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ABSTRACT 

Drug resistance, generally categorized as intrinsic or acquired, often limits the efficacy as 

well as outcome of chemotherapy.  The increasing efflux of the anti-cancer drug through an 

ATP-binding cassette (ABC) transporters are one of the most plausible mechanisms that 

mediate resistance to the chemotherapy drugs.  In addition to drug efflux, the 

phosphoinositide 3-kinase (PI3K)/phosphoinositide-dependent kinase-1 (PDK1)/Akt 

pathway also mediates resistance against chemotherapy drugs and radiation therapy in a 

variety of cancer types.  Isothiocyanates (ITCs), derived from cruciferous vegetables, are 

potential compounds to inhibit the development and proliferation of cancer cells.  Benzyl 

isothiocyanate (BITC), one of the ITCs, exerts the antiproliferative effects by inducing cell 

cycle arrest and apoptosis through the related signaling pathways in various human cancer 

cells.  However, BITC has been reported to activate the PI3K/Akt/FoxO pathway in human 

colorectal cancer cells.  Therefore, it is imperative to find a strategy to ameliorate the anti-

cancer effects of BITC without enhancing side effects.  In this study, I have tried to identify 

an agent which can potentiate the antiproliferative effects of BITC and to determine its 

molecular mechanism. 

As cholesterol, one of the major lipid components in the plasma membrane, critically 

contributes to the maintenance of membrane permeability, membrane trafficking as well as 

the lipid and protein sorting.  In the Chapter 1, therefore, I examined the modulating effects 

of methyl-β-cyclodextrin (MβCD), one of the most effective agents for removal of plasma 

membrane cholesterol, on the antiproliferation induced by BITC.  Actually, MβCD dose-

dependently increased the cholesterol level in the medium, possibly through its removal from 

the plasma membrane of human colorectal cancer cells.  The pretreatment with a non-toxic 

concentration of MβCD significantly enhanced the BITC-induced cytotoxicity and apoptosis 

induction, which was counteracted by the cholesterol supplementation.  Although BITC 

enhanced the phosphorylation of Akt, MβCD dose-dependently inhibited the 

phosphorylation level of Akt.  On the contrary, MβCD significantly enhanced the 
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phosphorylation of mitogen activated protein kinases (MAPKs), but did not enhance their 

phosphorylation induced by BITC.  Taken together, these results suggested that MβCD 

potentiates the BITC-induced antiproliferation, possibly through cholesterol depletion and 

thus inhibition of the PI3K/Akt-dependent survival pathway. 

In the Chapter 2,  I investigated the role of the multidrug resistance protein 1 (MRP1), one 

of the ABC transporters located in the plasma membrane, which is known to pump a broad 

variety of drug metabolites with glutathione and glucuronide.  The treatment of an MRP1 

inhibitor (MK571) significantly enhanced the BITC cellular accumulation.  In addition, 

MK571 synergistically potentiated BITC-induced antiproliferation and apoptosis induction 

in human colorectal cancer cells.  MK571 also enhanced the BITC-induced phosphorylation 

of MAPKs, including the p38 MAPK, c-Jun N-terminal kinase (JNK), both of which are 

involved in the apoptosis-inducing signaling pathways.  Furthermore, MK571 enhanced the 

BITC-induced activation of caspase-3.  Taken together, these results suggested that MRP1 

plays a negative role in the BITC-induced antiproliferation in human colorectal cancer HCT-

116 cells. 

My findings study provides two prospective strategies to overcome the drug resistance 

against BITC in human colorectal cancer cells; 1) the combinatory treatment of MβCD with 

BITC induces cholesterol depletion and thus inhibition of the PI3K/Akt-dependent survival 

pathway, 2). Inhibition of MRP1 significantly enhances the BITC accumulation and then 

potentate the apoptosis-inducing pathways. 



1 

 

CHAPTER 1 

General Introduction 

1.1 Cholesterol 

Cholesterol is one of the major lipid components in the cell plasma membrane and essential 

for human health (Simons K and Ehehalt R, 2002) and is mainly ingested from food 

consumption or produced in the liver.  The plasma membrane cholesterol critically 

contributes to the maintenance of membrane fluidity and permeability and is of importance 

for membrane trafficking as well as the lipid and protein sorting (Lundbaek JA et al., 2003; 

Miersch S et al., 2008).  Membrane microdomains, such as caveolin and lipid rafts, 

containing a higher concentration of cholesterol, play regulating roles in transduction of the 

cell signalings mediated by transmembrane receptor in many types of cells (Simons K and 

Ehehalt R, 2000; Li YC et al., 2006).  On the other hand, the excessive accumulation of 

cholesterol in mammalian cells increases the risk of various human diseases, such as coronary 

heart disease (Genest J et al., 2009), Alzheimer's disease (de Chaves EP et al., 2008) and 

several types of cancer (Warner M, Gustafsson et al., 2014). 

1.2 Colorectal cancer 

Colorcatal cancer (CRC), also known as bowel cancer or colon cancer, has been recognised 

as the second most common cancer worldwide by the World Health Organization and CDC. 

Due to its mortality rate, CRC persists as one of the most deadly and prevalent malignancy 

in both women and men around the world (Hammond et al., 2014), even though patients are 

typically given a combination of cytotoxic chemotherapy with a target therapy. The primary 

reason for cancer failure is commonly considered to be an acquired resistance that contributes 

to nearly 90% of the patients with such occuring anti-drug resistance during the 

chemotherapeutic treatment (Longley and Johnston, 2005). 
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1.3 Cyclodextrins (CDs) 

Cyclodextrins (CDs), comprising a family of cyclic oligosaccharides with exterior 

hydrophilic and interior hydrophobic cavities, are industrially used in pharmaceutical and 

allied applications to promote drug solubility, bioavailability and stability (Davis ME et al., 

2004).  CDs also act as potential sensitizers of chemotherapy, possibly through the increased 

permeability of mucosa epithelial cells (Morrison PW et al., 2013) and influence of cell 

signaling by lipid raft modification (Reis-Sobreiro M et al., 2013).  Methyl-β-cyclodextrin 

(MβCD), a CD derivative, is one of the most effective agents for removal of plasma 

membrane cholesterol due to its high affinity for cholesterol (Zidovetzki R et al., 2007). 

1.4 Benzyl Isothiocyanate (BITC) 

Many reports support that certain food phytochemicals protect against cancer. An important 

group of chemicals that possess this property are organosulfur compound, such as 

isothiocyanates (ITCs) (Fahey et al., 2001). Isothiocyanates, naturally occurring in 

abundance in cruciferous vegetables such as broccoli, watercress, Brussels sprouts, cabbage, 

Japanese radish, and cauliflower, may plays a significant role in affording the cancer 

chemopreventive properties of these vegetables (Nakamura et. Al., 2007).  Based on these 

anti-cancer properties of ITCs, through different mechanism including induction of phase 2 

detoxifying enzyme, induction of apoptosis, inhibition of cell cycle progress and induction 

of anti-inflammatory activity (Miyoshi et al., 2004; Nakamura et al., 2002), ITCs exhibit a 

promising cancer chemotherapeutic effects on a variety of cancer cell types.  Benzyl 

isothiocyanate (BITC), an isothiocyanate compound which is a hydrolysis product of the 

glucosinolate glucotropaeolin (Bennett et al., 1997) derived from cruciferous vegetables, has 

been shown to have anti-carcinogenic properties.  BITC is also potent in suppressing 

proliferation by causing DNA damage, G2/M cell arrest and apoptosis in many cancer cell 

lines, including pancreatic cancer (Sahu et al., 2009) and prostate cancer (Lin et al., 2013). 
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Fig. 1.1 Schematic model of BITC function on cancer cells 

1.5 Drug resistance 

Malignant tumor can harbor intrinsic resisitance and aquired resistance and both of them are 

essential in determining initial and subsequent lines or treatment. Between these two types 

of resistance, tumors might intrinsically initialize drug resistance or develop acquired 

resistance to chemotherapy during treatments (Longley and Johnston, 2005).  Acquied 

resitance is a serious problems to patients, because tumors not only gain the function of 

reistant to original treatment, but also can obtain cross-resistant to the other chemotherapy in 

different mechanisms.  These negative effects are thought to contribute to a fact that the drug- 

treatment failure remains still stubbonly high eventhough multiple kinds of mechanism of 

chemotherapy were used during the treatments. 

During chemotherapeutic process, the cytotoxic therapies and the targeted pathways may 

result in acquired resistance in different mechanisms, but acquired resisitance to drug often 

confers resistance to the other drugs that even acts in a different targeting mechanism, which 

defined as multidrug resistance to targeted therapies, including upregulation, mutation or 

activation of downstream signaling molecules within specific pathways (Tejpar et al., 2012). 

The shortage of understanding the mechanisms of acquired drug resistance to targeted 

therapies still remains to issues that obstructively develop future therapies. 

 



4 

 

1.5.1 Celluar survival pathway 

Phosphatidylinositide 3-kinase (PI3K), a heterodimer composed of a p110 catalytic subunit 

and a p85 regulatory subunit, catalyzes the phosphorylation of a plasma membrane lipid 

phosphatidylinositol-4,5-bisphosphate into phosphatidylinositol-3,4,5- trisphosphates (Luo 

et al., 2005).  The phosphatidylinositol-4,5-bisphosphate phosphorylation by PI3K leads to 

the translocation and phosphorylation of Akt, a critical downstream target of PI3K which 

activates a variety of downstream targets including the forkhead box O (FoxO) 1 (King et al., 

2015), mammalian target of rapamycin (mTOR), and the ribosomal protein S6.  Full 

activation of Akt is achieved after phosphorylation at the active site residues of Thr308 and 

Ser473 by phosphoinositide-dependent kinase-1 (PDK1) and mTORC2, respectively.  Akt 

plays an important role in signal transduction of cell survival, cell growth and cell 

proliferation, possibly through modulating the function of numerous substrates, including 

mTORC1, nuclear factor κ B, and FoxO. 

