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Abstract
Recently we demonstrated that extracts of bitter melon (BME) can be used as a preventive/
therapeutic agent in colon cancers. Here, we determined BME effects on anticancer activity and
bioavailability of doxorubicin (DOX) in colon cancer cells. BME enhanced the effect of DOX on
cell proliferation and sensitized the cells towards DOX upon pretreatment. Furthermore, there was
both increased drug uptake and reduced drug efflux. We also observed a reduction in the
expression of Multidrug resistance conferring proteins (MDRCP) P-glycoprotein, MRP-2 and
BCRP. Further BME suppressed DOX efflux in MDCK cells overexpressing the three efflux
proteins individually, suggesting that BME is a potent inhibitor of MDR function. Next, we
determined the effect of BME on PXR, a xenobiotic sensing nuclear receptor and a transcription
factor that controls the expression of the three MDR genes. BME suppressed PXR promoter
activity thereby suppressing its expression. Finally, we determined the effect of AMPK pathway
on drug efflux because we have previously demonstrated that BME affects the pathway. However,
inhibiting AMPK did not affect drug resistance, suggesting that BME may use different pathways
for the anticancer and MDR modulating activities. Together, these results suggest that BME can
enhance the bioavailability and efficacy of conventional chemotherapy.
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INTRODUCTION
Colorectal cancer is the second leading cause of cancer related deaths and the third most
commonly occurring non-cutaneous carcinoma in the United States of America1. Studies
have suggested that use of certain foods such as bitter melon is associated with lower
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prevalence of the disease, especially in certain parts India and central Asia4, 5. Bitter melon
(Momordica charantia) is a tropical and subtropical vine, widely grown in Asia, Africa, and
the Caribbean for its edible fruit. The fruit is recommended in ancient Indian and Chinese
medicine for prevention and treatment of diabetes6, 7, though all parts of the plant (fruit,
seed, and leaves) have been shown to possess hypoglycemic properties 8. Studies have also
shown that bitter melon extracts are well tolerated in both acute and chronic doses in
animals9–11. We have recently demonstrated that an extract of bitter melon has potent anti-
colon cancer activity12. Similarly other labs 13–15 have demonstrated that bitter melon
extracts can inhibit the growth of breast and prostate cancer cells. Although bitter melon
extracts was shown to induce apoptosis of prostate and breast cancer cells, our studies, for
the first time demonstrated that the extracts induce autophagic cell death in colon cancer
cells via the activation AMPK signaling pathway.

Multiple chemotherapeutic agents are used for the treatment of cancer but they often fail due
to insufficient concentration being achieved in the cancer tissues. Sub-therapeutic
concentrations in the tumors can be a result of multi-drug resistance (MDR) associated
efflux pumps. Many chemotherapeutic agents including doxorubicin (DOX) have been
shown to be substrates of multiple efflux transporters16–18. These ATP binding cassette
(ABC) transporters derive their energy from the hydrolysis of ATP and utilize this energy to
transport the xenobiotic molecules out of the cells, thus imparting drug resistance. These
proteins are also referred to multidrug resistance conferring isoforms/proteins (MDRCP).
Though these MDRCP are considered as drug-resistant pumps in cancer tissues, they are
expressed in many normal tissues suggesting their role in cellular transport of many
endogenous substrates and therapeutic agents19. Several members of MDRCP including P-
glycoprotein (P-gp/MDR1/ABCB1), multidrug resistance associated protein 2 (MRP2/
ABCC2/cMOAT) and breast cancer resistance protein (BCRP/ABCG2/MXR) have been
identified to be expressed on multiple healthy tissues such as the intestine, lungs, liver,
cornea20, 21. They are also overexpressed in cancer tissues especially in cancer stem cells
resulting in enhanced chemoresistance22.

Due to the therapeutic properties present in multiple food products, patients often
complement their chemotherapy with medicinal dietary agents23. However, what one should
be cognizant about is that this often results in pharmacokinetic drug: food interactions which
can either be synergistic (resulting in enhanced drug activity) or antagonistic (by reducing
the active drug concentration at the target site. MDRCP based drug-food interactions are
very common and lead to multiple therapy failures24, 25. Not much is known about the
potential effects of bitter melon extracts in pharmacokinetic drug interactions. There have
been previous reports suggesting potential interaction of bitter melon with P-gp26, however,
none of these studies have been comprehensive, and no major studies have been performed
studying both long and short-term effects in colon cancer cells.

