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Abstract

Previously, Bithionol (BT) was shown to enhance the chemosensitivity of ovarian cancer cell

lines to cisplatin treatment. In the present study, we focused on the anti-tumor potential of

the BT-paclitaxel combination when added to a panel of ovarian cancer cell lines. This in

vitro study aimed to 1) determine the optimum schedule for combination of BT and paclitaxel

and 2) assess the nature and mechanism(s) underlying BT-paclitaxel interactions. The cyto-

toxic effects of both drugs either alone or in combination were assessed by presto-blue cell

viability assay using six human ovarian cancer cell lines. Inhibitory concentrations to achieve

50% cell death (IC50) were determined for BT and paclitaxel in each cell line. Changes in lev-

els of cleaved PARP, XIAP, bcl-2, bcl-xL, p21 and p27 were determined via immunoblot.

Luminescent and colorimetric assays were used to determine caspases 3/7 and autotaxin

(ATX) activity. Cellular reactive oxygen species (ROS) were measured by flow cytometry.

Our results show that the efficacy of the BT-paclitaxel combination depends upon the con-

centrations and sequence of addition of paclitaxel and BT. Pretreatment with BT followed

by paclitaxel resulted in antagonistic interactions whereas synergistic interactions were

observed when both drugs were added simultaneously or when cells were pretreated with

paclitaxel followed by BT. Synergistic interactions between BT and paclitaxel were attributed

to increased ROS generation and enhanced apoptosis. Decreased expression of pro-sur-

vival factors (XIAP, bcl-2, bcl-xL) and increased expression of pro-apoptotic factors (cas-

pases 3/7, PARP cleavage) was observed. Additionally, increased expression of key cell

cycle regulators p21 and p27 was observed. These results show that BT and paclitaxel inter-

acted synergistically at most drug ratios which, however, was highly dependent on the

sequence of the addition of drugs. Our results suggest that BT-paclitaxel combination ther-

apy may be effective in sensitizing ovarian cancer cells to paclitaxel treatment, thus mitigat-

ing some of the toxic effects associated with high doses of paclitaxel.
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Introduction

It is reported that less than 33% of ovarian cancer patients respond to current second or third-

line chemotherapy due to development of drug resistance [1–4]. This necessitates new or alter-

nate options for second-line therapy to overcome drug resistance and to enhance the efficacy

of drugs for use in patients with drug-resistant ovarian cancer. Paclitaxel (also known as

Taxol) is an effective chemotherapeutic agent against drug-resistant breast and ovarian cancers

[5]. It has shown promising clinical efficacy against such cancers in both first and second line

treatment regimens. Paclitaxel is an effective mitotic inhibitor which plays an important role

in the formation and stabilization of microtubules resulting in cell cycle block at the metaphase

to anaphase transition, thus inducing cytotoxicity [6, 7]. Although most patients respond ini-

tially to paclitaxel treatment, the subsequent therapeutic failure of this drug was attributed to

the development of drug resistance [8, 9]. Dose induced toxicity and side effects are the other

common problems associated with paclitaxel treatment [10, 11]. Similarly, the tolerability of

combination treatment with paclitaxel and cisplatin is also limited due to the development of

neuropathies and neurotoxicity [10, 12]. These disadvantages make a strong case for the use of

these drugs only at low concentrations, thus necessitating the need for combination with other

drugs or chemo-sensitizers/drug-resistance modulators in order to enhance efficacy, overcome

drug resistance and/or mitigate/eliminate toxic side effects. It is essential to explore other

drugs which can target alternative/similar pathways to paclitaxel or cisplatin without toxic

effects, thus providing alternate therapeutic options for ovarian cancer patients. Reports of

compounds used in combination with cisplatin or paclitaxel have been published, however,

none of these combinations were sufficiently effective for use in the clinic [13, 14]. In this

study, we investigated the novel approach of combining paclitaxel with Bithionol [2, 2’-Sulfa-

nediylbis (4, 6-dichlorophenol)] (BT). BT, is an anti-parasitic drug approved by the Food and

Drug Administration for human use as a second-line oral medication for the treatment of hel-

minthic infections [15]. Previously, we showed the anti-tumor potential of BT in an in vitro
study using a panel of ovarian cancer cell lines with varying cisplatin sensitivities [16]. BT con-

centrations for half maximal inhibition (IC50) values were well below the clinically tolerable

doses. We also showed that BT enhanced the sensitivity of cisplatin resistant cell lines to cis-

platin by enhancing ROS generation and by altering the expression of key apoptotic regulators

[16]. In a separate study, BT was also shown to induce apoptosis in vivo without toxicity at any

of the doses tested [17]. Additionally, our recent in vitro study showed that when added in

combination with cisplatin, BT can be either synergistic or antagonistic depending on the con-

centration ratio, implying the need to administer these drugs at optimal doses [18]. To further

explore the anti-tumor potential of BT, it is critical to understand the nature of the interaction

(s) between BT and paclitaxel. In this study, we assessed the antitumor efficacy of BT in combi-

nation with paclitaxel using a panel of ovarian cancer cell lines with varying cisplatin sensitivi-

ties. The major objectives of the present study were to determine optimal combination of BT

and paclitaxel to achieve maximum cytotoxic activity and to understand the mechanism(s) of

action of the BT-paclitaxel combination. BT and paclitaxel combinations were investigated

systematically for drug-ratio dependent interactions in vitro. Using an approach similar to our

previous study [18], the nature of the interactions between BT and paclitaxel were evaluated

using three different methodologies: (1) pretreatment with BT for 24 hours followed by pacli-

taxel addition (sequential addition in non-constant ratio), (2) pretreatment with paclitaxel for

24 hours followed by BT addition (sequential addition in a non-constant ratio), and (3) simul-

taneous addition of both drugs in a non-constant ratio. The combination index was used to

evaluate if BT-paclitaxel interactions were antagonistic, synergistic or additive. ROS genera-

tion, autotaxin inhibition, induction of apoptosis and expression of key apoptotic and cell
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cycle modulators were evaluated to elucidate BT-paclitaxel combination mechanism(s) of

action.

Materials and methods

Cell lines and chemicals

Human ovarian carcinoma cell lines, OVACAR-3, SKOV-3 were provided by Dr. McAsey

(SIU School of Medicine, Springfield, IL). Isogenic ovarian cancer cell lines pairs, e.g., A2780

/A2780-CDDP and IGROV-1/, IGROV-1CDDP were received as a generous gift from Dr.

