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Abstract. Background: Multidrug resistance, the principal
mechanism by which cancer cells develop resistance to
chemotherapy drugs, is a major factor in the failure of many
forms of chemotherapies. Aim: The aim of the study was to
investigate the effect of K-2-11 on the reversal of multidrug
resistance. Materials and Methods: The effects of
amphiphilic dihydropyridine derivative K-2-11 were tested
on MDRI-expressing mouse lymphoma cells and their
parental control. The effects of K-2-11 with and without
doxorubicin were studied by determination of cell viability,
cell proliferation and production of reactive oxygen species.
Results: K-2-11 caused complete reversal of multidrug
resistance of the MDR cells, being much more efficient than
the positive control verapamil. Accordingly, the cytotoxic
effects of doxorubicin were enhanced by K-2-11, both in the
MDR and in parental cell line, while K-2-11 alone did not
affect cell viability. K-2-11 also acted as an antioxidant,
reducing the cellular generation of reactive oxygen species.
Conclusion: Our results indicate the high potential of K-2-11
as a novel antioxidant with potent MDR-blocking ability that
should be studied further for development in adjuvant
anticancer treatments.

Besides late diagnosis, resistance to multiple chemotherapies
can be considered as major source of failure in cancer
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treatment. There may be several mechanisms involved in the
development of multidrug resistance (MDR) and the best
characterized involves the membrane localized P-
glycoprotein (P-gp). MDR of cancer cells is associated with
a large number of chemotherapeutic medicaments due to P-
gp overexpression. This protein accomplishes drug resistance
through its action as a drug efflux-pump by reducing the
intracellular concentration of anticancer drugs (1). P-
glycoprotein belongs to the group of the most important
efflux pumps and causes resistance to various classes of
cytostatic compounds such as the vinca alkaloids,
anthracycline derivatives, podophyllotoxins and fluorouracil
derivatives (2). Expression of MDR1 (multi-drug resistance
protein 1) protein, which belongs to the P-gp family, is up-
regulated during stressful stimuli such as chemotherapy. The
enhancement of MDR1 expression by reactive oxygen
species (ROS) in tumor cells is of particular interest because
many anticancer treatments (e.g. radiotherapy and
doxorubicin chemotherapy) rely on the cytotoxicity of ROS.
Moreover, cancer cells themselves produce more ROS than
normal cells, mainly due to alterations in metabolic pathways
and an inadequate tumor vascular network. Cellular
antioxidant mechanisms that in normal conditions scavenge
ROS, under such excessive oxidative stress, are unable to
prevent ROS impact on vital cellular functions (3). DNA
damage and changes in signal transduction pathways lead to
mutations resulting in malignant transformation, while ROS
generated during the inflammation that accompanies
carcinogenesis have been shown to facilitate tumor
promotion (4). Hence, oxidative stress plays a role in tumor
progression. Thereby, MDR inhibitors with antioxidant
potential would be useful in treating cancer patients whose
tumors are resistant to multiple chemotherapies. Such
chemicals might prevent ROS increase in tumor cells and
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concomitant increase in P-gp that leads to MDR, thus,
facilitating cancer treatment.

Many heterocyclic compounds are studied as potential
MDR reversal compounds, but few of them also have
antioxidant properties (5, 6). K-2-11 is an amphiphilic
dihydropyridine (DHP) derivative not yet described in the
literature. Dihydropyridine is a molecule based upon pyridine,
and the parent of a class of molecules that have been semi-
saturated with two substituents replacing one double bond.
They are particularly well known in pharmacology as L-type
calcium channel blockers. The DHP structure is regarded as a
privileged one (7), meaning it ensures affinity to various
receptors while its substituents determine binding specificity.
We introduced specific ionogenic substituents into the DHP
system to improve water solubility, resulting in the K-2-11
molecule. In the present work, the impact of K-2-11 was
studied on MDR reversal in mouse lymphoma cells
transfected with human MDRI gene, also in the presence of
the frequently used anticancer drug doxorubicin.