In this article, we present the results of our in vitro experiments showing that methanolic
extracts of bitter melon (BME) act synergistically with DOX in inhibiting colon cancer
(HT-29) cell growth. We show that this synergy is both in case of co-treatment as well as
pretreatment of the cells with BME. Mechanistically, we have determined that the synergy
upon co-administration is due to inhibition of multiple efflux transporters by BME. In
addition, the extracts modulate the activity of nuclear hormone receptor PXR (pregnane X
receptor) which in turn regulates the expression of MDR proteins and thus maybe the
mechanism of action for BME regulation of drug resistance.
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METHODS
Cell culture and preparation of bitter melon extracts (BME)

HT-29 cells (American Type Culture Collection, Manassas, VA) and MDCK cells
overexpressing P-gp (MDCK-MDR1), MRP-2 (MDCK-MRP2), BCRP (MDCK-BCRP) (A
gracious gift from Dr. Peter Borst, Netherland's Cancer Institute) were grown in Dulbecco’s
modified eagle medium containing 10% heat inactivated fetal bovine serum (Sigma
Chemical Co, St. Louis, MO) and 2% antibiotic-antimycotic solution (Mediatech Inc,
Herndon, VA) at 37°C in a humidified atmosphere with 5% CO2. Methanol extracts of bitter
melon whole fruit (BME) were prepared from the raw and green variety of young bitter
melons (Momordica charantia Linn, subcontinent variety). For the preparation of the bitter
melon whole fruit extracts (BME), Pre-weighed amount of fruits were finely chopped and
placed in 1:1 w/v methanol for 72 h at 4°C. These were then homogenized, centrifuged and
the supernatant freeze dried at −45°C for 72 h and stored at −80°C. These dried extracts
were dissolved in dimethyl sulfoxide (DMSO) to prepare 100 mg/mL stocks, which were
utilized for further experiments. To limit batch-to-batch variation, the weight of the final
extract was measured and the batches with more than 10% variation in extraction efficiency
vs the initial weight of the fruit were discarded. Previously we have demonstrated that
among the selected batches of the methanolic extract no significant batch-to-batch variations
were observed based on proliferation assays12.

Proliferation assay
To assess the effect of pre and co-treatment of BME on proliferation, 5,000 cells per well
were seeded on to 96 well plates and grown overnight. For co-treatment with DOX cells
were incubated with either increasing concentrations of doxorubicin alone or in the presence
of increasing concentrations of BME (0–150 µg/mL) in DMEM media containing 10% FBS.
The treatment period for the co-treatment studies was 1 h. For the pre-treatment studies with
BME cells pretreated with 25µg/mL bitter melon extract for 24 h. Proliferation studies
carried out 4 h post exposure to increasing concentrations of DOX. . For the pre-treatment
studies with DOX, cells were pretreated with DOX 1µM for 12 h. Proliferation studies
carried out 12 h post exposure to increasing concentrations of BME. Analysis of cell
proliferation after the treatment period was estimated by the hexosaminidase assay as
previously described 27. Briefly, the medium was removed and hexosaminidase substrate
solution in citrate buffer pH 5 (7.5 mM), p-nitrophenol-N-acetyl-beta-D-glucosaminidase
(Sigma Aldrich) was added at 75 µl per well. The plate was incubated at 37 °C in 100 %
humidity for 30 min. The reaction was stopped with 112.5 µl of 50 mM glycine containing 5
mM of EDTA (pH 10.4). The absorbance was measured at 405 nm. Experiments were
conducted at n=6, and independently repeated at least thee times. The data were analyzed as
percent of control, where the control wells were treated with equivalent amounts of DMSO
alone, and the analyzed data was presented as average ± standard error of mean. The
differences among mean values were deemed significant at p<0.05. For IC50 calculations, a
plot between the drug concentration and hexosaminidase activity was generated and the data
was fitted either linearly or exponentially. The best fit was used for further processing of
data. IC50 was obtained by determining the concentration of compounds resulting in 50% of
cell death after 48 h of treatment by using GraphPad PRISM™ software (GraphPad
Software, Inc.).