Brodsky (Brown University, Providence, RI). The parental cell lines were purchased from

Sigma and made resistant in vitro by continuous stepwise exposure to cisplatin to produce the

corresponding cisplatin-resistant cell lines. All cell lines were maintained in DMEM media

(Sigma) as described previously [16]. The cisplatin-resistant variants cells were treated with

3 μM cisplatin every third passage to maintain cisplatin resistance.

Bithionol (2, 2’-Sulfanediylbis (4, 6-dichlorophenol)), BT, and paclitaxel were purchased

from Sigma (St Louis, MO). All primary antibodies were purchased from Cell Signaling Tech-

nologies, (Danvers, MA). PrestoBlue™ Cell Viability Reagent and ROS Dye– 5, 6-carboxy-20,

70-dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA or, C400) were purchased from

Invitrogen (Carlsbad, CA).

Cell viability assay

Cell viability after drug(s) treatment for 48 hours was determined by Presto Blue cell viability

reagent (Invitrogen) as descried previously [16]. BT was tested at concentrations ranging from

3.56 μM to 100 μM and paclitaxel at concentrations between 0.98 nM and 31.5 nM. DMSO

concentration was corrected to 1% in all wells. Vehicle-treated control cells (media with 1%

DMSO) were considered as 100% viable against which treated cells were compared to. Data

were expressed as mean ± SD of triplicate experiments.

In order to determine role of ROS in BT-paclitaxel induced cytotoxicity, we performed cell

viability assays in the presence of the antioxidant ascorbic acid (AA). Cells were pretreated

with 1 mM AA for 2 hours before prior to the addition of drugs and further incubated for 48

hours with the tested drugs and 1 mM AA. Restoration of cell viability was assessed by com-

paring cell viability in presence or absence of AA [16]. For all studies, triplicate wells were set

up for each treatment condition. Data were expressed as mean ± SD of triplicate experiments.

Dose response curves for IC50 determination

Dose response curves were generated for paclitaxel and BT to determine the inhibitory con-

centration to achieve 50% cell death (IC50 values) for each human ovarian cancer cell lines

(OVCAR-3, SKOV-3, A2780, A2780-CDDP, IGROV-1 & IGROV-1-CDDP), as described pre-

viously [16]. Briefly, cells were treated with different concentrations of BT and paclitaxel for 48

hours at concentrations ranging from 0.178 μM to 400 μM for BT and 0.98 nM to 100 nM for

paclitaxel. BT stock (20 mM) and paclitaxel stock (10 mM) were prepared in DMSO. For both

drugs, all the working dilutions were prepared in DMEM media. All experiments were done in

triplicate. Dose response curves to calculate IC50 values were plotted using Graph Pad Prism

Software.

Drug combination studies

To assess combination effects of BT with paclitaxel, these drugs were combined in non-con-

stant ratios in which BT and paclitaxel were prepared at a series of concentrations that span
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the dose-response curves for both drugs. Each concentration of BT was mixed with each con-

centration of paclitaxel, thereby producing a matrix of multiple stock admixtures, containing

both drugs together in solution at a variety of concentrations and ratios. The dose ranges

selected for combination studies were 1.56 μM to 200 μM for BT and 0.98 nM to 31.25 nM for

paclitaxel.

The nature of the interaction between BT and paclitaxel was assessed using three different

scheduling approaches: (1) simultaneous treatment with both drugs, where cells were treated

with both BT and paclitaxel simultaneously combined in a non-constant ratio, for 48 hours;

(2) pretreatment with paclitaxel followed by addition of BT in a non-constant ratio, where

cells were treated with different concentrations of paclitaxel for 24 hours after which paclitaxel

was removed and BT was added for another 24 hours and (3) pretreatment with BT followed

by addition of paclitaxel in a non-constant ratio, where cells were treated with different con-

centrations of BT for 24 hours after which BT was removed and paclitaxel was added for

another 24 hours.

The cytotoxic potential of BT-paclitaxel combination over a range of concentrations was

compared to that obtained for the individual drugs, and a measure of the synergy between the

two drugs, referred to as the combination index (CI), was calculated using a median-effect

mathematical algorithm according to Chou’s methods [19]. CalcuSyn (BioSoft) was used to

calculate CI values for drug combinations. A drug combination is synergistic if its CI value is

significantly below 1; the combination is additive where the CI is between 0.9 and 1.0; and the

combination is antagonistic as indicated by CI values above 1.0. Triplicate wells were set up for

each treatment condition. All the experiments were performed in triplicates and data repre-

sents mean ± SD.

Caspase 3/7 assay

Caspase 3/7 activity was measured using Caspase-Glo 3/7 assay kit from Promega, as

described previously [16]. Briefly, 104 cells were treated with BT and paclitaxel either alone

or in combination. Cells were treated with individual drugs at concentrations at which 60–

80% cells are still viable. Following treatment for 48 hours, Caspase-Glo 3/7 reagent was

added and incubated for 30 min. at room temperature. The luminescence intensity was

measured using a luminometer (luminoskan, Thermo Scientifics). Cells treated with vehi-

cle (1% DMSO media) were considered as control against which treated cells were com-

pared. Triplicate wells were set up for each treatment condition. Data were expressed as

mean ± SD of triplicate experiments.

Apoptosis detection via Hoechst staining

To detect nuclear condensation indicative of apoptosis, NucBlue Live Cell Stain (Hoechst

33342) was used (Invitrogen, Carlsbad, CA). Hoechst staining was performed as described pre-

viously [16, 20]. For A2780 and A2780-CDDP, cells were treated with 12.5 μM BT and 4 nM

paclitaxel either alone or in combination for 48 hours. Similarly, IGROV-1 and IGROV-

1-CDDP cells were treated with 50 μM BT or 4 nM paclitaxel for 48 hours either alone or in

combination. Following treatment, cells were washed stained with Hoechst stain (2 drops/mL

of media) for 15 min. at 25˚C and observed under a fluorescent microscope. Representative

images were taken with an inverted microscope (Olympus H4-100, CCD camera) and 20×
objective. Duplicate wells were set up for each treatment condition. Each experiment was

repeated three times. After morphological assessment by nuclear staining, the extent of apo-

ptosis was quantified using the TUNEL assay.
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TUNEL assay

DNA fragmentation was detected using the TiterTACS1 2 TdT in Situ Colorimetric Apopto-

sis Detection Kit (Trevigen, Gaithersburg, MD) following the manufacturer’s instructions. For

A2780 and A2780-CDDP, cells were treated with 12.5 μM BT and 4 nM paclitaxel either alone

or in combination for 48 hours. Similarly, IGROV-1 and IGROV-1-CDDP cells were treated

with 50 μM BT or 4 nM paclitaxel for 48 hours, either alone or in combination. Following

treatment for 48 hours, cells were washed and fixed followed by addition of labeled nucleotides

and subsequent detection with HRP–HRP substrate (TACS-Sapphire) system. The absorbance

was measured at 450 nm using a microplate reader, Multiskan (Thermo Scientifics). Triplicate

wells were set up for each treatment condition. Data were expressed as mean ± SD of triplicate

experiments.