Materials and Methods

Cell cultures. L5178Y mouse T-cell lymphoma cells (ECACC cat.
no. 87111908; U.S. FDA, Silver Spring, MD, USA) were
transfected with PHA mdrl/A retrovirus, as described previously (8,
9). The MDR1-expressing cell line was selected by culturing the
infected cells with 60 ng/ml colchicine to maintain the uniform
expression of the MDR phenotype. The parental (PAR) mouse T-
cell lymphoma cells and the human MDRI1-transfected subline
(MDR) were cultured at 37°C in McCoy’s 5A medium
supplemented with 10% heat-inactivated horse serum, L-glutamine
and antibiotics in a 5% CO, atmosphere.

K-2-11 compound. The tested compound, denoted as K-2-11, was
synthesized at the Latvian Institute of Organic Synthesis (10). As a
result of appropriate condensation and substitution reactions, the
target compound was obtained comprising positively charged
groups, mobile hydrogen atoms and lipophilic moieties. The K-2-
11 compound samples used had >98% purity as revealed by the high
performance liquid chromatography.

Assay for reversal of MDR in tumor cells. The MDR cells were
diluted to a density of 2x106 cells/ml, resuspended in serum-free
McCoy’s SA medium and distributed in 0.5 ml aliquots. K-2-11 was
added at different concentrations, as detailed in Table I, and the
samples were incubated for 10 minutes at room temperature.
Rhodamine 123 (R123) (Sigma-Aldrich Corp., St. Louis, MO, USA)
indicator was added to each sample to a final concentration of 10
pg/ml and the cells were incubated for a further 20 minutes at 37°C,
washed twice and resuspended in 0.5 ml phosphate-buffered saline
(PBS) for analysis. The fluorescence of the cell population was
measured with a FACS Star Plus flow cytometer (Beckton,
Dickinson and Company, Franklin Lakes, NJ, USA). Verapamil
(EGIS Pharmaceuticals PLC, Budapest, Hungary) was used as a
positive control in the R123 exclusion experiments at a final
concentration of 5 uM, which is the optimal dose of verapamil (8).
The percentage mean fluorescence intensity was calculated for the
treated MDR cell line as compared with the untreated PAR and
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Table 1. The effect of dihydropyridine derivative K-2-11 on accumulation
of MDRI indicator rhodamine 123 by mouse lymphoma cells.

Sample Concentration (uM) FL-1 FAR

PAR - 891.59 78.80
MDR 11.32

Verapamil 5 89.15 7.88

K-2-11 0.5 89.51 791

5 599.86 53.01

50 869.41 76.84

DMSO control 11.26 0.99

FL-1: Mean fluorescence intensity of the cells; FAR: fluorescence
activity ratio; PAR: control, wild-type cells not expressing MDR1;
MDR: MDR -expressing cells; DMSO: dimethyl sulfoxide.

MDR cells. Fluorescent activity ratio (FAR) was calculated via the
following equation, on the basis of the measured fluorescence
values:

_ MDRtreated | MDR control

FAR =
PAR treated | PAR control

Cell viability and proliferation assays. Both cell lines (MDR and
PAR) were seeded at a density of 2x103 cells/well and treated with
different concentrations of K-2-11 (1, 2.5, 5, 10, 25, 50, 100 uM)
and doxorubicin (0.0156, 0.0312, 0.0625, 0.0125, 0.25, 0.5, 1
png/ml) alone, or in combination. After 48 h incubation, non-
radioactive cell proliferation assay (EZ4U kit, Biomedica Austria)
was performed according to the manufacturer’s instructions, as
described elsewhere (11). For 3H-thymidine incorporation assay,
both cell lines were seeded at a density of 6x104 cells/well and
treated with K-2-11 at concentration of 50 uM in combination with
different concentrations of doxorubicin (0.0156, 0.0312, 0.0625
ug/ml). After 48 h, 3H-thymidine (1 pCi/well; Amersham, USA)
was added to each well and left for an additional 24 h (12), and
radioactivity was measured by a $-scintillation counter.

