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ABSTRACT 

Cholangiocarcinoma is markedly resistant to chemotherapy and has a dismal prognosis, 

but its mechanism of drug resistance is unknown. This study examines whether 

Glutathione S-transferase- ��*673�-1) is involved in resistance to anticancer drugs in 

cholangiocarcinoma and whether GSTP1-1 specific inhibitors can overcome this 

resistance. First, immunohistochemical examination disclosed strong staining of all our 

17 cholangiocarcinoma specimens for GSTP1-1, irrespective of histological type. 

Transfection of the GSTP1-1 antisense expression vector into a human 

cholangiocarcinoma cell line (HuCCT1) apparently decreased its intracellular GSTP1-1 

concentration, and the sensitivity of transfectants to adriamycin (ADR), cisplatin and 

alkylating agents such as melphalan and 4-hydroxyperoxycyclophosphamide (4-HC) 

was increased significantly, compared to that of mock-transfectants. We next 

synthesized GSTP1-1 specific inhibitors by elongating the carbon chain of the 

ethylester at the N-terminal of γ-glutamyl-S-benzylcysteinyl-phenylglycyl diethylester 

and performed a pharmacokinetic study on them. Of six GSTP1-1 inhibitors tested, 

O1-hexadecyl-γ-glutamyl-S-benzylcysteinyl-D-phenylglycine ethylester (C16C2) 
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showed the smallest volume of central compartment and smallest volume of 

distribution at steady state and the second smallest clearance, being the most effective 

inhibitor in vivo. The IC50 of ADR or 4-HC for HuCCT1 cells decreased greater by 

treatment with C16C2 in a dose-dependent manner, paralleling the decrease in 

GSTP1-1 activity, than that of ADR or 4-HC alone. The antitumor activity of ADR or 

cyclophosphamide was clearly enhanced by combination therapy with C16C2 in a 

xenograft model. In conclusion, our results demonstrated that GSTP1-1 is a resistance 

factor for anticancer drugs in cholangiocarcinoma and that C16C2, a GSTP1-1 specific 

inhibitor, is a potent agent against the resistance.  
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  Cholangiocarcinoma is a cancer that is highly resistant to various anticancer drugs 

and thereby leads to poor prognosis (de Groen et al.,1999; Patel,2001; Okuda et 

al.,2002; Isa et al.,2001). However, the mechanism of chemoresistance of this disease is 

totally unknown.  

  It has been reported that there are gene abnormalities in K-ras, p53 and APC in 

cholangiocarcinoma (Ohashi et al.,1995; Tannapfel et al.,2000; Tada et al.,1990; Isa T et 

al.,2002; Kiba et al.,1993). In particular, K-ras mutation has been detected in as many as 

48-80% of these cases. We have recently reported the close relationship between K-ras 

mutation and the expression of glutathione-S-transferase-  (GSTP1-1), a detoxification 

enzyme in precancerous lesions as well as in cancer tissue (Miyanishi et al.,2001). We 

also showed that GSTP1-1 is a multidrug resistant factor for adriamycin (ADR), 

cisplatin (CDDP) and alkylating agents such as melphalan (Ban et al.,1996; Kuga et 

al.,1997). Hayes et al.(1991) examined the expression of GSTP1-1 in 

cholangiocarcinoma by immunohistochemical staining and found that it was positive in 

eight out of eight cases, indicating that GSTP1-1 may be a viable marker for 
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cholangiocarcinoma, although they did not refer to its possible role as a resistance factor 

to anticancer drugs. 

  In this study, we first examined the expression of GSTP1-1 in cholangiocarcinoma. 

Then, to prove that GSTP1-1 is responsible for chemoresistance, we introduced 

GSTP1-1 antisense cDNA into a cholangiocarcinoma cell line, HuCCT1, which 

expresses GSTP1-1 abundantly, and revealed that the transfectants became sensitive to 

ADR, CDDP, melphalan and 4-hydroxyperoxycyclophosphamide (4-HC), an active 

form of cyclophosphamide (CPA) in in vitro experiments. Furthermore, we synthesized 

a GSTP1-1 specific inhibitor, O1-hexadecyl� -glutamyl-S-benzylcysteinyl- 

D-phenylglycine ethylester, and examined whether the sensitivities to ADR and CPA 

were increased by administration of the inhibitor simultaneously with anticancer drugs 

in nude mice inoculated subcutaneously with HuCCT1 cells.  
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Materials and Methods 

  Tissue specimen. This study was approved by the ethics committee of Sapporo 

Medical University. Seventeen patients with cholangiocarcinoma and nineteen patients 

with hepatocellular carcinoma who had been admitted to Sapporo Medical University 

between 1996-2001 were included in this study. All the patients were histologically 

diagnosed as cholangiocarcinoma or hepatocellular carcinoma by biopsy or surgery, and 

the remaining tissue specimens were used in this study. All the patients gave written 

informed consent. 

  Anticancer drugs. ADR and 5-fluorouracil (5-FU) were purchased from Kyowa 

Hakko Kogyo Co., Ltd. (Tokyo, Japan), whereas CDDP, vincristine (VCR), CPA and 

4-HC were obtained from Shionogi Co., Ltd. (Tokyo, Japan). Melphalan was purchased 

from Sigma Chemical Co. (St.Louis, MO). 