Estimation of ROS production

Hydrogen peroxide, hydroxyl radicals and peroxy radicals were detected via carboxy-

H2DCFDA which is a chemically reduced, acetylated form of fluorescein. The assay was car-

ried out as per the manufacturer’s instructions (Invitrogen, Carlsbad, CA). Briefly, cells

(1×106) were treated with BT and paclitaxel either alone or in combination. Cells were treated

with individual drugs at concentrations at which 60–80% cells are viable. After treatment for

48 hours, the cells were incubated with 5 μM carboxy-H2DCFDA for 30 min at 37˚C and fluo-

rescence measured (490 nm excitation/520 nm emissions) using a florescence plate reader.

Triplicate wells were set up for each treatment condition. Data were expressed as mean ± SD

of triplicate experiments.

Western blot analysis

Western blotting was carried out to analyze expression of key modulators of apoptosis, i.e.

cleaved PARP, XIAP, bcl-2 and bcl-xL. Key cell cycle regulators such as p21 and p27 were also

assessed by western blotting. Cell seeding, cell lysis and western botting were performed as

described previously [16]. Briefly, cells were treated with BT and paclitaxel either alone or in

combination. Cells were treated with individual drugs at concentrations at which 60–80% cells

are viable. Following treatment for 48 hours, cells were harvested and lysed in cell extraction

buffer (Invitrogen, Carlsbad, CA) containing 10 mM Tris, pH 7.4, 100 mM NaCl, 1 mM

EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Na4P2O7, 2 mM Na3VO4, 1% Triton X-100, 10%

glycerol, 0.1% SDS, 0.5% deoxycholate protease inhibitor cocktail and PMSF. Cell lysates were

subjected to western blotting. Following overnight incubation with primary antibodies at 4˚C

and subsequent incubation with appropriate secondary antibodies (Licor), the proteins on the

blots were detected using a Licor image analyzer system. Each experiment was repeated three

times.

Autotaxin (ATX) assay

The phosphodiesterase activity of ATX was measured as described previously [16]. Briefly,

cells were treated with individual drugs at concentrations at which 60–80% cells are viable. Fol-

lowing treatment for 48 hours, cell-free supernatants were collected. The concentration of

ATX was normalized with respect to the cell mass of samples in each well. To estimate ATX,

100 µL cell-free culture media were incubated with 100 μL substrate containing p-nitrophenyl-

phosphonate (pNppp) at a final concentration of 5 mM prepared in 50 mM Tris-HCl buffer,

pH 9.0. After 30 min. of incubation at 37˚C, the reaction was stopped by the addition of

100 μL of 0.1 M NaOH solution. The reaction product was measured by reading the
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absorbance at 410 nm. ATX inhibition of treated cells was calculated as the percentage of ATX

activity in comparison with untreated cells. Triplicate wells were set up for each treatment con-

dition. Data were expressed as mean ± SD of triplicate experiments.

Statistical analysis

Comparisons between paclitaxel treated and BT/paclitaxel combination treated groups were

performed by Student’s t-test. The significance level was set at p< 0.05.

Results

Dose response curves for IC50 determination

BT and paclitaxel induced cell death in a time and dose dependent manner when added alone

for 48 hours. The IC50 values ranged from 25 ± 2 to 94 ± 16 μM for BT (data attached as sup-

porting information: S1 Table & S1 Fig) and 4 ± 1 to 13.2 ± 1 nM for paclitaxel.

BT-paclitaxel combination cytotoxicity studies. The cytotoxicity of BT-paclitaxel combi-

nation was compared to that of each agent alone to evaluate for potential changes in IC50 value.

The combination index (CI) results are represented in a heat map where synergism (CI< 1) is

shown in green, additive effect (CI = 1) is shown in yellow and antagonism (CI> 1) is shown in

red (Figs 1–3). BT-paclitaxel combination-induced cytotoxicity profiles on individual ovarian

cancer cell lines are described below:

OVCAR-3. We observed that BT was antagonistic to paclitaxel when cells were pretreated

with BT followed by paclitaxel. However, pretreatment with paclitaxel followed by BT resulted

in synergism which was dependent on the concentrations of both drugs. Synergism was ob-

served only at lower concentrations of BT and paclitaxel. Interestingly, simultaneous addition

of BT with paclitaxel was found to be synergistic, especially at lower BT concentrations (1.56–

25 μM) (Fig 1A). The IC50 value for BT was 57 ± 8 μM whereas the IC50 value for paclitaxel

alone was 5.05 ± 1nM which decreased to 3.1 ± 0.6, 2.2 ± 0.5 and 3.8 ± 0.99 nM upon combina-

tion with BT at 1.56, 3.25 and 12.5 μM concentrations, respectively (Fig 1B). Higher concentra-

tion of BT antagonized the cytotoxic effects of paclitaxel regardless of the sequence of addition

of drugs. In summary, BT and paclitaxel display synergy in OVCAR-3 cells that is dependent

on drug concentrations and the sequence of addition.

SKOV-3. Similar to OVCAR-3, when cells were pretreated with BT followed by paclitaxel,

the drugs were antagonistic at most concentrations of BT and paclitaxel. Interestingly, an addi-

tive effect was observed at specific concentrations of paclitaxel (3.91–7.81nM) and BT (6.25–

50 μM). Pretreatment with paclitaxel followed by BT resulted in synergism only at lower con-

centrations of BT and paclitaxel. In contrast, when added simultaneously, BT was synergistic

to paclitaxel except for the highest concentrations of BT and paclitaxel (Fig 1C). The IC50 value

for BT was 58 ± 3 μM whereas the IC50 value for paclitaxel alone was 4.54 ± 1 nM which

decreased to 3.03 ± 0.7, 1.9 ± 0.6 and 3.5 ± 0.8 nM upon combination with BT at 1.56, 6.25 and

25 μM, respectively (Fig 1D). These results show that when combined, BT and paclitaxel dis-

play synergy that depends on the concentration and sequence of addition of each drug.