Measurement of intracellular ROS production. After seeding at a
density of 2x105 cells/well, MDR and PAR cells were incubated for 30
minutes with a nonfluorescent probe for intracellular ROS detection by
2’ 7’-dichlorofluorescein diacetate (DCFH-DA, Fluka). This cell-
permeable dye remains nonfluorescent inside the cell until the acetate
groups are removed by intracellular esterases and oxidized by
intracellular ROS to the fluorescent compound 2’,7’-dichlorofluorescein
(DCF) which can be detected as a measure for the sensitive and rapid
quantitation of intracellular ROS in response to oxidative stress (13).
Following incubation with DCFH-DA, cells were treated as described
for 3H-thymidine assay, but in Hank’s solution instead of culture
medium, and after 45 minutes, fluorescence intensity was read with a
Cary Eclipse Fluorescence Spectrophotometer (Varian) with excitation
at 500 nm and emission detection at 530 nm.

Statistics. MTT assay, ROS measurement and 3H-thymidine
incorporation assay were carried out in quadruplicates. Statistical
analyses were performed using Student’s z-test. Values of p<0.05
were considered significant.
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Figure 1. Influence of doxorubicin (DOX) and K-2-11 alone, or in combination, on cell viability in cell proliferation assay. Control cells without DOX
(0) are presented in the 1st column. Results were expressed as mean values as a percentage of control #S.D. Significantly different compared to:

*control (untreated cells), ¢ doxorubicin-treated group at p<0.05.

Results

MDR reversal by K-2-11. The results obtained by comparison
of concentration-dependent effects of K-2-11 and positive
control verapamil are presented in Table I. When used at the
lowest concentration (0.5 pM), K-2-11 achieved an MDR
reversal effect equal to that of verapamil; when used at the
same concentration as verapamil (5.0 pM) K-2-11 was six-
fold more effective than verapamil (p<0.05). At the highest
concentration used (50 uM), K-2-11 entirely reversed MDR.
Since K-2-11 itself did not show any signs of toxicity of the
cells, subsequent investigations used only a 50 uM dose.

Effects of doxorubicin and K-2-11 on cell growth. Effects of
doxorubicin and combination of doxorubicin and K-2-11 on

viability of PAR and of MDR cells determined by the MTT
assay are presented in Figure 1. PAR cells were more
sensitive to doxorubicin than were MDR cells. Doxorubicin
at 1 ug/ml caused 60% mortality of MDR cells, and the same
effect on PAR cells was achieved with a 16-fold lower
doxorubicin concentration (0.0625 ug/ml). However,
cytotoxicity of doxorubicin towards the MDR cells was
significantly enhanced in combination with K-2-11 (»p<0.05),
even with the lowest doxorubicin concentration (0.0156
pug/ml). Hence, while the lethal dose of doxorubicin that
killed 50% of cells (LDs,) was found to be 0.5 ug/ml, in
combination with K-2-11, the same level of cytotoxicity was
achieved at 0.0312 pg/ml doxorubicin (16-fold lower
concentration). A similar enhancement of cytotoxicity of

4065



ANTICANCER RESEARCH 30: 4063-4070 (2010)

MDR O DOX
O DOX + K-2-11
0 0 -
. 150 m ]
.2 — + +
£2 100 I
g .
& 0 : .
0 0.0156  0.0312  0.0625
DOX (pg/ml)
= 150
45 -':-\
Z ? 100
EL é 50
S 9
0.0156 0.0312 0.0625
DOX (pg/ml)

Figure 2. Influence of doxorubicin (DOX) and K-2-11 alone, or in
combination, on MDR and PAR cell proliferation in 3SH-thymidine assay.
Control cells without DOX (0) are presented in the 1st column. Results
were expressed as mean values of counts per minute (CPM) +S.D.
Significantly different compared to: *control (untreated cells), ¢
doxorubicin-treated group at p<0.05.

doxorubicin in the presence of K-2-11 was also noticed for
PAR cells, but was not as pronounced as in the case of MDR
cells due to higher cytotoxicity of doxorubicin when used
alone on PAR cells.