1.5.2 Drug efflux 

Active efflux is a mechanism responsible for moving compounds, like neurotransmitters, 

toxic substances, and antibiotics, out of cells and a process considered to be a vital part of 

xenobiotic metabolism.  This mechanism is important in medicine as it can contribute to 

bacterial antibiotic resistance (Sun, J et al., 2014). 

Efflux systems perform via an energy-dependent mechanism (active transport) to pump out 

unwanted endogenous toxic and exogenous substances through specific efflux pumps.  Some 

efflux systems are drug-specific, whereas others may accommodate multiple drugs with 

small multidrug resistance (SMR) transporters.  

Multidrug resistance (MDR) pumps play a critical role in the detoxification pathway and cell 

survival under the oxidative stress caused by chemotherapeutic drugs in cancer cells.  Among 

the MDR pumps, the multidrug resistance protein (MRP1) pump is known to pump a broad 

variety of organic anions out of cells.  Multidrug resistance protein 1 (MRP1) is an ATP-
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binding cassette (ABC) exporter that protects tissues from toxic molecules (Leslie et al., 

2005).  It also secretes a variety of mediators that regulate redox homeostasis, inflammation, 

and hormone secretion (Deeley and Cole, 2006).  There are various physiological substrates 

transported by MRP1, such as folic acid, bilirubin, vitamin B12, (Cole, 2014; Deeley et al., 

2006), glutathione-S-conjugates (GS-conjugates), oxidized glutathione (GSSH), and reduced 

glutathione (GSH) as well as the other unmodified drugs in the presence of physiological 

concentration of GSH.  MRP pumps are known to be highly expressed in colon, breast and 

ovarian cancer cells.  Furthermore, MRP1 extrudes many chemotherapeutic agents, thereby 

reducing drug accumulation in tumor cells.  Overexpression of MRP1 has been shown to 

confer drug resistance in leukemia, lung cancer, breast cancer, prostate cancer, and 

neuroblastoma (Berger et al., 2005; Filipits et al., 2005; Haber et al., 2006; Lu et al., 2015; 

Winter et al., 2013; Zalcberg et al., 2000).  

 

Fig. 1.2 Schematic model of drug-induced cell resistance 

1.6 MAPKs involved pathways 

Mitogen-activated protein kinases (MAPKs) are a highly conserved family of 

serine/threonine protein kinases involved in a variety of fundamental cellular processes such 

as differentiation, motility, proliferation, stress response, apoptosis, and survival.  

Conventional MAPKs include the extracellular signal-regulated kinase 1 and 2 (Erk1/2 or 

p44/42), the c-Jun N-terminal kinases 1-3 (JNK1-3)/ stress activated protein kinases 
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(SAPK1A, 1B, 1C), the p38 isoforms (p38α, β, γ, and δ), and Erk5. (Pearson G et al., 2001; 

Arthur J et al., 2013; Cargnello M et al., 2011). 

A broad range of extracellular stimuli including mitogens, cytokines, growth factors, and 

environmental stressors induce the activation of one or more MAPKK kinases (MAPKKKs) 

via receptor-dependent and -independent mechanisms.  MAPKKKs then phosphorylate and 

activate a downstream MAPK kinase (MAPKK), which in turn phosphorylates and activates 

MAPKs.  Activation of MAPKs leads to the phosphorylation and activation of specific 

MAPK-activated protein kinases (MAPKAPKs), such as members of the RSK, MSK, or 

MNK family, and MK2/3/5.  These MAPKAPKs amplify the signal and modulate the broad 

range of biological processes regulated by the different MAPKs.  While most MAPKKK, 

MAPKK, and MAPKs display a strong preference for one set of substrates, there is 

significant cross-talk in a stimulus and cell-type dependent manner (Plotnikov A et al., 2011; 

Darling N et al., 2014). 

1.7 study outlines 

In the present study, I investigated the modulating effects of methyl-β-cyclodextrin (MβCD) 

on cell viability in human colorectal cancer cells induced by BITC.  And I investigated the 

role of the multidrug resistance protein 1 (MRP1), one of the ABC transporters located in the 

plasma membrane, which is known to pump a broad variety of drug metabolites with 

glutathione and glucuronide.   

The present study provides two prospective strategies to overcome the drug resistance against 

BITC in human colorectal cancer cells; 1) the combinatory treatment of MβCD with BITC 

induces cholesterol depletion and thus inhibition of the PI3K/Akt-dependent survival 

pathway, 2). Inhibition of MRP1 significantly enhances the BITC accumulation and then 

potentate the apoptosis-inducing pathways. 
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CHAPTER 2 

Methyl-β-cyclodextrin potentiates the BITC-induced anti-cancer effect 

through modulation of the Akt phosphorylation in human colorectal 

cancer cells 

2.1 Introduction 

Cholesterol is one of the major lipid components in the plasma membrane and essential for 

human health (Simons K et al,, 2002).  The plasma membrane cholesterol critically 

contributes to the maintenance of membrane fluidity and permeability and is of importance 

for membrane trafficking as well as the lipid and protein sorting (Lundbaek JA et al., 2003; 

Miersch S et al., 2008).  Membrane microdomains, such as lipid rafts, containing a higher 

concentration of cholesterol, play regulating roles in transduction of the transmembrane 

receptor-mediated cell signaling (Li YC et al., 2006).  On the other hand, the excessive 

accumulation of cholesterol in mammalian cells increases the risk of various diseases, such 

as coronary heart disease (Genest J et al., 2009), Alzheimer's disease (de Chaves EP et al., 

2008) and several types of cancer (Warner M et al., 2014). 

Cyclodextrins (CDs), comprising a family of cyclic oligosaccharides with exterior 

hydrophilic and interior hydrophobic cavities, are industrially used in pharmaceutical and 

allied applications to promote drug solubility, bioavailability and stability (Davis ME et al., 

2004).  CDs also act as potential sensitizers of chemotherapy, possibly through the increased 

permeability of mucosa epithelial cells (Morrison PW et al., 2013) and influence of cell 

signaling by lipid raft modification (Reis-Sobreiro M et al., 2013).  Methyl-β-cyclodextrin 

(MβCD), a CD derivative, is one of the most effective agents for removal of plasma 

membrane cholesterol due to its high affinity for cholesterol (Zidovetzki R et al., 2013). 

Isothiocyanates (ITCs), derived from cruciferous vegetables, are potential compounds that 

inhibit the development and proliferation of cancer cells in vitro and in vivo (Nakamura T et 

al., 2018).  Benzyl isothiocyanate (BITC), one of the ITCs, exerts the antiproliferative effects 
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by inducing cell cycle arrest and apoptosis through related signaling pathways in various 

human cancer cells (Nakamura T et al., 2018; Abe N et al., 2014).  The phosphoinositide 3-

kinase (PI3K)/phosphoinositide-dependent kinase-1 (PDK1)/Akt pathway mediates 

resistance against chemotherapy drugs and radiation therapy in a variety of cancer types (Jian 

J et al., 2015; Liu X et al., 2017).  Because BITC further activates the proliferative 

PI3K/Akt/FoxO pathway as well as the apoptosis-inducing pathway, the antiproliferative 

potential of BITC is not fully exerted in human colorectal cancer cells (Liu X et al., 2017).  

Hence, it is important to enhance the anti-cancer effects of BITC without inducing side 

effects such as activation of the survival pathway.   

The drug resistance could be overcome by a treatment with a low dose of drugs in 

combination with other compounds, which show enhancement of the cytotoxic effects or 

suppression of side effects.  Thus, this study was initially designed to identify a component 

that can be effectively used in combination with BITC and to determine its molecular 

mechanism.  We demonstrated that MβCD, successfully depleting cholesterol from the 

plasma membrane, significantly enhanced the BITC-induced antiproliferation and apoptosis 

induction in human colorectal cancer cells.  These synergistic effects were cancelled by the 

supplementation of cholesterol.  MβCD actually inhibited the BITC-induced Akt 

phosphorylation.  These results provide evidence that the combination of BITC with MβCD 

might be a promising therapeutic strategy to overcome resistance against the PI3K/PDK/Akt 

activating anti-cancer agent. 
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2.2 Materials and methods 

2.2.1 Materials 

BITC was purchased from LKT Laboratories, Inc. (St. Paul, MN, USA).  Antibodies against 

phospho-PI3K (Y458), phospho-Akt (S473), phospho-Akt (T308), PDK1, phospho-p38 

mitogen activated protein kinase (MAPK, Thr180/Tyr182), phospho-p44/p42 MAPK 

(extracellular signal-regulated kinase1/2; ERK1/2, Thr202/Tyr204), phospho-SAPK/c-Jun 

N-terminal kinase (JNK, Thr183/Tyr185), ERK, p38, JNK, and Akt were purchased from 

Cell Signaling Technology, Inc. (Beverly, MA, USA).  Antibodies against PI3K, actin and 

horseradish peroxidase-linked anti-rabbit and anti-mouse IgGs were purchased from Santa 

Cruz Biotechnology (Santa Cruz, CA, USA).  Annexin-V-FLUOS stain kit was purchased 

from Roche. (Mannheim, Germany).  Propidium iodide (PI) and protease inhibitor cocktail 

were purchased from Sigma-Aldrich (St. Louis, MO, USA).  Fatal bovine serum (FBS) was 

purchased from Nichirei Corporation (Tokyo, Japan).  Bio-Rad Protein Assay was purchased 

from Bio-Rad Laboratories (Hercules, CA, USA).  Chemi-Lumi One Super was purchased 

from Nakalai Tesque Inc. (Kyoto, Japan).  Cholesterol and Cholesterol-Water Soluble were 

purchased from Sigma-Aldrich (St. Louis, MO, USA).  The thick silica gel 60 plate for thin-

layer chromatography were purchased from MERK (Darmstadt, Germany). All other 

chemicals including MβCD were purchased from FUJIFILM Wako Pure Chemical 

Corporation (Osaka, Japan).   