  Immunohistochemistry. The paraffin-embedded sections were deparaffinized in 

three changes of xylene, and rehydrated through graded alcohol solutions at room 

temperature. A 10 mM sodium phosphate buffer containing 0.9% NaCl (PBS, pH 7.4) 

was used for washes between various steps; incubations were performed in a humidified 
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chamber. Sections were treated with 5% normal horse serum (GIBCO Laboratories, 

Grand Island, NY) in PBS, then incubated with 1:100 dilution of anti-GSTP1-1-specific 

monoclonal antibody (Dako, Kyoto, Japan) overnight at 4°C, followed by incubation 

with biotinylated horse anti-mouse immunoglobulin G at room temperature and 

detection with the ABC kit (Vector, Burlingame, CA). 

  Cell Lines and Cell Culture. Human cholangiocarcinoma cell lines HuCCT1 and 

HuH28, human cervical carcinoma cell line HeLa, human mammary carcinoma cell line 

MCF7, human gastric carcinoma cell line TMK-1, human hepatocellular carcinoma cell 

lines HepG2 and PLC/PRF/5, and human colon carcinoma cell line M7609 were 

obtained from the Japanese Cancer Research Resources Bank. HuCCT1, HuH28, and 

M7609 were cultured in RPMI 1640 (Life Technologies, Inc., Grand Island, NY) and 

HeLa, MCF7, TMK-1, HepG2, and PLC/PRF/5 were cultured in Dulbecco’s modified 

Eagle’s medium containing 10% FCS (Flow Laboratories, North Ryde, Australia) in 

tissue culture flasks; incubation was performed at 37°C in an atmosphere of air 

containing 5% CO2. 

  GSTP1-1 Quantitation by ELISA. After washing each cell preparation two times in 
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cold PBS, the cells were adjusted to a concentration of 1×106 /ml in the same buffer and 

were homogenized with a Dounce homogenizer. The lysates were then centrifuged at 

12,000 rpm for 15 min, and the concentration of GSTP1-1 in each supernatant was 

measured by sandwich ELISA established in our laboratory as described previously 

(Takahashi et al.,1989; Kura et al.,1996). 

  Construction of a GSTP1-1 antisense Vector. The plasmid pGpi2 (Nakasa et 

al.,1997) containing GSTP1-1 cDNA was obtained from the Japanese Cancer Research 

Resources Bank (Tokyo, Japan). pGpi2 was digested with EcoRI, and a 0.7-kb 

EcoRI-EcoRI fragment containing the whole coding region for GSTP1-1 was recovered. 

Both ends of this fragment were then blunted with the Klenow fragment (Takara Shuzo 

Co., Ltd., Kyoto, Japan). The pLJ vector described by Korman et al. (1987) was 

linearized with BamHI, the blunting of both terminals was similarly performed using 

the Klenow fragment, and was dephosphorylated with bacterial alkaline phosphatase 

(Takara Shuzo, Co., Ltd.). The two processed fragments were ligated with T4 ligase and 

a clone was selected in which the GSTP1-1 cDNA was inserted in the reverse direction. 

This clone was named pLJ/antiGSTP. 
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  Gene Transfer. The transfection of the pLJ/antiGSTP into the HuCCT1 cells was 

performed by the lipofection method. Briefly, 2.5×105 cells were dispersed in a 3.5-cm 

culture dish and were incubated for 24h. The attached cells were then washed three 

times with RPMI1640 (Life Technologies, Inc.), followed by the addition of 3 ml of the 

same culture medium to the dish. Next, 100 ul of plasmid lipofection reagent (Life 

Technologies, Inc.) were mixed with 3 ug of pLJ/antiGSTP and incubated at room 

temperature for 15 min. This mixture was then added to each culture dish, and the 

dishes were incubated at 37°C for 6h. RPMI 1640 (3ml) containing 10%FCS was added 

to each culture dish, and incubation was continued for another 72h. G418 (Life 

Technologies, Inc.) was added to the culture medium in each dish to a concentration of 

400 ug/ml, and the cells were cultured for approximately 2 weeks at 37°C in an 

atmosphere of air containing 5%CO2. The G418-resistant clones were obtained and 

designated HuCCT1/antiGSTP1 and HuCCT1/antiGSTP2. The pLJ vector without 

GSTP1-1 antisense cDNA was transfected to HuCCT1 cells to obtain a control 

transfectant, HuCCT1/pLJ.  

  GSTP1-1 inhibitors. GSTP1-1 inhibitors (Fig.1) were synthesized by elongating the 
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carbon chain of the alkylester (R1) at the N-terminal of γ-Glutamyl-S-benzylcysteinyl- 

phenylglycine, the active form of the GSTP1-1 specific inhibitor (Morgan et al.,1996), 

to increase their stability in circulation. The inhibitors were synthesized by a 

conventional method of peptide synthesis as described by Merrifield (Erickson et 

al.,1976). In brief, D-phenylglycine–OEt HCl was synthesized from D-phenylglycine 

and thionyl chloride (SOCl2) in EtOH at room temperature (1). To a mixture of 1, 

Boc-Cys(Bzl)-OH, hydroxybenzotriazole (HOBt) and N-methylmorpholine in 

dimethylformamide (DMF) was added 1-(3-dimethylaminopropyl)- 3-ethylcarbodiimide 

hydrochloride (WSC) at 0°C, and the mixture was stirred at room temperature for 80 

min. The reaction mixture was poured into water, extracted with ethyl acetate, washed 