Accordingly, three concentrations of doxorubicin (0.0156,
0.0312, 0.0625 ug/ml) corresponding to the LDs,
concentration range for both cell lines were chosen to be
tested on these cells in the *H-thymidine incorporation assay,
reflecting DNA synthesis and therefore the influence of K-2-
11 and doxorubicin on the cell growth in vitro. This
proliferation assay confirmed the more pronounced
cytotoxicity of doxorubicin for PAR than for MDR cells, as
well as the enhanced anticancer effects of doxorubicin for
MDR cells when treated by doxorubicin in the presence of
K-2-11 (Figure 2). While, K-2-11 alone did not influence the
proliferation of MDR and PAR cells, doxorubicin used alone
was not effective for the MDR cells. For the PAR cells,
doxorubicin itself caused a significant decrease of the *H-
thymidine incorporation (p<0.05) as shown in the cell
proliferation assay when used at concentrations of 0.0625
pg/ml or 0.0312 pg/ml. While the same doses of doxorubicin
were not effective for MDR cells (p>0.1) when doxorubicin
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Figure 3. Influence of doxorubicin (DOX) and K-2-11 alone, or in
combination, on ROS production in MDR and PAR cell lines. Control
cells without DOX (0) are presented in the first column. Results were
expressed as mean values of relative fluorescence units (RFU) per cell
number=S.D. Significantly different compared to: *control (untreated
cells), 0 doxorubicin-treated group at p<0.05.

was used alone, not only these doses, but even the 0.0156
pg/ml dose of doxorubicin reduced the proliferation of MDR
cells when given in combination with K-2-11 (p<0.05).
Interestingly, while the effect of doxorubicin on PAR cells
was concentration dependent, the effect of the drug for the
MDR cells did not show such a dose dependency.

Effect of doxorubicin and K-2-11 on ROS production. The
doxorubicin and K-2-11 treatments analogous to those used
in the 3H-thymidine incorporation assay were also used to
test for the generation of ROS by fluorescence in the MDR
and PAR cells. These results were expressed as relative
fluorescence units (RFU) per viable cell (Figure 3). K-2-11
significantly decreased spontaneous production of ROS in
control cell cultures of both cell lines (p<0.05), indicating
the antioxidative capacity of the substance. As expected,
doxorubicin caused a significant increase of ROS in PAR
cells (p<0.05), while it did not cause an increase in ROS in
MDR cells, regardless of concentration (p>0.05). K-2-11
decreased ROS production in PAR cells treated by
doxorubicin (p<0.05), with the most pronounced decrease in
combination with the highest dose of doxorubicin. K-2-11
decreased ROS production in MDR cells in the presence of
doxorubicin (p<0.05).
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Figure 4. Proposed mechanism of K-2-11 action on cancer cells. Doxorubicin (DOX) reduction generates doxorubicin semiquinone, a free radical
capable of reducing molecular oxygen and generating superoxide, thereby initiating ROS production. ROS activates NF-KB through activation of
kinases, causing IKBa. phosphorylation and releasing RelA/p50 dimer that binds DNA, thus inducing overexpression of MDRI and antiapoptosis
genes. This cascade results in an increase of P-gp, leading to chemoresistance of cancer cells. When K-2-11 is added, P-gp activity is blocked,
making cancer cells chemosensitive due to doxorubicin retention in cells. In addition, K-2-11 suppresses ROS increases, thus preventing NF-KkB
activation that could consequently lead to a normal expression of MDRI1 and antiapoptosis genes, restoring chemosensitivity of cancer cells.