Uptake studies & Efflux studies
Uptake studies were performed in 12-well tissue culture-treated plates with confluent cells,
usually 5 d post seeding. The medium was aspirated from wells and cells were washed (3
×10 min) with 2ml of Dulbecco’s phosphate-buffered saline (DPBS) containing 130 mM
NaCl, 2.5 mM KCl, 7.5 mM Na2HPO4, 1.5 mM KH2PO4, 1 mM CaCl2, 0.5 mM MgSO4, 5
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mM glucose, and 20 mM HEPES at pH 7.4. Then 1ml of drug solutions (each containing 05
µM of DOX) were added to the cells and incubated at 37°C for 30 min. For uptake studies at
4°C the cells were incubated in a 4°C refrigerator. Then, solutions were removed and uptake
was terminated with ice-cold stop solution (200 mM KCl and 2 mM HEPES). Later, cells
were lysed overnight at room temperature with 1 mL of 0.1% (v/v) Triton-X in 0.3 N
sodium hydroxide solution. Aliquots (100µL) of the cell lysate were then added to 96 well
clear bottom black plates and fluorescence was measured at excitation of 480nm and
emission wavelength of 570nm. Uptake in each well was normalized to protein content,
estimated by the Bio-Rad protein estimation kit using bovine serum albumin as the standard.
For uptake studies is presence of specific inhibitors of efflux transporters PSC833 (SB-
PSC833-1, Xenotech, Lenexa, KS), MK571 and KO143 (Sigma, St. Louis, MO) were used
at concentrations 3–5 times their reported IC50 value.

For efflux studies the cells were pre-incubated with 1ml of the drug solutions containing
DOX for 30 min. The cells were rapidly washed (3 × 30 sec) with 2ml of stop solution. Then
the cells were incubated with 500µL of DPBS for 30 min. The DPBS was then collected and
stored in −80°C till further analysis. 100 µL aliquots were analyzed for fluorescence using
plate reader using same protocol as for uptake studies.

Quantitative RT-PCR Analysis
Total RNA was isolated from cells using Trizol-LS® reagent according to manufacturer’s
instructions. RNA was measured by UV absorbance at 260 nm. The quality of RNA was
verified by using 260/280 nm absorbance ratio. Briefly, 1 µg of total RNA was mixed with 2
µl of oligo dT15 primer and denatured at 70 °C for 10 min. After denaturation, it was reverse
transcribed with 1 µl (10 units) per reaction mixture of MMLV Reverse Transcriptase
(Promega, Madison, WI). PCR was carried out in 20-µL volumes containing 20 ng of each
tissue cDNA as a template and 0.5 µM of each primer with Taq polymerase (Promega). The
primer sequences used are summarized in Table 1. cDNAs were then used for Real Time
PCR using Jumpstart Taq DNA polymerase (Sigma-Aldrich) and SYBR Green nucleic acid
stain (Molecular Probes, Eugene, OR). Crossing threshold values for individual genes were
normalized to β-Actin. Changes in mRNA expression were expressed as fold change relative
to control.

Western Blot Analysis
Cell lysates were subjected to polyacrylamide gel electrophoresis and blotted onto
Immobilin polyvinylidene difluoride membranes (Millipore, Bedford, MA). Antibodies were
purchased from Cell Signaling Technology (Beverly, MA), Abcam Inc (Cambridge, MA)
and Santa Cruz Biotechnology Inc (Santa Cruz, CA) and specific proteins were detected by
the enhanced chemiluminescence system (GE Healthcare, Piscataway, NJ). The
densitometry study to quantitatively compare band intensity between various treatments was
performed using ImageJ software from NIH.

Reporter gene assays
To test activation of human PXR, HT-29 cells were transiently transfected with PXR-
response element cloned in a luciferase vector (a gracious gift from Dr. Grace Guo, Rutgers
University, New Jersey) using lipofectamine 2000 (Invitrogen) as per manufacturers
protocol. 12 h post transfection, cells were treated with different concentrations of BME, 10
µM MK571, 5 µM KO143, or 1 µM PSC833 in DMEM for 12 h. BME. MK571, KO143,
and PSC833 are specific inhibitors of MRP2, BCRP and P-glycoprotein, respectively.
Activation of PXR was determined by measuring the firefly luciferase activity 12 h later
using Luciferase reporter assay kit (Invitrogen), followed by normalization of luciferase
activity by protein concentrations. Further PXR activity assays were also carried out in the
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presence of 10 and 20 µM Metformin (Spectrum Chemical Mfg. Corp., Gardena, CA) and 5
µM AICAR (Sigma, St. Louis, MO).

