells; triangles – V cells. The cells were cultivated for two days in the presence of CisPt at their specified concentra-
tions. The experimental data are expressed as the mean ± SD for six independent experiments and were fit according to Eq. (1) using 
nonlinear regression. Inserted panel: The values of CisPt IC50 for the CisPt effect on S, R and V cells. The data were represented as the 
computed value ± SD. The IC50 value for S cells differed significantly from the IC50 values for both R and V cells at the level p < 0.01. 
Panel B: The effect of verapamil (VER) on the CisPt-induced cell damage of S and R. VER (10 μmol/l) was added together with CisPt. 
These data are expressed as the mean ± SD of six independent experiments. The values obtained in the presence of VER and CisPt did 
not differ significantly from the data obtained in the presence of CisPt alone. 
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CisPt induced apoptosis and necrosis in S, R and V cells

The sorting of apoptotic and necrotic cells after staining 
with FITC-labeled annexin V and propidium iodide was 
applied to cells pre-incubated with CisPt (0, 1, 10, 25 mg/l) 
for 12 and 24 h. These two time intervals were chosen be-
cause when cells were pre-incubated for 4 h, any differences 
between S, R and V cells pre-incubated in the presence or 
absence of CisPt were not observed, and the pre-incubation 
of cells with CisPt (namely at higher concentrations) for 
48 h induced massive cell damage where a majority of the 
counted cells were labeled by both annexin V linked with 
FITC and propidium iodide. The pre-incubation of S cells 

with CisPt for 12 h induced a concentration-dependent 
increase in the number of cells stained by FITC-labeled 
annexin V, i.e. cells that enter apoptosis (Fig. 2A). The ad-
dition of CisPt at its highest concentration (25 mg/l) also 
resulted in an increase in the proportion of cells that were 
stained by both FITC-labeled annexin V and propidium 
iodide. The effect of CisPt on R cells (Fig. 2A) was less 
pronounced when compared to its effect on S cells. No 
significant differences were observed between R and V cells 
in this regard (not shown).

Analysis of the cell cycle revealed that the proportion 
of S, R (Fig. 2B) and also V cells (not shown) in g1, s or g2 
phase did not differ. However, when CisPt was present at 

Figure 2. The characterization of the CisPt-induced cell death effect on S and R cells after a 12 h incubation with the specified concentration 
of CisPt. These data represent typical results from three independent experiments. Panel A: The determination of the proportion of cells 
entering apoptosis and necrosis using an annexin V/propidium iodide kit. Panel B: The estimation of the CisPt effect on the proportion 
of S and R cells in g1, s and g2 phase of the cell cycle using the propidium iodide staining method. 
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concentrations of 10 and 25 mg/l for a period of 12 h, the 
proportion of S cells in g2 phase increased in a manner 
that was associated with a reduction in the number of 
cells in the s and g1 phases of the cell cycle (Fig. 2B). 
The progression of g2 phase in L1210 cells after CisPt 
treatment has been described previously (Sorenson et al. 
1990), and this was reported to be related to apoptosis. 
Under the same conditions, the proportions of R (Fig. 
2B) and V cells (not shown) in each individual cell cycle 
phase did not change. The absence of CisPt-induced ef-
fect on the amount of R and V cells in g2 phase may be 
related to an overall decrease in the sensitivity of these 
cells to this drug. Interestingly, the application of the all-
trans retinoic acid and FK228 substance (novel histone 
deacetylase inhibitor depsipeptide) induced P-gp expres-
sion and the subsequent arrest of NB4 APL cells in the g1 
phase of the cell cycle and also reduced the sensitivity to 
DOX, which is known to induce apoptosis in the g2 phase 
(Tabe et al. 2006).

The majority of S cells were dead as evidenced by 
the observation that they bound both FITC-labeled 
annexin V and propidium iodide when these cells were 

pre-incubated with CisPt (at 25 mg/l, Fig. 3) for 24 h. In 
contrast, after pre-incubation of the R and V cells under 
the same conditions, while a majority of cells bound 
the FITC-labeled annexin V, and thus entered apoptosis 
(Fig. 3), their cell membrane was still not permeable to 
propidium iodide. Pre-incubation of S, R and V cells with 
CisPt at a concentration of 10 mg/l for 24 h induced simi-
lar yet less pronounced effects. The application of CisPt 
in this experiment at a concentration of 1 mg/l induced 
modest effects on S, R and V cells that were statistically 
insignificant (Fig. 3).