Discussion

Malignant tumors are often treated by chemotherapy, in
particular, in the case of disseminated, metastatic disease.
However, cancer cells are often intrinsically resistant to
anticancer compounds or exhibit treatment-induced acquired
resistance, which complicates efforts to successfully
eradicate or cause long-term cancer regression (14). In MDR
cancer cells, various efflux-pump mechanisms are
responsible for treatment failure. Therefore, the inhibition of
the most common efflux mechanism, that of P-gp, can result
in an effective anticancer chemotherapy. However, it must be
taken into consideration that normal cells also contain ATP-
binding cassette transporters (ABC transporters), the
transmembrane proteins that utilize the energy of adenosine
triphosphate (ATP) hydrolysis to detoxify xenobiotics, ROS
and related toxic compounds such as 4-hydroxynonenal
(HNE) and other products of lipid peroxidation. Thus, drugs
with selective inhibition of the MDR efflux mechanism in

cancer cells are needed to avoid toxic side-effects of novel
compounds for MDR reversal (1). In the 1980s, calcium
channel blockers were found to be inhibitors of MDR
development (15). Even though DHPs were initially
introduced as a class of calcium channel blockers widely
used in cardiovascular diseases, their use as MDR reversal
agents is still preliminary. Only recently has it been shown
that DHP derivatives can be very good MDR reversal agents
depending on their structure (16, 17). Our results showed
that K-2-11 had a much better MDR reversal effect than the
calcium antagonist verapamil has that is usually used as a
positive control; therefore, we believe that K-2-11 might be
an attractive substance for the study of MDR reversal.
Doxorubicin is frequently used in the clinic to treat cancer
patients (e.g. those with breast cancer, ovarian cancer, Kaposi’s
sarcoma) but is also a well known P-gp substrate. In this study,
doxorubicin showed LDs, on MDR cells at concentration of
0.5 pg/ml, while on PAR cells considerably lower doxorubicin
concentration (0.0156 ug/ml) accomplished the same cytotoxic
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effect. This could easily be explained because MDR cells have
high P-gp activity and can succeed in expelling the majority
of doxorubicin, unlike PAR cells. This explanation is fortified
by the results of combined doxorubicin and K-2-11 treatment,
which showed that K-2-11 accomplished its mission as a
potent MDR reversal agent making MDR cells more sensitive
to doxorubicin.

Of additional relevance might also be the observed
antioxidant bioactivity of K-2-11 manifesting in the reduction
of endogenous ROS production both in PAR and MDR cells.
The importance of this bioactivity lies in the concept of
cancer as a persistent oxidative stress disorder (18, 19). The
theory describes ongoing oxidative stress in cancer cells,
which is not present in normal cells, causing oncogenic
transformation, alterations in metabolic activity, and increased
generation of ROS as a consequence. This oxidative stress is
a part of tumor biology, because tumor is a rapidly growing
formation of cells. Rapid growth is not accompanied by
adequate growth of the blood supply, leading to glucose
deprivation and hypoxia. Glucose deprivation rapidly induces
cellular oxidative stress by depleting intracellular pyruvate,
thereby preventing the decomposition of endogenous oxygen
free radicals (20-22). Doxorubicin treatment induces
oxidative stress and lipid peroxidation, thereby causing
additional increase in ROS and lipid peroxidation in cancer
cells resulting in tumor decay (23-26).