with saturated aqueous sodium chloride, dried with anhydrous magnesium sulfate and 

concentrated under reduced pressure. The residue was purified by silica gel column 

chromatography to afford Boc-Cys(Bzl)-D-Phg-OEt (2). 2 was treated with hydrogen 

chloride in dioxane and concentrated under reduced pressure to afford 

Cys(Bzl)-D-Phg-OEt HCl (3). To a mixture of Boc-Glu(OBzl)-OH and NaHCO3 in 

dimethylformamide was added 1-bromo hexadecane at room temperature. After stirring 
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for 38 h, the reaction mixture was poured into water, extracted with ethyl acetate, 

washed with saturated aqueous sodium chloride, dried with anhydrous magnesium 

sulfate and concentrated under reduced pressure. The residue was purified by silica gel 

column chromatography to afford Boc-Glu(OBzl)-O(Hexadecyl) (4). Boc-Glu(OBzl)- 

Oet (5), Boc-Glu(OBzl)-O(Octyl) (6), Boc-Glu(OBzl)-O(Dodecyl) (7), Boc-Glu(OBzl)- 

O(Tetradecyl) (8), Boc-Glu(OBzl)-O(Octadecyl) (9) were synthesized similarly. A 

mixture of 4 and catalytic amount of 10% Pd/C in dioxane was stirred under an 

atmosphere of hydrogen at room temperature for 19 h. After filtration through celite pad, 

the filtrate was concentrated under reduced pressure. Dimethylformamide, 3- 

hydroxybenzotriazole, N-methylmorpholine and 1-(3-dimethylaminopropyl)- 

3-ethylcarbodiimide hydrochloride (WSC) were added, and the mixture was stirred at 

room temperature for 2 h. The reaction mixture was poured into water, extracted with 

ethyl acetate, washed with saturated aqueous sodium chloride, dried with anhydrous 

magnesium sulfate and concentrated under reduced pressure. The residue was purified 

by silica gel column chromatography to afford Boc-Glu(Cys(Bzl)-D-Phg-OEt)- 

O(Hexadecyl). Boc-Glu(Cys(Bzl)-D-Phg-OEt)-O(Hexadecyl) was treated with 4N HCl 
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in dioxane at room temperature and the reaction mixture was concentrated under 

reduced pressure. Diethyl ether was added and the precipitated 

Glu(Cys(Bzl)-D-Phg-OEt)-O(Hexadecyl) HCl (C16C2) was collected by filtration. 

Similarly, Glu(Cys(Bzl)-D-Phg-OEt)-OEt HCl (C2C2), Glu(Cys(Bzl)-D-Phg-OEt)- 

O(Octyl) HCl (C8C2), Glu(Cys(Bzl)-D-Phg-OEt)-O(Dodecyl) HCl (C12C2), 

Glu(Cys(Bzl)-D-Phg-OEt)-O(Tetradecyl) HCl (C14C2), Glu(Cys(Bzl)-D-Phg-OEt)- 

O(Octadecyl) HCl (C18C2) were synthesized from compounds (5), (6), (7), (8), and (9), 

respectively.  

  Pharmacokinetic study of GSTP1-1 inhibitors. GSTP1-1 inhibitors were 

administered in vivo by formulation with lipid microspheres (LM) to facilitate their 

solubility in plasma. In brief, they were dissolved in a mixture of benzyl alcohol and 

ethanol (1:4) at 40 mg/ml, and then added to a fat emulsion (Intralipos, Nihonseiyaku 

Inc., Tokyo, Japan) at a ratio of 1:0.075, mixed well by vortexing, and subsequently 

passed through a 1.2um pore sized filter. The mean particle size of the emulsified LM 

thus synthesized was 243 ± 86 nm (data not shown), which is suitable for in vivo 

administration (Yamaguchi et al.,1994). LM solution containing GSTP1-1 inhibitors 
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was intravenously injected into a rabbit at 3 to 30 ml/kg. Blood was sampled 5, 10, 15, 

30, 60, 120, and 240 min after injection, and the plasma concentration of inhibitors was 

determined by high-performance liquid chromatography (HPLC).  

  High-performance liquid chromatography (HPLC). A reverse phase HPLC was 

performed on the HPLC column (YMC-Pack Pro C18, 4.6 X 25 cm, YMC Inc.) with an 

LC-10A equipped with a UV detector (Shimadzu, Kyoto, Japan). 

  In vitro de-esterification of C16C2 by esterase. C16C2 (200 ug/ml) was incubated 

with rabbit liver esterase (134 units/ml) in PBS containing BSA at 37°C for 24 hours to 

hydrolyze the C16C2 ester bonds. The resultant solution was applied to the HPLC 

column to analyze the presence of C16C2 and its active form, γ-glutamyl- 

S-benzylcysteinyl-phenylglycine. As an internal standard, parahydroxymethyl benzoate 

(10 ug/ml) was added to the solution before application to the reverse phase HPLC 

column. The solution of the active form itself (10 ug/ml) containing parahydroxymethyl 

benzoate (10 ug/ml) was also applied to the HPLC column as a control.  