2.2.2 Cell culture and treatments 

HCT-116 cells were obtained from the American Type Culture Collection (Manassas, VA, 

USA).  HCT-116 cells were maintained in DMEM (Dulbecco's modified Eagle's medium, 

high glucose).  The culture medium was supplemented with 10% heat-inactivated FBS and 

1% penicillin/streptomycin.  Cells were grown at 37oC in an atmosphere of 95% O2 and 5% 

CO2. 
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2.2.3 Cholesterol amount determination 

Cells were treated by MβCD (0, 1, 2.5, and 5 mM) in DMEM medium (without FBS) for 1 

h, then the medium was collected and centrifuged at 3,000 rpm for 5 min.  The supernatant 

(3ml) was mixed with 1 ml of chloroform/methanol (2:1) and centrifuged at 8,000 rpm for 5 

min.  The upper aqueous phase liquid was aspirated and 1 ml chloroform/methanol/water 

(2:1:3) was added to the lower organic phase, then centrifuged at 8,000 rpm for 5 min.  The 

lower phase was collected and analyzed by thin-layer chromatography (TLC).  Five 

microliters of the samples were separated by one-dimensional TLC using the sequential 

solvent system: ethanol/chloroform/trimethylamine/water 8:7:7:2 up to 5 cm, then 

hexane/ethyl acetate 5:1 up to 10 cm.  The dried plates were sprayed with chromogenic agent 

(20% H2SO4 in methanol) and heated at 180°C for 30 min.  The plates were then scanned by 

CanoScan LiDE 120 and analyzed using the Image J Software Program (National Institutes 

of Health, Bethesda, MD, USA). 

2.2.4 Measurement of intracellular BITC accumulation 

The BITC level in the lysates was determined by the cyclocondensation assay with 1,2-

benzenedithiol as previously reported (Zhang Y et al., 1996).  HCT-116 cells were suspended 

at a density of 5 × 106 cells on a 60-mm plate.  After overnight preculture, the cells were 

treated with MβCD (2.5 mM) in DMEM (without FBS) for 1 h, then incubated with or 

without BITC (50 μM) in DMEM (without FBS) for 0.5, 1 and 3 h.  After harvesting, the 

cells were homogenized in 200 μL of 100 mM potassium phosphate buffer (pH 8.5) with 

sonication.  The lysates were centrifuged, and the protein concentration in the supernatant 

was determined by the Bio-Rad protein assay.  Equal quantities of the protein samples (50 

μg/200 μL in potassium phosphate buffer) were subjected to the assay.  The samples were 

incubated at 65oC for 2 h with 200 μL of 20 mM 1,2-benzenedithiol dissolved in methanol.  

After centrifugation, the absorbance of the samples was measured at 365 nm.  Quantification 

of BITC was carried out by comparing the absorbance from the experimental samples to its 

standard curve. 
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2.2.5 MTT assay. 

HCT-116 cells were suspended at a density of 4 × 104 cells per well in a 96-well plate.  After 

overnight preculture, the cells were treated with MβCD (0, 1, 2.5, and 5 mM) in DMEM 

(without FBS) for 1 h, then incubated with or without BITC in DMEM with 1% FBS for 48 

h.  In the cholesterol supplementation experiment, the cells were treated with 2.5 mM MβCD, 

followed by 1 h cholesterol supplementation and treatment with BITC for 48 h.  The cell 

viability was determined by an MTT assay.  Ten microliters of the MTT solution (5 mg/mL) 

were added to each well, and the absorbance was measured by an microplate reader 

(Benchmarkplus, Bio-Rad laboratories, Hercules, CA, USA) at 570 nm according to the 

manufacturer's instructions after incubation at 37°C for 2 h in a humidified CO2 incubator. 

The obtained values were compared to each of the controls incubated with only vehicle. 

2.2.6 Apoptosis assay 

The collected cells were washed with ice-cold phosphate-buffered saline without calcium 

and magnesium (PBS (-)).  After centrifuge, cells were well suspended in Annexin-V-

FLUOS stain kit solution and incubated in the dark at room temperature for 15 min as 

described in the kit manufacture.  The stained HCT-116 cells were analyzed by a Tali™ 

image-based cytometer (Life Technologies, Carlsbad, CA, USA). 

2.2.7 Separation of membrane and cytosol fractions 

The total crude cell membranes were isolated as previously described (Henkhaus RS et al., 

2008).  Briefly, the cells were homogenized in 1 mL of buffer containing 10 mM Tris-HCl 

(pH 7.4), 1 mM EDTA, 200 mM sucrose and protease inhibitor mix (Roche Diagnostics, 

Mannheim, Germany).  The nuclei and cellular debris were removed by centrifugation at 900 

g for 10 min at 4°C.  The resulting supernatant was centrifuged at 110,000 g for 75 min at 

4°C to obtain the crude membrane pellet.  The crude membrane pellet was solubilized in 

buffer containing 10 mM Tris, pH 7.4, 1 mM EDTA, and 0.5% Triton X-100 for 1 h on ice 
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with intermittent vortexing, followed by centrifugation at 13,000g for 10 minutes at 4°C.  The 

supernatant was considered as the membrane fraction. 

2.2.8 Western blot analysis 

The whole cell lysates were prepared in lysis buffer (20 mM Tri-HCl pH 7.5, 150 mM NaCl, 

1 mM EDTA, 1 mM EGTA, 2.5 mM NaH2PO4, 10 mM NaF, 2 mM Na3VO4, 1 mM 

phenylmethylsulfonyl fluoride, 1% sodium dodecyl sulfate, 1% sodium deoxycholate and 1% 

Triton X-100) containing protease inhibitor cocktail and left on ice for 20 min.  After 

sonication, the lysates were centrifuged, and the supernatant was used as the whole cell 

lysates.  The protein concentration in the supernatant was determined by the Bio-Rad protein 

assay. 

Equal quantities of the protein samples were subjected to SDS-PAGE and transferred to 

Immobilon-P membranes.  The membranes were blocked, then incubated with the primary 

antibody overnight at 4°C followed by the appropriate secondary antibody.  Secondary 

antibody binding was visualized using a Chemi-Lumi One Super (Nacalai Tesque).  

Densitometric analysis of the bands was carried out using the Image J Software Program. 

2.2.9 Statistical analysis 

All values were expressed as means ± SD.  Statistical significance was analyzed by Student's 

t-test or one-way ANOVA followed by Tukey’s HSD using XLSTAT software. 

  



13 

 

2.3 Results 

2.3.1 Effect of MβCD treatment on the medium cholesterol content 

Since MβCD is reported to have the ability to deplete the membrane cholesterol (Calay D et 

al., 2010), we examined the effect of MβCD on the membrane cholesterol in human 

colorectal cancer HCT-116 cells, commonly used as a colorectal cancer model with gain-of-

function mutations in PI3KCA (PI3K catalytic subunit, alpha isoform) to clarify the role of 

the PI3K/Akt survival pathway in the pathogenesis of colon cancer (Liu X et al., 2017; Yang 

F et al., 2017; Li XL et al., 2016).  As shown in Figs. 2.1A and B, the cholesterol content in 

the cell culture medium was increased by a 1-h incubation with MβCD in a dose dependent 

manner, supporting the idea that MβCD can extract cholesterol from the cell plasma 

membrane.  We then initially examined the effect of MβCD on the intracellular BITC 

accumulation.  As shown in Fig. 2.1C, BITC was accumulated in HCT-116 cells 30 min after 

treatment, which reached a plateau at 1 h, then decreased.  However, MβCD showed no 

significant effect on the intracellular level of BITC at each time point.  These results 

suggested that 2.5 mM MβCD might be ineffective in the accum ulation or elimination of the 

intracellular BITC. 
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Fig. 2.1 Modulating effects of MβCD on the medium cholesterol and intracellular BITC 

levels.  (A and B) Enhancing effect of MβCD on the medium cholesterol level.  The cells 

were treated with MβCD (0, 1, 2.5, and 5 mM).  The cholesterol level in the medium was 

determined by a TLC analysis.  Representative chromatogram (A) and quantitative data (B).  

PC; phosphatidylcholine  (C) Effect of MβCD on the intracellular BITC level.  The cells were 

treated by MβCD (2.5 mM) for 1 h, then incubated with or without BITC (50 μM) for the 

indicated periods.  Equal quantities of protein samples were subjected the cyclocondensation 

assay.  All values were expressed as means ± SD of three separate experiments (*p < 0.05, 

**p < 0.01 compared to negative control). 
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2.3.2 Enhancing effects of MβCD on BITC-induced antiproliferation and apoptosis 

Since the MβCD treatment significantly depleted cholesterol from the cells, we checked the 

effect of MβCD itself on the cell viability by an MTT assay.  Since the non-toxic 

concentration of MβCD was found to be 2.5 mM (Fig. 2.2A), this concentration was selected 

as its maximal concentration to test.  We next examined the effect of the combination of 

MβCD with BITC on the cell viability in human colorectal cancer HCT-116 cells.  The 

pretreatment of 2.5 mM MβCD significantly potentiated the BITC-induced decrease in the 

cell viability (Fig. 2.2B).  More interestingly, this enhancing effect was counteracted by the 

cholesterol supplementation (Fig. 2.2C). 
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Fig. 2.2 Enhancing effect of MβCD on the BITC-induced antiprolieferation.  (A) HCT-116 

cells were exposed to the indicated concentrations of MβCD for 1 h, then incubated in 1% 

FBS DMEM medium for 48 h.  Cell viability was determined by an MTT assay.  All values 

were expressed as means ± SD of three separate experiments (*p < 0.05, **p < 0.01 compared 

to negative control).  (B) After the pretreatment with 2.5 mM MβCD, the cells were treated 

with BITC for 48 h.  (C) After the pretreatment with 2.5 mM MβCD, the cells were exposed 

to cholesterol for 1 h, followed by the BITC treatment for 48 h.  Cell viability was determined 

by an MTT assay.  All values were expressed as means ± SD of three separate experiments.  

