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The effects of C-Phycocyanin (C-PC), a biliprotein from Spirulina platensis on the regulation of multidrug
resistance-1 (MDR1), a poly glycoprotein in human hepatocarcinoma cell line, HepG2were reported. The results
revealed that a significant down regulation ofMDR1 expression in C-PC treatedHepG2 cellswas through reactive
oxygen species and cyclooxygenase-2 (COX-2) mediated pathways. C-PC in a concentration dependent manner
increased the accumulation of doxorubicin in HepG2 cells and enhanced sensitivity of the cells to doxorubicin by
5 folds. The induction of MDR1 expression by PGE2 and its down regulation by C-PC and DPI (Diphenylene
iodonium, NADPH oxidase inhibitor) or by COX-2 knockdown suggest that the enhanced sensitivity of HepG2
cells to doxorubicin by C-PC is mediated by the down regulation of MDR1 expression. Further studies reveal the
involvement of NF-κB and AP-1 in the C-PC induced down regulation ofMDR1. Also the inactivation of the signal
transduction pathways involving Akt, ERK, JNK and p38 by C-PC was observed. The present study thus
demonstrates the efficacy of C-PC in overcoming theMDR1mediated drug resistance inHepG2 cells by the down
regulation of reactive oxygen species and COX-2 pathways via the involvement of NF-κB and AP-1.
ll rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

Hepatocellular carcinoma is the sixth most common cancer and the
third leading cause of cancer related deaths worldwide. It accounts for
approximately 6% of all human cancers and up to 1 million deaths per
year (Parkin et al., 2005; Bosch et al., 2005). Chemotherapy of many
cancers is frequently abortive due to the development of resistance.
Cancer cells possess intrinsic drug resistance to several compounds or
they can rapidly acquire it. Although extensive efforts have been made
to increase our knowledge in this field over the past few years the
molecular mechanisms involved in the phenomenon are only partially
known. Among the several types of drug resistance, a membrane
associated 170 kDa protein, multidrug resistance 1 (MDR1), also called
P-glycoprotein (P-gp), is involved in development of resistance to
various anti-cancer drugs (Juliano and Ling, 1976).

Expression of MDR1 was shown in the apical membranes of liver,
kidney, gut andat the blood-brainbarrier (Thiebaut et al., 1987; Cordon-
Cardo et al., 1989). Overexpression of MDR1 was observed in isolated
hepatocytes of endotoxin treated rats (Vos et al., 1998), adenocarcino-
mas derived from adrenal, kidney, liver and bowel (Fojo et al., 1987),
breast cancer (Filipits et al., 1996) and in prostate cancer (Bhangal et al.,
2000). Intrinsic up regulation of MDR1 expression has been associated
with primary resistance in untreated hepatocellular carcinoma of
human and rodent origin (Bradley et al., 1992; Huang et al., 1992). It
was shown that regulation of MDR1 expression was dependent on
reactive oxygen species and cyclooxygenase-2 (COX-2) activity (Roy
et al., 2007a, 2010; Wartenberg et al., 2001; Patel et al., 2002). Studies
have shown that multidrug transporters are inducible by oxidative
stress (Kuo, 2009). Cancer cells are known to generate reactive oxygen
species endogenously to significant amounts which may be one or the
only cause of their excessive growth, elucidating the relation between
the risk of carcinogenesis and reactive oxygen species (Szatrowski and
Nathan, 1991). Thus, it is not astonishing that elevated expression of
these drug resistance genes is found in tumors even before chemother-
apy starts.

COX-2 has been reported to play a major role in the regulation of
MDR. Simultaneous overexpressionof theCOX-2 andMDR1, reported in
the regenerative nodules of cirrhotic livers as well as in well-dif-
ferentiated hepatocellular carcinoma (Koga et al., 1999; Nagasue et al.,
1995; Roy et al., 2010) suggests a possible role for COX-2 inMDR. In the
light of the above scenario, the present study is undertaken to test
whether redox signaling and COX-2 are the viable targets to overcome
drug resistance in cancer cells.

In view of serious side effects of synthetic drugs, there is a shift
towards identifying natural compounds without undesired effects. One
such compound is C-Phycocyanin (C-PC), a soluble biliprotein from
Spirulina platensis.Wehave reported earlier that C-PC is a selective COX-
2 inhibitor (Reddy et al., 2000), hepatoprotective (Sathyasaikumar et al.,
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2007), induces apoptosis in doxorubicin resistant HepG2 cell line (Roy
et al., 2007b), K562 cell line (Subhashini et al., 2004) and also in
lipopolysaccharide stimulated, RAW 264.7 macrophages (Reddy et al.,
2003). Recently, we have also shown that C-PC ameliorates 2-AAF
induced oxidative stress and MDR1 expression in RAW264.7 cells (Roy
et al., 2007a) and in albinomice (Roy et al., 2008). Thepresent studywas
undertaken inhepatocarcinoma cell line (HepG2) to evaluate the effects
of C-PC on MDR1 expression and to elucidate the mechanisms
underlying these effects.

