
 

 

저 시-비 리- 경 지 2.0 한민  

는 아래  조건  르는 경 에 한하여 게 

l  저 물  복제, 포, 전송, 전시, 공연  송할 수 습니다.  

다 과 같  조건  라야 합니다: 

l 하는,  저 물  나 포  경 ,  저 물에 적 된 허락조건
 명확하게 나타내어야 합니다.  

l 저 터  허가를 면 러한 조건들  적 되지 않습니다.  

저 에 른  리는  내 에 하여 향  지 않습니다. 

것  허락규약(Legal Code)  해하  쉽게 약한 것 니다.  

Disclaimer  

  

  

저 시. 하는 원저 를 시하여야 합니다. 

비 리. 하는  저 물  리 목적  할 수 없습니다. 

경 지. 하는  저 물  개 , 형 또는 가공할 수 없습니다. 

http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/


  

 

의학박사 학위논문 

 

A Combination Treatment of Glycolytic 

Inhibitor and Reactive Oxygen Stress Enhancer 

in Sorafenib-resistant and High Metastatic 

Potential Hepatocellular Carcinoma Cells  

 

간암에서 소라페닙 저항성 및 전이성 세포에 대한 해당과정 

억제제 및 활성산소 촉진제의 병용치료 효과 

 

2016 년 2 월  

 

서울대학교 대학원 

임상의과학과 전공 

이 민 종  



  

 

A thesis of the Degree of Doctor of Philosophy 

 

간암에서 소라페닙 저항성 및 전이성 세포에 

대한 해당과정 억제제 및 활성산소 촉진제의 

병용치료 효과 

 

A Combination Treatment of Glycolytic 

Inhibitor and Reactive Oxygen Stress Enhancer 

in Sorafenib-resistant and High Metastatic 

Potential Hepatocellular Carcinoma Cells  

 

February 2016 

  

The Department of Clinical Medical Sciences, 

Seoul National University 

College of Medicine 

Minjong Lee  



  

 

 

A Combination Treatment of Glycolytic 

Inhibitor and Reactive Oxygen Stress Enhancer 

in Sorafenib-resistant and High Metastatic 

Potential Hepatocellular Carcinoma Cells  

 

by 

Minjong Lee, M.D 

 

A thesis submitted to the department of 

Clinical Medical Sciences, Graduate School in 

partial fulfillment of the requirements 

for the Degree of Doctor of Philosophy 

in Clinical Medical Sciences at the 

Seoul National University College of Medicine 

 

December 2015 

 

 

Approved by Thesis Committee: 

Professor                           Chairman 

   Professor                           Vice chairman 

Professor                            

Professor                            

Professor                           



i 

 

ABSTRACT  

BACKGROUND & AIM: Acquisition of anoikis resistance (AR) is a prerequisite for the 

metastasis in hepatocellular carcinoma (HCC). However, little is known about how energy 

metabolism and antioxidant system are changed in HCC AR cells. We aimed to evaluate the 

anti-tumor effect of a combination treatment of 3-bromopyruvate (3-BP), an inhibitor for 

glycolysis, and buthionine sulfoximine (BSO), an inhibitor for glutathione synthesis in HCC 

AR cells. 

METHODS: We compared glycolysis, reactive oxygen species (ROS) production, and 

chemoresistance among Huh-BAT, HepG2 human HCC cells, and corresponding AR cells. 

Expression of hexokinase II, gamma-glutamylcystine synthetase (rGCS), and epithelial–

mesenchymal transition markers in AR cells was assessed. Anti-tumor effect of a 

combination treatment of 3-BP and BSO were evaluated in AR cells and HCC xenograft 

mouse model.  

RESULTS: AR cells showed a significantly higher chemoresistance, glycolysis, and lower 

ROS production than attached cells. Expression of hexokinase II, rGCS, and Snail was higher 

in HCC AR cells than attached cells. A combination treatment of 3-BP and BSO effectively 

suppressed proliferation of HCC AR cells through apoptosis induction by blocking glycolysis 

and enhancing ROS levels. In a xenograft mouse model, tumors induced from HCC AR cells 

more rapidly grew than HCC attached cells. Growth rates of tumors derived from HCC AR 

cells were significantly suppressed in the group treated with 3-BP and BSO as compared to the 

group treated with 3-BP or sorafenib alone.  

CONCLUSIONS: These results demonstrate that a combination treatment of 3-BP and BSO 

has a synergistic anti-tumor effect in HCC AR model. This strategy might be an effective 

adjuvant therapy to patients with sorafenib-resistant HCC.  
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Figure 1. Morphology of Huh-BAT, HepG2 cells, and corresponding HCC AR cells. Huh-

BAT AR (A) and HepG2 AR cells (B) were clustered and showed round shapes in high power 

field (ｘ100 magnification). Huh-BAT (C) and HepG2 cells (D) showed polygonal shapes and 

grew under attached condition. 

Abbreviation: AR, anoikis resistant. 

 

Figure 2. Induction of HK II, p-PDH, and rGCS expression in the HCC AR cells after matrix 

detachment. Huh-BAT AR (A) and HepG2 AR cells (B) showed higher expression of HK II, 

p-PDH, and rGCS as compared to Huh-BAT and HepG2 cells at the indicated time points after 

matrix detachment, respectively.  

Abbreviation: Att, attached; AR, anoikis resistant; HK II, hexokinase II; hrs, hours; p-PDH, 

phosphorylated pyruvate dehydrogenase; rGCS, gamma-glutamylcysteine synthetase.  

 

Figure 3. Change of E-cadherin and Snail expression. Expression of E-cadherin 2 hours after 

matrix detachment was suppressed in Huh-BAT AR (A) and HepG2 AR (B) cells as compared 

to Huh-BAT and HepG2 cells, respectively: expression of Snail was potentiated in Huh-BAT 

AR (A) and HepG2 AR (B) cells as compared to Huh-BAT and HepG2 cells, respectively.  

Abbreviation: AR, anoikis resistant; Att, attached. 
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Figure 4. Change of intracellular lactic acid and ROS production after matrix detachment. (A) 

Lactic acid production in Huh-BAT AR and HepG2 AR cells was significantly increased than 

that in Huh-BAT and HepG2 cells: P<0.001 for Huh-BAT AR cell and P<0.001 for HepG2 

AR cell. (B) ROS production in Huh-BAT AR and HepG2 AR cells was significantly decreased 

than that in Huh-BAT and HepG2 cells: P=0.039 for Huh-BAT AR cells and P=0.021 for 

HepG2 AR cells.  

* means P<0.05; *** means P<0.001. 

Abbreviation: AR, anoikis resistant; ROS, reactive oxygen species.  

Bars, SD. 

 

Figure 5. Chemoresistance phenotype of the HCC AR cells as compared to HCC attached cells. 

(A) Huh-BAT AR cells showed significantly higher viabilities at 3 μM of sorafenib, 1 μM of 

5-FU, and 10 μM of cisplatin as compared to Huh-BAT cells. (B) HepG2 AR cells showed 

significantly higher viabilities at 3 μM of sorafenib and 1 μM of 5-FU as compared to HepG2 

cells. (C) Huh-BAT AR and (D) HepG2 AR cells showed significantly higher viabilities at 

concentration of 5 and 10 μM of sorafenib as compared to Huh-BAT and HepG2 cells.  

* means P<0.05; ** means P<0.01. 

Abbreviation: AR, anoikis resistant; sora, sorafenib; 5-FU, 5-fluorouracil.  

Bars, SD. 

 

Figure 6. Rapid tumor growth in xenograft nude mice bearing Huh-BAT AR cells. Tumor 

growth rates of Huh-BAT AR cells were significantly higher than those of Huh-BAT cells 

(P=0.026).  

Abbreviation: AR, anoikis resistant.  
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Figure 7. Expression of HK II and rGCS after 3-BP, BSO, and a combination treatment of 3-

BP and BSO in Huh-BAT, HepG2, and corresponding AR cells. (A) Expression of HK II was 

decreased after 3-BP (40 μM) treatment and increased after BSO (200 μM) treatment; 

Expression of rGCS was increased after BSO (200 μM) treatment. (B) When treated with a 

combination treatment of 3-BP (40 μM) and BSO (200 μM), HK II expression was suppressed 

and rGCS expression was increased as compared to the control.  

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; CTL, control; HK II, 

hexokinase II; rGCS, gamma-glutamylcysteine synthetase; 3-BP, 3-bromopyruate. 

  

Figure 8. Suppression of glutathione production. Glutathione production was significantly 

suppressed after BSO or a combination treatment of 3-BP (40 μM) and BSO (200 μM) as 

compared to the control in Huh-BAT AR and HepG2 AR cells: P<0.001, BSO; P<0.001, a 

combination treatment for Huh-BAT AR cells and P=0.001, BSO; P=0.001, a combination 

treatment for HepG2 AR cells. 

* means P<0.05; ** means P<0.01; *** means P<0.001 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate. 

 

Figure 9. Change of ROS production by 3-BP (40 μM), BSO (200 μM), or a combination 

treatment of 3-BP and BSO. In situ fluorescence staining showed high enhancement in cells 

treated with the indicated treatment as compared to the control in Huh-BAT AR (A) and HepG2 

AR cells (B). (C) ROS production was significantly increased at 3-BP (40 μM), BSO (200 μM), 

and a combination treatment of 3-BP (40 μM) and BSO (200 μM) as compared to the control 

(P=0.003, 3-BP; P=0.02, BSO; P=0.002, a combination treatment of 3-BP and BSO for Huh-

BAT AR cells and P<0.001, 3-BP; P=0.008, BSO; P=0.003, a combination treatment of 3-BP 

and BSO for HepG2 AR cells).  



vii 

 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; ROS, reactive oxygen 

species; 3-BP, 3-bromopyruate. 