However, long-term administration of doxorubicin causes
cumulative dose-dependent cardiomyopathy. The mechanism
of this doxorubicin-induced cardiotoxicity is attributed to free
radical generation, stimulation of lipid peroxidation, and
subsequent alteration of cellular membrane integrity (27).
Doxorubicin undergoes one-electron reduction through a
metabolic activation caused by NADPH-cytochrome P-450
reductase or other flavin-containing enzymes in microsomes
(28). This reduction generates doxorubicin semiquinone free
radicals. In the presence of molecular oxygen, the
semiquinone rapidly reduces oxygen to superoxide, thereby
regenerating doxorubicin. Superoxide radical spontaneously
converts to hydrogen peroxide or is rapidly converted by
superoxide dismutase (29-31). Further increase in ROS in
cancer cells due to doxorubicin treatment may have significant
consequences, such as the stimulation of cellular proliferation,
promotion of mutations, genetic instability, and alterations in
cellular sensitivity to anticancer agents (22). ROS have also
been shown to participate in MDR1 overexpression, especially
when generated by insulin, epidermal growth factor, tumor
necrosis factor-a., and doxorubicin via the nuclear factor kappa
B (NF-KkB) pathway, leading to increased expression of P-gp
(32, 33). Finally, ROS production activates NF-KB in a
tyrosine kinase-dependent mechanism (34). Consequently,
activated NF-KB enhances the expression of antiapoptosis and
MDRI gene, thereby, increasing MDR in cancer cells and
circumventing apoptosis (35). It could be presumed that K-2-
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11 exerted dual activity, preventing efflux of doxorubicin
possibly by interfering with P-gp, and also preventing an
increase in ROS, thus probably disabling activation of NF-kB.
Inhibition of NF-kB could result in normal expression of
MDRI1 and antiapoptosis genes, leading to normal P-gp levels
and apoptosis regulation, making cancer cells chemosensitive
(Figure 4). In support of this mechanism is the fact that
inhibition of NF-kB increases cell responses to cytotoxic
drugs such as chemotherapeutics (35). If doxorubicin
treatment results in a higher ROS level, which consequently
increases expression of P-gp and therefore drug resistance,
potent antioxidants that also exert MDR reversal, such as K-2-
11, could be ideal adjuvant agents in cancer therapy. K-2-11
was not only more potent than verapamil in MDR reversal, but
its antioxidative properties were also pronounced in control
(untreated) cells, as well as in cells treated with doxorubicin.
This is an important finding taking into consideration that the
earlier mentioned doxorubicin semiquinone can also react with
hydrogen peroxide to yield hydroxyl radical (36). This highly
toxic reactive species can induce lipid peroxidation, an
autocatalytic and degenerative process affecting cell
membranes and other lipid-containing structures, and is
associated with numerous pathological implications including
cancer. Thus observed reduction in ROS levels in both MDR
and PAR cells potentiate the role of K-2-11 as a possible
adjuvant agent in cancer therapy.

Acknowledgements

The research presented here was supported by a Croatian-Hungarian
bilateral project, by Croatian MSES, Szeged foundation for Cancer
Research and by COST B35 Action.

References

1 Szabé D and Molnar J: The role of stereoselectivity of
chemosensitizers in the reversal of multidrug resistance of mouse
lymphoma cells. Anticancer Res /8: 3039-3044, 1998.

2 Penzotti JE, Lamb ML, Evensen E and Grootenhuis PD: A
computational ensemble pharmacophore model for identifying
substrates of P-glycoprotein. J Med Chem 45: 1737-1740, 2002.

3 Vaughan M: Oxidative modification of macromolecules.
Minireview Series. J Biol Chem 272: 18513, 1997.

4 Khaitan D and Dwarakanath BS: Endogenous and induced
oxidative stress in multi-cellular tumor spheroids: implications
for improving tumor therapy. Indian J Biochem Biophys 46: 16-
24, 2009.

5 Molndr J, Szab6é D, Mandi Y, Mucsi I, Fischer J, Varga A, Konig
S and Motohashi N: Multidrug resistance reversal in mouse
lymphoma cells by heterocyclic compounds. Anticancer Res /8:
3033-3038, 1998.

6 Molnar J, Gyémant N, Tanaka M, Hohmann J, Bergman-Leitner
E, Molnér P, Deli J, Didiziapetris R and Umbelino Ferreira MJ:
Inhibition of multidrug resistance of cancer cells by natural
diterpenes, triterpenes and carotenoids. Curr Pharm Des /17: 1-
25, 2005.