2. Materials and methods

2.1. Chemicals

PBS, RPMI 1640 medium and fetal bovine serum (FBS) were
purchased from Gibco BRL (California, USA). Nitrocellulose membrane
was fromMillipore (Bangalore, India). Phosphatase inhibitor cocktail 1
and 2, β-actin antibodies and DPI were purchased from Sigma-Aldrich
(Bangalore, India). Primary antibodies to Akt, p-Akt, JNK, p-JNK, ERK,
p-ERK, P38, p-P38 and MDR1 were procured from Santa Cruz
Biotechnology Inc. (California, USA). Monoclonal COX-2 antibody,
PGE2 estimation kit and PGE2 were from Cayman Chemical Co. USA.
siRNA for COX-2 (sc-44256) and MDR1 (sc-29395) were purchased
from Santa Cruz Biotechnologies Inc., USA. C-PC was provided by Paris
Agro Ltd, Chennai, India. All the other chemicals and reagents were
purchased from local companies and are of molecular biology grade.

2.2. Cell culture and treatment

HepG2 cells expressingMDR1 and COX-2 constitutively were grown
in RPMI 1640 medium supplemented with 10% heat inactivated FBS,
100 IU/ml penicillin, 100 μg/ml streptomycin and 2 mM L-glutamine
and maintained in a humidified atmosphere with 5% CO2 at 37 °C. The
cultured cellswere sub-cultured twice eachweek and the exponentially
growing cells were used for all treatments. C-PC and doxorubicin
dissolved in PBS was used for the treatments. At the time of treatment
working solutions were prepared accordingly in RPMI 1640 medium.
The drugs were added to the cells, 6 h after the subculture. Stocks of C-
PC and doxorubicin were freshly prepared before every treatment. The
primary human hepatocytes were obtained from Centre for Liver
Research and Diagnostics (CLRD), Deccan College of Medical Sciences,
Hyderabad, India.

2.3. Effect of C-PC or doxorubicin on proliferation of HepG2 cells

Cell proliferation was determined by MTT [3-{4,5-Dimethylthiazol-
2yl}-2,5-diphenyltetrazolium bromide] assay (Campling et al., 1988).
HepG2 cells (5×103 cells/well) were seeded to 96well culture plates in
the presence or absence of C-PC (1 μM, 10 μM, 25 μM, 50 μM and
100 μM) or doxorubicin (100 nM, 500 nM, 1 μM, 10 μM, 25 μM and
50 μM) for 12, 24 and 48 h in a final volume of 100 μl. After treatment,
themediumwas removed and 20 μl ofMTT (5 mg/ml of PBS)was added
to the fresh medium. After 2 h incubation at 37 °C, 100 μl of DMSO was
added to each well and plates were agitated for 1 min. Absorbance was
read at 570 nm on a multiwell plate reader. Percent inhibition of
proliferationwas calculated as a fraction of control (controlwaswithout
C-PC or doxorubicin).

2.4. Synergistic effect of C-PC and doxorubicin on proliferation of
HepG2 cells

HepG2 cells (5×103 cells/well) were seeded on 96 well culture
plates. Doxorubicin (100 nM, 500 nM, 1 μM, 10 μM, 25 μM and 50 μM)
was added in the presence or absence of C-PC (25 μM) for 24 h in a
final volume of 100 μl. After treatment, the MTT assay was performed
as mentioned above. Percent inhibition of proliferation was calculated
as a fraction of control (Cells treated with 25 μM C-PC was taken
as control for determining the synergistic effects of doxorubicin and
C-PC).

2.5. Confocal analysis to check the localization/uptake of C-PC

To perform localization studies, HepG2 cells (1×105) were
exposed to C-PC (50 μM) for 24 h. After treatment cells were observed
for C-PC under confocal microscope at an excitation wave length of
620 nm.

2.6. Intracellular drug accumulation assays

HepG2 cells (1×106 cells/well) were seeded on 6 well culture
plates. Cells were incubated with C-PC at concentrations of 5, 25 and
50 μM, DPI (10 μM) and PGE2 (6 μg/ml) for 24 h. To determine
intracellular drug accumulation, 50 μM of doxorubicin (standard anti-
cancer drug)was added to HepG2 cells and incubated for 3 h. Then the
cells were harvested and the final doxorubicin accumulated in HepG2
cells was visualized and analyzed using laser scanning confocal
microscope (Max Excitation λ 480 nm) and flow cytometer (FL2
filter), respectively.