A2780 (cisplatin-sensitive) and A2780-CDDP (cisplatin-resistant) isogenic pair. When

A2780 cells were pretreated with BT followed by paclitaxel, drugs were mostly antagonistic

except at high BT and paclitaxel concentrations, where synergism was observed. However, this

synergism was non-significant as most of the cells were dead at such high concentrations of

BT and paclitaxel, even when added individually. In contrast, pretreatment with paclitaxel fol-

lowed by BT resulted in synergism only at concentrations ranging from 1.56 μM to 25 μM for

BT and 0.98 to 7.81 nM for paclitaxel. On the other hand, simultaneous addition of BT and

paclitaxel was synergistic at most of the drugs ratios (Fig 2A). After 48 hours of treatment, the
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Fig 1. Cytotoxic potential of BT-paclitaxel combination on the cancer cell lines OVCAR-3 and SKOV-3. Combination index (CI) values were calculated

based on the cytotoxicity data and presented as heat maps where a drug combination is synergistic (green color) if CI < 0.9; additive (yellow color) if CI is
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BT IC50 value was 26 ± 4 μM while the IC50 value for paclitaxel alone was 7.2 ± 2 nM, which

decreased to 5.9 ± 1, 4.6 ± 1, 3.5 ± 0.4, 5.5 ± 1 and 5.8 ± 0.8 nM upon combination with 1.56,

3.25, 6.25, 12.5 and 25 μM of BT, respectively (Fig 2B).

In A2780-CDDP (cisplatin-resistant) cells, additive effects were observed at specific drug

ratios when cells were pretreated with BT followed by paclitaxel. Pretreatment with paclitaxel

followed by BT resulted in synergism only at concentrations ranging from 1.56 to 25 μM for

BT and 0.98 to 7.81 nM for paclitaxel (similarly to the cisplatin-sensitive variant of this iso-

genic pair). In contrast, simultaneous addition of BT and paclitaxel was synergistic at all drugs

ratios (Fig 2C). After 48 hours of treatment, the IC50 value for BT was 25 ± 2 μM while the IC50

value for paclitaxel alone was 6 ± 1nM which decreased to 4.7 ± 1, 3.47 ± 0.5, 2.87 ± 0.3,

3.27 ± 1 and 3.46 ± 0.7 nM upon combination with 1.56, 3.25, 6.25 12.5 and 25 μM of BT,

respectively (Fig 2D).

IGROV-1 (cisplatin-sensitive) and IGROV-1-CDDP (cisplatin-resistant) isogenic

pair. Pretreatment of IGROV-1 cells with BT followed by paclitaxel addition, resulted in

antagonism at almost all concentrations of both drugs. In contrast, pretreatment with pacli-

taxel followed by BT resulted in synergism at BT concentrations between 6.25 and 50 μM and

paclitaxel concentrations between 0.98 and 7.81 nM. Simultaneous addition of both drugs

resulted in synergism at most BT and paclitaxel concentrations (Fig 3A). After 48 hours of

treatment, the IC50 value for BT was 87 ± 11 μM, whereas the IC50 value for paclitaxel alone

was 13.2 ± 1 nM, which decreased to 4.7 ± 0.7, 3.7 ± 0.5, 2.5 ± 0.3, 3.5 ± 0.2 and 5.9 ± 0.7 nM

upon combination with 1.56, 3.25, 6.25, 25, 50 μM BT, respectively (Fig 3B).

Similarly to IGROV-1, when IGROV-1-CDDP cells were pretreated with BT followed by

paclitaxel, antagonism was observed at all concentrations of BT and paclitaxel. However, pre-

treatment with paclitaxel followed by BT resulted in synergism at the concentration ranges of

1.56 μM—50 μM for BT and 0.98 nM—7.81 nM for paclitaxel. Antagonism was observed at

high concentrations of BT and paclitaxel. Similarly, simultaneous addition of BT and cisplatin

was synergistic at most concentrations of both drugs (Fig 3C). After 48 hours of treatment, the

IC50 value for BT was 94 ± 16 μM whereas the IC50 value for paclitaxel alone was 9.8 ± 1.2 nM,

which decreased to 4.32 ± 0.2, 4.26 ± 0.4, 3.47 ± 0.3, 4.87 ± 0.8 and 5.79 ± 1 nM upon combina-

tion with 1.56, 3.25, 6.25, 25, 50 μM of BT, respectively (Fig 3D).

Overall, our results with these ovarian cancer cell lines show that the nature of BT-paclitaxel

interaction is highly dependent on the sequence of addition and on the concentrations of both

drugs. BT was synergistic to paclitaxel only when added simultaneously or when cells were

pretreated with paclitaxel followed by BT. BT pretreatment desensitized the cells to paclitaxel

treatment. The response to BT and paclitaxel combination was similar in all cell lines, regard-

less of their sensitivity to cisplatin.

BT enhances apoptosis when used in combination with paclitaxel. To understand the

mechanism(s) underlying BT-paclitaxel synergism or antagonism, we evaluated the effect of

BT on paclitaxel-induced apoptosis in cisplatin-sensitive and cisplatin-resistant isogenic pairs

of cell lines such as A2780/A2780-CDDP and IGROV-1/IGROV-1-CDDP. Qualitative assess-

ment of apoptosis was performed by nuclear (Hoechst) staining. Quantitative assessment of

DNA fragmentation indicative of apoptosis was performed by TUNEL assay. As shown in Fig

4A and 4B, vehicle-treated (control) cells stained very faintly while drug-treated cells showed a

stronger blue fluorescence. Stronger florescence implicates apoptosis due to highly condensed

between 0.9 and 1.0; and antagonistic (red color) if CI > 1.0. Combination index values for OVCAR-3 and SKOV-3 are shown in (A) and (C), respectively.

Dose response curves for OVCAR-3 (B) and SKOV-3 (D) when treated with paclitaxel alone or BT-paclitaxel combination (simultaneous addition). All

experiments were performed in triplicate.

https://doi.org/10.1371/journal.pone.0185111.g001
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Fig 2. Cytotoxic potential of BT-paclitaxel combination on the isogenic pair of ovarian cancer cell lines A2780 (cisplatin-sensitive) and A2780-CDDP

(cisplatin-resistant). Combination index (CI) values were calculated based on the percentage viability of cells treated with combinations of BT and paclitaxel.