Statistical analysis
All experiments were conducted at least in triplicate and results were expressed as mean ±
SD. Statistical comparisons of mean values were evaluated by Student’s t-test using
GraphPad InStat version 3.1 (GraphPad, La Jolla, CA). Values of P < 0.05 were considered
significant.

RESULTS
DOX interacts synergistically with BME to inhibit colon cancer cell growth

We first determined the sensitivity of HT-29 colon cancer cells to DOX alone and in
combination with BME to determine whether the extracts enhance the cytotoxic effects of
DOX. For this, the cells were incubated with either doxorubicin (0 to 100 µM) alone or in
the presence of increasing concentration (0--50 µg/mL) BME for 1 h and the cell
proliferation was measured by hexosaminidase assay. BME inhibited HT29 cell proliferation
in a dose-dependent manner in combination with DOX (Figure 1 A). The IC50 dose of 1 h
incubation of DOX for proliferation of HT-29 cells was observed to decrease from 98 µM,
to almost 10 fold less in presence of BME. (Figure 1 B). To study whether BME
pretreatment sensitizes colon cancer cells to DOX, the HT-29 cells were pretreated with 25
µg/mL bitter melon extract for 24 h. The cells were then incubated with increasing
concentrations of DOX (0–100 µM) and then levels of proliferation were assessed. BME pre
treatment was found to increase the sensitivity of HT-29 cells to DOX (Figure 1 C). The
IC50 dose of DOX for proliferation of HT-29 cells was observed to decrease from 8 µM to
1.5 µM upon BME pretreatment (Figure 1 D). We then determined whether the order
addition affects the sensitivity, and also whether pretreatment with DOX affects BME
mediated suppression of cell proliferation. For this, HT-29 cells were pretreated with 1 µM
DOX for 12 h. Subsequently the cells were incubated with increasing concentrations of
BME (0–100 mg/mL) for 12 h and proliferation assessed. BME was found to be less
effective in cells presensitized to DOX (Figure 1 E) with the IC50 increase from 45 µg/mL to
more the 100 µg/mL. These data suggest that preincubation with DOX reduces the
susceptibility of the cancer cells to BME.

BME inhibits the interaction of DOX with multidrug resistance proteins altering its
bioavailability within the cancer cells

The cytotoxicity of a chemotherapeutic drug depends on the amount of drug reaching within
the cells to cause the cytotoxic effects. To study whether the synergistic effects of BME on
DOX was due to increased bioavailability within the cancer cells, drug uptake studies were
performed. To optimize the drug uptake study protocol, time dependent uptake of DOX was
carried out. The uptake was found to be linear for first 30 min of exposure in HT-29 cells
and hence all further studies were carried out for 30 min (Figure 2 A). To study the effects
of BME on the uptake of DOX, cells were either pretreated or co-treated with various
concentrations of BME. DOX uptake was found to increase in both long term pre-incubation
as well as co-incubation (short term) with increasing concentrations of BME (Figure 2 B).
To identify if the effects of BME on DOX uptake were due to alteration of active transport
of DOX or due to changes in passive transport, similar uptake studies were carried out at
4°C where all active transports shut down. There was no significant change in uptake
observed in either short term or long term uptake studies carried out at low temperature
(Figure 2 C). These data suggest that DOX uptake was an active process. Since DOX is a
substrate of efflux transporters, which may also be responsible for the changes in its active
transport, the effects of BME on multidrug resistance genes (MDR) was studied. To
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optimize the time point to study the MDR expression levels, we first performed a time
dependent PCR study. All three MDR-related genes normalized at 48 h post seeding (Figure
2 D). Further to study the effects of BME on the MDR gene expression, two studies
(concentration dependent and a time dependent) were performed. MDR gene expression was
found to decrease with increase in concentration of BME pretreatment (Figure 2 E).
Furthermore, MDR gene expression was found to decrease in a time dependent manner upon
pretreatment with 25 µg/mL BME (Figure 2 F).