2.7. RT-PCR analysis

HepG2 cells were seeded at a density of 5×106 in 90 mm culture
dishes. Cells were treated with C-PC (5, 25 and 50 μM), DPI (10 μM)
and PGE2 (6 μg/ml) for 24 h. Cells were harvested and the total RNA
was extracted using TRI reagent. cDNA was synthesized using oligo
(dT), dNTP mixture, RevertAid H Minus M-MuLV Reverse Transcrip-
tase. A 2 μl aliquot of the 20 μl total cDNA was used for standard PCR
reaction of 28 cycles using the COX-2 FP: 5'-TTC AAA TGA GAT TGT
GGG AAA ATT GGT-3', RP: 5'-AGA TCA TCT TTG TCT GAG TAT TTT-3'
andMDR1 FP: 5'-TGA CTA CCA GGC TCG CCA A-3', RP: 5'-TAG CGA TCT
TCC CAG CAC CTT-3' primer sets with a annealing temperature of
54 °C. The PCR products were visualized on 1% agarose gels with
ethidium bromide, under UV light. The GAPDH primers served as
control.

2.8. COX-2 and MDR1 knockdown analysis

HepG2 cells (1×106 cells/well) were seeded into 6 well culture
plates. After overnight incubation cells were transfected with siRNA
for COX-2 and MDR1 at concentration of 100 nM for 48 h. Total RNA
was isolated and RT-PCR analysis was performed to estimate the
expression of MDR1 in control, COX-2 siRNA transfected, MDR1 siRNA
transfected, DPI (10 μM) and PGE2 (6 μg/ml) treated cells.

2.9. Preparation of whole cell extracts and immunoblot analysis

HepG2 cells at a density of 5×106 were seeded on 90 mm culture
dishes. They were incubated with C-PC (5 μM, 25 μM and 50 μM), DPI
(10 μM) and PGE2 (6 μg/ml). Cells harvested were used for prepara-
tion of whole cell extract. The harvested, control and treated, HepG2
cells were washed with PBS and suspended in lysis buffer (20 mM
Tris, 1 mM EDTA, 150 mMNaCl, 1% NP-40, 0.5% sodium deoxycholate,
1 mM β-glycerophosphate, 1 mM sodium orthovanadate, 1 mM
PMSF, 10 μg/ml leupeptin, 20 μg/ml aprotinin and phosphatase
inhibitor cocktail 1 and 2 with 100 fold dilution). After 30 min of
shaking at 4 °C, the mixtures were centrifuged (10,000 g) for 10 min,
and the supernatants were used as thewhole cell extracts. The protein
content was determined according to the Bradford method (Bradford,
1976). 100 μg of protein from each treatment was resolved on 7–10%
SDS-PAGE gels (MDR1, COX-2, Akt, p-Akt, ERK, p-ERK, JNK, p-JNK, P38
and p-P38) along with protein molecular weight standards, and then
transferred onto nitrocellulose membranes. Membranes were stained



Fig. 1. IC50 values of C-PC and doxorubicin alone and in combination in HepG2 cells.
(A) Cells were treated with 1, 10, 25, 50 and 100 μM C-PC for 24 h. The percentage of
viable cells was calculated in comparison with untreated cells. The number of cells in the
control was taken as 100%. (B) HepG2 cells (5×103 cells/well) were treated with
doxorubicin (0.1 μM, 0.5 μM, 1 μM, 10 μM, 25 μM and 50 μM) in the presence or absence
of C-PC (25 μM) for 24 h. The percent viable cells were calculated in comparison to control
cells. (Control was without doxorubicin or C-PC for the determination of IC50 for C-PC or
doxorubicin. Cells treated with 25 μM C-PC were taken as control for determining its
synergistic effects with doxorubicin). *Denotes statistical significance over control
(Pb0.05).
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with 0.5% Ponceau S in 1% acetic acid to check the transfer. The
membranes were blocked with 5% w/v nonfat dry milk and then
incubated with the primary antibodies in 10 ml of antibody-diluted
buffer (1X Tris-buffered saline and 0.05% Tween-20 with 1% milk)
with gentle shaking at 4 °C for 8–12 h and then incubated with
peroxidase conjugated secondary antibodies. Signals were detected
by using western blot detection reagents. Equal protein loading was
confirmed by reprobing the nitrocellulose membranes with β-actin
antibodies.