The nature of BT-paclitaxel interactions is represented in heat maps where synergism is shown in green (if CI < 0.9); additive effects are shown in yellow color
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chromatin. All cell lines treated with BT-paclitaxel (added simultaneously) exhibited higher

fluorescence than those treated with either drug alone. In contrast, cells pretreated with BT fol-

lowed by paclitaxel exhibited lower fluorescence than the same cell lines treated with a single

drug. Both isogenic pairs of cell lines showed similar trends. We confirmed these results by

performing a TUNEL assay which also quantitates the extent of DNA fragmentation. The frag-

mentation observed in vehicle treated cells (control) is considered as zero percent against

which treated cells were comparted. Consistent with the morphological assessment, the extent

of apoptosis assayed by TUNEL (expressed as percentage of DNA fragmentation) was signifi-

cantly higher when cells were simultaneously exposed to BT-paclitaxel versus treatment with

either drug alone. Conversely, pretreatment with BT followed by paclitaxel reduced the per-

cent of DNA fragmentation. This trend was observed in both isogenic cell pairs, regardless of

their sensitivity to cisplatin (Fig 4C and 4D).

Effect of BT- paclitaxel combination on apoptotic markers. In order to complement the

DNA fragmentation results, we also assessed other important apoptotic markers. A significant

increase in caspases activity was observed when isogenic cell line pairs were treated with simul-

taneous addition of BT and paclitaxel, as compared to when treated with either of the drugs

alone (Fig 5A and 5B). In contrast, pretreatment with BT followed by paclitaxel reduced cas-

pase 3/7 activity as compared to treatment with either of the drugs alone (Fig 5A and 5B).

Although BT or paclitaxel alone increased the expression of PARP protein cleavage product

(85 kDa, 1 fragment) in both isogenic cell pairs, simultaneous treatment with both agents

caused a further increase (Fig 5C and 5D) in cPARP expression. In contrast, pretreatment with

BT followed by paclitaxel reduced PARP protein cleavage compared to treatment with either

of BT or paclitaxel alone.

To further confirm the contribution of apoptotic modulators in the BT enhancement of

sensitivity to paclitaxel, we also assessed the expression of XIAP, bcl-2 and bcl-xL. As shown in

Fig 5C and 5D, down regulation of XIAP, Bcl-2, bcl-xL was observed in both isogenic cell line

pairs when treated with either drug alone. Treating cells with the BT-paclitaxel combination

(simultaneous addition of drugs) further reduced expression of the aforementioned proteins

compared to either agent alone. However, pretreating cells with BT followed by paclitaxel

reduced paclitaxel-induced apoptotic effects as the expressions of XIAP, bcl-2 and bcl-xL

increased compared to either agent alone.

Effect of BT-paclitaxel combination on key regulators of cell cycle. To understand the

role of cell cycle regulators on the nature of the interactions (antagonism vs. synergism)

between BT and paclitaxel, we assessed the expression of p27 (kip1) and p21. Our results show

that BT and paclitaxel both enhanced expression of p27 (kip1) and p21 when used alone; how-

ever the extent of increase varied between the cell line pairs (Fig 5C and 5D). In the A2780/

A2780-CDDP pair, an approximately 2–2.8 fold increase was observed while in the IGROV/

IGROV1-CDDP pair the increase was slightly less (approximately 1.2–1.4 fold). In compari-

son, BT-paclitaxel combination further increased expression of p27 and p21 when these drugs

were added simultaneously or decreased p27 and p21 when cells were pretreated with BT fol-

lowed by paclitaxel. These results are consistent with our cytotoxicity data, where combination

treatment (simultaneous addition) potentiated paclitaxel-induced cytotoxicity.

BT potentiates paclitaxel-induced apoptosis by increasing ROS generation in isogenic

cancer cell line pairs. We assessed ROS levels in order to understand the contribution of

(if CI is between 0.9 and 1.0); and antagonism is shown in red (if CI > 1.0). Combination index values for A2780 and A2780-CDDP are shown in (A) and (C),

respectively. Dose response curves for A2780 (B) and A2780-CDDP (D), respectively when treated with paclitaxel alone or BT-paclitaxel combination

(simultaneous addition). All experiments were performed in triplicate.

https://doi.org/10.1371/journal.pone.0185111.g002
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Fig 3. Cytotoxic potential of BT-paclitaxel combination on the isogenic pair of ovarian cancer cell lines IGROV-1 (cisplatin-sensitive) and IGROV-

1-CDDP (cisplatin-resistant). Combination index (CI) values were calculated and represented as heat maps where a drug combination is synergistic (green
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ROS towards the synergistic/antagonistic interaction between paclitaxel and BT. Consistent

with our previous studies with BT [18], treatment with BT alone lead to an increase in ROS

generation evidenced by an increase in fluorescence units (Fig 6A and 6B). Similarly, paclitaxel

treatment also increased ROS generation. Compared to BT, paclitaxel caused greater genera-

tion of ROS in most of the cell lines (Fig 6A and 6B). Simultaneous treatment with paclitaxel

and BT generated more ROS relative to either drug alone in all cell lines whereas pretreatment

with BT followed by paclitaxel decreased ROS generation. To further confirm the role of ROS

generation, we tested cell viability in the presence or absence of the antioxidant ascorbic acid

(AA). As shown in Fig 6C and 6D, 1mM AA restored viability in cells treated simultaneously

with BT and paclitaxel, e.g., 36% and 39% viability in cisplatin-sensitive cell lines (A2780 and

IGROV-1) and 54% and 59% viability in cisplatin-resistant cell lines (A2780-CDDP and

IGROV-1-CDDP), respectively. Interestingly, greater restoration of cell viability was observed

in the cisplatin-resistant variants compared to cisplatin-sensitive cell lines. No significant res-

toration of viability by AA was observed when cells were pretreated with BT followed by pacli-

taxel. Treatment with 1 mM AA alone did not cause any loss in cell viability in any of the cell

lines.

Effect of BT-cisplatin combination on ATX. ATX inhibition was considered the major

mechanism of action for BT. To understand the contribution of ATX on the observed synergy

between BT and paclitaxel, we determined the ATX levels in cell lysates treated with either

drug alone or in combination (simultaneous addition). As shown in Fig 7A, treatment with

12.5 μM BT and 4 nM paclitaxel either by themselves or in combination did not affect ATX

levels in A2780 or A2780-CDDP cells. Fig 7B shows that 4 nM paclitaxel did not cause signifi-

cant changes in ATX levels in either IGROV-1 or IGROV1-CDDP cell lines (93 ± 3% and

90 ± 5%, respectively). In contrast, treatment with 50 μM BT caused a significant decrease in

ATX levels in both cell lines (65% and 66%, respectively). However, when BT and paclitaxel

were added in combination, ATX levels were not significantly different from those observed

with paclitaxel alone.