Different letters above the bars indicate significant differences among the treatments for each 

condition (p < 0.05). 

We next clarified the mechanism underlying the enhancement of the MβCD pretreatment on 

the BITC-induced antiproliferation.  As shown in Fig. 2.3, the MβCD pretreatment 

significantly potentiated the apoptosis induced by BITC, whereas MβCD alone had no effects.  

The potentiation of apoptosis induction by MβCD was also diminished by the cholesterol 

supplementation (Fig. 2.2C).  These results suggested that MβCD has a synergistic effect on 

the BITC-induced apoptosis, possibly through disturbance of the plasma membrane structure 

by cholesterol depletion. 
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Fig. 2.3 Enhancing effect of MβCD on the BITC-induced apoptotic cell death. HCT-116 cells 

were pretreated with MβCD (2.5 mM) for 1 h and incubated with or without cholesterol (0.1 

mM) for 1 h, followed by the treatment of BITC (10 μM) for 48 h.  Apoptosis was detected 

by an Annexin-V-FLUOS stain kit and analyzed by a Tali™ image-based cytometer.  (A) 

apoptotic cell population (Annexin V positive) and (B) viable cell population (Annexin V 

negative, propidium iodide negative).  All values were expressed as means ± SD of three 

separate experiments.  Different letters above the bars indicate significant differences among 

the treatments for each condition (p < 0.05). 
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2.3.3 Modulating effects of MβCD on the PI3K/Akt pathway 

BITC has recently been reported to enhance the PI3K/Akt/FoxO pathway, even though it 

inhibits the proliferation in human colorectal cancer HCT-116 cells (Liu X et al., 2017).  We 

thus examined whether the MβCD pretreatment affects the PI3K/Akt pathway.  As shown in 

Fig. 2.4A, MβCD alone significantly inhibited the Akt phosphorylation at both Thr308 and 

Ser473, whereas it showed no significant effect on the PI3K phosphorylation.  In the 

combination experiment, MβCD significantly inhibited the BITC-induced phosphorylation 

of Akt, but not that of PI3K (Fig. 2.4B).  The inhibition of Akt phosphorylation by MβCD 

was also diminished by the cholesterol supplementation (Fig. 2.5).  These results suggested 

that MβCD inhibits the BITC-enhanced Akt phosphorylation, possibly through cholesterol 

depletion.  
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Fig. 2.4 Modulating effect of MβCD on the PI3K/Akt cell survival pathway.  (A) HCT-116 

cells were pretreated with the indicated concentrations of MβCD for 1 h, then incubated in 

1% FBS medium for 30 min.  (B) After the pretreatment with 2.5 mM MβCD (2.5 mM) for 

1 h, the cells were treated with BITC (10 μM) for 30 min.  The phosphorylated and total 

proteins of Akt and PI3K as well as actin were analyzed by Western blotting.  All values 

were expressed as means ± SD of three separate experiments.  Different letters above the bars 

indicate significant differences among the treatments for each condition (p < 0.05). 

The signal transduction of the PI3K/Akt pathway mainly take place in the plasma membrane, 

and Akt would be recruited to the membrane specific domain (Franke TF et al., 2008; 

ArcaroA et al., 2007).  We thus examined the membrane distribution of Akt and PDK1, a 

protein kinase situated between PI3K and Akt.  As shown in Fig. 2.6, the amounts of Akt and 
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PDK1 in the cytosol or the membrane were not significantly changed.  These results 

suggested that the MβCD pretreatment inhibits the PI3K/Akt survival pathway probably 

through suppression of the Akt phosphorylation, but not its membrane localization. 
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Fig. 2.5 Impairing effect of cholesterol on the MβCD-induced inhibition of Akt 

phosphorylation.  HCT-116 cells were pretreated with MβCD (2.5 mM) for 1 h and incubated 

with or without cholesterol (0.1 mM) for 1 h, followed by the treatment of BITC (10 μM) in 

the completed medium for 30 min.  The phosphorylated and total proteins of Akt as well as 

actin were analyzed by Western blotting.  All values were expressed as means ± SD of three 

separate experiments.  Different letters above the bars indicate significant differences among 

the treatments for each condition (p < 0.05). 

MAPKs are serine-threonine kinases that mediate intracellular signaling associated with a 

variety of cellular activities.  Similar to the PI3K/Akt pathway, the MAPK/ERK kinase 

(MEK)/ERK signaling cascade plays a significant role in the cell survival and proliferation.  

The activation of JNK and/or p38 MAPK is related to the apoptotic response in various 

cancer cells (Kim EK et al., 2010)  As shown in Fig. 2.7A, MβCD alone did not affect the 

ERK phosphorylation level, whereas it shows a tendency to enhance the phosphorylation of 

JNK and p38 MAPK.  In the combination experiment, MβCD did not change the BITC-

induced phosphorylation of ERK, JNK or p38 (Fig. 2.7B).  These results suggested that the 

MAPK pathways could be ruled out in the mechanism underlying the synergistic effect of 

MβCD on the BITC-induced antiproliferation.  
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Fig. 2.6 No significant effects of MβCD on the membrane distribution of PDK1 and Akt. 

After the pretreatment with 2.5 mM MβCD (2.5 mM) for 1 h, the cells were treated with 

BITC (10 μM) for 30min.  Separation of the cytosol and membrane fractions was performed 

as described in materials and methods section.  The total proteins of Akt and PDK1 were 

analyzed by Western blotting.  All values were expressed as means ± SD of three separate 

experiments.  Different letters above the bars indicate significant differences among the 

treatments for each condition (p < 0.05). 

  



25 

 

 

               

 

        

 

      

          

 



26 

 

     

 

      

 

Fig.2.7 Modulating effects of MβCD on the MAPK pathway. (A) HCT-116 cells were 

pretreated with the indicated concentrations of MβCD for 1 h, then incubated in 1% FBS 

medium for 30 min.  (B) After the pretreatment with 2.5 mM MβCD (2.5 mM) for 1 h, the 

cells were treated with BITC (10 μM) for 30min.  The phosphorylated and total proteins of 

ERK, JNK, and p38 as well as actin were analyzed by Western blotting.  All values were 

expressed as means ± SD of three separate experiments.  Different letters above the bars 

indicate significant differences among the treatments for each condition (p < 0.05). 
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Discussion 

In this study, we demonstrated that MβCD is a potential enhancer of the BITC-induced 

antiproliferation in human colorectal cancer cells.  MβCD is accepted as an effective agent 

to remove the plasma membrane cholesterol (Calay D et al., 2010) and reported to induce 

cholesterol efflux in HCT-116 cells (Elamin KM et al., 2018), consistent with the present 

result (Fig. 2.1).  The non-toxic concentration of MβCD (2.5 mM) enhanced the BITC-

induced antiproliferation (Fig. 2.2B) and apoptosis induction (Fig. 2.3B) without change in 

the BITC accumulation (Fig. 2.1C).  This finding is supported by a previous report showing 

that MβCD enhances the cytotoxic effects of some anticancer drugs (Upadhyay AK et al., 

2006).  The MβCD-induced cholesterol depletion is an acute process, in which the membrane 

reorganization may not be completed.  Concordantly, cholesterol replenishment was able to 

counteract the enhancing effect of MβCD (Fig. 2.2C).  These results suggested that the 

membrane cholesterol plays an important role in the cell survival or resistance against BITC, 

which can be modulated by MβCD.   

Intrinsic or acquired drug resistance is a key event to limit the efficacy of chemotherapy.  In 

addition to the increased drug efflux, PI3K is also a plausible molecule that mediates 

resistance to the chemotherapy drugs.  The PI3K-mediated pathway is often activated in 

various human cancer cells including colorectal cancer cells (Boreddy SR et al., 2011; Fahy 

BN e tal., 2003) and influences cell survival and drug resistance (Jian J et al., 2015).  BITC 

further enhanced the PI3K/Akt pathway in human colorectal cancer HCT-116 cells having 

gain-of-function mutations in PI3KCA (Fig. 2.4B), consistent with our previous report (Liu 

X et al., 2017).  The enhanced PI3K/Akt survival pathway is considered to contribute to the 

resistance against BITC, which is supported by the observation that the antiproliferation by 

BITC was significantly enhanced by the PI3K inhibitors at concentrations sufficient for 

inhibition of the Akt activation (Liu X et al., 2017).  The MβCD pretreatment significantly 

inhibited the Akt phosphorylation both at Thr308 (the PDK1 phosphorylation site) and 

Ser473 (the site for full activation), but not that of PI3K (Fig. 2.4).  PI3K phosphorylates 
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phosphatidylinositol-4,5-bisphosphate (PIP2) to produce phosphatidylinositol-3,4,5-

trisphosphate (PIP3), which can bind to Akt and PDK1, recruit them to the plasma membrane, 

and activate this kinase cascade (Franke TF et al., 2008).  The distribution of PDK1 or Akt 

between the plasma and cytosol was not significantly changed (Fig. 2.4), suggesting that the 

cholesterol depletion by MβCD might not affect the PIP3 level in the plasma membrane.  

This finding is consistent with a previous report showing that MβCD inhibits the 

phosphorylation of Akt and its downstream targets, possibly through alteration of the 

integrity of lipid raft microdomains, but not by the PI3K inhibition and change in the 

membrane PIP3 level.  These results suggested that MβCD probably interferes with the Akt 

phosphorylation by PDK through inhibition of the local molecular assembly and/or catalytic 

reaction. 