2.10. Measurement of intracellular reactive oxygen species

Reactive oxygen species production in control and treatedHepG2 cells
was measured using the dye 2, 7 dichloro dihydro fluorescein diacetate
(DCFH-DA). DCFH-DA, a non-fluorescent cell permeable compound
becomes the fluorescent compound, 2, 7-dichlorofluorescein (DCF),
upon oxidation by reactive oxygen species. Cells seeded at a density of
2×106 in 60 mmculture disheswere treatedwith C-PC (5, 25 and 50 μM)
for 6 h, DPI (10 μM) and PGE2 (6 μg/ml) for 1 h. Cells were harvested after
10 min incubationwithDCFH-DA(10 μM)andwashedwith PBS. Reactive
oxygen species measurement was carried out on FACS Calibur flow
cytometer. Data were collected using the data acquisition program CELL
Quest (Becton Dickinson, San Jose, CA). DCF was measured with the
following excitation and emission wavelengths: λ exc=488 nm, λ
emn=525 nm. 20,000 cells were analyzed per sample.

2.11. Electrophoretic mobility shift assay (EMSA)

HepG2 cells at a density of 5×106 were seeded in 90 mm culture
dishes. Cells were incubated with C-PC (5 μM, 25 μM and 50 μM), for
12 h, DPI (10 μM) and PGE2 (6 μg/ml) for 6 h. Cells were harvested and
then used for nuclear protein extraction. The cells were washed with
PBS and 200 μl of ice cold lysis buffer (20 mM Tris-HCl, pH 7.5, 10 mM
magnesium acetate, 1% NP-40, 1 mM PMSF) was added, and incubated
for 5 min on ice with 3–4 vortexings of 10 s each. The nuclei were then
harvested by centrifugation at 16,000 rpm for 1 min. The nuclear pellet
was resuspended in 40 μl of nuclear protein extraction buffer (420 mM
NaCl, 10 mM HEPES, 10 mM MgCl2, 1 mM EDTA, 0.1 mM DTT and 25%
glycerol) and incubated on ice for 30 minwith intermittent vortexing of
10 s each. The sample was then centrifuged at 13,000 rpm for 30 min at
4 °C. The supernatant collected was used for the mobility shift assay
after protein estimation using Bradford assay. Nuclear extracts (8 μg)
were incubated with γ-32P labeled double stranded oligonucleotide
with specific NF-κB (5'-CTGAATCAACTGCTT CAA-3') andAP-1 (5'-CTG
AAT CAA CTG CTT CAA-3') binding sequence for 30 min at 37 °C. DNA-
protein complex formed was separated from free oligonucleotides on
6.6% native acrylamide gel. The dried gel was exposed to X-ray film. The
specificity of binding was examined by competition with unlabeled
oligonucleotide (cold competition).

2.12. PGE2 estimation

HepG2 cells at a density of 5×106 were seeded in 90 mm culture
dishes. They were incubated with C-PC (5 μM, 25 μM & 50 μM), DPI
(10 μM) and celecoxib (10 μM) for 24 h. At the end of the treatment
period, culture mediumwas collected to determine the amount of PGE2
secreted by these cells and stored at−80 °C. Thequantitative analysis of
PGE2 released into the medium was assessed by using PGE2 immuno-
assay kit as per manufacturer's instructions (Cayman chemicals, USA).

2.13. Statistical analysis

Data reported as the mean±S.E.M. of three independent experi-
ments. Statistical analysis of differences was carried out by one-way
analysis of variance (ANOVA). A P-value less than 0.05was considered
to indicate significant.
3. Results

3.1. C-PC and doxorubicin showed synergistic effects on the proliferation
of HepG2 cells

HepG2 cells were treated with C-PC (1–100 μM) and doxorubicin
(0.1–50 μM) separately for 12, 24 and 48 h and cell proliferation was
determined by MTT assay. Under these experimental conditions, a
dose dependent decrease in proliferation of HepG2 cells was observed
with an IC50 of 50 μM for C-PC (Fig. 1A) and 5 μM for doxorubicin at
24 h exposure (Fig. 1B).

In order to test the combination effects, HepG2 cells were treated
with varying concentrations of doxorubicin (100 nM, 500 nM, 1 μM,
10 μM, 25 μM and 50 μM) and fixed concentration of C-PC (25 μM) for
24 h and cell proliferation was determined by MTT assay. In the
presence of 25 μMC-PC, the percent inhibition in the growth of HepG2
cells was much higher at all the concentrations of doxorubicin
studied. As a result the IC50 of doxorubicin for HepG2 cells was
reduced from 5 μM to 1 μM in the presence of 25 μMC-PC (Fig. 1B) i.e.
a fivefold reduction.
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3.2. Localization of C-PC

The entry of C-PC into HepG2 cells was determined using laser
scanning confocal microscopy. These studies showed strong fluores-
cence signal in the cells treatedwith C-PC (Fig. 2B) for 24 h, whichwas
absent in untreated control cells (Fig. 2A). These results indicate the
entry of C-PC in to the HepG2 cells.
3.3. C-PC treatment increased the accumulation of doxorubicin in
HepG2 cells