Discussion

Single-agent cancer therapy can rarely provide a satisfactory therapeutic effect in ovarian can-

cer patients due to drug resistance and dose-limiting side effects [21]. Combination chemo-

therapy has proven to be effective when each drug is administered at their maximum tolerated

dose (MTD) to achieve maximum therapeutic efficiency. However, clinical data suggest that

combination therapy is also unsuccessful because of drug resistance and side effects. One

major reason attributed to this failure is exposure of tumor cells to drugs at antagonistic ratios

or concentrations. Therefore, dosing at synergistic ratios is considered essential for successful

combination therapy. Because anticancer drug combinations can act synergistically or antago-

nistically against tumor cells in vitro depending on the concentrations of the individual drugs,

it is essential to determine optimal drug concentrations/ratios for every new drug combination

to obtain synergy and to prevent the exposure of cells to antagonistic ratios.

Paclitaxel and cisplatin derivatives (e.g., carboplatin) are common chemotherapeutic agents

used in the clinic for adjuvant treatment of ovarian cancer. The combination of these two

drugs has been used following primary debulking surgery for ovarian cancer [22]. However,

the major drawback of these combinations has been dose-limiting toxicities, therefore, it

color) if CI < 0.9; additive (yellow color) if CI is between 0.9 and 1.0; and antagonistic (red color) if CI > 1.0. (A) and (C) show CI values for IGROV-1 and

IGROV-1-CDDP, respectively. Dose response curves for IGROV-1 (B) and IGROV-1-CDDP (D) when treated with paclitaxel alone or BT/paclitaxel

combination (simultaneous addition). All experiments were performed in triplicate.

https://doi.org/10.1371/journal.pone.0185111.g003
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Fig 4. Apoptotic effects of BT-paclitaxel combination on isogenic pairs of ovarian cancer cell lines. (A and C) Representative images of Hoechst

33258 staining (for morphological, qualitative assessment of apoptosis) of A2780 and A2780-CDDP (A) or IGROV and IGROV-1-CDDP (C) cells treated with
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remains essential to discover novel compounds/chemosensitizers/modulators that enhance

the therapeutic efficacy of paclitaxel or cisplatin, thus allowing their use at lower doses thereby

reducing their toxic side effects. In previous studies, we showed that BT exerts cytotoxic effects

by inducing apoptosis both in vitro and in vivo [16–18]. Our previous in vitro studies suggested

that BT-induced cytotoxicity is due to increased ROS generation, NFkB inhibition and ATX

inhibition. Enhanced cytotoxicity observed in cisplatin-resistant cell lines [16] was attributed

to enhanced ROS generation in comparison to their cisplatin-sensitive isogenic partners.

Additionally, we showed that pharmaceutical grade BT was well tolerated in vivo at relatively

high concentrations without any toxic side effects although an anti-tumor effect was not

observed at the doses tested [17]. The ability to induce apoptosis and lack of toxicity make BT

a worthy candidate to be used in combination with cisplatin or paclitaxel in the treatment of

ovarian cancer. In clinical scenarios, paclitaxel has been shown to be an effective agent in

patients with relapsed platinum-refractory disease and is the most commonly used drug in

“platinum resistance” settings [23, 24]. Furthermore, it has been suggested that the majority of

cancer patients benefit from alternating therapy between cisplatin and paclitaxel [25]. After

reporting a comprehensive study testing BT-cisplatin combination using a panel of ovarian

cancer cell lines exhibiting varying sensitivities to cisplatin [18], we decided to further investi-

gate BT’s potential to be used in combination with paclitaxel as a second-line (and/or beyond)

therapy for treatment of recurrent ovarian cancer. In order to reflect “platinum-resistant” dis-

ease in ovarian cancer patients, we used the isogenic ovarian cancer cell lines pairs [A2780 (cis-

platin-sensitive) / A2780-CDDP (cisplatin-resistant) and IGROV-1 (cisplatin-sensitive) /

IGROV-1CDDP (cisplatin-resistant)] to understand the effectiveness of BT-paclitaxel combi-

nation and explore the mechanisms underlying the effects.

As reported by us and many others, drug combinations exhibit synergy at certain ratios and

antagonism at other ratios. In our previous study, we reported that BT and cisplatin can be

synergistic or antagonistic depending on the drugs concentrations/ratios. When used at opti-

mal concentrations, BT potentiated cisplatin cytotoxicity, especially in cisplatin-resistant cell

lines [18]. In this study, BT and paclitaxel combinations were evaluated systematically for con-

centration-dependent and sequence-dependent interactions in vitro using various treatment

approaches. We found highly synergistic interactions between BT-paclitaxel when added

simultaneously or when cells were pretreated with paclitaxel followed by BT. When added

simultaneously, a synergistic interaction was observed over wide ranges of concentrations of

BT and paclitaxel. However, when cells were pretreated with paclitaxel followed by BT, synergy

was observed only at specific concentrations of BT and paclitaxel. In contrast, an antagonistic

interaction was observed when cells were pretreated with BT followed by paclitaxel implying

that BT desensitizes cells to paclitaxel response. Interestingly, all cell lines showed a similar

response to the BT-paclitaxel combination, including both cisplatin-sensitive and cisplatin-

resistant cell lines.

The mechanism(s) of action of chemotherapy drugs that induce cancer cell death by target-

ing DNA typically involves induction of apoptotic signaling and generation of oxidative stress

[26, 27]. In the present study, we evaluated apoptosis, ROS generation, and expression of key

apoptotic and cell cycle modulators as possible mechanisms of action for BT-paclitaxel combi-

nation. In our previous in vitro study, ATX inhibition was considered as one of the mechanism

BT and/or paclitaxel as indicated. Percent of apoptosis in terms of DNA fragmentation (quantified via TUNEL assay) for A2780 and A2780-CDDP (B) or

IGROV and 1/IGROV-1-CDDP (D) cells treated with BT or paclitaxel alone or in combination. The fragmentation observed in vehicle treated cells (control) is

considered as zero percent against which treated cells were compared. Experiments were performed in duplicate. Data were expressed as means ± SD of

duplicate experiments. Comparisons between paclitaxel alone treated and combination treated for each cell line were performed using Student’s t-test.