CisPt induced the release of cytochrome c to the cytoplasm 
in S, R and V cells

The release of cytochrome c from the mitochondria to the 
cytoplasm represents phenomena that are directly related to 
apoptosis (Degli Esposti and Dive 2003; Brunelle and Letai 
2009). The escape of cytochrome c from the mitochondria 
can be monitored by immuno-cytochemistry using permea-
bilized cells and antibodies against cytochrome c (Dave et al. 
2008). Cytochrome c is localized in the small intracellular 

Figure 3. The determination of CisPt-induced S, R and V cells entering apoptosis or necrosis using the annexin V/propidium iodide 
kit. These data represent typical results from three independent experiments. All details about experimental procedures are described 
in chapter Materials and Methods.
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particles surrounding the nuclei that are stained by DAPI 
in the S and R cells pre-incubated in the absence of CisPt 
(Fig. 4). This staining pattern is consistent with mitochon-
drial localization of cytochrome c. The pre-incubation of cells 
with CisPt (10 mg/ml) for 24 h induced a significant release 
of cytochrome c to the cytoplasm in S cells (Fig. 4). In con-
trast, under the same conditions, the release of cytochrome 
c in R cells is much less pronounced. The similar patern of 
cytochrome c release was published previously (Laane et al. 
2007) for the B-lineage of the acute lymphoblastic leukemia 
RS4 cells, in which apoptosis was induced by the addition 
of dexamethaone.

Effect of CisPt on the content of Bcl-2, Bax and the Bcl-2:
Bax complex in S and R cells

S cells did not contain any amount of P-gp as indicated by 
Western blot analysis using the c219 antibody (Fig. 5A). In 
contrast, R cells were characterized by a significant amount 

of P-gp that could be decreased by cultivation of the cells in 
the presence of verapamil (10 mg/l) but not in the presence 
of CisPt (1 mg/l). Previously, we showed that verapamil in-
duced a decrease in the expression of P-gp in R cells (Sulova 
et al. 2009). Consistently verapamil induced downregulation 
of P-gp expression in LLC-GA5-COL150 cell monolayers 
(Takara et al. 2002).

S and R cells did not differ in the expression levels of 
Bcl-2 or the Bax protein (Fig. 5B). The cultivation of S cells 
in the presence of CisPt (1 mg/l) induced a strong decrease 
in the Bcl-2 content (Fig. 5C). However, the decrease in the 
Bcl-2 content induced by cultivation of cells in the pres-
ence of CisPt was less pronounced in R cells. The presence 
of CisPt during cultivation of S and R cells did not induce 
changes in the levels of the Bax protein comparable to the 
changes in the Bcl-2 protein. In contrast, the cultivation of 
S and R cells in the presence of verapamil did not induce 
detectable changes in the levels of the Bcl-2 protein. Similar 
changes in the content of the Bcl-2 protein were observed 

Figure 4. The visualization of CisPt-induced cytochrome c release from the mitochondria to the cytosol. S and R cells were pre-incubated 
for 24 h with CisPt prior to immuno-staining. The cells were stained with the FITC-labeled anti-cytochrome c antibody and with DAPI. 
In control experiments, FITC-labeled anti-cytochrome c was not applied. All details about experimental procedures are described in 
chapter Materials and Methods.
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in S and R cells after cultivation in the presence of both 
CisPt and verapamil as detected in the presence of CisPt 
alone during cultivation. This provides strong evidence 
that the P-gp efflux activity in R cells is not responsible 
for the less pronounced decrease in the expression of the 
Bcl-2 protein induced by CisPt as observed in S cells. The 
lower amount of the Bcl-2 protein observed in S cells after 
CisPt treatment during cell cultivation could not effectively 
prevent the pro-apoptotic Bax protein homo-oligomeri-
zation that is responsible for the induction of apoptosis. 
A less pronounced decrease of Bcl-2 expression in R cells 
after cultivation in the presence of CisPt indicated a less 
considerable apoptotic stimulus in R cells after induction 
with CisPt in these cells and is related to the resistance of 
R cells to CisPt.

Immuno-cytochemical staining of Bcl-2 using the anti-
Bcl-2 antibody also revealed a less pronounced decrease 
of the Bcl-2 content in R cells as compared to S cells after 
cultivation of these cells in the presence of CisPt (Fig. 6). 
While Bcl-2 is localized in small intracellular particles lo-
cated proportionally around the nuclear envelope in R cells, 
these particles were present in large clusters in S cells 
near the parts of nuclei, which other parts were without 
staining (Fig. 6). Both of these types of Bcl-2 localization 

patterns were shown previously in a study of Bcl-2 protein 
expression in chronic lymphocytic leukemia (Marschitz et 
al. 2000).