 

Figure 10. Change of lactic acid production by 3-BP (40 μM), BSO (200 μM), and a 

combination treatment of 3-BP and BSO. (A) Lactic acid production in Huh-BAT, HepG2, and 

corresponding AR cells was significantly suppressed after 3-BP (40 μM) treatment as 

compared to the control (P=0.038 for Huh-BAT; P<0.001 for Huh-BAT AR; P<0.001 for 

HepG2; P=0.002 for HepG2 AR cells). (B) Lactic acid production in Huh-BAT, HepG2, and 

corresponding AR cells was significantly increased after BSO (200 μM) treatment as compared 

to the control (P<0.001 in Huh-BAT; P<0.001 in Huh-BAT AR; P<0.001 in HepG2; P=0.001 

in HepG2 AR cells). (C) Lactic acid production was significantly suppressed after a 

combination treatment of 3-BP (40 μM) and BSO (200 μM) in Huh-BAT AR and HepG2 AR 

cells; there was a significant difference among baseline, 2, and 12 hours exposure to a 

combination treatment (P<0.001 between baseline and 2 hours and P<0.001 between baseline 

and 12 hours exposure in Huh-BAT AR cells; P=0.042 between baseline and 2 hours and 

P=0.01 between baseline and 12 hours exposure in HepG2 AR cells).  

* means P<0.05; ** means P<0.01; *** means P<0.001 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; ROS, reactive oxygen 

species 3-BP, 3-bromopyruate. 

Bars, SD. 

  

Figure 11. Cell viabilities of Huh-BAT, HepG2, and corresponding AR cells after 3-BP or 

BSO treatment. (A) Viabilities of Huh-BAT and Huh-BAT AR cells were decreased after 3-

BP treatment. (B) In Huh-BAT AR cells, cell viabilities at each concentration were 

significantly lower after BSO treatment as compared to those of Huh-BAT cells (all, P<0.05). 
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(C) Viabilities of HepG2 AR cells showed significantly higher than those of HepG2 cells after 

3-BP treatment (all, P<0.01). (D) In HepG2 and HepG2 AR cells, cell viabilities were not 

effectively suppressed after BSO treatment. At high concentration of 800 μM, BSO, viabilities 

of HepG2 AR cells were significantly suppressed as compared to those of HepG2 cells 

(P=0.04). 

* means P<0.05; ** means P<0.01; *** means P<0.001 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate.   

Bars, SD. 

  

Figure 12. Cell viabilities of Huh-BAT, HepG2, and corresponding AR cells after a 

combination treatment of 3-BP and BSO. Viabilities of Huh-BAT and Huh-BAT AR cells (A), 

HepG2 and HepG2 AR cells (B) were effectively suppressed. Each concentration of 3-BP was 

treated 24 hours after 200 μM BSO treatment in those cells. 

** means P<0.01 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate. 

Bars, SD. 

  

Figure 13. Apoptosis assay after 3-BP, BSO, and a combination treatment of 3-BP and BSO. 

Apoptosis rates of Huh-BAT, HepG2, and corresponding AR cells receiving the indicated 

treatments were evaluated by annexin V-FITC staining. The upper panel depicts the proportion 

of apoptotic cells, and the lower panel shows the quantitative results. A combination treatment 

of 3-BP and BSO significantly increased apoptosis rates as compared to the control (P=0.026 

in Huh-BAT; P=0.001 in Huh-BAT AR; P=0.004 in HepG2; P=0.002 in HepG2 AR cells). 

When apoptosis rates were compared according to each treatment, a combination treatment of 

3-BP and BSO showed higher apoptosis rates as compared to single treatment of 3-BP or BSO; 
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P=0.012, 3-BP in Huh-BAT cells; P=0.002, BSO and P=0.001, 3-BP in Huh-BAT AR cells; 

P=0.001, BSO and P=0.002, 3-BP in HepG2 cells; P=0.002, BSO and P=0.001, 3-BP in HepG2 

AR cells. 3-BP concentrations, 40 μM were used for Huh-BAT/Huh-BAT AR cells and 60 μM 

for HepG2/HepG2 AR cells; BSO concentrations, 200 μM were used for all indicated cell lines. 

* means P<0.05; ** means P<0.01 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate. 

Bars, SD. 

 

Figure 14. Suppression of HCC invasion by 3-BP, BSO, a combination treatment of 3-BP and 

BSO. Invasion capability of Huh-BAT AR and HepG2 AR cells receiving the indicated 

treatments was examined by Boyden chamber assay (A and C) and the bar graph depicts 

quantification of migrated cells (B and D). Invasion capability of Huh-BAT AR (B) and HepG2 

AR cells (D) receiving the indicated treatments was significantly lower from the control; the 

combined 3-BP (40 μM) with BSO (200 μM) treatment in either Huh-BAT AR or HepG2 AR 

cells significantly suppressed cell invasion as compared with the control (P=0.002, 3-BP; 

P=0.001, BSO; P=0.001, a combination treatment for Huh-BAT AR cell and P=0.006, 3-BP; 

P<0.001, BSO; P<0.001, a combination treatment for HepG2 AR cell).  

* means P<0.05; ** means P<0.01; *** means P<0.001 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate. 

Bars, SD. 

 

Figure 15. In vivo anti-tumor effects of 3-BP, sorafenib, and a combination treatment of 3-BP 

and BSO in xenograft nude mice bearing Huh-BAT AR cells. (A) Tumor growth rates in a 

combination treatment group were significantly lower than those in the control, sorafenib, or 

3-BP treatment group (P=0.008, P=0.011, and P=0.013, respectively)(upper panel). There was 
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no significant difference of tumor growth rates between the control and sorafenib treatment 

group (P=0.437), or between the control and 3-BP treatment group (P=0.243). Gross pictures 

of tumors before treatment, tumors grown in the control group, and tumors in a combination 

treatment group were shown (lower panel). (B) In vivo demonstration of the apoptosis-inducing 

efficacy in the control, 3-BP, sorafenib, and a combination treatment group was shown: H&E 

and TUNEL staining of tumor tissues in the control, sorafenib, 3-BP, and combination-treated 

mice (ｘ40 magnification). (C) TUNEL-positive cell percentages (apoptotic index) were 

determined in six different high power (ｘ400 magnification) fields. Apoptotic index was 

significantly higher in a combination treatment group as compared to other groups (P<0.001, 

the control group; P=0.001, the sorafenib treatment group; P=0.004, the 3-BP treatment group). 

(D) There was a significant difference of body weight between the control group and a 

combination treatment group (P=0.021). 

* means P<0.05; ** means P<0.01; *** means P<0.001 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate. 

Bars, SD. 

  

Figure 16. After matrix detachment, anoikis-resistant cancer cells decrease intracellular ROS 

levels through inducing enzymes involved in the glycolysis and antioxidant systems for their 

survival. The Warburg effect can be modulated by increased intracellular ROS levels. 

Increased ROS levels induce HK II expression and make cancer cells sensitive to 3-BP 

treatment, and thereby promote cell death via ROS-mediated apoptosis (the black box 

indicates monocarboxylate transporter 1, and the white box indicates monocarboxylate 

transporter 4). 
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Abbreviation: HK II, hexokinase II; ROS, reactive oxygen species; 3-BP, 3-bromopyruate.  
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Introduction  

Hepatocellular carcinoma (HCC) is the fifth leading cancer in men and the seventh leading 

cancer in women with a total of 0.7 million new cases worldwide (1). Although curative 

treatments such as surgical resection, liver transplantation, and local ablation can significantly 

improve the survival of HCC patients at the early stage (2, 3), HCC recurs in 70% of patients 

at 5 years and includes either intrahepatic metastases or the development of de novo tumors (4, 

5). To patients with advanced HCC, only sorafenib significantly prolonged patients’ survival 

in advanced HCC until now. However, the long-term survival benefit from sorafenib treatment 

is the modest improvement of 3 months far from satisfactory (6). Some other anti-angiogenesis 

drugs have been evaluated preclinically and clinically for the treatment of HCC, but their 

effects were not competitive (7). Therefore, new targeting agents beyond anti-angiogenesis 

should be needed for alternative treatments in patients with advanced HCC who did not respond 

to sorafenib or anti-angiogensis agents. 

Metastasis is a multistep process including dissociation of cancer cells from primary sites, 

survival in the vascular system, and proliferation in distant target organs. As a barrier to 

metastasis, cells normally undergo an apoptotic process known as “anoikis,” a form of cell 

death due to loss of contact with the extracellular matrix or neighboring cells (8-10). Cancer 

cells acquire anoikis resistance (AR) to survive after detachment from primary sites and travel 

through the circulatory and lymphatic systems to disseminate throughout the body (11). 

Previous studies reported the charactertics of AR cells; a high capability of metastasis; 

chemoresistance to conventional drugs such as 5-fluorouracil, cisplatin, and mitoxantrone (12, 

13); rapid growing pattern as compared to anoikis-sensitive cancer cells. Although the 

underlying mechanism of survival in HCC AR cells was not fully investigated, glycolysis and 

antioxidant systems modulating intracellular reactive oxygen species (ROS) levels have been 

suggested as key players for survival; AR cells potentiates glycolysis for effective energy 
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production under limited sources and activates antioxidant systems for prevention of ROS-

mediated apoptosis under detached condition (14).  