Asterisks (*) indicate p < 0.05.

https://doi.org/10.1371/journal.pone.0185111.g004
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Fig 5. Assessment of apoptosis induced by BT-paclitaxel combination on ovarian cancer cell lines. The effect of BT-paclitaxel combination on

caspase 3/7 activity was measured in (A) A2780 and A2780-CDDP or (B) IGROV-1 and IGROV-1-CDDP. Vehicle-treated cells were considered as control

against which treated cells were compared. Data were expressed as means ± SD of triplicate experiments. Comparisons between paclitaxel alone-treated

and combination-treated for each cell line were performed using Student’s t-test. Asterisks (*) indicate p < 0.05. The effects of BT-paclitaxel combination on

pro-apoptotic (cPARP), anti-apoptotic (XIAP, bcl-2, bcl-xL) and cell cycle regulatory markers were assessed on A2780 and A2780-CDDP (C) or IGROV-1 and

IGROV-1-CDDP (D). Analysis of the expression of proteins in the lysates of treated and untreated (control) cells was carried out by SDS-PAGE and western

blot analysis. The blots were probed with the respective primary antibodies. As an internal standard for equal loading, blots were probed with an anti-β-actin

antibody. All blots were quantified using Odyssey software and data presented in the supporting information section, S2 Fig.

https://doi.org/10.1371/journal.pone.0185111.g005
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Fig 6. Assessment of intracellular ROS and antioxidant effect on ovarian cancer cells treated with BT-paclitaxel combination.

Flow cytometry detection of intracellular ROS in A2780 and A2780-CDDP (A) or IGROV-1 and IGROV-1-CDDP (B) cells treated with BT

or paclitaxel alone or in combination. Data were expressed as mean ± SD of triplicate experiments. Comparisons between paclitaxel alone

treated and combination treated for each cell line were performed using Student’s t-test. Asterisks (*) indicate p < 0.05. (C) and (D) show

the effect of the antioxidant ascorbic acid on the viability (via PrestoBlue) of A2780 and A2780-CDDP (C) or IGROV-1 and IGROV-

1-CDDP (D) cells treated with BT or paclitaxel alone or in combination. Control (untreated) cells were considered as 100% viable against

which treated cells were compared. Data were expressed as means ± SD of triplicate experiments. Comparisons between BT-paclitaxel-

treated in presence of AA vs. combination-treated in the absence of AA for each cell line were performed using Student’s t-test. Asterisks

(*) indicate p < 0.05.

https://doi.org/10.1371/journal.pone.0185111.g006
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(s) of BT cytotoxic action [16, 28, 29]. In order to understand the contribution of ATX inhibi-

tion in BT-paclitaxel combination mediated cytotoxicity, we assessed the autotaxin activity in

this in vitro study.

The majority of drug-induced apoptosis is attributed to disruption of mitochondrial poten-

tial resulting in release of cytochrome c into the cytosol and subsequent activation of caspases

−3 and −7 which are executors of final steps of apoptosis [30–32]. It is well known that the apo-

ptotic effect of paclitaxel is dependent on the concentration and exposure time. At concentra-

tions less than 9 nM, paclitaxel-induced apoptosis is reported to be under the control Raf-1

whereas at concentrations greater than 9 nM, apoptosis occurs under the influence of p53 and

p21 [33, 34]. Prolonged exposure to paclitaxel is known to cause irreversible mitotic arrest in

addition to apoptosis. Additionally, low doses of paclitaxel induce immunomodulatory effects

involving cytokines and pro-inflammatory proteins while higher doses cause cell death [35,

36]. Similarly, BT exhibited concertation dependent cytotoxicity with expression of pro-apo-

ptotic markers and inhibition of anti-apoptotic/pro-survival markers at lower concentrations.

When added simultaneously, the BT-paclitaxel combination displayed higher degrees of apo-

ptosis and apoptotic markers (activation of caspase3/7, cleavage of PARP) in both cisplatin-

resistant and cisplatin-sensitive cell line variants. However, when pretreated with paclitaxel fol-

lowed by BT, synergy was observed only at specific drug ratios of BT and paclitaxel. Synergistic

drug ratios of BT-paclitaxel combination may enhance the expression of pro-apoptotic signals

resulting in enhanced cytotoxicity whereas antagonistic drug ratios may activate anti-apoptotic

signals leading to drug resistance. These results indicate that combination chemotherapy is

mechanistically unbiased due to the interplay of multiple mechanisms underlying the observed

Fig 7. Effect of BT-paclitaxel combination on ATX secretion in ovarian cancer cell lines. A2780 and A2780-CDDP (A) or

IGROV-1 and IGROV-1-CDDP (B) cells were treated with drugs either alone or in combination and ATX was measured from culture

media (via a colorimetric assay). The percent of ATX inhibition in untreated cells was considered as reference against which treated

cells were compared. Data were expressed as means ± SD of triplicate experiments. Comparisons between paclitaxel alone-treated

and combination-treated for each cell line were performed using Student’s t-test. Asterisks (*) indicate p < 0.05.

https://doi.org/10.1371/journal.pone.0185111.g007
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effects. When cells were pretreated with BT followed by paclitaxel, a decrease in apoptosis and

apoptotic markers was observed.

Bad and Bax (apoptosis promoters) and bcl-2 (apoptosis suppressor) are bcl-2 family regu-

latory proteins involved in the programmed cell death [37]. It has been reported that fresh

ovarian tissue biopsies contain higher levels of Bcl-2 along with p53 [38]. Expression of bcl-2 is

important in protection from drug-induced apoptosis in ovarian cancer thereby contributing

to chemo-resistance [38, 39]. Inhibition of bcl-xL may increase sensitivity to drugs such as car-

boplatin [40]. Paclitaxel is known to induce apoptosis via the mitogen-activated protein kinase

(MAPK) pathway, resulting in dephosphorylation of pro-apoptotic proteins Bad and Bax and

phosphorylation of bcl-2 [41]. BT is known to reduce bcl-2 in ovarian cancer cell lines result-

ing in apoptosis [16]. In this study, simultaneous treatment with BT-paclitaxel decreases the

expressions of XIAP, bcl-2 and bcl-xL while pretreatment with BT followed by paclitaxel

results in significant increased expression. These results correlate with the cytotoxicity data

where simultaneous addition of BT-paclitaxel enhanced the cytotoxicity paclitaxel whereas

pretreatment with BT followed by paclitaxel decreased it. Increased expression of XIAP and

bcl-2 may be responsible for the lack of response when cells were pretreated with BT followed

by paclitaxel. Our results also indicate that synergistic interactions between BT and paclitaxel

may enhance apoptosis whereas antagonistic interactions lead to a reduction in apoptosis.

These observations imply that the BT-paclitaxel combination may be a useful approach to

treating ovarian cancer.