Cindric et al: Impact of K-2-11 on MDR Reversal

7 Triggle DJ: 14-Dihydropyridines as calcium channel ligands and
privileged structures. Cell Mol Neurobiol 23: 293-303, 2003.

8 Pastan I, Gottesman MM, Ueda K, Lovelace E, Rutherford AV
and Willingham MC: A retrovirus carrying an MDRI cDNA
confers multidrug resistance and polarized expression of P-
glycoprotein in MDCK cells. Proc Natl Acad Sci USA 85: 4486-
4490, 1988.

9 Choi K, Frommel TO, Stern RK, Perez CF, Kriegler M, Tsuruo
T and Roninson IB: Multidrug resistance after retroviral transfer
of the human MDRI gene correlates with P-glycoprotein density
in the plasma membrane and is not affected by cytotoxic
selection. Proc Natl Acad Sci USA 88: 7386-7390, 1991.

10 Plotniece A, Pajuste K, Kaldre D, Cekavicus B, Vigante B,
Turovska B, Belyakov S, Sobolev A and Duburs G: Oxidation of
cationic 1,4-dihydropyridine derivatives as model compounds for
putative gene delivery agents. Tetrahedron 65: 8344-8349, 2009.

11 Cazacu M, Oniu T, Lungoci C, Mihailov A, Cipak A, Klinger R,
Weiss T and Zarkovic N: The influence of Isorel on the advanced
colorectal cancer. Cancer Biother Radiopharm /8: 27-34, 2003.

12 Cipak A, Borovic S, Scukanec-Spoljar M, Kirac I and Zarkovic
N: Possible involvment of 4-hydroxynonenal in splenocyte
regulated liver regeneration. BioFactors 24: 217-226, 2005.

13 Kalinic JF, Ramakrishnan N and McClain DE: The antioxidant
Trolox enhances the oxidation of 2°7’-dichlorofluorescin to 2°7°-
dichlorofluorescein. Free Radic Res 26: 37-47, 1997.

14 Krishna R and Mayer LD: Multidrug resistance (MDR) in cancer
mechanisms, reversal using modulators of MDR and the role of
MDR modulators in influencing the pharmacokinetics of
anticancer drugs. Eur J Pharm Sci /7: 265-283, 2000.

15 Tsuruo T, Iida H, Tsukagoshi S and Sakurai Y: Overcoming of
vincristine resistance in P388 leukemia in vivo and in vitro
through enhanced cytotoxicity of vincristine and vinblastine by
verapamil. Cancer Res 47: 1967-1972, 1981.

16 Voigt B, Coburger C, Molnar J and Hilgeroth A: Structure—activity
relationships of novel N-acyloxy-1.,4-dihydropyridines as P-
glycoprotein inhibitors. Bioorg Med Chem /5: 5110-5113, 2007.

17 Miri R and Mehdipour A: Dihydropyridines and atypical MDR:
A novel perspective of designing general reversal agents for
both typical and atypical MDR. Bioorg Medic Chem /6: 8329-
8334, 2008.

18 Toyokuni S, Okamoto K, Yodoi J and Hiai H: Persistent
oxidative stress in cancer. FEBS Lett 358: 1-3, 1995.

19 Hileman EO, Liu J, Albitar M, Keating MJ and Huang P:
Intrinsic oxidative stress in cancer cells: a biochemical basis for
therapeutic selectivity. Cancer Chemother Pharmacol 53: 209-
219, 2004.

20 Lee YJ, Galoforo SS, Berns CM, Chen JC, Davis BH, Sim JE,
Corry PM and Spitz DR: Glucose deprivation-induced cytotoxicity
and alterations in mitogen-activated protein kinase activation are
mediated by oxidative stress in multidrug-resistant human breast
carcinoma cells. J Biol Chem 273: 5294-5299, 1998.