  Cytotoxicity assays. The sensitivities of each cultured cell line to the anticancer 

drugs ADR, melphalan, 4-HC, VCR, CDDP and 5-FU were determined by the 
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dye-uptake method. Briefly, 1×104 cells in 100ul were dispensed in 96-well culture 

plates, and GSTP1-1 inhibitors were added at various concentrations. After incubation 

for 24h at 37°C, anticancer drugs were added to each well at various concentrations, and 

the cells were incubated for another 48h at 37°C. Next, 25ul of a 25% glutaraldehyde 

solution was added to each well to fix the cells, and the plates were then washed with 

water, dried, stained with a 0.05% methylene blue solution, and eluted with 0.33N HCl. 

The absorbance at 665 nm was measured with an ELISA reader (MS-3096F; SLT-LAB 

Instruments Co., Salzburg, Austria). The cell survival rates were deduced from the 

relative absorbance values of the samples to control. Since C16C2 was practically 

insoluble in water, it was treated as follows before use. First, 10 mg of L- �OHFLWKLQ�ZDV�

dissolved in chloroform and air-dried. Ethanol containing C16C2 at 30 mg/ml was then 

added to the air-dried lecithin. After further addition of 10ml RPMI 1640 medium, the 

mixture was sonicated for 10 min and then added to the culture solution (Parsaee et 

al.,2002). 

  Assay for GSTP1-1 activity in cultured cells. HuCCT1 cells were seeded at a 

concentration of 2×105 /2ml in a 12-well culture dish and cultured in RPMI 1640 
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containing 10% FCS for 24 h. C16C2 was added to each well at various concentrations, 

and the cells were cultured for another 24 h. They were harvested using cell scrapers, 

incubated in hypotonic buffer (pH7.4) (10 mM Tris, 1.5 mM MgCl2) for 20 min at 4°C, 

homogenized using Dounce homogenizers and centrifuged at 10,000 x g for 30 min at 

4°C to collect cytosolic proteins. GSTP1-1 activities were measured using 1-chloro-2, 

4-dinitrobenzene (CDNB) as a substrate, according to the method of Habig et al (1974). 

In brief, protein samples (10-50ul) were added to 1 ml of 0.1M sodium phosphate buffer 

(pH6.5) containing 1.3 mM CDNB and 2.5 mM reduced glutathione (Sigma), and the 

absorbance at 343 nm was measured at 25°C.  

  Xenotransplantation. The experiments were performed in accordance with the 

recommendations of the Guide for the Care and Use of Laboratory Animals of Sapporo 

Medical University School of Medicine. 2×106 cells in 100 ul of RPMI 1640 medium 

were inoculated subcutaneously into the back of each nude mouse (5-wk-old, Sankyo 

Labo Service Co., Ltd, Tokyo Japan). When tumor sizes reached 7 mm in diameter, 36 

mice were randomized into 6 groups. To three groups, C16C2 was administered into the 

tail vein at a dose of 20mg/kg on days 1, 2, 3, 8, 9, and 10. Of these three groups, two 
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groups received intraperitoneal administrations of either 4mg/kg ADR or 200 mg/kg 

CPA on days 2 and 9. Of the remaining three groups, two groups received 

intraperitoneal administrations of 4 mg/kg ADR or 200 mg/kg CPA on days 2 and 9. 

The tumor size was measured with a sliding caliper every 4 days. Tumor volume (V) 

was calculated with the following formula: V = length x (width)2 x 0.5, in accordance 

with the protocol of Geran et al. (1972). 

  To measure the GSTP1-1 activities in tumor tissues of xenografts, tumors were 

resected on day 3, minced in hypotonic buffer, and the cytosol fractions were extracted. 

Then, GST activities were measured as described above. 
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Results 

  Immunohistochemical analysis for GSTP1-1 in cholangiocarcinoma and 

hepatocellular carcinoma. We performed immunohistochemical staining for GSTP1-1 

on specimens of 17 cholangiocarcinoma (4 cases of well differentiated type, 7 of 

moderately differentiated type, and 6 of poorly differentiated type) and 19 

hepatocellular carcinoma cases. Figures 2A-C are representative staining patterns of 

cholangiocarcinoma of the well differentiated type, moderately differentiated type and 

poorly differentiated type, respectively. In all samples, the tumor cells were strongly 

stained for GSTP1-1. Figures 2D-F are higher magnification pictures of the 

corresponding Figures 2A-C. The cytoplasms of tumor cells in all types of 

cholangiocarcinoma were strongly stained for GSTP1-1, although some infiltrating cells 

showed very weak staining for GSTP1-1. In contrast, hepatocellular carcinoma showed 

essentially no staining for GSTP1-1 (Fig.2G). The results of immunostaining for 

GSTP1-1 in 17 cholangiocarcinoma cases and 19 hepatocellular carcinoma cases are 

summarized in Table 1. All cholangiocarcinoma specimens showed strong staining 

(positivity) for GSTP1-1, irrespective of the histological types, whereas all 
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hepatocellular carcinoma cases were negative for GSTP1-1.  

  Intracellular GSTP1-1 concentration in various cell lines. We measured the 

concentrations of GSTP1-1 in HeLa cells from human cervical carcinoma, MCF7 cells 

from human mammary carcinoma, TMK-1 cells from human gastric carcinoma, HepG2 

and PLC/PRF/5 cells from human hepatocellular carcinoma, M7609 cells from human 

colon carcinoma, and HuCCT1 and HuH28 cells from human cholangiocarcinoma using 

ELISA (Table 2). The GSTP1-1 concentrations in the two cell lines (HuCCT1, HuH28) 

derived from cholangiocarcinoma were clearly higher than the others, and the HuCCT1 

cell line, which had the highest GSTP1-1 concentration, was used for the following 

examination. 