With regard to relation between glycolysis and ROS production, acceleration of glycolysis 

in cancer cell energy metabolism, i.e. the Warburg effect, reduces the ROS production by less 

dependence on mitochondrial oxidative phosphorylation (OXPHOS). In addition, increased 

glucose consumption diverts more glucose carbon into the oxidative branch of the pentose 

phosphate pathway, which represents a major source to generate NADPH and materials for 

DNA biosynthesis in proliferative cancer cells (15). NADPH is a critical cofactor for the 

replenishment of reduced glutathione (GSH) in a cell. When oxidative stress increases in cancer 

cells, antioxidant generation pathway can be activated via pyruvate kinase M2 inhibition (16). 

This inhibition of PKM2 is required to divert glucose flux into the pentose phosphate pathway 

which provides NADPH required for glutathione reductase to generate GSH for ROS 

detoxification (16). 

This contribution of the Warburg effect to intracellular redox balance can play a pivotal role 

to initiate metastasis in AR cell, i.e., matrix detachment. In normal cells, mitochondrial 

OXPHOS is attenuated in response to matrix detachment for their survival. Pyruvate 

dehydrogenase kinase (PDK) 4 is activated to inhibit pyruvate dehydrogenase (PDH) to 

upregulate glycolytic pathway in normal cell response following detachment. However, many 

cancer cells already upregulate glycolysis and attenuate mitochondrial OXPHOS even under  

adherent status because of the Warburg effect. Cancer cells also express high levels of PDK 1 

before detachment for effective energy metabolism for their survival (14). Intesrestingly, in 

patients’ prognosis, PDK expression in various cancers significantly correlates with tumor 

histological grades and disease-free survival (17, 18). PDK inhibition (PDH activation) in 

cancer cells activates mitochondrial OXPHOS and increases ROS production. Increase of 

intracellular ROS levels activates cancer cells’ susceptibility to apoptosis after matrix 
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detachment, which leads to a decreased metastatic potential (14). Therefore, the Warburg effect 

indirectly allows cancer cells to lower ROS production by less reliance on mitochondrial 

OXPHOS for glucose metabolism (19). Reduction of ROS levels, which promotes metastasis, 

may represent an advantage given by the Warburg effect.  

In addition to the Warburg effect, the vulnerability for oxidative stress in normal and cancer 

cells is quite different. Cancer cells can potentiate antioxidant systems itself to cope with 

increased oxidative stress (15). In cancer cells, increased ROS production from metabolic 

dysregulation and rapid proliferation may induce upregulation of antioxidant capacity: 

vulnerable redox equilibrium with high ROS production and elimination to maintain the ROS 

levels below the threshold for cell death (20, 21). Enhanced antioxidant capacity allows cancer 

cells to better survive detachment-induced oxidative stress and initiate to metastasize. In a 

animal model for lung cancers, antioxidant treatments have consistently reduced oxidative 

stress and accelerated lung cancer progression (22). Increased expression of manganese 

superoxide dismutase (MnSOD) in cancers was significantly associated with aggressive 

phenotypes of cancers in previous stuides (23-25). In contrast, normal cells have tolerability 

for a certain level of exogenous ROS stress because of their high antioxidant capacity for 

lowering the ROS levels and thereby prevent to reach the cell-death threshold (26, 27). Normal 

cells have high buffering capacity to activate MnSOD expression after matrix detachment (23): 

more tolerable to oxidative stress than cancer cells. Thus, cancer cells could be more vulnerable 

to increased oxidative stress induced by exogenous ROS enhancers that directly or indirectly 

suppress the antioxidant system (28-31).  

Until now, many previous studies have showed anti-tumor effects of the glycolytic inhibitors 

in HCC experimental models; suppression of tumor growth such as 3-bromopyruvate (3-BP) 

(32-42), 3-bromo-2-oxopropionate-1-propyl ester (43), dichloroacetate (44, 45), lonidamine 

(46), methyl jasmonate (47-49), and 3-(3-pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (50). 
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Among various glycolytic inhibitors, only 3-BP could target two energy machineries such as 

glycolysis and mitochondrial OXPHOS. The mechanism for potent anti-tumor effects of 3-BP 

indicated that mitochondrion-bound hexokinase II (HK II) was essential for the high glycolytic 

capacity using mitochondrial ATP rather than cytosolic ATP, and lowering of mitochondrial 

OXPHOS capacity by attenuating Pi and ADP delivery to the mitochondria (51, 52).  

Of note, with the exception of 3-BP, there are four common characteristics in previous 

studies which have reported the anticancer effects of these glycolytic inhibitors: (i) not strong 

anti-tumor effects when used alone; (ii) synergistic or additive anti-tumor effects of other 

chemotherapy agents, such as 5-fluorouracil, cisplatin, doxorubicin, and sorafenib when used 

with the glycolytic inhibitors; (iii) a sensitizer to make cancer cells vulnerable to radiotherapy 

and photodynamic therapy; and (iv) an enhancer of oxidative stress to induce apoptosis in 

cancer cells (53).  

Considering the relation of the Warburg effect with ROS attenuation, differences of defense 

capability for oxidative stress between normal and cancer cells, and change of ROS levels in 

process of metastasis initiation, the fourth characteristic of the glycolytic inhibitors, “an 

enhancer of oxidative stress”, can suggest a rationale for a combination treatment of glycolytic 

inhibitors and exogenous ROS enhancers. A further increase in ROS stress using exogenous 

ROS enhancers combined with glycolytic inhibitors might effectively increase ROS levels 

above the threshold stimulating cell death pathways and deplete enery production of cancer 

cells mainly dependent on glycolysis 

Although previous studies showed that the Warburg effect and ROS suppression are closely 

linked each other for cancer cell survival, particularly AR cells, there have been lack of stuides 

for a combination treatment of specific inhibitors for the Warburg effect and ROS suppression 

in HCC AR cells. In the glycolysis pathway, expression of HK II, the first step enzyme rate-

limiting, is significantly correlated with lactic acid production which is the end product of 
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glycolysis (52). In cancer cells in hypoxia, anti-tumor effects of 3-BP, an HK II inhibitor, has 

well-established (54). In antioxidant system in cancer cells, glutathione plays a crucial role to 

reduce the intracellular ROS level. Glutathione levels and expression of GSH synthetase in 

HCC were higher as compared to normal liver (55). In production of glutathione, gamma-

glutamylcysteine synthetase (rGCS) is the first and rate-limiting enzyme (56-58). Buthionine 

sulfoximine, an irreversible inhibitor for rGCS, showed significantly elevation of intracellular 

ROS levels and thereby induced apoptosis by cytochorme c and caspase 3 activation (56, 59).     

In the present study, we aimed to clarify the characteristics of HCC AR cells induced from 

human hepatocellular carcinoma cell lines with focus on HK II, rGCS expression, 

chemoresistance to sorafenib and invasion capabilities, and anti-tumor effects of a combination 

treatment of each inhibitor for glycolysis and antioxidant systems in HCC AR cells.  
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Materials and Methods  

Cell Culture and Reagents 

Human hepatocellular carcinoma cell lines, Huh-BAT and HepG2 cells were obtained from 

Korea Cell Line Bank and cultured in Dulbecco’s modified Eagle’s medium (DMEM) (DMEM; 

Life Technologies, Grand Island, NY) containing 10% fetal bovine serum (FBS, Life 

Technologies). Cells were incubated at 37℃ in a humidified atmosphere containing 5% CO2. 

For adherent culture, HCC attached cells were grown on the tissue culture dishes (Falcon, San 

Jose, CA), while for suspension culture, cells were grown on dishes coated with 10 mg/ml 

Poly-hydroxyethylmethacrylate (Poly-HEMA) (Sigma, St. Louis, MO). To select cells that 

could survive in suspended culture, 1ｘ106 cells were seeded on Poly-HEMA coated dishes and 

grown for 28 days. Fresh media were added every 3 days. After 7 days in culture, cells were 

harvested and treated with diluted trypsin-EDTA (GibcoBRL, Grand Island, NY) to obtain a 

single-cell suspension for re-plating or trypan blue exclusion assay. We defined the suspended 

cells as anoikis-resistant (AR) cells; Huh-BAT AR and HepG2 AR cells were induced from 

Huh-BAT and HepG2 attached cells, respectively.  

For experiments comparing HCC attached cells and AR cells, 5ｘ105 cells were seeded in 

appropriate culture dishes, grown for 48 hours, harvested, treated with diluted trypsin-EDTA, 

and analyzed as indicated. In a set of experiments, cells were incubated for 72 hours with media 

containing each compound; 40 µM 3-BP (Sigma, St. Louis, MO); 200 µM BSO (Santa Cruz, 

Dallas, Texas); 3 µM, Sorafenib (LC Laboratories, Woburn, MA); 1 µM, 5-fluorouracil (5-FU) 

(Sigma, St. Louis, MO); 10 µM, cisplatin (Sigma, St. Louis, MO); 10 nM, doxorubicin (Sigma, 

St. Louis, MO). Cell viability was determined by incubating cells with 0.4% trypan blue dye. 