Another essential signaling pathway involved in the cell survival and proliferation is the 

MEK/ERK signaling cascade (Kim EK et al., 2010).  BITC potentiated the ERK 

phosphorylation in HCT-116 cells, whereas MβCD treatment did not affect the BITC-

enhanced ERK phosphorylation level (Fig. 2.7).  The other MAPKs, JNK and p38 MAPK, 

are involved in the BITC-induced apoptosis.  The phosphorylation of JNK and p38 was 

increased by MβCD alone, whereas MβCD pretreatment did not show any additive or 

inhibitory effect on the phosphorylation of JNK or p38 in combination with BITC (Fig. 2.7).  

Taken together, these results suggested that the MAPK signaling cascades could be ruled out 

in the mechanism of the antiproliferation potentiated by MβCD. 

In conclusion, we revealed that MβCD pretreatment synergistically potentiated the BITC-

induced antiproliferation in human colorectal cancer cells, possibly through inhibition of the 

PI3K/Akt survival pathway.  The present results provide evidence that the combined 

treatment with MβCD is a promising therapeutic strategy to overcome drug resistance against 

anticancer compounds activating the PI3K/Akt survival pathway.  Future efforts will be 

concerned with further understanding the signaling transduction of the PI3K/Akt signaling 

pathway on the membrane specific domain such as the lipid raft.   
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CHAPTER 3 

Inhibition of multidrug resistance protein 1 (MRP1) enhanced BITC induced 

antiproliferation through MAPK pathway in human colorectal cancer cells 

3.1 Introduction 

Drug resistance, generally categorized as intrinsic or acquired, often limits the efficacy as 

well as outcome of chemotherapy. The cellular survival pathways, for example, the 

phosphoinositide 3-kinase (PI3K)/phosphoinositide-dependent kinase-1 (PDK1)/Akt 

pathway mediate resistance against chemotherapy drugs and radiation therapy in a variety of 

cancer types. In addition to the survival pathways, the increasing efflux of the anti-cancer 

drug through an ATP-binding cassette (ABC) transporters are one of the most plausible 

mechanisms that mediate resistance to the chemotherapy drugs.  

Multidrug resistance (MDR) pumps play a critical role in the detoxification pathway and cell 

survival under the oxidative stress caused by chemotherapeutic drugs. Among the MDR 

pumps, the multidrug resistance protein (MRP1) pump is known to pump a broad variety of 

organic anions out of cells. Multidrug resistance protein 1 (MRP1) is an ATP-binding cassette 

(ABC) exporter that protects tissues from toxic molecules (Leslie et al., 2005).  It also 

secretes a variety of mediators that regulate redox homeostasis, inflammation, and hormone 

secretion (Deeley et al., 2006).  The physiological substrates transported by MRP1 are diverse, 

including folic acid, bilirubin, vitamin B12, (Cole et al., 2014), glutathione-S-conjugates 

(GS-conjugates), oxidized glutathione (GSSH), and reduced glutathione (GSH) as well as the 

other unmodified drugs in the presence of physiological concentration of GSH. 

MRP pumps are known to be highly expressed in colon, breast and ovarian cancer cells. 

Furthermore, MRP1 extrudes many chemotherapeutic agents, thereby reducing drug 

accumulation in tumor cells. Overexpression of MRP1 has been shown to confer drug 

resistance in leukemia, lung cancer, breast cancer, prostate cancer, and neuroblastoma 



30 

 

(Berger et al., 2005; Filipits et al., 2005; Haber et al., 2006; Lu et al., 2015; Winter et al., 

2013; Zalcberg et al., 2000). 

Isothiocyanates interact with ATP-binding cassette (ABC) efflux transporters such as MRP1, 

and may influence the pharmacokinetics of substrates of these transporters ( Telang et al., 

2009) into the cell for another cycle. However, the glutathione could not re-enter and was 

concentrated in the apical extracellular space. 

Glutathione S‑transferase (GST) is important for the development of drug resistance via 

direct detoxification; therefore, it may also decrease the concentration of anticancer drugs via 

the GSH‑conjugate export pump (Cullen KJ et al., 2003; Sakamoto M et al., 2001).  

In this study, I investigated the role of the multidrug resistance protein 1 (MRP1), one of the 

ABC transporters located in the plasma membrane, which is known to pump a broad variety 

of drug metabolites with glutathione and glucuronide.  The treatment of an MRP1 inhibitor 

(MK571) significantly enhanced the BITC cellular accumulation.  In addition, MK571 

synergistically potentiated BITC-induced antiproliferation and apoptosis induction in human 

colorectal cancer cells.  MK571 also enhanced the BITC-induced phosphorylation of MAPKs, 

including the p38 MAPK, c-Jun N-terminal kinase (JNK), both of which are involved in the 

apoptosis-inducing signaling pathways.  Furthermore, MK571 enhanced the BITC-induced 

activation of caspase-3.  Taken together, these results suggested that MRP1 plays a negative 

role in the BITC-induced antiproliferation in human colorectal cancer HCT-116 cells. 
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3.2 Materials and methods 

3.2.1 Materials 

BITC was purchased from LKT Laboratories, Inc. (St. Paul, MN, USA).  Antibodies against 

phospho-p38 mitogen activated protein kinase (MAPK, Thr180/Tyr182), phospho-p44/p42 

MAPK (extracellular signal-regulated kinase1/2; ERK1/2, Thr202/Tyr204), phospho-

SAPK/c-Jun N-terminal kinase (JNK, Thr183/Tyr185), ERK, p38, JNK, caspase 3 and 

cleaved caspase 3 were purchased from Cell Signaling Technology, Inc. (Beverly, MA, USA).  

Antibodies against actin and horseradish peroxidase-linked anti-rabbit and anti-mouse IgGs 

were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).  Annexin-V-

FLUOS stain kit was purchased from Roche. (Mannheim, Germany).  Propidium iodide (PI) 

and protease inhibitor cocktail were purchased from Sigma-Aldrich (St. Louis, MO, USA).  

Fatal bovine serum (FBS) was purchased from Nichirei Corporation (Tokyo, Japan).  Bio-

Rad Protein Assay was purchased from Bio-Rad Laboratories (Hercules, CA, USA).  Chemi-

Lumi One Super was purchased from Nakalai Tesque Inc. (Kyoto, Japan).  Caspase 3 

substrate Ac-DEVD-MCA purchased from Sigma-Aldrich (Peptide. Japan). All other 

chemicals including MβCD were purchased from FUJIFILM Wako Pure Chemical 

Corporation (Osaka, Japan).   

3.2.2 Cell culture and treatments 

HCT-116 cells were obtained from the American Type Culture Collection (Manassas, VA, 

USA).  HCT-116 cells were maintained in DMEM (Dulbecco's modified Eagle's medium, 

high glucose).  The culture medium was supplemented with 10% heat-inactivated FBS and 

1% penicillin/streptomycin.  Cells were grown at 37oC in an atmosphere of 95% O2 and 5% 

CO2. 

3.2.3 Measurement of intracellular BITC accumulation 

The BITC level in the lysates was determined by the cyclocondensation assay with 1,2-

benzenedithiol as previously reported (Zhang Y et al., 1996).  HCT-116 cells were suspended 
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at a density of 5 × 106 cells on a 60-mm plate.  After overnight preculture, the cells were 

treated with MK571 (20 μM) in DMEM with 10% FBS for 1 h, then incubated with or 

without BITC (50 μM) in DMEM with 10% FBS for 0.5, 1 and 3 h.  After harvesting, the 

cells were homogenized in 200 μL of 100 mM potassium phosphate buffer (pH 8.5) with 

sonication.  The lysates were centrifuged, and the protein concentration in the supernatant 

was determined by the Bio-Rad protein assay.  Equal quantities of the protein samples (50 

μg/200 μL in potassium phosphate buffer) were subjected to the assay.  The samples were 

incubated at 65oC for 2 h with 200 μL of 20 mM 1,2-benzenedithiol dissolved in methanol.  

After centrifugation, the absorbance of the samples was measured at 365 nm.  Quantification 

of BITC was carried out by comparing the absorbance from the experimental samples to its 

standard curve. 

3.2.4 MTT assay. 

HCT-116 cells were suspended at a density of 4 × 104 cells per well in a 96-well plate.  After 

overnight preculture, the cells were treated with MK571 (20 μM) in DMEM with 10% FBS 

for 1 h, then incubated with or without BITC in DMEM with 10% FBS for 48 h.  The cell 

viability was determined by an MTT assay.  Ten microliters of the MTT solution (5 mg/mL) 

were added to each well, and the absorbance was measured by an microplate reader 

(Benchmarkplus, Bio-Rad laboratories, Hercules, CA, USA) at 570 nm according to the 

manufacturer's instructions after incubation at 37°C for 2 h in a humidified CO2 incubator. 

The obtained values were compared to each of the controls incubated with only vehicle. 

3.2.5 Apoptosis assay 

The collected cells were washed with ice-cold phosphate-buffered saline without calcium 

and magnesium (PBS (-)).  After centrifuge, cells were well suspended in Annexin-V-

FLUOS stain kit solution and incubated in the dark at room temperature for 15 min as 

described in the kit manufacture.  The stained HCT-116 cells were analyzed by a Tali™ 

image-based cytometer (Life Technologies, Carlsbad, CA, USA). 
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3.2.6 Caspase 3 activity 

HCT-116 cells were suspended at a density of 2 × 106 cells on a 60-mm plate.  After overnight 

preculture, the cells were treated with MK571 (20 μM) in DMEM with 10% FBS for 1 h, 

then incubated with or without BITC (50 μM) in DMEM with 10% FBS for 24h.  After 

harvesting, the cell lysate were prepared in lysis buffer (20 mM Tri-HCl pH 7.5, 150 mM 

NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM NaH2PO4, 10 mM NaF, 2 mM Na3VO4, 1 mM 

phenylmethylsulfonyl fluoride, 1% sodium dodecyl sulfate, 1% sodium deoxycholate and 1% 

Triton X-100) containing protease inhibitor cocktail and left on ice for 20 min.  After 

sonication, the lysates were centrifuged, and the supernatant was used as the whole cell 

lysates.  The protein concentration in the supernatant was determined by the Bio-Rad protein 

assay.  Then mixed same qunitity of sample (50μg protein) and 10 mM substrate Ac-DEVD-

MCA in 1500μL Assay buffer (25 mM HEPES (pH7.5), 10% Sucrose, 0.1% CHAPS, 10 mM 

DTT). The fluorescence is read by a plate reader at Ex.380nm/ Em.460nm in a Kinetic mode. 