  Anticancer drug sensitivities of HuCCT1/antiGSTP1 and HuCCT1/antiGSTP2 

cells. In order to examine whether GSTP1-1 expressed in HuCCT1 cells was involved 

in the resistance to anticancer drugs, we introduced GSTP1-1 antisense cDNA into 

HuCCT1 cells and investigated changes in their drug sensitivity. The intracellular 

GSTP1-1 concentrations in the two clones, HuCCT1/antiGSTP1 and HuCCT1/ 

antiGSTP2, were decreased to about half of those of the parental cell line and the 
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control cells, HuCCT1/PLJ. Both the HuCCT1/antiGSTP1 and the HuCCT1/antiGSTP2 

cells showed significantly elevated sensitivities to ADR, melphalan, 4-HC and CDDP 

compared with that of the HuCCT1/PLJ cells. Neither HuCCT1/antiGSTP1 nor 

HuCCT1/antiGSTP2 cells showed statistically significant changes in their sensitivities 

to VCR or 5-FU (Table 3). 

  Pharmacokinetic study of synthesized GSTP1-1 inhibitors in rabbit. Since the 

plasma esterase activity is similar in rabbits and humans, which is low compared to the 

activity in rats or mice, we used rabbits to examine the pharmacokinetics of GSTP1-1 

inhibitors (Fig.3). The plasma concentration of C2C2 was already less than 0.1 ug/ml at 

10 min after administration and decreased sharply within 30 min. As the number of the 

carbons in the alkylester at the N-terminal increased from eight (C8C2) to eighteen 

(C18C2), the plasma concentration of GSTP1-1 inhibitors gradually increased. The 

maximal plasma concentration of C16C2 was 17.2 ug/ml at 5 min. There was no 

apparent difference between the maximal plasma concentrations of C16C2 and C18C2.  

  The plasma inhibitor concentration was analyzed as a function of time by the 

non-linear least squares program, MULTI, according to a two-compartment model 
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(Metzler,1971; Zuideveld et al.,2002) (Table 4). The volume of central compartment 

(Vc) and volume of distribution at steady state (Vss) were the smallest for C16C2, 

whereas the total body clearance (CL) was the smallest for C18C2 among the 

synthesized inhibitors (Table 4). Thus C16C2 most effectively of all inhibitors 

maintained a sustained high blood concentration. In addition, we have confirmed that 

C16C2 showed high stability, even in rats and mice (data not shown).  

  De-esterification of C16C2 in vitro. C16C2 was incubated in vitro with an esterase 

for 24 h to examine whether an active form of C16C2 could be indeed generated during 

the esterase treatment. The control active form of a GSTP1-1 specific inhibitor, 

γ-glutamyl -S-benzylcysteinyl-phenylglycine, was eluted at the 16 min site on a reverse 

phase HPLC (Fig. 4B). An analysis of C16C2 before the esterase treatment 

demonstrated no peak at the 16 min site (Fig. 4C). After C16C2 was incubated with an 

esterase for 24 h, an analysis of the resultant solution by reverse phase HPLC revealed a 

small peak at the 16 min site which represented the elution of the active form of C16C2 

(Fig. 4D). 

  Inhibitory effects of C16C2 on GSTP1-1 activity in HuCCT1 cells and its effects 
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on sensitivities to anticancer drugs in comparison with those of C2C2. We examined 

if GSTP1-1 activity in HuCCT1 cells could be indeed inhibited by C16C2. As shown in 

Fig.5A, GSTP1-1 activity in HuCCT1 cells was dose dependently inhibited by 

treatment with both C16C2 and C2C2, though the inhibition rate of C16C2 at each dose 

was slightly lower than that of C2C2 with no significant difference. Incidentally, there 

was no significant cytotoxicity of C16C2 to HuCCT1 cells when it was used at the 

concentration of 0 - 200uM (data not shown). We next evaluated the ability of C16C2 to 

potentiate the killing effect of ADR or 4-HC on HuCCT1 cells. The IC50 for both ADR 

(Fig.5B) and 4-HC (Fig.5C) decreased by treatment with C16C2 and C2C2 in a dose 

dependent manner, paralleling the decrease of GSTP1-1 activity (Fig.5A). The 

decrement rates of IC50 and GSTP1-1 activity with C16C2 was also lower than that of 

C2C2 with no significant difference.  

  Effects of C16C2 on sensitivities to anticancer drugs in xenograft models. We 

examined whether the antitumor activity of ADR or 4-HC against HuCCT1 tumors 

transplanted into nude mice was enhanced by C16C2. C16C2 itself did not exert any 

effect on tumor growth (Fig.6) and exhibited no apparent adverse effects such as weight 
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loss, abnormal liver function or dysfunction of haematopoiesis (data not shown).  

When C16C2 treated mice were examined histologically, liver, kidney, heart, lung, 

stomach and intestine showed no apparent abnormalities. Although either ADR or CPA 

alone showed some inhibitory activity on tumor growth, when they were combined with 

C16C2, the inhibitory activity became more evident. Moreover, the tumor disappeared 

completely in one of the six mice in which CPA was administered in combination with 

C16C2. 