Cells were then counted with 0.4% trypan blue dye in a Neubauer chamber. 
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Western Blot Analysis 

Human hepatocellular carcinoma cells were collected and lysed in lysis buffer (150 mM 

sodium chloride, 1% tritionX-100, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 50 

mM tris-HCl [pH 7.5], 2 mM EDTA, protease inhibitor cocktail). Then, proteins were 

quantified with a BCA protein assay kit (Thermo, Rockford, IL). Equal amounts of protein 

were loaded onto a SDS-polyacrylamide gel (10% polyacrylamide) followed by 

electrophoresis at 100 V for 3 hours and transferred to poly-vinylidene floride (PVDF) 

membrane at 50 V for 2 hours. The PVDF membrane incubated 4℃ overnight with the target 

primary antibody. Anti-HK II (Santa Cruz, Dallas, Texas), rGCS (Santa Cruz, Dallas, Texas), 

phosphorylated pyruvate dehydrogenase (Abcam, Cambridge, MA), Snail (Cell Signaling 

Technology, Danvers, MA), E-cadherin (Cell Signaling Technology, Danvers, MA), and β-

actin (Santa Cruz, Dallas, Texas) antibodies were diluted in TBS-T (TBS/Tween 20: 2% skim 

milk). The secondary antibodies (horseradish peroxidase-conjugated anti-rabbit and mouse) 

were applied at room temperature for 1 hour. Immunoreactivity was developed using a 

peroxidase conjugate antiserum (Santa Cruz, Dallas, Texas) and detected by enhanced 

chemiluminescence reagents (Promegaison, WI). Western blotting of Huh-BAT, HepG2, Huh-

BAT AR, and HepG2 AR cells treated with 40-60 µM of 3-BP (Sigma-Aldrich) alone, 200 µM 

of BSO (Santa Cruz, Dallas, Texas) alone, or combined 40-60 µM of 3-BP with 200 µM of 

BSO was performed. 

 

Measurement of Intracellular Lactic Acid Levels 

Intracellular lactic acid levels were measured using lactate assay kit (BioVision, Milpitas, 

CA). The assay was performed following the manufacturer’s instructions. For experiments with 

40 µM of 3-BP or 200 µM of BSO, the cells were pretreated as described above. The relative 

concentrations were normalized to the cell number of each sample. Briefly, cells were 
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homogenized in lactate assay buffer and deproteinized with 10 kDa spin filters to remove 

insoluble material. The lactate concentration was measured at 535/590 nm using a multiwall 

plate reader. Experiments were performed in triplicate. 

 

Measurement of Intracellular Glutathione Levels 

Intracellular total glutathione levels were quantified with a glutathione fluorometric assay 

kit (BioVision, Milpitas, CA) by following manufacture’s instruction. Briefly, after cells were 

treated with 40 µM of 3-BP or 200 µM of BSO for 48 hours, 1ｘ106 cells were homogenized 

in PCA on ice for 5 minutes and centrifuged at 13,000 g for 2 minutes. The supernatants were 

collected, and 20 µl of cold KOH was added to neutralize the samples. Neutralized samples 

were transferred to a 96-well plate for detection on a fluorescence plate reader equipped with 

fluorometric absorbance at 340/420 nm. Experiments were performed in triplicate. 

 

Detection of Intracellular ROS Production  

Intracellular ROS levels were determined using the ROS/RNS assay kit (Abcam, Cambridge, 

MA) which was based on DCFH probe. Cells were treated with 40 µM of 3-BP or 200 µM of 

BSO and collected in PBS. Cell lysates were added into a 96-well black plate. Then, catalyst 

was added into all test wells. Samples were mixed well and incubated 5 minutes at room 

temperature. The DCFH solution was added into all test wells and incubated at room 

temperature for 30 minutes. The fluorescence was read at 480 nm excitation/530 nm emission. 

To visualize, cells were dyed through fluorescent dye reagents. Upon staining, the fluorescent 

products generated by the dye can be visualized using a wide-field fluorescence microscope 

equipped with standard red (Ex/Em=650/670 nm) fluorescent cubes. Experiments were 

performed in triplicate. 
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Apoptosis Determination 

HCC cells were cultured and divided into 4 groups according to the treatment: (i) control, 

(ii) 3-BP alone, (iii) BSO alone, and (iv) a combination treatment of 3-BP and BSO. After 

trypsinization, the cells were incubated with 8 µl annexin V-fluorescein isothiocyanate (BD 

Biosciences, Franklin Lakes, NJ) and 5 µl propidium iodide (Sigma, St. Louis, MO) for 15 

minutes in darkness. Degree of apoptosis was analyzed by fluorescence activated cell sorting. 

The proportion of stained cells in each quadrant was quantified with CellQuest software (BD 

Biosciences, Franklin Lakes, NJ). Experiments were performed in triplicate. 

 

Invasion Assay 

For assessment of invasion capability, invasion assay was performed using cell invasion 

assay kit system: Boyden chamber assay (8-µm pore sizes, 24-well)(Merck Millipore, 

Billerica, MA). Confluent Huh-BAT AR and HepG2 AR cells were seeded in serum-free 

DMEM at a density of 105 cells/upper chamber. Huh-BAT AR and HepG2 AR cells were 

treated as indicated (vehicle control, 200 µM of BSO, 40 µM of 3-BP, or a combination 

treatment of 3-BP and BSO). Chambers were installed in DMEM containing 10% FBS. Cells 

were incubated at 24-well plate at 37°C, 5% CO2. After 24 hours, cells which had not moved 

to the lower wells were removed from the upper chamber using clean cotton swabs, and cells 

that had moved to the lower surface of the filter were stained by using a staining solution. 

Cell invasion was quantified by visual counting after being photographed. Experiments were 

performed in triplicate. Mean values for three random fields were obtained for each well.  

   

HCC Xenograft Mouse Models 

Five-week-old male BALB/c nude mice were purchased from Orient Bio (Gyeonggi-do, 
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Korea). To generate tumors, Huh-BAT and Huh-BAT AR cells were subcutaneously 

inoculated with 1ｘ107 cells at the right flank. After solid tumor formation (i.e., tumor volume 

100 mm3), all mice bearing Huh-BAT AR cells were divided into 4 groups randomly, and each 

group consisted of 10 mice: (i) control (vehicle alone), (ii) sorafenib (once a day intraperitoneal 

injection of 1.25 mg/kg for 2 weeks), (iii) 3-BP (once a day intraperitoneal injection of 1.8 

mg/kg for 2 weeks), and (iv) a combination treatment of 3-BP (twice treatments one day and 

then rest one day regimen repeatedly for 2 weeks with intraperitoneal injection of 1.8 mg/kg) 

and BSO (every other day intraperitoneal injection of 250 mg/kg for 2 weeks) 

 The body weights of mouse were measured every other day with electronic scale. Tumor 

size was measured every other day with electronic caliper and the volume was calculated by 

the following formula: tumor volume = (lengthｘwidthｘheight) /2 (60, 61). After finishing 

the treatment schedule, mice were anesthetized with isoflurane and tissue, tumors were 

harvested for analysis. All the protocols for the animal experiments were reviewed and 

approved by the Institutional Animal Care and Use Committee at Seoul National University 

Hospital (IACUC No. 14-0207-S1A1). All animal procedures were in consistent with the 

“Guide for the Care and Use of Laboratory Animals” issued by the Institute of Laboratory 

Animal Resources Commission on Life Science, US National Research Council. 

 

Statistical Analysis 

All experimental results represent at least 3 independent experiments using cells from a 

minimum of three separate isolations. Data were expressed as means ± SEM. P values were 

calculated with Student’s paired t tests, or repeated measures ANOVA (SPSS, version 19.0, 

SPSS, Inc., Chicago, IL, USA). P<0.05 was considered statistically significant.   



１１ 

 

Results 

Induction of Glycolysis and Antioxidant Systems by Matrix Detachment in HCC AR Cells 

The morphology of HCC AR and HCC attached cells was different. Huh-BAT AR and 

HepG2 AR cells were round and clustered (Fig. 1A and 1B); Huh-BAT and HepG2 cells were 

polygonal and scattered (Fig. 1C and 1D). Huh-BAT AR and HepG2 AR cells upregulated HK 

II, p-PDH, and rGCS enzyme as compared to Huh-BAT and HepG2 cells (Fig. 2). Expression 

of HK II and rGCS was increased for 24 and 6 hours in Huh-BAT AR and HepG2 AR cells, 

respectively; expression of rGCS was induced more rapidly than HK II expression following 

cell detachment. These observations demonstrate that human HCC AR cells increase 

expression of enzymes involved in glycolysis and antioxidant system in response to matrix 

detachment. Expression of E-cadherin and Snail was changed 2 hours after matrix detachment 

in Huh-BAT and HepG2 AR cells: E-cadherin expression was decreased and Snail expression 

increased in Huh-BAT AR and HepG2 AR cells as compared to Huh-BAT (Fig. 3A) and 

HepG2 cells (Fig. 3B).  

Intracellular lactic acid levels, the end-product of glycolysis, in Huh-BAT AR and HepG2 

AR cells were significantly increased than those in Huh-BAT and HepG2 cells (P<0.001 in 

Huh-BAT AR cells; P<0.001 in HepG2 AR cells)(Fig. 4A). Intracellular ROS levels, which 

reflect intracellular redox status in Huh-BAT AR and HepG2 AR cells, were significantly 

decreased than Huh-BAT and HepG2 cells (P=0.039 in Huh-BAT AR cells; P=0.021 in HepG2 

AR cells)(Fig. 4B). 