BME may interact with multiple efflux transporters in HT-29 cells
Since short term exposure to BME resulted in increased uptake of DOX, and given that
DOX is a substrate of multiple efflux transporters, we needed to determine whether BME
could interact with any efflux transporters. Uptake studies of DOX were carried out in
HT-29 cells in presence of BME (50 or 100 mg/ML) and compared to the uptake of DOX in
presence of specific inhibitors of MDR proteins. PSC833 (specific inhibitor of P-gp),
MK-571 (specific inhibitor of MRP-2) and KO143 (specific inhibitor of BCRP) were all
observed to increase the uptake of DOX in HT-29 cells. None of the inhibitors increased the
uptake of DOX similar to the levels achieved with bitter melon when treated individually
(Figure 3 A). However, when a combination of all three specific inhibitors was used, there
was a change in DOX uptake levels as that observed with BME. These data suggest that that
BME may inhibit all three MDR proteins. Further, a drug efflux study was carried out in
presence of BME and specific MDR inhibitors to additionally confirm the effects on efflux
transporters. The efflux data did not show a similar trend as the uptake data because the
inhibitor treated cells showed more efflux than control (Figure 3 B). However, when the
efflux levels were normalized to the amount of drug originally taken up by the cells, the
expected trend of reduced efflux was observed (Figure 3 C). These data suggest that BME is
a potent inhibitor of efflux pumps (Figure 3 D).

BME interaction with individual efflux transporters in MDCK cells overexpression specific
efflux transporters

To further confirm the interaction of BME with individual efflux transporters, uptake studies
of DOX were carried out in MDCK stably cells transfected with and overexpressing P-gp,
MRP-2 or BCRP. MDCK cells were chosen for these studies because they have been
previously shown to not express either one of these transporters in sufficient amounts to
interfere significantly with the overexpressed protein activity28. BME was found to increase
DOX uptake in all three cell lines i.e. MDCK-MRP2 (Figure 4 A), MDCK-MDR1 (Figure 4
B) and MDCK-BCRP (Figure 4 C). To confirm that the effect was indeed due to BME
mediated suppression of the individual transporters, we also performed studies where the
cells were incubated with its specific inhibitor. Again, MK571, PSC833 and KO143 were
used as positive controls for the inhibition of MRP-2, P-gp and BCRP, respectively. In all
three cases, the inhibitors increased DOX uptake.

BME inhibits PXR expression and activity leading to reduced multidrug resistance
The direct interaction with the efflux transporters can explain the effectiveness of BME in
short-term interaction studies, but it does not explain the reason for long-term interactions.
As shown previously, pretreatment with BME results in decrease in MDR gene expression
(Figure 2 E,F). In addition to inducing cell proliferation and inhibiting apoptosis, PXR is
known to induce the expression of drug metabolizing enzymes and efflux transporters in the
presence of xenobiotics (Figure 5 A). To study the potential role of BME on PXR activity, a
luciferase based PXR promoter activity assay was performed in presence of increasing
concentrations of BME (0–500 mg/mL). BME was found to decrease PXR promoter activity
in a concentration dependent manner (Figure 5 B). Pretreatment with BME was also found
to decrease PXR expression and one of its downstream targets BCRP (Figure 5 C). This
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change was quantified using densitometry (Figure 5D). Since there is no known mechanism
by which BME may inhibit PXR activity, we tested the effect of different drugs with similar
activity to BME for their interaction with PXR. In our studies we observed that metformin
(an anti-diabetic drug with mechanism of action similar to BME 29, 30) was also found to
decrease PXR activity. But AICAR another AMPK activator similar to BME31 was found to
increase the PXR activity in a statistically insignificant manner (Figure 5 E). As expected,
DOX was also observed to induce PXR activity.

DISCUSSION
The data presented in this manuscript demonstrates that methanolic extract of bitter melon
works in synergism with chemotherapeutic drug doxorubicin in inhibiting the growth of
colon cancer cells. Since, cancer is a disease involving uncontrolled proliferation of cells, if
a drug combination ultimately deters this cell division, as compared to a single drug, it can
potentially show better anticancer activity. Given the potent inhibition of proliferation of
HT-29 colon cancer cells by the combination of bitter melon extracts and doxorubicin, we
proceeded with determining the mechanism of action.