Increased accumulation of doxorubicin in C-PC treated HepG2 cells
was confirmed by confocal analysis (Fig. 3A) and FACS (Fig. 3B).
HepG2 cells treated with C-PC (5, 25 and 50 μM), DPI (10 μM) and
PGE2 (6 μg/ml) for 24 h followed by incubation with 50 μM doxoru-
bicin for 3 h, showed concentration dependent increase in doxorubi-
cin accumulation in the presence of C-PC. Cells treated with DPI, a
known reactive oxygen species inhibitor, also showed comparative
increase in doxorubicin accumulation. Whereas, PGE2 treated cells
showed lesser accumulation of doxorubicin, compared to control.

In addition, to check the role of MDR1/P-gp in efflux of doxorubicin,
HepG2 cells were treated with doxorubicin for 3 h at 37 °C (P-gp active
state) and at 4 °C (P-gp inactive state), followed by FACS analysis. Cells
incubated with the drug at 4 °C (MDR1 inactive state) showed more
accumulation of the drug compared to cells incubated at 37 °C (MDR1
active state), confirming the role of MDR1 pumps in efflux of
doxorubicin in HepG2 cells (Fig. 3C).
Fig. 2. C-PC localization in HepG2 cells. Confocal images of the HepG2 cells incubated
with (B) and without (A) C-PC (50 μM) for 24 h. The fluorescence in the C-PC treated
cells is due to the presence of C-PC inside the cells or on the cell surface.

Fig. 3. Analysis of intracellular doxorubicin accumulation by confocal microscopy and
flow cytometer. HepG2 cells were treated with 5 μM, 25 μM and 50 μM of C-PC, 10 μM
of DPI and 6 μg/ml PGE2 for 24 h and then incubated with 50 μM doxorubicin for 3 h.
The fluorescence of doxorubicin retained in HepG2 cells was visualized and measured
by confocal microscopy and flow cytometry. A) Confocal analysis shows the
accumulation of doxorubicin with the treatments of C-PC, DPI and PGE2, at excitation
wavelength of 480 nm. B) FACS analysis with FL2 filter shows histogram 1 (doxorubicin
retained in control cells exposed to 50 μM doxorubicin) overlaid with histogram 2, 3, 4,
5 and 6 (doxorubicin retained in cells treated with 5, 25, 50 μM C-PC, DPI 10 μM and
PGE2 6 μg/ml, respectively, and exposed to 50 μM doxorubicin). C) FACS analysis shows
histogram 1 (doxorubicin retained in HepG2 cells exposed to 50 μM doxorubicin at
37 °C) overlaid with histogram 2, (doxorubicin retained in HepG2 cells exposed to
50 μM doxorubicin at 4 °C). Greater the FL2-height, greater is the drug retention.
3.4. C-PC inhibits MDR1 expression at transcription and
translation levels

Treatment of HepG2 cells with C-PC (5 μM, 25 μM and 50 μM) for
24 h resulted in a concentration dependent reduction of MDR1 at both
mRNA (Fig. 4A) and protein (Fig. 4B) levels. Treatment of cells with DPI

image of Fig.�2
image of Fig.�3


Fig. 5. Effect of C-PC on intra cellular reactive oxygen species generation. FACS analysis
of generation of reactive oxygen species using DCFH-DA in HepG2 cells treated with or
without C-PC, DPI and PGE2. Histogram 1, Control; 2, C-PC (5 μM); 3, C-PC (25 μM); 4,
C-PC (50 μM); 5, DPI (10 μM) and 6, PGE2 (6 μg/ml).
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(10 μM) also diminished the expression of MDR1. Addition of PGE2
(6 μg/ml) to the medium, on the other hand, induced the expression of
MDR1, compared to untreated controls. Unaltered levels of GAPDH and
β-actin in all treatments confirm specific down regulation of MDR1
expression by C-PC.

3.5. C-PC induced down regulation of cellular reactive oxygen
species generation

In view of the antioxidant characteristics of C-PC, FACS analysis
was performed to analyze the potential of C-PC as a reactive oxygen
species scavenger in HepG2 cells. As shown in Fig. 5, cells treated with
C-PC for 6 h showed a concentration dependent decrease in the levels
of reactive oxygen species, conferring its antioxidant potential. Cells
treated with DPI (10 μM) for 1 h showed a significant decrease in the
reactive oxygen species generation. Addition of PGE2 (6 μg/ml) to the
medium, on the other hand, induced the reactive oxygen species
generation, compared to control.