  GST activities in tumor tissues of the mice receiving C16C2. To verify that the 

augmented antitumor effect of anticancer drugs combined with C16C2 is due to the 

inhibition of GSTP1-1 activity by the latter agent, we measured GSTP1-1 activity in 

tumors resected from mice. The mean GSTP1-1 activity in tumor tissues of the control 

mice was 13.6 ± 1.9uM/min/mg protein, while that of the mice administered with 

C16C2 was 6.1 ± 1.1uM/min/mg protein. The result indicated that the GSTP1-1 activity 

was inhibited to 45% of the control level by administration of C16C2. 
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Discussion 

  In the present study, we examined the expression of GSTP1-1, which is known as a 

resistance factor for anticancer drugs in cholangiocarcinoma. In all 17 

cholangiocarcinoma samples, GSTP1-1 was positively stained by 

immunohistochemistry. When the antisense cDNA of GSTP1-1 was introduced into the 

cholangiocarcinoma cell line HuCCT1, the intracellular GSTP1-1 concentration was 

apparently decreased, and the transfectants showed a significantly higher sensitivity to 

ADR, melphalan, 4-HC and CDDP than parental cells. These findings suggested that 

GSTP1-1 plays a role in anticancer drug resistance of cholangiocarcinoma, and were 

compatible with the results of previous studies showing that GSTP1-1 was associated 

with the chemoresistance against these anticancer drugs in various cell lines (Ban et 

al.,1996; Kuga et al.,1997; Penketh et al.,1996; Goto et al.,2001; Niitsu et al.,1998). 

  There have been several studies to overcome the anticancer drug resistance using 

GST inhibitors. Tew et al. (1988) reported that the sensitivity to chlorambucil increased 

in cells of the Walker 256 rat mammary tumor cell line and a human colon cancer cell 

line treated with pyriplost, an analog of prostaglandin I, and ethacrynic acid, a diuretic 
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compound as well as a substrate for GST. However, ethacrynic acid has a very 

problematic side effect in addition to its ability to induce the metabolic abnormality and 

its strong diuretic activity as it suppresses the bone marrow function markedly when 

used together with anticancer drugs. Hall et al. (1989) reported that a non-steroidal 

anti-inflammatory drug (NSAID), indomethacin, known to bind to GSTP1-1, is useful 

in overcoming chlorambucil resistance. We ourselves found that ketoprofen, one of the 

NSAIDs which inhibited the GST activity, clearly overcame the ADR resistance (Niitsu 

et al.,1990). In these reports, however, the effectiveness of NSAIDs in vivo has not yet 

been clarified. Maeda et al. (1993) synthesized a calmodulin antagonist (Ca antagonist), 

W-77, which blocked GSTP1-1 activity, and reported that it enhanced the ADR 

sensitivity through inhibition of both GSTP1-1 and p-glycoprotein. However, it was 

highly toxic in vivo by itself.  

  Lyttle et al. (1994) recently synthesized a glutathione analogue (γ-glutamyl- 

S-benzylcysteinyl-phenylglycyl diethylester), which was designed to block GSTP1-1 

activity by directly binding to its glutathione-site after entrance into the cells, where 

diethyester is hydrolyzed by esterase to become γ-glutamyl- 
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S-benzylcysteinyl-phenylglycine, and they demonstrated that the analogue had 

extremely high and specific inhibitory activity to GSTP1-1 with a Ki value of 0.42uM 

as compared with that to GST A1-1 (Ki 24.3uM), GST M1-1 (Ki 57.8 uM) and GST 

M2-2 (Ki 184 uM). Morgan et al. (1996) reported further that the treatment with this 

glutathione analogue of a colon cancer cell line in which GSTP1-1 was highly 

expressed resulted in an increase of sensitivity to chlorambucil. The half-life of this 

compound, however, was so short in vivo, that it was difficult to attain an effective 

blood concentration. The short half-life was conceivably attributable to the readiness of 

two ethyl groups to be hydrolyzed by esterase in the blood. To circumvent this problem, 

we therefore elongated the ethyl group at the N-terminal of 

γ-glutamyl-S-benzylcysteinyl-phenylglycyl diethylester with long alkyl carbon chains to 

form various compounds (C8C2, C12C2, C14C2, C16C2 and C18C2) which should be 

resistant to de-esterification in the blood. When we administered the above compounds 

to rabbits, the blood concentration of compounds with longer chains (C16C2, C18C2) 

were indeed maintained at a higher level. Since C16C2 showed the smallest volume of 

central compartment (Vc) and the smallest volume of distribution at steady state (Vss) 
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by a two-compartment model analysis, we chose C16C2 for further experiments. To 

verify the in vivo observation, we then incubated C16C2 with esterase in vitro for 24 h. 