3.2.7 Western blot analysis 

The whole cell lysates were prepared in lysis buffer (20 mM Tri-HCl pH 7.5, 150 mM NaCl, 

1 mM EDTA, 1 mM EGTA, 2.5 mM NaH2PO4, 10 mM NaF, 2 mM Na3VO4, 1 mM 

phenylmethylsulfonyl fluoride, 1% sodium dodecyl sulfate, 1% sodium deoxycholate and 1% 

Triton X-100) containing protease inhibitor cocktail and left on ice for 20 min.  After 

sonication, the lysates were centrifuged, and the supernatant was used as the whole cell 

lysates.  The protein concentration in the supernatant was determined by the Bio-Rad protein 

assay. 

Equal quantities of the protein samples were subjected to SDS-PAGE and transferred to 

Immobilon-P membranes.  The membranes were blocked, then incubated with the primary 

antibody overnight at 4°C followed by the appropriate secondary antibody.  Secondary 

antibody binding was visualized using a Chemi-Lumi One Super (Nacalai Tesque).  

Densitometric analysis of the bands was carried out using the Image J Software Program. 
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3.2.8 Statistical analysis 

All values were expressed as means ± SD.  Statistical significance was analyzed by Student's 

t-test or one-way ANOVA followed by Tukey’s HSD using XLSTAT software. 
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3.3 Results 

3.3.1 MK571 treatment enhanced the intracellular BITC accumulation 

Since MK571 is reported to have the ability to inhibit the function of the Multidrug resistance 

protein 1 (MRP1), an ATP-binding cassette (ABC) exporter located in lipid raft domain in 

cancer cells that pumps a broad variety of organic anions out of cells and protects tissues 

from toxic molecules. And Intracellular BITC can be metabolized into glutathione 

conjugated form which could be captured and transported to extracellular environment 

through cell active efflux. We examined the effect of MK571 on the intracellular BITC 

accumulation.  As shown in Fig. 3.1, the intracellular BITC was accumulated in HCT-116 

cells 30 min after treatment, which reached a plate at 1 h, then decreased.  However, MK571 

treatment inhibit the intracellular BITC decrease. This result suggested that MK571 inhibit 

the MRP1 activity which probably involved in BITC efflux, in another word, the BITC 

probably be a substrate of MRP1. 

 

 

Fig. 3.1 Effect of MK571 treatment on the intracellular BITC accumulation.  The cells were 

treated by MK571 (20 μM) for 1 h, then incubated with or without BITC (50 μM) for the 

indicated periods.  Equal quantities of protein samples were subjected the cyclocondensation 
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assay.  All values were expressed as means ± SD of three separate experiments (*p < 0.05, 

**p < 0.01 compared to negative control). 

3.3.2 Enhancing effects of MK571 on BITC-induced antiproliferation and apoptosis 

Since the MK571 treatment significantly increased intracellular BITC accumulation, we 

checked the effect of MK571 itself on the cell viability by an MTT assay.  Since the non-

toxic concentration of MK57 was found to be 20 μM (Fig. 3.2A), this concentration was 

selected as its maximal concentration to test.  We next examined the effect of the combination 

of MK571 with BITC on the cell viability in human colorectal cancer HCT-116 cells.  The 

pretreatment of MK571 (20 mM) significantly potentiated the BITC-induced decrease in the 

cell viability (Fig.3.2B).  
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Fig. 3.2 Enhancing effect of MK571 on the BITC-induced antiprolieferation.  (A) HCT-116 

cells were exposed to the indicated concentrations of MK571 for 1 h, then incubated in 10% 

FBS DMEM medium for 48 h.  Cell viability was determined by an MTT assay.  All values 

were expressed as means ± SD of three separate experiments (*p < 0.05, **p < 0.01 compared 

to negative control).  (B) After the pretreatment with 20 mM MK571, the cells were treated 

with BITC for 48 h.  Cell viability was determined by an MTT assay.  All values were 

expressed as means ± SD of three separate experiments.  Different letters above the bars 

indicate significant differences among the treatments for each condition (p < 0.05). 

We next clarified the mechanism underlying the enhancement of the MK571 pretreatment on 

the BITC-induced antiproliferation.  As shown in Fig.3.3, the MK571 pretreatment 

significantly potentiated the apoptosis induced by BITC, whereas MK571 alone had no 

effects.  These results suggested that MK571 has a synergistic effect on the BITC-induced 

apoptosis, possibly through inhibiting the activity of multidrug resistance protein 1 (MRP1) 

which results in intracelluar BITC accumulation, then enhanced the antiproliferation effect. 
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Fig. 3.3 Enhancing effect of MK571 on the BITC-induced apoptotic cell death. HCT-116 

cells were pretreated with MK571 (20μM) for 1 h and incubated with BITC (10 μM) for 48 

h.  Apoptosis was detected by an Annexin-V-FLUOS stain kit and analyzed by a Tali™ 

image-based cytometer.  (A) apoptotic cell population (Annexin V positive) and (B) viable 

cell population (Annexin V negative, propidium iodide negative).  All values were expressed 

as means ± SD of three separate experiments.  Different letters above the bars indicate 

significant differences among the treatments for each condition (p < 0.05). 
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3.3.3 Modulating effects of MK571 on the MAPK pathways 

MAPKs are serine-threonine kinases that mediate intracellular signaling associated with a 

variety of cellular activities.  The MAPK/ERK kinase (MEK)/ERK signaling cascade plays 

a significant role in the cell survival and proliferation.  The activation of JNK and/or p38 

MAPK is related to the apoptotic response in various cancer cells.  As shown in Fig. 3.4, 

MK571 showed a tendency to potentiate the phosphorylation of (MEK)/ERK, JNK and p38 

MAPK in human colorectal cancer cells treated by BITC.  As previous report the 

(MEK)/ERK could be ruled out in the mechanism that BITC induce antiproliferation effect. 

These results suggested that the MAPK pathways, especially, the JNK or p38 probably 

involved in the mechanism underlying the synergistic effect of MK571 on the BITC-induced 

antiproliferation.  
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Fig. 3.4 Modulating effect of MK571 on the MAPKs pathway.  (A) HCT-116 cells were 

pretreated with the indicated concentrations of MK571 for 1 h, then treated byBITC (10 μM) 

for 1h.  The phosphorylated and total proteins of JNK, p38 and ERK as well as actin were 

analyzed by Western blotting.  All values were expressed as means ± SD of three separate 

experiments.  Different letters above the bars indicate significant differences among the 

treatments for each condition (p < 0.05). 

3.3.4 MK571 treatment potentiated activity of caspase 3 induced by BITC in human 

colorectal cancer cells  

Caspases are crucial mediators of programmed cell death (apoptosis). Among them, caspase-

3 is a frequently activated death protease, catalyzing the specific cleavage of many key 

cellular proteins. In this study I investigated the activition caspase 3 and it enzyme activity. 

As data showed in Fig. 3.5, the cleaved caspase 3 level was increased by MK571 pretreatment 

in cells treated by BITC. Which is consistant with the apoptosis experiment that the effect of 

apoptoic induction was enchaned. 

 



41 

 

 

Fig. 3.5 Ehancing effect of MK571 on the activation of caspase 3.  HCT-116 cells were 

pretreated with the indicated concentrations of MK571 for 1 h, then treated by BITC (10 μM) 

for 24h.  The cleaved caspase3 and pro-caspse 3 as well as actin were analyzed by Western 

blotting.  All values were expressed as means ± SD of three separate experiments.  Different 

letters above the bars indicate significant differences among the treatments for each condition 

(p < 0.05). 

By the way, I checked the activity of caspase 3, as shown in Fig 3.6 the activity of caspase 3 

was enhanced by MK571 pretreatment in cells treated by BITC. 

 

Fig.3.6 Ehancing effect of MK571 on the activity of caspase 3.  HCT-116 cells were 

pretreated with the indicated concentrations of MK571 for 1 h, then treated by BITC (10 μM) 
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for 24h.  The caspase 3 activity were analyzed by a fluorescence assay using caspase 3 

substrate Ac-DEVD-MCA.  All values were expressed as means ± SD of three separate 

experiments.  Different letters above the bars indicate significant differences among the 

treatments for each condition (p < 0.05). 
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Discussion 

In this study, we demonstrated that MK571 is a potential enhancer of the BITC-induced 

antiproliferation in human colorectal cancer cells.  Drug resistance, generally categorized as 

intrinsic or acquired, often limits the efficacy as well as outcome of chemotherapy.  The 

cellular survival pathways, for example, the phosphoinositide 3-kinase 

(PI3K)/phosphoinositide-dependent kinase-1 (PDK1)/Akt pathway mediate resistance 

against chemotherapy drugs and radiation therapy in a variety of cancer types.  In addition to 

the survival pathways, the increasing efflux of the anti-cancer drug through an ATP-binding 

cassette (ABC) transporters are one of the most plausible mechanisms that mediate resistance 

to the chemotherapy drugs.  