 

Chemoresistance and Tumor Growth Rates in HCC AR Cells 

Huh-BAT AR and HepG2 AR cells showed significantly higher viabilities at each 

concentration of sorafenib, doxorubicin, 5-fluorouracil (5-FU), and cisplatin than Huh-BAT 

and HepG2 cells; Huh-BAT AR and HepG2 AR cells showed chemoresistance (P=0.021, 
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sorafenib; P=0.002, 5-FU; P=0.036, cisplatin in Huh-BAT AR cells and P=0.002, sorafenib; 

P=0.022, 5-FU in HepG2 AR cells)(Fig. 5A and 5B).  

After sorafenib treatment, viabilities of Huh-BAT AR and HepG2 AR cells were differed 

from those of Huh-BAT and HepG2 cells. At high dose of sorafenib 5 and 10 μM, Huh-BAT 

AR and HepG2 AR cells showed significantly higher viabilities than Huh-BAT and HepG2 

cells (P=0.003 at sorafenib 5 μM; P=0.001 at sorafenib 10 μM in Huh-BAT AR cells and 

P=0.016 at sorafenib 5 μM; P=0.029 at sorafenib 10 μM in HepG2 AR cells)(Fig. 5C and 5D).  

When tumor growth rates of Huh-BAT AR cells were compared to those of Huh-BAT cells, 

tumors derived from Huh-BAT AR cells in a mouse xenograft model grew significantly faster 

than those from Huh-BAT cells (P=0.026)(Fig. 6).   

  

Intracellular ROS Levels Increased by 3-BP, BSO, and a Combination Treatment of 3-

BP and BSO 

In Huh-BAT AR and HepG2 AR cells treated with BSO (200 μM) for 24 hours, expression 

of rGCS enzyme was potentiated (Fig. 7A). A combination treatment of 3-BP and BSO in Huh-

BAT AR and HepG2 AR cells induced rGCS expression via negative feedback to adjust for 

increased ROS levels (Fig. 7B).  

BSO (200 μM) treatment and a combination treatment of 3-BP (40 μM) with BSO (200 μM) 

significantly suppressed intracellular GSH production (P<0.001, BSO; P<0.001, a combination 

treatment of 3-BP and BSO in Huh-BAT AR cells and P=0.001, BSO; P=0.001, a combination 

treatment of 3-BP and BSO in HepG2 AR cells)(Fig. 8). Intracellular ROS production in Huh-

BAT AR (Fig. 9A) and HepG2 AR cells (Fig. 9B) was significantly increased after 3-BP (40 

μM), BSO (200 μM), and a combination treatment of 3-BP and BSO as compared to the control 

(P=0.003, 3-BP; P=0.02, BSO; P=0.002, a combination treatment of 3-BP and BSO in Huh-

BAT AR cells and P<0.001, 3-BP; P=0.008, BSO; P=0.003, a combination treatment of 3-BP 
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and BSO in HepG2 AR cells)(Fig. 9C). 

 

Modulation of Glycolysis by 3-BP, BSO, and a Combination Treatment of 3-BP and BSO 

Expression of HK II was suppressed 2 hours after 3-BP (40 μM) treatment in Huh-BAT, 

HepG2, and corresponding AR cells (Fig. 7A). 3-BP treatment significantly suppressed lactic 

acid production in those cells as compared to the control (P=0.038 in Huh-BAT; P<0.001 in 

Huh-BAT AR; P<0.001 in HepG2; P=0.002 in HepG2 AR cells)(Fig. 10A).  

Expression of HK II was increased when Huh-BAT, HepG2, and corresponding AR cells 

were treated with BSO (Fig. 7A). Lactic acid production in Huh-BAT, HepG2 cells, and 

corresponding AR cells was significantly increased 48 hours after BSO (200 μM) treatment 

(P<0.001 for Huh-BAT; P<0.002 for Huh-BAT AR; P<0.001 for HepG2; P<0.001 for HepG2 

AR cells)(Fig. 10B). A combination treatment of 3-BP (40 μM) and BSO (200 μM) 

significantly suppressed lactic acid production in Huh-BAT AR and HepG2 AR cells as 

compared to the control: 12 hours after 3-BP (40 μM) treatment on HCC AR cells pre-exposed 

to BSO (200 μM) treatment for 24 hours (P<0.001 in Huh-BAT AR; P=0.01 in HepG2 AR 

cells)(Fig. 10C). A combination treatment of 3-BP (40 μM) and BSO (200 μM) suppressed HK 

II expression in Huh-BAT AR and HepG2 AR cells (Fig. 7B). 

 

Synergistic Anti-tumor Effects of a Combination Treatment of 3-BP and BSO in HCC 

AR Cells 

In Huh-BAT and Huh-BAT AR cells, 3-BP effectively inhibited tumor growth at the 

concentration higher than 40 μM in 48 hours exposure (Fig. 11A). When treated with 3-BP, 

viabilities of Huh-BAT AR cells were not significantly different from those of Huh-BAT cells. 

After BSO treatment, viabilities of Huh-BAT AR cells at each concentration were significantly 

suppressed than those of Huh-BAT cells (all, P<0.05)(Fig. 11B). Cytotoxicity of BSO did not 
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show dose-dependent manner in Huh-BAT and Huh-BAT AR cells.   

In HepG2 and HepG2 AR cells, at concentrations higher than 10 μM of 3-BP, HepG2 AR 

cells showed significant higher viabilities as compared to HepG2 cells (all, P<0.01)(Fig. 11C). 

When those cells were treated with 200 or 400 μM of BSO, there were no significant 

differences between HepG2 and HepG2 AR cells (Fig. 11D). At the highest concentration of 

800 μM, viabilities of HepG2 AR cells were significantly lower than those of HepG2 cells 

(P=0.04)(Fig. 11D). 

When HCC attached and AR cells were treated with a combination treatment of 3-BP and 

BSO, cell viabilities were effectively suppressed at 3-BP concentrations higher than 40 μM 

with pre-treatment of BSO (200 μM). There was no significant difference of cell viabilities 

between HCC attached and AR cells: Huh-BAT AR (Fig. 12A) and HepG2 AR cells (Fig. 12B).  

A combination treatment of 3-BP and BSO increased apoptosis rates of Huh-BAT, HepG2, 

and corresponding AR cells as compared to the control (P=0.026 in Huh-BAT; P=0.001 in Huh-

BAT AR; P=0.004 in HepG2; P=0.002 in HepG2 AR cells)(Fig. 13). When compared to the 

apoptosis rates in each treatment of 3-BP or BSO, a combination treatment of 3-BP and BSO 

showed higher apoptosis rates in Huh-BAT, HepG2, and corresponding AR cells (P=0.012, 3-

BP in Huh-BAT cells; P=0.002, BSO and P=0.001, 3-BP in Huh-BAT AR cells; P=0.001, BSO 

and P=0.002, 3-BP in HepG2 cells; P=0.002, BSO and P=0.001, 3-BP in HepG2 AR cells). 

  

Suppression of HCC Invasion by a Combination Treatment of 3-BP and BSO   

As shown in Fig. 14A and 14C, 3-BP (40 μM), BSO (200 μM), and the combined 3-BP 

(40μM) with BSO (200 μM) treatment in Huh-BAT AR and HepG2 AR cells significantly 

suppressed cell invasion as compared with the control (P=0.002, 3-BP; P=0.001, BSO; P=0.001, 

a combination treatment of 3-BP and BSO in Huh-BAT AR cells and P=0.006, 3-BP; P<0.001, 

BSO; P<0.001, a combination treatment of 3-BP and BSO in HepG2 AR cells)(Fig. 14B and 
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14C). A combination treatment of 3-BP and BSO showed significantly higher suppression of 

cell invasion as compared with 3-BP alone in Huh-BAT AR cells; BSO and 3-BP alone in 

HepG2 AR cells (P=0.026, 3-BP, in Huh-BAT AR cells; P=0.008, 3-BP and P=0.019, BSO in 

HepG2 AR cells)(Fig. 14B and 14C). 

  

Anti-tumor Effects of a Combination Treatment of 3-BP and BSO in Xenograft HCC AR 

Models 

In the xenograft mouse model of Huh-BAT AR cells, there were four groups such as the 

control group (vehicle), the group for 3-BP treatment alone, the group for sorafenib treatment 

alone, and the group for a combination treatment of 3-BP and BSO. Tumor buds were grown 

10–12 days after implantation of Huh-BAT AR cells on the back of each mouse.  

There was no significant difference of growth rates of tumor volume between the control 

group and the group for 3-BP or sorafenib treatment alone (P=0.437 for sorafenib alone; 

P=0.243 for 3-BP alone)(Fig. 15A). However, the group for 3-BP or sorafenib treatment 

alone showed tendency to lower tumor growth rates as compared to the control group. There 

was no significant difference of tumor growth rates between 3-BP and sorafenib treatment 

alone (P=0.092). During each treatment, tumor growth rates in the group for a combination 

treatment of 3-BP and BSO were significantly lower than those in the group for control, 

sorafenib, and 3-BP treatment alone (P=0.008, P=0.011, and P=0.013, respectively)(Fig. 

15A).   