One of the biggest problems with combination studies is how the two agents will interact.
Hence it is really important to determine whether the compounds should be added together
or sequentially. Also, if sequential addition is required, then the order of treatment needs to
be determined. Hence, as a first step, we tested whether the bitter melon extracts interact
with the chemotherapeutic doxorubicin upon co-administration or upon pre-exposure. We
chose doxorubicin as a model chemotherapeutic for two important reasons. First is that the
compound is easy to detect and measure32. More importantly, doxorubicin is a substrate of
multiple active transport proteins, especially efflux transporters16–18. We observed that the
anti-proliferative activity of doxorubicin increased considerably in the presence of
increasing concentrations of bitter melon extracts resulting in ten-fold decrease in the IC50
values when BME is present. There are multiple possibilities of this synergy one of which
can be enhanced bioavailability of the drug within the cells resulting in increased activity.
More importantly, the results demonstrate that co-administration of doxorubicin and bitter
melon extracts has a synergistic effect on inhibiting cell viability. We also determined
whether sequential administration was effective. In this case, there was a really interesting
finding. While pretreatment with bitter melon extracts significantly enhanced doxorubicin
activity, the reverse did not. In fact, when cells were treated with doxorubicin first and then
with bitter melon extracts, the cells were not affected, with a significant increase in IC50
values. These data suggest that the order of addition of the two agents is really important.

What is very interesting is that treatment with bitter melon extracts enhances doxorubicin
activity in killing cancer cells. This suggests a long-term interaction between bitter melon
extracts and doxorubicin, wherein the extracts can inhibit the expression of active
transporters, especially those responsible for the efflux of doxorubicin. If this were the case,
then the synergy should result in increased doxorubicin accumulation in the cells. Indeed,
our studies, both with short term and long-term pre-treatment with bitter melon extracts
resulted in increased intracellular levels of doxorubicin. This increase in uptake can be either
an end result of effects of the extracts on active transport mechanisms or by influencing
other routes of permeation. Again, our studies point to active uptake and not passive
diffusion because when studies were performed at 4°C, wherein all the active transport
processes slows down significantly and passive diffusion becomes the predominant pathway
for drug uptake, there was no significant change in doxorubicin uptake.

There has been a lot of attention on drug efflux proteins because they shunt out the drugs
form inside the cells reducing the effectiveness of the compounds. Three MDRCP that are
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important and use doxorubicin as substrate are P-glycoprotein, MRP-2 and BCRP33, 34.
Expression studies demonstrated that treatment with bitter melon extracts reduced the
expression of these three proteins in a dose and time dependent manner. This is the fist
demonstration that extracts of bitter melon have significant effects on expression of multiple
drug efflux proteins. A related question we had is whether the extracts only affected the
expression of the genes or was there also an effect on efflux activity. For this, we performed
studies with specific inhibitors of the three transporters. Interestingly, neither one of the
inhibitors alone showed the decrease in doxorubicin efflux activity to the levels seen with
bitter melon extracts. It was only when all three inhibitors were added together that the
activity was similar to that observed with bitter melon extracts. There data suggest that all
three transporters need to be suppressed. To further confirm this, we planned on performing
studies with overexpression of the transporters. Given that expression of all three
transporters was reduced, we had to employ a strategy where the proteins were
overexpressed individually. More importantly, we had to perform the studies in a cell line
where there will be no interference with endogenous proteins. Hence, we settled on the
MDCK cell line because as the endogenous expression of any of the three efflux transporters
is insignificant and the model has been established for these kinds of studies28. Using cells
where each transporter was individually overexpressed using stable transfection, and with
specific inhibitors, we again determined that bitter melon extracts were potent inhibitors of
all the three efflux proteins.

The co-incubation uptake studies support our hypothesis that bitter melon extracts interacts
with MDR proteins allowing for increased uptake of doxorubicin in cancer cells. A closer
look at these studies suggests that there may be a possibility that BME may be affecting
other transporters in addition to the efflux transporters tested. This may the reason for the
significantly higher uptake and toxicity in presence of high concentrations of extracts with
doxorubicin than specific inhibitors or their combination. More detailed studies are further
required to completely delineate the effects of BME on other transporters present on these
cells. Another possible mechanism by which bitter melon extracts may be affecting efflux
protein activity is through its effects on ATP. Our previously published studies have shown
that the extracts reduce the levels of available ATP in the cells through the activation of the
AMPK pathway12. Other studies from members of this group have also shown that decrease
in levels of ATP can significantly alter the activity of efflux transporters as they belong to
the ATP binding cassette family of transporters and require ATP to perform their
activity35, 36.