21 Spitz DR, Sim JE, Ridnour LA, Galoforo SS and Lee YI:
Glucose deprivation-induced oxidative stress in human tumor
cells. Ann NY Acad Sci 899: 349-362, 2000.

22 Pelicano H, Carney D and Huang P: ROS stress in cancer cells
and therapeutic implications. Drug Resist Updat 7: 97-110, 2004.

23 Zhou S, Palmeira CM and Wallace KB: Doxorubicin-induced
persistent oxidative stress to cardiac myocytes. Tox Lett /21:
151-157, 2001.

24 Berthiaume JM, Oliveira PJ, Fariss MW and Wallace KB:
Dietary vitamin E decreases doxorubicin-induced oxidative
stress without preventing mitochondrial dysfunction. Cardiovasc
Toxicol 15: 257-267, 2005.

25 Ciaccio M, Valenza M, Tesoriere L, Bongiorno A, Albiero R and
Livrea MA: Vitamin A inhibits doxorubicin-induced membrane
lipid peroxidation in rat tissues in vivo. Arch Biochem Biophys
302: 103-108, 1993.

26 Gutteridge JM: Lipid peroxidation and possible hydroxyl radical
formation stimulated by the self-reduction of a doxorubicin-iron
(III) complex. Biochem Pharmacol 33: 1725-1728, 1984.

27 Praet M and Ruysschaert JM: In vivo and in vitro mitochondrial
membrane damages induced in mice by adriamycin and
derivatives. Biochim Biophys Acta /749: 79-85, 1993.

28 Bachur NR, Gordon SL and Gee MW: A general mechanism for
microsomal activation of quinone anticancer agents to free
radicals. Cancer Res 38: 1745-1750, 1978.

29 Kimura T, Fujita I, Itoh N, Muto N, Nakanishi T, Takahashi K,
Azuma J and Tanaka K: Metallothionein acts as a cytoprotectant
against doxorubicin toxicity. J Pharmacol Exp Ther 292: 299-
302, 2000.

30 Kang YJ, Chen Y and Epstein PN: Suppression of doxorubicin
cardiotoxicity by overexpression of catalase in the heart of
transgenic mice. J Biol Chem 277: 12610-12616, 1996.

31 Kang YJ, Chen Y, Yu A, Voss-McCowan M and Epstein PN:
Overexpression of metallothionein in the heart of transgenic
mice suppresses doxorubicin cardiotoxicity. J Clin Invest /00:
1501-1506, 1997.

32 Cooke L, Grill M, Shirahatti N and Mahadevan D: MDR
transporters as therapeutic targets in cancer. Sci Med /0: 30-41,
2005.

33 Wartenberg M, Ling FC, Cchallenberg M, Baumer AT, Petrat K,
Hescheler J and Sauer H: Down-regulation of intrinsic P-
glycoprotein expression in multicellular prostate tumor spheroids
by reactive oxygen species. ] Biol Chem 276: 17420-17428, 2001.

34 Schieven GL, Kirihara JM, Myers DE, Ledbetter JA and Uckun
FM: Reactive oxygen intermediates activate NF-kB in a tyrosine
kinase-dependent mechanism and in combination with vanadate
activate the p56lck and p59fyn tyrosine kinases in human
lymphocytes. Blood 82: 1212-1220, 1993.

35 Bentires-Alj M, Barbu V, Fillet M, Chariot A, Relic B, Jacobs
N, Gielen J, Merville MP and Boursn V: NF-KB transcription
factor induces drug resistance through MDRI expression in
cancer cells. Oncogene 22: 90-97, 2003.

36 Kalyanaraman B, Sealy RC and Sinha BK: An electron spin
resonance study of the reduction of peroxides by anthracycline
semiquinones. Biochem Biophys Acta 779: 270-275, 1984.

Received June 8, 2010
Revised July 27, 2010
Accepted August 9, 2010

4069