The result that only a small amount of the de-esterified form was detected on HPLC 

indeed indicated the stable nature of C16C2 against esterase. However, when in vitro 

activity of C16C2 on tumor cells (Fig. 5) was examined, it was almost as high as that of 

C2C2, although slightly impaired. Taken together, it was surmised that C16C2 is quite 

stable as an inactive form in circulation despite the presence of esterase, whereas 

intracellularly, the agent may readily convert into the active form due to a high 

concentration of esterase (van Ark-Otte et al.,1998; Butterworth et al.,1993) and thus it 

exerts nearly the same potent anti-GSTP1-1 activity as C2C2. Nevertheless, this 

property of C16C2 is considered to be quite suitable for in vivo use. Furthermore, for 

administration of C16C2, we prepared colloidal microspheres containing C16C2 to 

facilitate its transfer into cancerous tissues. Accordingly, the effect of C16C2 was 

examined in vivo with tumor-bearing mice. C16C2 was administered three consecutive 

days (on the day of administration of an anticancer drug, and on the days before and 

after that) as GSTP1-1 must be inhibited prior to and during anticancer drug 
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administration. The applied dose was determined based on the inhibitory activity of 

C16C2 on GSTP1-1 in vitro (Fig.5) and the plasma concentration of C16C2 in vivo 

(Fig.3). We found that the combination of C16C2 with ADR and CPA evoked 

significantly higher antitumor effects than administration of each drug in isolation. We 

also found that the tumor disappeared completely in one of the mice in which CPA was 

administered in combination with C16C2. These results clearly indicated that C16C2 is 

highly potent in overcoming the chemoresistance caused by GSTP1-1. Incidentally, in 

this study we presented the results of experiments in which animals were treated with 

two courses of combination therapy. The results were much more favorable than those 

of one course therapy (data not shown), suggesting the possibility that the efficacy of 

treatment may increase as the number of therapy course increases. However, multiple 

therapy courses are not practically feasible in this model because of damage to the tail 

vein, where the drugs are injected. This obstacle will be circumvented when therapy is 

applied to humans in the future.  

  Since γ-glutamyl- S-benzylcysteinyl-phenylglycine, the active form of C16C2 has a 

high selectivity to GSTP1-1, it is not expected to affect the activity of other GST 
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isozymes, and if it does, the affect should not be serious. However, further detailed 

investigations are needed. With regard to toxicity of C16C2, there was no significant 

cytotoxicity to HuCCT1 cells when it was used at the concentration of 0 - 200uM. In the 

xenograft experiment, mice administered C16C2 showed no significant decrease in 

body weight compared to those administered vehicle alone, and no blood chemical 

abnormality was found. Histological examinations of liver, kidney, heart, lung, stomach 

and intestine showed no apparent abnormalities. Moreover, LD 50 of C16C2 was very 

high, ranging from 800-1000mg/kg (data not shown). However, a more detailed 

examination of C16C2 toxicities should be performed.  

  In conclusion, C16C2 is considered to be useful for treatment of cholangiocarcinoma 

in combination with anticancer drugs to which GSTP1-1 is a resistant factor.  
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LEGENDS FOR FIGURES 

Fig. 1. Structure of GST-P1-1 specific inhibitors. In order to increase the stability of 

-glutamyl-S-benzylcysteinyl-phenylglycyl diethylester (C2C2) (Morgan et al.,1996) in 

circulation for in vivo use, the carbon chain of ethylester (R1) at the N-terminal was 

elongated from C2 to C18. These inhibitors were synthesized by the conventional 

method of peptide synthesis (Erickson et al.,1976). 

Fig. 2. Immunohistochemical staining for GSTP1-1 in a cholangiocarcinoma specimen. 

The cytoplasms of tumor cells in well differentiated cholangiocarcinoma (A,D), 

moderately differentiated cholangiocarcinoma (B,E) and poorly differentiated 

cholangiocarcinoma (C, F) were all strongly stained for GSTP1-1. There was essentially 

no staining for GSTP1-1 in hepatocellular carcinoma (G). Original magnification 50 X 

in A and C, 100 X in B and G, 200 X in D, and 400 X in E and F. 

Fig. 3. Plasma concentration of GSTP1-1 specific inhibitors after intravenous 

administration in rabbits. GSTP1-1 inhibitors were intravenously administered into 

rabbits by formulation with lipid microspheres, as described in Materials and Methods. 

Blood was sampled 5, 10, 15, 30, 60, 120, 240 min after injection, and the plasma 
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concentration was measured by HPLC. As the number of the carbon chains in the ester 

at the N-terminal increased, the plasma concentration of the GSTP1-1 inhibitors 

gradually increased. There was no apparent difference between the maximal 

concentrations of C16C2 and C18C2. 

Fig. 4. De-esterification of C16C2 in vitro. C16C2 (200 ug/ml) was incubated with a 

rabbit esterase (134 units/ml) for 24 hours and applied to a reverse HPLC. In Fig.4A, 

phosphate buffered saline (PBS) containing BSA was applied to a reverse phase HPLC 

DV� D� EODQN�� ,Q� )LJ��%�� -glutamyl-S-benzylcysteinyl-phenylglycine (10 ug/ml), the 

active form of the GSTP1-1 specific inhibitor, was applied to the column and eluted as a 

peak at 16 min. Parahydroxymethyl benzoate (10 ug/ml), an internal standard (I.S.), was 

eluted as a peak at 12 min. Fig.4C and D represent elution profiles of C16C2 before and 

after esterase treatment, respectively. The small peak at 16 min, which represents the 

active form, was detected after esterase treatment. 