We needed to establish whether or not the cultivation of 
S and R cells in the presence of CisPt induced changes in the 
proportion of Bcl-2 and Bax found in the Bcl-2:Bax complex. 
For this reason we used immuno-precipitation assays with 
Bcl-2 and the Bax antibody. The cultivation of S cells in the 
presence of CisPt induced a decrease of the Bcl-2 protein in 
the immuno-precipitate obtained using the anti-Bax anti-
body (Fig. 7). This decrease is less pronounced in R cells after 
cultivation in the presence of CisPt. In specimens obtained 
by immuno-precipitation using the anti-Bcl-2 antibody, 
no considerable changes in Bax content after cultivation 
of either S or R cells were observed (Fig. 7). This indicated 
that the Bcl-2 but not the Bax content was a limiting factor 
in the formation of the Bcl-2:Bax complex after the cultiva-
tion of S and R cells in the presence of CisPt. All of the above 
observations indicated that the cultivation of S cells in the 
presence of CisPt induced a more pronounced decrease in 
the Bcl-2 content when compared to R cells, which yielded 
a more effective formation of the Bax homodimer and as 
a consequence resulted in a larger proportion of cells that 
are able to undergo apoptosis in S cells.

Figure 5. The effects of CisPt and VER on the protein levels of P-gp, Bcl-2 and Bax in S, R and V cells established using Western blot 
assays. Panel A: the effect of CisPt and VER on the level of P-gp in S and R cells. St, standard. Panel B: the levels of Bax and Bcl-2 in S, R 
and V cells. Panel C: the effect of VER and CisPt on the levels of Bax and Bcl-2 in S and R cells. GAPDH was used as internal standard. 
St was used as marker of molecular weight. These data represented typical results from three independent experiments. 
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CisPt-induced DNA fragmentation in S, R and V cells

CisPt was previously reported to induce cell death by: 
i) a “classic” apoptotic mechanism as a result of CisPt-
induced DNA damage that initiates the activation phase 
of apoptosis; ii) a defective apoptosis, which is a result of 
CisPt-induced protein damage that may activate caspases 
and thus initiate the executive phase of apoptosis; iii) necrosis 
(Gonzalez et al. 2001). Necrosis only plays a minor role in the 
CisPt-induced cell death effect in our experiments as dem-
onstrated in Figs. 2 and 3. However, in order to prove that 
apoptosis is a dominant mechanism of the CisPt-induced cell 
death effect, we demonstrated DNA fragmentation that was 
typical for apoptosis in S, R and V cells after a 24 h period of 
incubation in the presence of CisPt (10 mg/l). We observed 

apoptotic DNA fragmentation in S, R and V cells after in-
cubation in the presence of CisPt (Fig. 8). This proved that 
apoptosis was a dominant mechanism for the CisPt-induced 
cell death effect in our experiments. CisPt may induce this 
effect through the initiation of DNA damage or by protein 
damage that may induce cytochrome c release from the 
mitochondria (Fig. 4) and by the activation of caspases, 
particularly caspase 3. This caspase is known to be respon-
sible for the cleavage of the DNA fragmentation factor that 
subsequently activates the DNA endonuclease (DFF40) that 
is required for the formation of apoptotic DNA ladders (Liu 
et al. 1998; Gonzalez et al. 2001). However, the question as 
to whether or not CisPt-induced apoptosis in our cells by 
DNA damage or by protein damage as primary stimulus will 
need to be addressed in future studies.

Figure 6. The visualization of the CisPt-induced effect on the content and localization of Bcl-2 in S (panel 1, 3) and R (panel 2, 4) cells. 
The cells were pre-incubated for 24 h with CisPt prior to immuno-staining. The cells were stained with anti-Bcl-2 antibody and with 
DAPI (index C, D, E, F). In control experiments, anti-Bcl-2 antibody was not applied (index A, B). 
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Conclusion

Multidrug resistant P-gp positive L1210/VCR cells are also 
resistant to CisPt. Resistance to CisPt is due to a mecha-
nism that is distinct from P-gp drug efflux activity and is 
associated with a lower effect of CisPt on: i) the elevation 
of the cytochrome c concentration in the cytoplasm and 
ii) the decrease of anti-apoptotic Bcl-2 protein content in 
L1210/VCR cells as compared with P-gp negative L1210 
cells. The precise mechanisms of this phenomenon are 
still unknown but are in the process of being studied by 
our laboratory.
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