PXR is a xenobiotic receptor that regulates the expression of various multiple drug
resistance associated genes. Upon the activation of PXR it is known to induce the expression
of Phase I and II metabolizing enzymes as well as efflux transporters37. PXR is known to
target the promoter region of the three MDR genes P-glycoprotein, MRP-2 and BCRP38–40.
However, more recent studies have pointed to the ability of PXR to also activate genes that
promote cell proliferation while inhibiting apoptosis41. Taken together, PXR appears to be a
central protein that promotes cancer cell growth and drug resistance. Hence, targeting PXR
would be an excellent strategy for cancer prevention and therapy. Indeed, our studies
demonstrate that bitter melon extracts suppress PXR expression upon prolonged exposure to
cancer cells. In our previously published studies, we showed that bitter melon extracts
produces its anticancer effects through energy modulation similar to the anti-diabetic drug
metformin by the activation of AMPK12. We also tested the effect of AICAR, an AMPK
activator. Although metformin showed a decrease in PXR activity, AICAR resulted in a
slight but not significant increase in PXR activity. These results indicate towards a
possibility that bitter melon extracts may use different pathways to regulate PXR activity
and an alternate mechanism to demonstrate its anticancer activity. Since bitter melon extract
is a mixture of several compounds, different components may perform different functions
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within the cancer cells. This also raises the possibility that the active ingredient within the
extract may be a substrate/competitive inhibitor for efflux transporters. Hence, additional
purification studies are warranted to identify the active compound(s) in the extracts. Once
such compounds are identified we may be able to answer these potential questions.

One other thing that is important is that we performed the current studies with doxorubicin.
We chose doxorubicin as the compound for our proof of principle studies because it is an
excellent substrate for the three efflux transporters. However, additional studies are required
to determine whether the bitter melon extracts enhance the activities of current approved
colon cancer therapeutics such as 5-fluorouracil, irinotecan and oxaloplatin. Once the
individual components of bitter melon extracts are identified, our future studies will focus
on determining their effects on the activities of these therapeutic agents.
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Figure 1. Doxorubicin interacts synergistically with BME to inhibit colon cancer cell growth
(A & B) Doxorubicin co-incubation with BME (BME) increases its cytotoxicity.
Proliferation studies were carried out 1 h after exposure to the drug combination. Cells were
incubated with either doxorubicin alone or in the presence of BME (0–150 µg/mL). The
IC50 values decreased significantly when cells were incubated with increasing
concentrations of BME; (C & D) BME pretreatment sensitizes colon cancer cells to DOX.
Cells were pretreated with 25 µg/mL BME for 24 h followed by 4 h incubation with DOX.
Pretreatment with BME significantly reduced the IC50values for DOX. (E & F) DOX
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desensitizes colon cancer cells to BM. Cells were pretreated with 1 µM DOX for 12 h and
then treated with BME. Pretreatment with DOX affected BME activity.
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Figure 2. BME inhibits the interaction of DOX with multidrug resistance proteins altering its
bioavailability within the cancer cells
(A) Time dependent uptake of doxorubicin. The uptake is linear for first 30 min of exposure
in HT-29 cells. (B) Both pre-incubation and co-incubation of BME increases the uptake of
DOX at 37°C. The white bars represent the doxorubicin uptake at 50 µM for 30 min in cells
pretreated with different concentrations of BME for 48 h. The black bars represent
doxorubicin uptake at 50 µM for 30 min when incubated in combination with different
concentrations of BME. All these studies were carried out at 37°C. *p<0.05. (C) BME
treatment of DOX affects active transport of DOX as there is no difference in the uptake of
DOX at 4°C. The white bars represent the doxorubicin uptake at 50 µM for 30 min in cells
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pretreated with different concentrations of BME for 48 h. The black bars represent the
doxorubicin uptake at 50µM for 30 min in combination with different concentrations of
BME. All these studies were carried out at 4°C. (D) Highest MDR gene expression is
achieved 48 h post seeding which then normalizes by 72 h. *p<0.05. (E & F) BME
pretreatment reduces the expression of MDR proteins both in a concentration dependent
(panel E) and time dependent manner (panel F). In panel E, cells were treated with different
concentrations of BME for 48 h, while in panel F, they were treated with 25 µg/mL BME for
different time points. *p<0.05.
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Figure 3. BME interacts with multiple efflux transporters in HT-29 cells
(A) Uptake of DOX in presence of BME. MK571, KO143, PSC833 were used as specific
inhibitors of MRP2, BCRP and P-glycoprotein, respectively. Uptake was carried out for 30
min with 50 µM DOX alone or in combination with either BME (50 or 100 µg/mL) or the
indicated specific inhibitors (10 µM MK571, 5 µM KO143, 1 µM PSC833). *p<0.05 and
**p<0.01 for upregulation and ¥p<0.01 for downregulation when compared to untreated
controls. (B) Efflux of doxorubicin in the presence of BME or specific inhibitors of P-gp,
MRP2 and BCRP. Efflux into PBS was carried out after 30 min preincubation with 50 µM
DOX alone or in combination with either BME (50 or 100 µg/mL) or the specific inhibitors
(10 µM MK571, 5 µM KO143, 1 µM PSC833). (C) Ratio of Efflux of doxorubicin to the
uptake of doxorubicin. The ratio normalizes the efflux to the amount of drug within the cells
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at the time when efflux was initiated. (D) A summary schematic of drug movement in and
out of cells and effects of efflux transporters on drug movement.