Fig. 5. Inhibitory effects of C16C2 on GSTP1-1 activity in HuCCT1 cells and its effects 

on sensitivities to anticancer drugs. Inhibitory effects of C2C2 and C16C2 on GSTP1-1 

activity of HuCCT1 cells were examined by treating the cells with these agents for 24 h 
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and measuring their GST activities by using 1-chloro-2, 4-dinitrobenzene (CDNB) and 

glutathione as substrates (A). The GSTP1-1 activity was dose dependently inhibited by 

treatment with both agents. The inhibition rate was slightly greater for C2C2 than 

C16C2, though the difference was not statistically significant. The IC 50 of HuCCT1 

cells for Adriamycin (ADR) (B) or 4-hydroxyperoxycyclophosphamide (4-HC) (C), 

which was determined by the dye-uptake method, decreased by treatment with both 

C2C2 and C16C2 in a dose dependent manner. Again, C2C2 was slightly more potent 

than C16C2 in decreasing IC50, though the difference was insignificant. Values are 

means ± SD of 3 independent experiments. 

Fig. 6. Effects of C16C2 on sensitivities to anticancer drugs in xenograft models. 2x106 

of HuCCT1 cells were inoculated subcutaneously into nude mice. When tumor sizes 

reached 7 mm in diameter, C16C2, ADR and CPA were administered. There was no 

significant difference in tumor growth between the group treated with C16C2 alone and 

the control group (no treatment). Although ADR and CPA alone showed some inhibitory 

activity on tumor growth, when they were combined with C16C2, the inhibitory activity 

became more evident. In one of the six mice which received CPA in combination with 
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C16C2, the tumor disappeared completely. 
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TABLE  1
Summary of Immunohistochemical Staining for GSTP1-1 in 
Cholangiocarcinoma and Hepatocellular Carcinoma 

Number of cases
examined GSTP1-1 positive (%)

Cholangiocarcinoma
(CCC)

Hepatocellular carcinoma
(HCC)

well.

mod.
por.

total

4

7
6

17

19

4 (100)

7 (100)
6 (100)

17 (100)

0 (0)
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Intracellular GSTP1-1 concentration in various cell lines

Cell lines GSTP1-1concentration
(ng/ml/105cells)

HeLa 25.0 � 2.2

MCF7 58.7 � 6.9

TMK-1 10.0 � 0.9

HepG2 76.3 � 9.7

PLC/PRF/5 90.5 � 9.5

M7609 80.7 � 8.2

HuCCT1 168.0 � 13.6

HuH28 132.6 � 14.0

a GST-p concentration was determined by ELISA. Values are means � SD of 3 
independent experiments.
b A human cervical carcinoma line. c A human breast carcinoma line. d A human 
gastric carcinoma line. e,f Human hepatocellular carcinoma lines. g A human colon 
carcinoma line. h,i Human cholangiocarcinoma lines.

TABLE  2

d

c

b

e

f

g

h

a

i
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Comparison of the sensitivities of HuCCT1, HuCCT1/pLJ, HuCCT1/antiGSTP1 and 
HuCCT1/antiGSTP2 cells to various drugs

TABLE  3

Cell line GSTP1-1 concentration
(ng/ml/105 cells)

I C 5 0 (uM)

ADR Melphalan 4-HC CDDP VCR 5-FU

HuCCT1

HuCCT1/pLJ

HuCCT1/antiGSTP1

HuCCT1/antiGSTP2

172 � 14.5

168 � 15.5

88.7 � 9.0**

90.1 � 10.2**

3.30 � 0.27

3.26 � 0.23

0.86 � 0.26**

1.01 � 0.25**

75.0 � 4.8

88.0 � 6.1

40.0 � 2.3**

46.5 � 2.4**

8.21 � 0.96

7.48 � 0.90

3.58 � 0.67**

3.98 � 0.52**

19.8 � 1.3

21.0 � 1.6

10.0 � 1.0**

11.2 � 1.0**

495 � 53

492 � 46

500 � 57

530 � 64

9.6 � 1.0

9.9 � 1.0

9.5 � 0.9

10.4 � 1.5

The value was significantly lower than that of HuCCT1/pLJ cells (p<0.01 by Student t test)

a IC50, drug concentration that inhibits cell growth by 50%. Values are means

a

b c

b ADR, Adriamycin
c 4-HC, 4-hydroxyperoxycyclophosphamide 

� SD of 3 independent experiments.

**
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Vc b

(L/kg)
Vss c

(L/kg)
CL d

(L/hr/kg)Compound

C2C2
C8C2
C12C2
C14C2
C16C2
C18C2

0.799
4.183
0.465
0.080
0.061
0.067

1.063
10.968

0.787
0.140
0.064
0.130

15.274
9.344
2.851
0.292
0.119
0.034

Pharmacokinetic parameters obtained in 2-compartment model a

a The plasma inhibitor concentration versus time curve was analyzed by non-linear least squares program.
b Vc, Volume of central compartment 
c Vss, Volume of distribution at steady state 
d CL, Clearance 

TABLE  4
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H2N

H
N

O

O

N
H

S

COO-R2

COO-R1

C2C2
C8C2

C16C2

R1 R2

ethyl ethyl
ethyl

ethylhexadecyl

octyl

C18C2

C12C2
C14C2

dodecyl ethyl
ethyl

ethyl

tetradecyl

octadecyl

H H-glutamyl-S-benzylcysteinyl
phenylglycine   (active form) 
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A. Blank

D. C16C2 after treatment

B. -glutamyl-S-benzylcysteinyl
phenylglycine

Internal Standard (I.S.,
parahydroxymethyl benzoate)

-glutamyl-S-benzyl-
cysteinyl-phenylglycine

I.S.

C. C16C2 before treatment

I.S.

-glutamyl-S-benzyl-
cysteinyl-phenylglycine
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