3.6. C-PC down regulates COX-2 expression and PGE2 levels in
HepG2 cells

In the context of COX-2 role in MDR1 regulation, studies were
taken up to check the effect of C-PC on COX-2 expression. Treatment
of HepG2 cells with C-PC (5 μM, 25 μM and 50 μM) for 24 h showed a
concentration dependent down regulation of COX-2 at both mRNA
(Fig. 6A) and protein levels (Fig. 6B). C-PC treatment decreased the
levels of PGE2 in HepG2 cells in a dose dependent manner (Fig. 6C).
Treatment of cells with DPI (10 μM) also showed a prominent down
regulation of COX-2 (Fig. 6A and B) expression along with decreased
levels of PGE2 (Fig. 6C). PGE2 treatment, on the other hand, induced
the expression of COX-2 at mRNA (Fig. 6A) and protein levels
Fig. 4. Effect of C-Phycocyanin on MDR1 expression. (A) RT-PCR analysis of C-PC, DPI and P
internal control. (B)Western blot analysis of C-PC, DPI and PGE2mediated effect onMDR1 pr
loading. Bar graph represents densitometric values of MDR1 levels. *Denotes statistical sign
(Fig. 6B). Celecoxib, a selective COX-2 inhibitor, decreased the levels
of PGE2 in HepG2 cells significantly (Fig. 6C).

Additionally, the effect of COX-2 depletion on MDR1 expression
was tested by siRNA knockdown studies. Knockdown of COX-2 by
siRNA reduced the expression of MDR1 and knockdown of MDR1 by
siRNA reduced the expression of COX-2 (Fig. 6D). Cells treated with
DPI showed a decrease in both MDR1 and COX-2 expression. PGE2
treatment, on the other hand, increased the expression of MDR1 and
COX-2 compared to the untreated control cells (Fig. 6D).

To further confirm that the expression of MDR1 in HepG2 cells is
reactive oxygen species and COX-2 dependent, the levels of reactive
oxygen species, expression of COX-2 andMDR1were checked in human
GE2 mediated effect on MDR1 mRNA expression in HepG2 cells. GAPDH was used as an
otein expression in HepG2 cells. β-actin was used as an internal control tomonitor equal
ificance over control (Pb0.05).
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Fig. 6. Effect of C-PC on COX-2 expression and PGE2 release, and effect of COX-2 knockdown onMDR1 expression in HepG2 cells. (A) RT-PCR analysis of C-PC, DPI and PGE2 mediated
effect on COX-2 mRNA expression in HepG2 cells. GAPDH was used as an internal control. (B) Western blot analysis of C-PC, DPI and PGE2 mediated effect on COX-2 protein
expression in HepG2 cells. β-actin was used as an internal control to monitor equal loading. (C) Bar graphs showing the difference in the release of PGE2 in HepG2 cells upon
treatment with C-PC (5 μM, 25 μM and 50 μM), DPI (10 μM) and celecoxib (10 μM). * Denotes statistical significance over control (Pb0.05). (D) RT-PCR analysis of COX-2 and MDR1
knockdown and DPI-PGE2 mediated effect on MDR1 and COX-2 mRNA expression in HepG2 cells.
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primary hepatocytes (shown in supplementary data-S1). The levels of
reactive oxygen species (Fig. S1A) and expression of COX-2 and MDR1
(Fig. S1B) were minimal or at basal level in primary hepatocytes,
compared to those in HepG2 cells.

3.7. C-PC induced down regulation of MDR1 expression is mediated by
signal transduction pathways involving Akt/NF-κB and MAPK/AP-1

As NF-κB and AP-1 are positive regulators of MDR1 expression and
Akt and MAP Kinase pathways are downstream targets, we examined
the effect of C-PC, DPI and PGE2. Nuclear levels of NF-κB and AP-1
were reduced in a dose dependent manner in HepG2 cells treated
with C-PC (5, 25 and 50 μM) for 12 h. Treatment with DPI (10 μM) and
PGE2 (6 μg/ml) for 6 h, on the other hand, showed opposing effects
with a decrease in the levels of NF-κB (Fig. 7A) and AP-1 (Fig. 7B) with
DPI treatment and an increase with PGE2 treatment in HepG2 cells.
Further, in support of above data, the decreased activity and
expression of p65, active subunit of NF-κB (Fig. S2A) and phosphor-
ylated active subunit (p-c-Jun) of AP-1 (Fig. S2B), were recorded upon
treatment of HepG2 cells with C-PC, DPI. PGE2 treatment, on the other
hand, increased the same (shown in supplementary data-S2).

Similarly, a concentration dependent decrease in phosphorylated
levels of Akt, JNK, ERK and p38 was observed with C-PC treatment. In
the sameway, HepG2 cells treatedwith DPI decreased the levels of the
above. PGE2 treatment, on the other hand, increased the phosphor-
ylated levels of these proteins (Fig. 8).