To quantify apoptosis of tumors, TUNEL staining was performed. Apoptosis index was 

significantly higher in the group for a combination treatment of 3-BP and BSO as compared 

to other groups (P<0.001, control; P=0.001, the sorafenib treatment group; P=0.004, the 3-BP 

treatment group)(Fig. 15B and 15C). The percentage of TUNEL-stained cells in the group for 

3-BP or sorafenib treatment alone was not significantly different from that in the control 
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group (P=0.140 for 3-BP: P=0.262 for sorafenib). There was a significant difference of body 

weight between the control group and a combination treatment group (P=0.021)(Fig. 15D).  
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Discussion 

Five important findings emerged from this study: 1) expression of key enzymes involved in 

glycolysis, antioxidant system, and EMT process such as HK II, p-PDH, rGCS, E-cadherin, 

and Snail was upregulated upon matrix detachment; 2) as compared to HCC attached cells, 

HCC AR cells significantly increased lactic acid production and decreased ROS generation; 3) 

HCC AR cells showed characteristics of chemoresistance for conventional chemotherapy 

agents, particularly sorafenib, and higher tumor growth rates than HCC attached cells in 

animals; 4) high intracellular ROS levels accelerated glycolysis rates via HK II induction; 5) a 

combination treatment of 3-BP and BSO effectively showed suppression of HCC AR and 

attached cells proliferation rates through apoptosis, and inhibited tumor growth as compared to 

3-BP or sorafenib treatment alone in a xenograft mouse model bearing HCC AR cells. 

Many earlier studies had shown that the Warburg effect, i.e., high glycolysis rates in 

presence of oxygen plays a key role to diminish glucose oxidation, promotes anoikis resistance 

and metastasis in cancer cells (14). ROS can be produced in mitochondria during aerobic 

metabolism due to dysregulated electron transport. However, under detached status, i.e., 

anoikis resistance which had been known as the first step for metastasis, HCC cells attenuate 

glucose oxidative metabolism to reduce the associated generation of ROS (14). The Warburg 

metabolic phenotype allows cancer cells to evade excessive ROS levels generated by 

mitochondrial respiration, and thereby cancer cells acquire a survival advantage when detached 

contributing to anoikis resistance (14).  

In response to matrix detachment, cancer cells activate at least two programs such as ROS-

scavenging system and glycolysis to counter cellular oxidative stress after detachment and thus 

delay anoikis. Given possible underlying mechanisms of the Warburg effect and ROS 

vulnerability in detached status (62, 63), a combination treatment to pharmacologically target 

cell’s capacity of ROS detoxification and inhibit glycolysis may maximally provoke oxidative 
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stress and deplete ATP levels in cancer cells, which may represent an effective strategy to lower 

the threshold for apoptosis, restore anoikis sensitivity, and reduce metastasis and 

chemoresistance. 

These features have a clinical significance in HCC treatment because characteristics of 

high glycolysis rates and antioxidant system in HCC AR cells were similar to those in cancer 

stem cells (CSCs). Two characteristics of high lactic acid production and low ROS levels 

were important to maintain a subpopulation of CSCs within some cancer types (64). Previous 

studies showed that glucose plays a major role in promoting CSC phenotype through the 

AMPK pathway, and that CSCs were more glycolytic as compared to the more differentiated 

cancer cells (64, 65). The mechanism whereby ROS levels are kept low in CSCs appears to 

involve upregulation of ROS-scavenging molecules, thereby contributing to tumor 

chemoresistance and radio-resistance as compared to differentiated and proliferative cancer 

cell populations (66). CSCs in gastrointestinal tumors with high expression of CD44 showed 

an increased capacity of GSH synthesis and defense of ROS detoxification by a cysteine–

glutamate exchange transporter (67). Previous studies also showed that increase of 

intracellular ROS levels is accompanied by a significantly reduced number of CD44 high, 

CD24 low, and EpCAM positive CSCs, and decreased sphere formation (68).  

Although two characteristics were important phenomenon in CSCs, there were lack of 

studies for anticancer effects when both systems, i.e., glycolysis and antioxidant systems, are 

blocked, and how two systems interplay in HCC AR cells. In this study, potent anti-tumor 

effects of a combination treatment, potent glycolytic inhibitor of 3-BP with an ROS enhancer 

of BSO, were shown in HCC AR cells which can mimic CSCs’ features. Furthermore, given 

a recent study indicated that non-stem cancer cells can also give rise to CSCs, suggesting the 

bi-directional transformation between these two populations (69), this was an important 
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finding that a combination treatment of 3-BP and BSO effectively suppressed HCC attached 

cell as well as HCC AR cells using close linking between glycolysis and ROS status. 

Our results demonstrated that intracellular ROS levels modulated the Warburg effect in 

HCC AR cells. In other words, the Warburg effect and antioxidant system were not 

independent and parallel pathways in HCC AR cells: increased ROS levels after BSO 

treatment stimulated glycolytic pathway via HK II induction. It could be explained by that to 

evade excess ROS production in energy metabolism, the cancer cells pre-treated with BSO 

potentiated the Warburg effect, less dependent on mitochondrial oxidation, and could be 

more sensitive to 3-BP treatment as compared to those cells not pre-treated with BSO: 

flexibility of the Warburg effect (Fig. 15). 

With focus on BSO effects on ROS levels, previous studies reported that increased ROS 

levels can facilitate tumor growth, invasion, and angiogenesis (70). A major implication of 

our findings is that antioxidants might not be beneficial in some cancer conditions such as a 

step for initiation of metastasis. Cancerous tissues were reported to produce increased 

amounts of ROS (71). Suboptimal levels of ROS below the toxic threshold stimulating 

apoptosis activate signaling pathways such as Src, PI3K, NF-kB, and HIF that may increase 

cell proliferation and survival under mild oxidative conditions, and contribute to cellular 

transformation (72). By contrast, high ROS levels above the toxic threshold required for 

signaling may cause strong oxidative damage that can result in senescence or death in both 

normal and cancer cells (63). Therefore, it would be important to delivery high dose of BSO 

or other ROS enhancers to amplify intracellular ROS levels sufficient to stimulate the 

apoptosis signals at the tumor site. Under physiological conditions, normal cells maintain 

redox homeostasis with a low level of baseline intracellular ROS levels by controlling the 

balance between ROS production and elimination. Normal cells can tolerate a certain level of 



２０ 

 

exogenous ROS stress due to their antioxidant capacity, which can be mobilized to maintain 

the ROS level far from the toxic threshold initiating apoptosis. However, cancer cells show a 

shift of redox dynamics with high ROS production and elimination to maintain the ROS 

levels below the toxic threshold (15, 63). In other words, there is not enough space between 

intracellular high ROS levels and the toxic threshold. Therefore, cancer cells would be more 

dependent on the antioxidant system and more vulnerable to further oxidative stress induced 

by exogenous ROS-generating agents that inhibit the antioxidant system (15, 63). Besides 

rGCS, other important cellular antioxidants such as MnSOD, thioredoxin, glutaredoxin, and 

peroxiredoxin are upregulated in some cancer cells (24). Pro-malignant potential of 

antioxidants has been increasingly recognized. This might constitute a biochemical basis to 

design therapeutic strategies to selectively kill cancer cells using ROS-mediated mechanisms. 

In addition, this antioxidant system is related to chemoresistance. Common cancer therapies 

may kill cancer cells by promoting oxidative stress (63). To cope with high oxidative stress 

induced by chemotherapy, cancer cells develop chemoresistance by potentiation of 

antioxidant systems. Taken together, it is important to delivery ROS amplifying agents 

specifically to a tumor target and effectively increase intracellular ROS levels enough to 

stimulate the apoptosis pathway. In previous reports, a potent ROS enhancer of 

piperlongumine exerted potent anticancer effects on HCC cells via ROS accumulation (73). 

Both HCC AR and attached cells were sensitive to the combination treatment targeting the 

Warburg effects and antioxidant system: not targeting one side of AR or attached cells. The 

mechanism for synergistic effects of 3-BP after BSO treatment can be explained by ROS-

mediated apoptosis and energy depletion. Cancer cells display high glycolytic flux through 

glycolysis and other metabolic pathways originating from glycolytic intermediates. These 

metabolic pathways are involved in the synthesis of essential amino acids, lipids and 

nucleotides through pentose phosphate shunt. 3-BP can target rapid proliferative cells by 
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blocking glycolytic flux which may be essential for high demand for cellular 

macromolecules: suppression of highly adaptive energy production (74). In addition to 

energy block by 3-BP, each compound of BSO and 3-BP significantly increased ROS levels. 

This can target HCC cells which were vulnerable to ROS stress. Given that suspended status 

itself can normally stimulate intracellular ROS production, HCC AR cells can be more 

vulnerable to excess of ROS oxidative stress enhanced by 3-BP or BSO treatment. In addition 

to BSO effects on oxidative stress above the toxic threshold, BSO also sensitized cancer cells 

to 3-BP treatment by increasing glycolysis through HK II induction. 