The multidrug resistance (MDR) is known to pump a broad variety of organic anions out of 

cells. Intrestingly BITC or its metabolic product, the GSH conjugated form, probably be a 

substrate of MRP1(Fig 3.1).  The non-toxic concentration of MK571 (20 μM) enhanced the 

BITC-induced antiproliferation (Fig.3.2) and apoptosis induction (Fig. 3.3). 

MAPKs are serine-threonine kinases that mediate intracellular signaling associated with a 

variety of cellular activities.  The MAPK/ERK kinase (MEK)/ERK signaling cascade plays 

a significant role in the cell survival and proliferation (Liu X et al., 2017).  The activation of 

JNK and/or p38 MAPK is related to the apoptotic response in various cancer cells.  MK571 

showed a tendency to potentiate the phosphorylation of (MEK)/ERK, JNK and p38 MAPK 

in human colorectal cancer cells treated by BITC.  As previous report the (MEK)/ERK could 

be ruled out in the mechanism that BITC induce antiproliferation effect.  These results 

suggested that the MAPK pathways, the JNK or p38 probably involved in the mechanism 

underlying the synergistic effect of MK571 on the BITC-induced antiproliferation. 

As we know caspases are crucial mediators of programmed cell death (apoptosis). Among 

them, caspase-3 is a frequently activated death protease, catalyzing the specific cleavage of 

many key cellular proteins. In this study I investigated the activition caspase 3 and it enzyme 



44 

 

activity.  MK571 pretreatment potentiated the activity of caspase 3 in cells treated by BITC. 

Which indicated the apoptosis pathway was enchaned. 

In conclusion, we revealed that MK571 pretreatment synergistically potentiated the BITC-

induced antiproliferation in human colorectal cancer cells, possibly through inhibition of the 

BITC or its GSH conjugated form efflux throug transporter of multidrug resistance protein.  

The present results provide evidence that the combined treatment with MK571 is a promising 

therapeutic strategy to overcome drug resistance against anticancer efflux.  These results 

suggested that MRP1 plays a negative role in the BITC-induced antiproliferation in human 

colorectal cancer HCT-116 cells.  And inhibition of MRP1 significantly enhances the BITC 

accumulation and then potentate the apoptosis-inducing pathways. 
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Conclusion 

The present study provides two prospective strategies to overcome the drug resistance against 

BITC in human colorectal cancer cells; 

1. The combinatory treatment of MβCD with BITC 

1)MβCD potentiates the BITC-induced antiproliferation, possibly through cholesterol 

depletion and thus inhibition of the PI3K/Akt-dependent survival pathway. 

2. Inhibition of Multidrug resistance protein 1 (MRP1) by MK571 

1)MRP1 plays a negative role in the BITC-induced antiproliferation in human colorectal 

cancer HCT-116 cells.  

2)MK571 significantly enhanced the BITC cellular accumulation and potentiated BITC-

induced antiproliferation and apoptosis induction through enhancing the apoptosis-inducing 

pathways in human colorectal cancer cells. 

  



46 

 

Acknowledge 

The author expresses his great deep gratitude and wishes to thank Professor NAKAMURA 

YOSHIMASA, Division of Agriculture and Life Science, Graduate School of Environmental 

and Life Science, Okayama University, Japan, for his guidance, continuous encouragement 

and constructive suggestion of his study.  I also thank to Professor MURATA YOSHIYUKI 

for his support, encouragement and advice given at all stages of this study, and I also need to 

thank to Professor KIMURA YOSHINOBU for his advice and support in my study.  It is my 

immense pleasure to acknowledge Dr. MUNEMASA SHINTARO, Dr. NAKAMURA 

TOSHIYUKI and Dr. XIAOYANG LIU for their help and valuable advice during the 

research.  It is a pleasure to express my thanks to Miyagawa Miku for her collaboration with 

this study and Wensi Xu, Ying Liang for their kind help and encouragement.  I thank all 

members of the Laboratory of Food Biochemistry who have so kindly helped and encouraged 

me during my study. 

I am also grateful to the supervisor of my Master Course, Professor BEIWEI ZHU, she gave 

me this precious and valuable opportunity to come to Japan and continue my study. 

Finally, I wish to express my sincere thanks to my family for their patient and spiritual 

support. 

  



47 

 

References 

Simons K, Ehehalt R. (2002) Cholesterol, lipid rafts, and disease. J. Clin. Invest., 110, 597-

603. 

Lundbaek, JA, Andersen OS, Werge T, Nielsen C. (2003) Cholesterol-induced protein 

sorting: an analysis of energetic feasibility. B Biophys. J., 84, 2080-2089. 

Miersch S, Espey MG, Chaube R, Akarca A, Tweten R, Ananvoranich S, Mutus B. (2008) 

Plasma membrane cholesterol content affects nitric oxide diffusion dynamics and 

signaling. J. Biol. Chem., 283, 18513-18521. 

Simons K, and Ikonen E. (2000) How cells handle cholesterol. Science. 290, 1721–1726. 

Li YC, Park MJ, Ye SK, Kim CW, Kim YN. (2006) Elevated levels of cholesterol-rich lipid 

rafts in cancer cells are correlated with apoptosis sensitivity induced by cholesterol-

depleting agents. Am. J. Pathol., 168, 1107-1118. 

Genest J, McPherson R, Frohlich J, Anderson T, Campbell N, Carpentier A, Grover S. (2009) 

Canadian Cardiovascular Society/Canadian guidelines for the diagnosis and treatment of 

dyslipidemia and prevention of cardiovascular disease in the adult-2009 

recommendations. Can. J. Cardiol., 25, 567–579. 

de Chaves EP, Narayanaswami V, Christoffersen C, Nielsen LB. (2008) Apolipoprotein E 

and cholesterol in aging and disease in the brain. Future Lipidol., 3, 505–530. 

Warner M, Gustafsson JA. (2014) On estrogen, cholesterol metabolism, and breast cancer. 

N. Engl. J. Med., 370, 572-573. 

Hammond WA, Swaika A, Mody K. (2016) Pharmacologic resistance in colorectal cancer: a 

review. Ther Adv Med Oncol., 8, 57-84. 

Longley DB,  Johnston PG. (2005) Molecular mechanisms of drug resistance. J. Pathol., 205, 

275-292. 



48 

 

Davis ME, Brewster ME. (2004) Cyclodextrin-based pharmaceutics: past, present and future. 

Nat. Rev. Drug Discov., 3, 1023. 

Morrison PW, Connon CJ, Khutoryanskiy VV. (2013) Cyclodextrin-mediated enhancement 

of riboflavin solubility and corneal permeability. Mol. Pharm., 10, 756-762. 

Reis-Sobreiro M, Roué G, Moros A, Gajate C, de la Iglesia-Vicente J, Colomer D, Mollinedo 

F. (2013) Lipid raft-mediated Akt signaling as a therapeutic target in mantle cell 

lymphoma. Blood Cancer J., 3, e118. 

Zidovetzki R, Levitan I. (2007) Use of cyclodextrins to manipulate plasma membrane 

cholesterol content: evidence, misconceptions and control strategies. Biochim Biophys 

Acta -Biomembranes., 1768, 1311-1324.  

Fahey JW, Zalcmann AT, Talalay P. (2001) The chemical diversity and distribution of 

glucosinolates and isothiocyanates among plants. Phytochemistry, 56, 5–51. 

Nakamura Y, Yoshimoto M, Murata Y, Shimoishi Y, Asai Y, Park EY, Nakamura Y. (2007) 

Papaya seed represents a rich source of biologically active isothiocyanate. J. Agric. Food 

Chem., 55, 4407-4413. 

Miyoshi N, Uchida K, Osawa T, Nakamura Y. (2004) A link between benzyl isothiocyanate-

induced cell cycle arrest and apoptosis: involvement of mitogen-activated protein 

kinases in the Bcl-2 phosphorylation. Cancer Res., 64, 2134-2142. 

Nakamura Y, Kawakami M, Yoshihiro A, Miyoshi N, Ohigashi H, Kawai K, Uchida K. 

(2002) Involvement of the mitochondrial death pathway in chemopreventive benzyl 

isothiocyanate-induced apoptosis. J. Biol.Chem., 277, 8492-8499. 

Bennett RN, Kiddle G, Wallsgrove RM. (1997) Biosynthesis of benzylglucosinolate, 

cyanogenic glucosides and phenylpropanoids in Carica papaya. Phytochemistry, 45, 59-

66. 



49 

 

Sahu RP, Zhang R, Batra S, Shi Y, Srivastava SK. (2009) Benzyl isothiocyanate-mediated 

generation of reactive oxygen species causes cell cycle arrest and induces apoptosis via 

activation of MAPK in human pancreatic cancer cells. Carcinogenesis, 30, 1744-1753. 

Lin JF, Tsai TF, Liao PC, Lin YH, Lin YC, Chen HE, Hwang TIS. (2012) Benzyl 

isothiocyanate induces protective autophagy in human prostate cancer cells via 

inhibition of mTOR signaling. Carcinogenesis, 34, 406-414. 

Tejpar S, Celik I, Schlichting M, Sartorius U, Bokemeyer C, Van CE. (2012) Association of 

KRAS G13D tumor mutations with outcome in patients with metastatic colorectal cancer 

treated with first-line chemotherapy with or without cetuximab. J Clin Oncol., 30, 3570-

3577. 

Luo J, Field SJ, Lee JY, Engelman JA, Cantley LC. (2005) The p85 regulatory subunit of 

phosphoinositide 3-kinase down-regulates IRS-1 signaling via the formation of a 

sequestration complex. J Cell Biol., 170, 455-464. 

King D, Yeomanson D, Bryant HE. (2015) PI3King the lock: targeting the PI3K/Akt/mTOR 

pathway as a novel therapeutic strategy in neuroblastoma. Pediatr. Hematol. Oncol., 37, 

245-251. 

Sun J, Deng Z, Yan A. (2014) Bacterial multidrug efflux pumps: mechanisms, physiology 

and pharmacological exploitations. Biochem. Biophys. Res. Commun., 453, 254-267. 