4. Discussion

Themultidrug transporterP-glycoprotein, encodedby theMDR1, has
long been recognized as one of the major causes for the acquisition of
the multidrug resistant phenotype of cancer cells (Gillet et al., 2007).
There are many studies to overcome MDR by inhibiting MDR
transporters, to suppress or circumvent MDR mechanisms (Sharom
et al., 1999; Sikic, 1999; Tan et al., 2000). In the last two decades, search
for effective and clinically applicableMDR therapies took place to clarify
the mechanisms underlying MDR and to develop agents to overcome
drug resistance. Recent studies indicate that the activation of the
reactive oxygen species and cyclooxygenase system might be critical
event in the development ofMDR1mediated drug resistance (Roy et al.,
2007a, 2010; Patel et al., 2002). Many studies suggest that the ex-
pression of vital multidrug transporters is inducible by oxidative stress
(Kuo, 2009) and a number of synthetic drugs used in cancer
chemotherapy were known to induce oxidative stress by generation
of reactive oxygen species. The intrinsic drug resistance has been found
in various solid tumors, particularly in liver cancers, where MDR1 up
regulation is frequently observed, suggesting that oxidative stress plays
an important role in hepatocarcinogenesis. Conversely, COX-2 also has

image of Fig.�6


Fig. 7. Effect of C-PC on nuclear translocation of NF-κB and AP-1 in HepG2 cells. Electro mobility shift assay of nuclear extracts using specific NF-κB (Fig. A) and AP-1 (Fig. B) binding
probe in cells treated with C-PC, DPI and PGE2. Lane 1: Free probe; Lane 2: Control; Lane 3: C-PC (5 μM) 12 h; Lane 4: C-PC (25 μM) 12 h; Lane 5: C-PC (50 μM) 12 h; Lane 6: DPI
(10 μM) 6 h; Lane 7: PGE2 (6 μg/ml) 6 h; Lane 8: Cold competition. Bar graph represents densitometric values of NF-κB and AP-l levels. * Denotes statistical significance over control
(Pb0.05).
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been reported to play a key role in the regulation ofMDR. A recent study
has shown theuse of COX-2 inhibitors in overcoming thep-glycoprotein
mediated drug resistance in epileptic brain of rats (Van Vliet et al.,
2010). Recently we have shown that celecoxib, a selective COX-2
inhibitor, enhanced the accumulation of doxorubicin and down
regulation of MDR1 in HepG2 cells in dose dependent manner (Roy
et al., 2010).

Many synthetic MDR modulators like reversins 121 and 205
(Sharom et al., 1999) and the cyclosporin D analog Valspodar (PSC
833) (Sikic, 1999) effectively reverse the MDR phenotype in vitro.
However, the efficacy of these compounds in animal studies and clinical
trials has been unsatisfactory due to dose restrictive toxicity. In view of
that, there has been an increased interest in the use of natural
compounds for the treatment of cancer patients, who constitutively
express P-glycoprotein and are resistant to many synthetic chemother-
apeutic agents. Although their current use as drugs is at nominal, with
the rise of undesirable side effects of synthetic chemotherapeutic drugs,
research on natural products is being promoted to combat MDR. Drugs
derived from natural products constitute a wide range, from antibiotics
and antioxidants to anti-cancer agents. It has been reported that natural
products from curcumin, rosemary, Mangifera Indica and Antrodia
camphorate, well known for their antioxidant and anti inflammogenic
properties, have been proven as effective MDR modulators (Anucha-
preeda et al., 2002; Plouzek et al., 1999; Chieli et al., 2009; Chang et al.,
2008). In view of this background we have selected C-Phycocyanin, the
main component of S. platensis, for the present study. C-Phycocyanin is
extensively used in various medicinal applications, due to its antioxi-
dant (Wang et al., 2007), anti-inflammatory (Romay et al., 1998) and
pharmacological (Nagaoka et al., 2005) activities. Earlier investigations
fromour laboratory indicate thatC-PC is a selective COX-2 inhibitorwith
anti-inflammatory and anti-cancer properties (Reddy et al., 2000, 2003;
Roy et al., 2007b; Sathyasaikumar et al., 2007; Subhashini et al., 2004;
Pardhasaradhi et al., 2003). C-PC has also shown much promise in the
prevention of hepatocarcinogen induced oxidative stress andmultidrug
resistance (Roy et al., 2007a, 2008). The present study demonstrates the
possibility of using C-PC in cancer chemotherapy to overcome MDR.