Kwatra et al. Page 17

J Pharm Sci. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. BME interaction with individual efflux transporters in MDCK cells overexpressing
specific efflux transporters
(A) Uptake of DOX alone or in the presence of either BME 100 µg/mL or 10 µM MK571
used as a specific inhibitor for MRP2. *p<0.05 (B) Uptake of DOX alone or in presence of
either BME 100 µg/mL or 1 µM PSC833 used as a specific inhibitor for P-gp. *p<0.05 (C)
Uptake of DOX alone or in presence of either BME 100 µg/mL or 5 µM KO143 used as a
specific inhibitor for BCRP. *p<0.01, **p<0.05. In all three cases, uptake was carried out
for 30 min with 50 µM DOX alone or in combination with either BME or the specific
inhibitors.
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Figure 5. Chronic exposure to BME inhibits PXR expression and activity leading to reduced
multidrug resistance
(A) Schematic representation of the role of PXR in cancer cell growth and resistance to
therapeutic agents, and the proposed mechanism of BME action. (B) BME inhibits PXR-
driven promoter activity. Cells were transfected with luciferase reporter plasmid under the
control of the PXR promoter and then treated with BME for 12 h. There is a dose dependent
inhibition of PXR promoter activity by BME. *p<0.05 and **p<0.01 (C) Western blot
analyses for PXR and its target BRCP protein. Both PXR and BRCP are reduced at higher
doses of BME. (D) Quantitative estimation of band intensity of western blots by
densitometry. Band intensity of both PXR and BRCP were reduced at higher doses of BME
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treatment when compared to control and normalized to loading control. (E) PXR promoter
activity in response to various drugs. Cells were transfected with the plasmid containing
PXR promoter driving the luciferase gene and then incubated with doxycycline (0–10 µM),
metformin (10–20 µM) or AICAR (5 µM) for 12 h. Doxycycline induced, while metformin
inhibited PXR promoter activity. *p<0.05 and **p<0.01.
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Table 1

Primer sequences for quantitative RT-PCR

Gene Primer Sequence Product
length

BCRP Forward: TCAGCAGCTCTTCGGCTTGC
Reverse: TTCCAACCTTGGAGTCTGCCACT

112

P-gp Forward: TGCCTTCATCGAGTCACTGC
Reverse: TGACGTGGCTTCATCCAAAA

148

MRP-2 Forward: TGTGACCACAGATACCAGGA
Reverse: AAATATTTTGCCTGGGAACC

147

GAPDH Forward: AACAGCGACACCCACTCCTC
Reverse: ACCACCCTGTTGCTGTAGCC

116
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