ROS generation is a key mechanism of apoptosis for a variety of common chemotherapeu-

tic drugs such as daunorubicin, cyclophosphamide, cisplatin, and paclitaxel [42–45]. Many

studies have shown that basal ROS levels in cancer cells are elevated relative to normal cells,

which makes cancer cells more susceptible to oxidative damage due to further ROS increase

upon treatment [46]. Paclitaxel had also been reported to induce ROS generation and increase

hydroperoxide production by enhancing the activity of nicotinamide adenine dinucleotide

phosphate (NADPH) oxidase, which contributes to oxidative stress and may play a role in pac-

litaxel’s anticancer properties [47, 48]. Generation of ROS has also been reported as one of the

major mechanisms of BT induced cytotoxic activity [16, 49, 50]. Consistent with these previ-

ous reports, our current study shows that treatment with either BT or paclitaxel generated

ROS. The combination of paclitaxel with BT further enhanced ROS generation but only when

drugs were added simultaneously. Attenuation of ROS production by antioxidant AA pro-

tected cells from BT-paclitaxel induced cell death suggesting that ROS production is the major

mechanism of cell death for the BT-paclitaxel combination. However, pretreatment with BT

followed by paclitaxel, reduced ROS generation relative to treatment with either drug alone,

suggesting possible desensitization to paclitaxel after continuous generation of ROS by BT pre-

treatment. Therefore enhanced elevation of cellular ROS level by simultaneous addition of

both drugs has been proposed as a mechanism for targeting cancer cells.

Paclitaxel prevents cell division by promoting the assembly of stable microtubules and

inhibiting their depolymerization, leading to cell arrest in G2/M-phase of the cell cycle [51]

and eventually apoptosis [52]. These events are under the regulation of p53 and p21 [53, 54].

Previously, we reported that BT increases the expression of proteins P27 (kip1) and p21 result-

ing in cell cycle arrest at the G1/S phase in ovarian cancer cell lines in vitro [16]. In view of

these results, we assessed the expression of key inhibitors of cell cycle P27 (kip1) and p21 in

order to understand the role of these cell cycle regulators in causing antagonism or synergy in

BT-paclitaxel treated cells. Our results suggest that when BT and paclitaxel are added simulta-

neously, BT enhances paclitaxel-induced cell cycle arrest by further increasing the expression

of P27 (kip1) and p21 in all ovarian cancer cell lines. However, pretreatment with BT followed

by paclitaxel, reduced expression of P27 (kip1) and p21 resulting in lower cytotoxicity of
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paclitaxel (antagonism). This suggests that cell cycle arrest at the G1/M phase by pretreatment

with BT may have suppressed the cytotoxic effects of paclitaxel in mitotic arrest and apoptosis.

Our results are consistent with the cytotoxicity data where BT-paclitaxel combination is highly

schedule dependent.

BT was previously shown to inhibit tumor growth in several preclinical cancer models by

targeting ATX [18, 28, 29]. ATX is known to increase the aggressiveness and invasiveness of

transformed cells, and directly correlates with tumor stage and grade in several human malig-

nancies, including ovarian cancer [55, 56]. In this study, we assessed ATX levels in order to

understand the contribution of BT mediated ATX inhibition to the cytotoxic potential of BT-

paclitaxel combination treatments. We did not find any significant difference when any of

the isogenic pairs were treated with BT-paclitaxel combination. These results suggest that

ATX inhibition does not play a critical role in the mechanism of action of the BT-paclitaxel

combination.

BT is well tolerated in humans. An early report showed that 50 mg/kg in three divided alter-

nate daily doses for 5 days will maintain serum levels of BT in the range of 140 to 550 μM in

rabbits, dogs and humans [15]. However, a more recent study reported that in a patient with

refractory C. neoformans meningitis, dosing with bithionol at 50 mg/kg/day for 3 days resulted

in trough plasma drug levels of only 36.3, 46.3, and 44.9 μg/ml on days 1, 2, and 3, respectively,

with a simultaneous drug level of 46.2 μg/ml in the plasma [57]. Although observed BT IC50

values and the proposed BT concentrations to be used in combination with paclitaxel are

below the reported clinical values, there is still a need to further improve the bioavailability by

various strategies. In a previous in vivo study we reported that pharma grade BT did not exhibit

significant anti-tumor potential at any of the doses when tested using a mouse xenograft

model of epithelial ovarian cancer [17]. Pharma grade BT was administered orally via gavage

(the contents of BT capsules were suspended in water). The observed lack of therapeutic effect

was attributed to poor water solubility and the disease stage at which we started the treatment.

Other limitations in obtaining effective BT concentrations in vivo include protein binding and

poor cellular diffusion [29]. Therefore, further optimization (including different formulations,

vehicles, routes of delivery and wide dose ranges) is necessary to enhance the solubility and

absorption of BT in order to administer effective doses either alone or in combination with

other drugs. Increasing the bioavailability by eliminating chromatin-damaging phenolic

groups may enhance the effectiveness of the agent [58].

Evaluation of drug interactions in vitro is a prerequisite for testing new drug combinations

in vivo. As reported by many, drug ratios identified as antagonistic in vitro provide inferior

therapeutic activity in vivo compared with a synergistic drug ratio. Additionally, combination

therapy may yield significant clinical benefits only when effective drug concentrations can be

attained in the body while maintaining the synergistic ratios. Translation of in vitro informa-

tion on drug ratio-dependent synergy to in vivo can be done using various drug delivery tech-

nologies. Combination drug delivery systems such as polymeric nanoparticles, dendrimers,

liposomes, and water-soluble polymer-drug conjugates can be used to obtain synergistic anti-

cancer effects while reducing concentration-related toxicity of the individual drugs [59, 60].

In the present study, we evaluated the nature of BT-paclitaxel interactions in vitro. Our

results show that in most ovarian cancer cell lines tested, paclitaxel and BT displayed syn-

ergy when combined at lower doses. The use of lower doses of paclitaxel would potentially

diminish its toxic side effects without compromising efficacy. Although the anti-tumor

potential of pharmaceutical grade BT was not observed in our in vivo study [17], the ability

of BT to induce apoptosis, its lack of toxicity at any of the doses tested in vivo and the ability

to interact synergistically with Paclitaxel and Cisplatin are important properties that merit

further investigation.
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Conclusions

Our results show that BT enhances sensitivity of ovarian cancer cell lines to paclitaxel treat-

ment at most drug ratios. Increased ROS generation and modulation of key regulators of apo-

ptosis and the cell cycle may have contributed to this enhanced sensitivity. The nature of BT-

paclitaxel interaction is highly dependent on the sequence of addition of drugs. Simultaneous

addition or pretreatment with paclitaxel followed by BT results in synergistic interactions. Our

results suggest that novel combinations such as BT and paclitaxel may provide a promising

therapeutic strategy to enhance the chemosensitivity of ovarian cancer while minimizing side

effects. In vivo experiments may aid in determining the role of BT (and BT combinations) in

the treatment of patients with ovarian cancer.
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