In the present study treatment of HepG2 cells with C-PC showed
an increase in the accumulation of doxorubicin in a concentration
dependent manner. As a result of this, the sensitivity of HepG2 cells to
doxorubicin was enhanced by 5 folds. Similar increase in the accu-
mulation of rhodamine 123 and doxorubicin with other natural
antioxidants was shown earlier in human cervical and breast cancer

image of Fig.�7


Fig. 8. Effect of C-PC on phosphorylation of Akt, JNK, ERK and p38 in HepG2 cells. Cells were treated with C-PC (5, 25 and 50 μM), DPI (10 μM) and PGE2 (6 μg/ml) for 24 h. Lane 1:
Control; Lane 2: C-PC (5 μM); Lane 3: C-PC (25 μM); Lane 4: C-PC (50 μM); Lane 5: DPI (10 μM); Lane 6: control; Lane 7: PGE2 (6 μg/ml); Aliquots of cell lysates were resolved by SDS-
PAGE and analyzed for Akt, p-Akt, JNK, p-JNK, ERK, p-ERK, P38 and p-P38 protein expression by western blotting. Bar graph represents densitometric values of respective protein
levels. * Denotes statistical significance over control (Pb0.05).
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cell lines (Plouzek et al., 1999; Anuchapreeda et al., 2002). The present
study demonstrates a dose dependent down regulation of MDR1
expression in HepG2 cells, when treated with C-PC. This down
regulation of MDR1 by C-PC appears to be dependent on reactive
oxygen species and COX-2. While DPI, a known NADPH oxidase
inhibitor, decreased the expression of MDR1, PGE2, a product of COX-
2, up regulatedMDR1 expression, both atmRNA and protein levels. This
data confirms the role of reactive oxygen species and COX-2 in MDR1
regulation. Similar down regulation of MDR1 by DPI and up regulation
by PGE2 was reported in macrophages and hepatocellular carcinoma
cells, respectively (Roy et al., 2007a, 2010; Patel et al., 2002).
Additionally, the specific role of COX-2 inMDR1 expression was further
confirmed by COX-2 knockdown experiments.
The signaling pathways that govern cell proliferation, survival and
oncogenesis are of prime concern in cancers. Most of the signals for cell
survival trigger growth factor receptorswhich activateMAPK and PI3K-
Akt pathways and promote cell growth (Hu et al., 2005). Given the role
of MAPK and Akt in the development of multi drug resistance (Guan et
al., 2004; Huang and Hung, 2009), the effect of C-PC on these signaling
mediators was checked. The data presented here show that C-PC and
DPI inhibit MDR1 in parallel with the inactivation of MAPK and Akt
pathways in HepG2 cells. The treatments with PGE2, on the other hand,
increased theMAPK and Akt levels, followed by the induction of MDR1.
TheseMAPkinases are known to activate c-fos and c-jun, promoting the
formation of AP-1. Activation of Akt is known to stimulate IKKα that
ultimately leads to the increase in the translocation of NF-κB from
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Fig. 9. Schematic representation showing the proposed mechanism involved in the regulation of MDR1 expression by reactive oxygen species and COX-2 and site of interference by
C-Phycocyanin.
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cytoplasm to nucleus. The observed decrease in the reactive oxygen
species, COX-2, phosphorylation of ERK, p38, JNK andAkt inHepG2 cells
treatedwith C-PCmay have effect on the translocation of NF-κB andAP-
1 to the nucleus. Hence further studieswere taken up on NF-κB and AP-
1, the keyMDR1 regulators. TreatmentofHepG2 cellswithC-PC reduced
the nuclear levels of NF-κB and AP-1 in a concentration dependent
manner and similar down regulation was observed with the treatment
of DPI (10 μM). PGE2 treatment, on the other side, showed an increase in
the nuclear translocation of NF-κB and AP-1. Similar down regulation of
MAPK/AP-1 and Akt/NF-κB activity in MDR expressing cancer cell lines
bynatural antioxidantswithanti-inflammatorypropertieswas reported
(Gopalakrishnan et al., 2006; Choi et al., 2008).

In summary, present studyunravels the signalingpathways involved
in the reactive oxygen species and COX-2 dependent regulation of
MDR1. The experimental data presented in this study strongly suggest
that C-PC regulates the expression ofMDR1 in a reactive oxygen species
and COX-2 dependent manner and potentiates the effects of doxoru-
bicin in HepG2 cells. Further, NF-κB and AP-1 mediated signal
transduction pathways involved in the regulation of MDR1 expression
are inhibited by C-PC treatment. The regulation of MDR1 expression by
reactive oxygen species andCOX-2 and the site of interferencebyC-PC is
shown in Fig. 9. In conclusion, the foregoing studies clearly demonstrate
the role of reactive oxygen species/redox signaling and COX-2 in the
development of MDR1 mediated drug resistance and usefulness of C-
Phycocyanin in overcoming doxorubicin resistance in hepatocellular
carcinoma cell line, HepG2.
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