In real practical field, most of HCCs recur as multinodular pattern and/or portal vein 

invasion although single HCC at the first presentation was successfully removed. Early 

recurrence with multinodular pattern and/or portal vein invasion after resection of HCCs 

occurs due to microvascular invasion/micro-metastasis of HCC into normal liver 

parenchyma. Current guidelines recommend optimal treatments such as trans-arterial 

chemoembolization for patients with multinodular HCCs without portal vein invasion and 

sorafenib treatment for patients with multinodular HCC with portal vein invasion. However, 

survival benefits were not satisfactory. Furthermore, there have been no clinical trials 

suggesting survival benefits of adjuvant chemotherapy after curative resection of HCC in 

Barcelona clinic liver cancer stage 0 or A. This study has a clinical implication to suggest an 

alternative for patients who showed poor response to trans-arterial chemoembolization such 

as refractoriness and sorafenib treatment. Because a combination treatment of 3-BP and BSO 

can target both types of HCC attached and AR cells, there are high possibilities that a 

combination treatment of 3-BP and BSO can suppress HCC recurrences, microvascular 

invasion, and portal vein invasion. 
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However, this study had some limitations. First, BSO treatment could not specifically 

target cancer cells. In other words, BSO treatment can injury normal cells by increasing 

intracellular ROS levels. Given that ROS homeostasis is important for cell senescence, 

renewal, and inflammation, adverse effects of increased oxidative stress by BSO treatment 

should be considered. Particularly, in this study, body weights of mouse treated by a 

combination of 3-BP and BSO were significantly decreased as compared to those treated by 

single treatment or the control group: it reflects toxicity of potentiated oxidative stress by a 

combination treatment of 3-BP and BSO. Therefore, to minimize toxicity of nonspecific ROS 

enhancers such as BSO, it should be clarified how ROS enhancers can be specifically 

delivered to the tumor sites, and what compounds/ molecules can effectively maximize 

oxidative stress only in cancer cells. Given that previous studies suggested the safety and 

specificity of 3-BP to target cancer cells in animal models, the safety and nonspecific 

targeting problems in BSO treatment should be elucidated before we move forward to the 

clinical field using a combination treatment of 3-BP and BSO. Second, in this study, there 

was a lack of animal data suggesting that tumors originated from HCC AR cells more 

aggressively metastasized to distant organs as compared to those from HCC attached cells. 

Although results in this study showed that tumors induced from HCC AR cells had grown 

more rapidly than those from HCC attached cells, it might be difficult to prove that capability 

of metastasis in tumors derived from HCC AR cells was significantly higher than that in 

those from HCC attached cells. Further studies using animal metastasis models might be 

needed to clarify this difference of metastasis capability between tumors from HCC AR cells 

and those from HCC attached cells. 

In conclusion, human HCC AR cells showed similar characteristics of CSCs such as 

chemoresistance, particularly sorafenib resistance, aggressive growth phenotype, higher 

glycolysis, metastatic potential, and antioxidant systems as compared to HCC attached cells. 



２３ 

 

A combination treatment targeting glycolysis and antioxidant systems effectively suppressed 

HCC AR and attached cell growth. Given anti-tumor effects of sorafenib can be modest when 

HCC patients have a large burden of tumor such as intrahepatic or extrahepatic metastasis of 

HCC (75), this option suggests alternative therapy for HCC patients with intrahepatic and/or 

extrahepatic metastasis who show poor response to sorafenib treatment.  
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Figure Legends 

Figure 1. Morphology of Huh-BAT, HepG2 cells, and corresponding HCC AR cells. Huh-

BAT AR (A) and HepG2 AR cells (B) were clustered and showed round shapes in high power 

field (ｘ100 magnification). Huh-BAT (C) and HepG2 cells (D) showed polygonal shapes and 

grew under attached condition. 

Abbreviation: AR, anoikis resistant. 
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Figure 2. Induction of HK II, p-PDH, and rGCS expression in the HCC AR cells after matrix 

detachment. Huh-BAT AR (A) and HepG2 AR cells (B) showed higher expression of HK II, 

p-PDH, and rGCS as compared to Huh-BAT and HepG2 cells at the indicated time points after 

matrix detachment, respectively.  

Abbreviation: Att, attached; AR, anoikis resistant; HK II, hexokinase II; hrs, hours; p-PDH, 

phosphorylated pyruvate dehydrogenase; rGCS, gamma-glutamylcysteine synthetase.  
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Figure 3. Change of E-cadherin and Snail expression. Expression of E-cadherin 2 hours after 

matrix detachment was suppressed in Huh-BAT AR (A) and HepG2 AR (B) cells as compared 

to Huh-BAT and HepG2 cells, respectively: expression of Snail was potentiated in Huh-BAT 

AR (A) and HepG2 AR (B) cells as compared to Huh-BAT and HepG2 cells, respectively.  

Abbreviation: AR, anoikis resistant; Att, attached. 
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Figure 4. Change of intracellular lactic acid and ROS production after matrix detachment. 

(A) Lactic acid production in Huh-BAT AR and HepG2 AR cells was significantly increased 

than that in Huh-BAT and HepG2 cells: P<0.001 for Huh-BAT AR cell and P<0.001 for 

HepG2 AR cell. (B) ROS production in Huh-BAT AR and HepG2 AR cells was significantly 

decreased than that in Huh-BAT and HepG2 cells: P=0.039 for Huh-BAT AR cells and 

P=0.021 for HepG2 AR cells.  

* means P<0.05; *** means P<0.001. 

Abbreviation: AR, anoikis resistant; ROS, reactive oxygen species.  

Bars, SD. 
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Figure 5. Chemoresistance phenotype of the HCC AR cells as compared to HCC attached cells. 

(A) Huh-BAT AR cells showed significantly higher viabilities at 3 μM of sorafenib, 1 μM of 

5-FU, and 10 μM of cisplatin as compared to Huh-BAT cells. (B) HepG2 AR cells showed 

significantly higher viabilities at 3 μM of sorafenib and 1 μM of 5-FU as compared to HepG2 

cells. (C) Huh-BAT AR and (D) HepG2 AR cells showed significantly higher viabilities at 

concentration of 5 and 10 μM of sorafenib as compared to Huh-BAT and HepG2 cells.  

* means P<0.05; ** means P<0.01. 

Abbreviation: AR, anoikis resistant; sora, sorafenib; 5-FU, 5-fluorouracil.  

Bars, SD. 
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Figure 6. Rapid tumor growth in xenograft nude mice bearing Huh-BAT AR cells. Tumor 

growth rates of Huh-BAT AR cells were significantly higher than those of Huh-BAT cells 

(P=0.026).  

Abbreviation: AR, anoikis resistant.  
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Figure 7. Expression of HK II and rGCS after 3-BP, BSO, and a combination treatment of 3-

BP and BSO in Huh-BAT, HepG2, and corresponding AR cells. (A) Expression of HK II was 

decreased after 3-BP (40 μM) treatment and increased after BSO (200 μM) treatment; 

Expression of rGCS was increased after BSO (200 μM) treatment. (B) When treated with a 

combination treatment of 3-BP (40 μM) and BSO (200 μM), HK II expression was suppressed 

and rGCS expression was increased as compared to the control.  

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; CTL, control; HK II, 

hexokinase II; rGCS, gamma-glutamylcysteine synthetase; 3-BP, 3-bromopyruate. 
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Figure 8. Suppression of glutathione production. Glutathione production was significantly 

suppressed after BSO or a combination treatment of 3-BP (40 μM) and BSO (200 μM) as 

compared to the control in Huh-BAT AR and HepG2 AR cells: P<0.001, BSO; P<0.001, a 

combination treatment for Huh-BAT AR cells and P=0.001, BSO; P=0.001, a combination 

treatment for HepG2 AR cells. 

* means P<0.05; ** means P<0.01; *** means P<0.001 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate. 
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Figure 9. Change of ROS production by 3-BP (40 μM), BSO (200 μM), or a combination 

treatment of 3-BP and BSO. In situ fluorescence staining showed high enhancement in cells 

treated with the indicated treatment as compared to the control in Huh-BAT AR (A) and HepG2 

AR cells (B). (C) ROS production was significantly increased at 3-BP (40 μM), BSO (200 μM), 

and a combination treatment of 3-BP (40 μM) and BSO (200 μM) as compared to the control 

(P=0.003, 3-BP; P=0.02, BSO; P=0.002, a combination treatment of 3-BP and BSO for Huh-

BAT AR cells and P<0.001, 3-BP; P=0.008, BSO; P=0.003, a combination treatment of 3-BP 

and BSO for HepG2 AR cells).  

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; ROS, reactive oxygen 

species; 3-BP, 3-bromopyruate. 
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Figure 10. Change of lactic acid production by 3-BP (40 μM), BSO (200 μM), and a 

combination treatment of 3-BP and BSO. (A) Lactic acid production in Huh-BAT, HepG2, and 

corresponding AR cells was significantly suppressed after 3-BP (40 μM) treatment as 

compared to the control (P=0.038 in Huh-BAT; P<0.001 in Huh-BAT AR; P<0.001 in HepG2; 

P=0.002 in HepG2 AR cells). (B) Lactic acid production in Huh-BAT, HepG2, and 

corresponding AR cells was significantly increased after BSO (200 μM) treatment as compared 

to the control (P<0.001 in Huh-BAT; P<0.001 in Huh-BAT AR; P<0.001 in HepG2; P=0.001 

in HepG2 AR cells). (C) Lactic acid production was significantly suppressed after a 

combination treatment of 3-BP (40 μM) and BSO (200 μM) in Huh-BAT AR and HepG2 AR 

cells; there was a significant difference among baseline, 2, and 12 hours exposure to a 

combination treatment (P<0.001 between baseline and 2 hours and P<0.001 between baseline 

and 12 hours exposure in Huh-BAT AR cells; P=0.042 between baseline and 2 hours and 

P=0.01 between baseline and 12 hours exposure in HepG2 AR cells).  