Leslie EM, Deeley RG, Cole SP. (2005) Multidrug resistance proteins: role of P-glycoprotein, 

MRP1, MRP2, and BCRP (ABCG2) in tissue defense. Toxicol. Appl. Pharmacol., 204, 

216-237. 

Deeley RG, Cole SPC. (2006) Substrate recognition and transport by multidrug resistance 

protein (MRP) 1. FEBS Lett., 580, 1103–1111. 

Cole SP. (2014) Targeting multidrug resistance protein 1 (MRP1, ABCC1): past, present, 

and future. Annu Rev Pharmacol Toxicol., 54, 95-117. 



50 

 

Berger W, Setinek U, Hollaus P, Zidek T, Steiner E, Elbling L, Micksche M. (2005) 

Multidrug resistance markers P-glycoprotein, multidrug resistance protein 1, and lung 

resistance protein in non-small cell lung cancer: prognostic implications. J. Cancer Res. 

Clin. Oncol., 131, 355-363. 

Filipits M, Pohl G, Rudas M, Dietze O, Lax S, Grill R, Samonigg H. (2005) Clinical role of 

multidrug resistance protein 1 expression in chemotherapy resistance in early-stage 

breast cancer: the Austrian Breast and Colorectal Cancer Study Group. J. Clin. Oncol., 

23, 1161-1168. 

Haber M, Smith J, Bordow SB, Flemming C, Cohn SL, London WB, Norris MD. (2006) 

Association of high-level MRP1 expression with poor clinical outcome in a large 

prospective study of primary neuroblastoma. J. Clin. Oncol., 24, 1546-1553. 

Lu JF, Pokharel D, Bebawy M. (2015) MRP1 and its role in anticancer drug resistance. Drug 

Metab. Rev., 47, 406-419. 

Winter SS, Ricci J, Luo L, Lovato DM, Khawaja HM, Serna-Gallegos T, Larson RS. (2013) 

ATP Binding Cassette C1 (ABCC1/MRP1)-mediated drug efflux contributes to disease 

progression in T-lineage acute lymphoblastic leukemia. Health, 5, 41. 

Zalcberg J, Hu XF, Slater A, Parisot J, El-Osta S, Kantharidis P, Parkin JD. (2000) MRP1 

not MDR1 gene expression is the predominant mechanism of acquired multidrug 

resistance in two prostate carcinoma cell lines. Prostate Cancer Prostatic Dis., 3, 66. 

Pearson G, Robinson F, Beers Gibson T, Xu BE, Karandikar M, Berman K, Cobb MH. (2001) 

Mitogen-activated protein (MAP) kinase pathways: regulation and physiological 

functions. Endocr. Rev., 22, 153-183. 

Arthur JSC, Ley SC. (2013) Mitogen-activated protein kinases in innate immunity. Nat. Rev. 

Immunol., 13, 679. 



51 

 

Cargnello M, Roux PP. (2011) Activation and function of the MAPKs and their substrates, 

the MAPK-activated protein kinases. Mol. Biol. Rev., 75, 50-83. 

Plotnikov A, Zehorai E, Procaccia S. (2011) The MAPK cascades: signaling components, 

nuclear roles and mechanisms of nuclear translocation. Biochim. Biophys. Acta., 1813, 

1619-1633. 

Darling NJ, Cook SJ. (2014) The role of MAPK signalling pathways in the response to 

endoplasmic reticulum stress. Biochim. Biophys. Acta., 1843, 2150-2163. 

Nakamura T, Abe N, Nakamura Y. (2018) Physiological relevance of covalent protein 

modification by dietary isothiocyanates. J Clin Biochem Nutr., 62, 11-19. 

Nakamura Y, Miyoshi N. (2010) Electrophiles in foods: the current status of isothiocyanates 

and their chemical biology. Biosci Biotechnol Biochem., 74, 242-255. 

Abe N, Hou DX, Munemasa S, Murata Y, Nakamura Y. (2014) Nuclear factor-kappaB 

sensitizes to benzyl isothiocyanate-induced antiproliferation in p53-deficient colorectal 

cancer cells. Cell Death Dis., 5, e1534. 

Jian J, Xuan F, Qin F, Huang R. (2015) Bauhinia championii flavone inhibits apoptosis and 

autophagy via the PI3K/Akt pathway in myocardial ischemia/reperfusion injury in rats. 

Drug Des. Dev. Ther., 9, 5933-5945. 

Liu X, Takano C, Shimizu T, et al. (2017) Inhibition of phosphatidylinositide 3-kinase 

ameliorates antiproliferation by benzyl isothiocyanate in human colon cancer cells. 

Biochem. Biophys. Res. Commun., 491, 209-216. 

Zhang Y, Wade KL, Prestera T, Talalay P. (1996) Quantitative determination of 

isothiocyanates, dithiocarbamates, carbon disulfide and related thiocarbonyl compounds 

by cyclocondensation assay with 1,2-benzenedithiol. Anal. Biochem., 239, 160-167 



52 

 

Henkhaus RS, Roy UKB, Cavallo-Medved D, Sloane BF, Gerner EW, Ignatenko NA. (2008) 

Caveolin-1-mediated expression and secretion of kallikrein 6 in colon cancer cells. 

Neoplasia., 10, 140-148. 

Calay D, Vind-Kezunovic D, Frankart A, Lambert S, Poumay Y, Gniadecki R. (2010) 

Inhibition of Akt signaling by exclusion from lipid rafts in normal and transformed 

epidermal keratinocytes. J Invest Dermatol., 130, 1136-1145. 

Yang F, Gao JY, Chen H, Du ZH, Zhang XQ, Gao W. (2017) Targeted inhibition of the 

phosphoinositide 3-kinase impairs cell proliferation, survival, and invasion in colon 

cancer. Onco Targets Ther., 10, 4413-4422. 

Li XL, Oduola WO, Qian L, Dougherty ER. (2016) Integrating Multiscale Modeling with 

Drug Effects for Cancer Treatment. Cancer Inform., 14, 21-31. 

Franke TF. (2008) PI3K/Akt: getting it right matters. Oncogene, 27, 6473-6488. 

Arcaro A, Aubert M, del Hierro MEE, Khanzada UK, Angelidou S, Tetley TD, Seckl MJ. 

(2007) Critical role for lipid raft-associated Src kinases in activation of PI3K-Akt 

signalling. Cell. Signal., 19, 1081-1092. 

Kim EK, Choi EJ. (2010) Pathological roles of MAPK signaling pathways in human diseases. 

Biochim. Biophys. Acta., 1802, 396-405. 

Elamin KM, Yamashita Y, Higashi T, Motoyama K, Arima H. (2018) Supramolecular 

Complex of Methyl-β-cyclodextrin with Adamantane-Grafted Hyaluronic Acid as a 

Novel Antitumor Agent. Chem Pharm Bull., 66, 277-285. 

Upadhyay AK, Singh S, Chhipa RR, Vijayakumar MV, Ajay AK, Bhat MK. (2006) Methyl-

β-cyclodextrin enhances the susceptibility of human breast cancer cells to carboplatin 

and 5-fluorouracil: Involvement of Akt, NF-κB and Bcl-2. Toxicol. Appl. Pharmacol., 

216, 177-185. 



53 

 

Sarkar P, Chakraborty H, Chattopadhyay A. (2017) Differential membrane dipolar 

orientation induced by acute and chronic cholesterol depletion. Sci. Rep., 7, 4484. 

Boreddy SR, Pramanik KC, Srivastava SK. (2011) Pancreatic tumor suppression by benzyl 

isothiocyanate is associated with inhibition of PI3K/AKT/FOXO pathway. Clin. Cancer 

Res., 17, 1784-1795. 

Fahy BN, Schlieman M, Virudachalam S, Bold RJ. (2003) AKT inhibition is associated with 

chemosensitisation in the pancreatic cancer cell line MIA-PaCa-2. Br. J. Cancer., 89, 

391-397. 

Zhang W, Liu HT. (2002) MAPK signal pathways in the regulation of cell proliferation in 

mammalian cells. Cell Res., 12, 9-18. 

Sun J, Deng Z, Yan A. (2014) Bacterial multidrug efflux pumps: mechanisms, physiology 

and pharmacological exploitations. Biochem. Biophys. Res. Commun., 453, 254-267. 

Leslie EM, Deeley RG, Cole SPC. (2005) Multidrug resistance proteins: role of P-

glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense. Toxicol Appl 

Pharmacol., 204, 216–237. 

Deeley RG, Westlake C, Cole S P. (2006) Transmembrane transport of endo-and xenobiotics 

by mammalian ATP-binding cassette multidrug resistance proteins. Physiol. Rev., 86, 

849-899. 

Cole SP. (2014). Multidrug Resistance Protein 1 (MRP1, ABCC1): A'Multitasking'ABC 

Transporter. J. Biol. Chem., jbc-R114. 

Telang U, Ji Y, Morris, ME. (2009) ABC transporters and isothiocyanates: Potential for 

pharmacokinetic diet–drug interactions. Biopharm Drug Dispos., 30, 335-344. 

Cullen KJ, Newkirk KA, Schumaker LM, Aldosari N, Rone JD and Haddad BR. (2003) 

Glutathione s‑transferase pi amplification is associated with cisplatin resistance in head 



54 

 

and neck squamous cell carcinoma cell lines and primary tumors. Cancer Res. 63, 8097-

8102. 

Sakamoto M, Kondo A, Kawasaki K, Goto T, Sakamoto H, Miyake K, Koyamatsu Y, Akiya 

T, Iwabuchi H, Muroya T. (2001) Analysis of gene expression profiles associated with 

cisplatin resistance in human ovarian cancer cell lines and tissues using cdna microarray. 

Hum Cell., 14, 305‑315.  

 

 

 