* means P<0.05; ** means P<0.01; *** means P<0.001 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; ROS, reactive oxygen 

species 3-BP, 3-bromopyruate. 

Bars, SD. 
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Figure 11. Cell viabilities of Huh-BAT, HepG2, and corresponding AR cells after 3-BP or 

BSO treatment. (A) Viabilities of Huh-BAT and Huh-BAT AR cells were decreased after 3-

BP treatment. (B) In Huh-BAT AR cells, cell viabilities at each concentration were 

significantly lower after BSO treatment as compared to those of Huh-BAT cells (all, P<0.05). 

(C) Viabilities of HepG2 AR cells showed significantly higher than those of HepG2 cells after 

3-BP treatment (all, P<0.01). (D) In HepG2 and HepG2 AR cells, cell viabilities were not 

effectively suppressed after BSO treatment. At high concentration of 800 μM, BSO, viabilities 

of HepG2 AR cells were significantly suppressed as compared to those of HepG2 cells 

(P=0.04). 

* means P<0.05; ** means P<0.01; *** means P<0.001 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate.   

Bars, SD. 
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Figure 12. Cell viabilities of Huh-BAT, HepG2, and corresponding AR cells after a 

combination treatment of 3-BP and BSO. Viabilities of Huh-BAT and Huh-BAT AR cells (A), 

HepG2 and HepG2 AR cells (B) were effectively suppressed. Each concentration of 3-BP was 

treated 24 hours after 200 μM BSO treatment in those cells. 

** means P<0.01 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate. 

Bars, SD. 
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Figure 13. Apoptosis assay after 3-BP, BSO, and a combination treatment of 3-BP and BSO. 

Apoptosis rates of Huh-BAT, HepG2, and corresponding AR cells receiving the indicated 

treatments were evaluated by annexin V-FITC staining. The upper panel depicts the proportion 

of apoptotic cells, and the lower panel shows the quantitative results. A combination treatment 

of 3-BP and BSO significantly increased apoptosis rates as compared to the control (P=0.026 

in Huh-BAT; P=0.001 in Huh-BAT AR; P=0.004 in HepG2; P=0.002 in HepG2 AR cells). 

When apoptosis rates were compared according to each treatment, a combination treatment of 

3-BP and BSO showed higher apoptosis rates as compared to single treatment of 3-BP or BSO; 

P=0.012, 3-BP in Huh-BAT cells; P=0.002, BSO and P=0.001, 3-BP in Huh-BAT AR cells; 

P=0.001, BSO and P=0.002, 3-BP in HepG2 cells; P=0.002, BSO and P=0.001, 3-BP in HepG2 

AR cells. 3-BP concentrations, 40 μM were used for Huh-BAT/Huh-BAT AR cells and 60 μM 

for HepG2/HepG2 AR cells; BSO concentrations, 200 μM were used for all indicated cell lines. 

* means P<0.05; ** means P<0.01 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate. 

Bars, SD. 
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Figure 14. Suppression of HCC invasion by 3-BP, BSO, a combination treatment of 3-BP and 

BSO. Invasion capability of Huh-BAT AR and HepG2 AR cells receiving the indicated 

treatments was examined by Boyden chamber assay (A and C) and the bar graph depicts 

quantification of migrated cells (B and D). Invasion capability of Huh-BAT AR (B) and HepG2 

AR cells (D) receiving the indicated treatments was significantly lower from the control; the 

combined 3-BP (40 μM) with BSO (200 μM) treatment in either Huh-BAT AR or HepG2 AR 

cells significantly suppressed cell invasion as compared with the control (P=0.002, 3-BP; 

P=0.001, BSO; P=0.001, a combination treatment for Huh-BAT AR cell and P=0.006, 3-BP; 

P<0.001, BSO; P<0.001, a combination treatment for HepG2 AR cell).  

* means P<0.05; ** means P<0.01; *** means P<0.001 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate. 

Bars, SD. 
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Figure 15. In vivo anti-tumor effects of 3-BP, sorafenib, and a combination treatment of 3-BP 

and BSO in xenograft nude mice bearing Huh-BAT AR cells. (A) Tumor growth rates in a 

combination treatment group were significantly lower than those in the control, sorafenib, or 

3-BP treatment group (P=0.008, P=0.011, and P=0.013, respectively)(upper panel). There was 

no significant difference of tumor growth rates between the control and sorafenib treatment 

group (P=0.437), or between the control and 3-BP treatment group (P=0.243). Gross pictures 

of tumors before treatment, tumors grown in the control group, and tumors in a combination 

treatment group were shown (lower panel). (B) In vivo demonstration of the apoptosis-inducing 

efficacy in the control, 3-BP, sorafenib, and a combination treatment group was shown: H&E 

and TUNEL staining of tumor tissues in the control, sorafenib, 3-BP, and combination-treated 

mice (ｘ40 magnification). (C) TUNEL-positive cell percentages (apoptotic index) were 

determined in six different high power (ｘ400 magnification) fields. Apoptotic index was 

significantly higher in a combination treatment group as compared to other groups (P<0.001, 

the control group; P=0.001, the sorafenib treatment group; P=0.004, the 3-BP treatment group). 

(D) There was a significant difference of body weight between the control group and a 

combination treatment group (P=0.021). 

* means P<0.05; ** means P<0.01; *** means P<0.001 

Abbreviation: AR, anoikis resistant; BSO, buthionine sulfoximine; 3-BP, 3-bromopyruate. 

Bars, SD. 
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Figure 16. After matrix detachment, anoikis-resistant cancer cells decrease intracellular ROS 

levels through inducing enzymes involved in the glycolysis and antioxidant systems for their 

survival. The Warburg effect can be modulated by increased intracellular ROS levels. 

Increased ROS levels induce HK II expression and make cancer cells sensitive to 3-BP 

treatment, and thereby promote cell death via ROS-mediated apoptosis (the black box 

indicates monocarboxylate transporter 1, and the white box indicates monocarboxylate 

transporter 4). 

Abbreviation: HK II, hexokinase II; ROS, reactive oxygen species; 3-BP, 3-bromopyruate. 
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국문초록 

 

목적: 간세포암 전이의 초기 단계에 있어서 아노이키스 저항성의 획득은 매우 중

요하다. 그러나, 이러한 아노이키스 저항성을 보이는 간암세포에서 에너지대사와 

항산화 시스템의 변화에 대해서 밝혀진 바가 없다. 본 연구에서는 아노이키스 저

항성 간암세포 내 대사과정 및 항산화 시스템의 변화에 대해서 밝히고, 해당과정 

억제제로 알려진 3-브롬화파이브릭산과 감마 글루타밀시스테인 합성효소의 억제

제로 알려진 부사이노닌 설포시민의 상승적 항암효과에 대해서 규명해보고자 한

다. 

실험방법: 인체 간암유래 세포인 Huh-BAT와 HepG2 세포 및 이들로 유도된 

아노이키스 저항성 세포를 이용하여 해당과정 및 활성산소의 발생을 측정하였다. 

또한, 해당과정 및 항산화 시스템에 있어 핵심적 단백질인 헥소키나이제 II 와 감

마 글루타밀시스테인 합성효소, 전이와 연관된 상피중간엽 세포이행과 관련된 단

백질의 발현을 분석하였다, 헥소키나이제 II 억제제인 3-브롬화파이브릭산 및 감

마 글루타밀시스테인 합성효소 억제제인 부사이노닌 설포시민을 상기 간암세포주

에 처리하여 항암효과를 평가하였다. 누드 마우스 모델을 이용하여 상기 간암세

포주를 이종이식한 뒤, 3-브롬화파이브릭산 및 부사이노닌 설포시민을 2주간 복

강 내로 투약하면서 항암효과를 평가하였다. 

결과: 아노이키스 저항성을 보이는 간암세포주는 부착형 간암세포주에 비하여 기

존의 항암약물에 대한 약물저항성을 보였으며, 해당과정 및 항산화 시스템의 항

진으로 보다 많은 젖산을 생산하고 보다 적은 활성화 산소를 생산하는 현상이 관

찰되었다. 아노이키스 저항성을 보이는 간암세포주는 부착형 간암세포주에 비하
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여 헥소키나이제 II 와 감마 글루타밀시스테인 합성효소, 상피중간엽 세포이행과 

관련된 단백질의 발현이 증가하였다. 3-브롬화파이브릭산 및 부사이노닌 설포시

민을 병합 투여하였을 때, 아노이키스 저항성 간암세포주의 세포자살을 통하여 

세포사멸이 유도되었고 전이현상이 억제되었다. 이종이식된 누드 마우스 간암 모

델에서도 아노이키스 저항성 간암의 성장이 효과적으로 억제되었으며, 이는 소라

페닙 및 3-브롬화파이브릭산을 단독 투여하였을 때와 비교하여 보다 효과적으로 

간암의 성장이 억제되었다. 

결론: 아노이키스 저항성 간암 세포에서 3-브롬화파이브릭산 및 부사이노닌 설

포시민의 병합투여는 상승적 항암효과를 보이며, 이러한 결과는 향후 소라페닙 

치료에 저항성을 보이는 진행성 간암 환자의 치료에 있어 하나의 대안으로 제시

될 수 있다. 

 

핵심단어: 3-브롬화파이브릭산, 부사이노닌 설포시민, 간세포암, 아노이키스 저항

성 세포 
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