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Abstract 

Tae Young Kim 

Department of Molecular and Clinical Oncology 

The Graduate School 

Seoul National University 

 

Bortezomib is a therapeutic proteasome inhibitor with antimyeloma activity and 

polyphenols are well known compounds exerting antiproliferative effects against 

tumors. We attempted cotreatment of myeloma cells with bortezomib and 

polyphenols, anticipating a synergistic effect. However, the anticancer activity of 

bortezomib was blocked by the polyphenols. The structural features of the 

polyphenols correlated strikingly with their antagonistic effect; in particular, the 

presence or absence of a vicinal diol moiety was the key element for effective 

blockage of the anticancer function of bortezomib. We infer that the vicinal diols in 

the polyphenols interact with the boronic acid of bortezomib and convert the active 

triangular boronic acid of bortezomib to an inactive tetrahedral boronate, which 

abolishes the antimyeloma activity of bortezomib. We confirmed this hypothesis by 

11B NMR spectroscopy and an in vitro assay on myeloma cell lines and primary 

myeloma cells from patients. Based on these findings, restriction of the intake of 

natural polyphenols in foods or vitamin supplements during bortezomib treatment in 

multiple myeloma patients should be considered. 



v 

Key Words: bortezomib, polyphenols, multiple myeloma, drug-drug interaction, 

vicinal diol 

Student Number: 2005-30677 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 

List of Figures 

Figure 1. The signaling cascades and molecular mechanisms triggered by  

interaction of multiple myeloma (MM) cells and bone marrow stromal cells  

(BMSCs)  ............................................................................................................................... 6 

Figure 2. The ubiquitin-proteasome pathway and the 26S proteasome structure ... 8 

Figure 3. Chemical structures of bortezomib (Bz), caffeic acid (CA), gallic acid  

(GA), quercetin dehydrate (QD), rutin hydrate (RH), (–)-epigallocatechin-3-

gallate (EGCG), and tannic acid (TA) ..........................................................................20 

Figure 4. Antiproliferative effect of polyphenols on the MM cell lines  ...............21 

Figure 5. Polyphenols inhibited bortezomib-induced cell death and abrogated the  

proteasome inhibitory function of bortezomib in the MM cell lines  .....................24 

Figure 6. Bortezomib-induced apoptosis was blocked by polyphenols in the MM  

cell lines  ..............................................................................................................................28 

Figure 7. Inhibitory effects of polyphenols on bortezomib were observed in the  

primary myeloma cells from MM patients  ..................................................................31 

Figure 8. Effect of polyphenols on bortezomib-induced ROS generation  ...........34 

Figure 9. Direct chemical interaction between polyphenols and bortezomib  .....39 

Figure 10. The duration of the blocking activity of polyphenols after bortezomib  

treatment in the MM cell lines  .......................................................................................42 

 

 

 

 



vii 

List of Tables 

Table 1. Characterization of MM cell lines used in this study  ...............................17 

Table 2. Sequences of primers for the K-ras and N-ras sequencing . .....................18 

Table 3. Combination index (CI) values at 50% and 90% growth inhibition in the  

MM cell lines  .....................................................................................................................26 

 

 

 

 

 

 

 

 



viii 

Contents 
 

Introduction  ............................................................................................................................ 1 

Materials and methods  ........................................................................................................ 7 

1. Reagents  ........................................................................................................................... 9 

2. Culture of the MM cell lines and primary myeloma cells  ..................................... 9 

3. MM cell line characterization by fluorescence in situ hybridization (FISH)  ..10 

4. MM cell line characterization by p16 methylation-specific PCR and ras 

sequencing ......................................................................................................................11 

5. Cell viability assay  .......................................................................................................12 

6. In vitro 20S proteasome activity assay  ....................................................................12 

7. Isolation of CD138+ plasma cells from MM patients  ...........................................13 

8. Immunoblotting Assay  ................................................................................................13 

9. DPPH assay  ...................................................................................................................13 

10. Intracellular ROS detection  .....................................................................................14 

11. Apoptosis assessment by Annexin-V staining  .....................................................14 

12. Analysis of mitochondrial membrane potential (ΔΨm)  .....................................14 

13. Nuclear Magnetic Resonance (NMR) Spectroscopy  .........................................15 

Results ...................................................................................................................................... 16 

1. Characterization of MM cell lines  ............................................................................16 

2. Polyphenols inhibited the growth of MM cells and induced apoptosis  ...........19 



ix 

3. Polyphenols blocked antiproliferative effect and proteasome inhibitory function 

of bortezomib in MM cell lines  .................................................................................22 

4. Polyphenols blocked bortezomib-induced apoptosis in MM cell lines  ............25 

5. The inhibitory effect of polyphenols on bortezomib was also observed in 

primary myeloma cells from patients  ......................................................................30 

6. Effect of polyphenols on bortezomib-induced intracellular ROS generation  .32 

7. Polyphenols blocked the activity of bortezomib by direct chemical interaction 

 ............................................................................................................................................36 

8. In vitro study on the time duration of blocking effect of polyphenol  ...............41 

Discussion  .............................................................................................................................. 43 

References  ............................................................................................................................. 47 

Abstract in korean  ............................................................................................................. 54 



1 

Introduction 

 

Multiple myeloma (MM), associated with neoplastic plasma cell 

proliferation, is characterized by marked epidemiological, biological and clinical 

heterogeneity [1-3]. The bone marrow (BM) microenvironment, which comprises 

the extracellular matrix, bone marrow stromal cells (BMSCs) and MM cells, is also 

important for enhancing MM cell growth, survival, and migration. The binding of 

MM cells to BMSCs triggers the transcription and secretion of cytokines, including 

interleukin-6 (IL-6), insulin-like growth factor-1 (IGF-1), tumor necrosis factor-α 

(TNF-α), nuclear factor-κB (NF-κB), vascular endothelial growth factor (VEGF), 

and stromal cell-derived factor-1 (SDF-1) [4] (Fig. 1). As shown in Fig 1, MM cell 

growth is mediated via extracellular receptor kinase (ERK)/MAPK, survival via the 

Janus kinase (JAK)/signal transducer and activators of transcription (STAT), drug 

resistance via PI3-K/Akt, and migration via protein kinase C (PKC)–dependent 

signaling cascades. Signaling between these cytokines and MM cells as well as 

BMSCs is extensive and may lead to extramedullary disease and genetic alterations, 

including mutations of oncogenes (c-Myc, N-ras, and K-ras) and p16 methylation 

have been implicated in the later stages of myeloma pathogenesis. In MM patients, 

chromosomal alterations are detected by conventional karyotyping and interphase 

fluorescence in situ hybridization (FISH) finds abnormalities in most cases [5]. 

Illegitimate recombination in MM involves IgH rearrangement at chromosome 

region 14q32, FGFR3 and MMSET rearrangement (at 4p16.3), and CCN D3 
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rearrangement (at 6p21) [6]. Overexpression of several oncogenes, including CCB 

D1 (at 11q13), c-MAF (at 16q23) [7], and MAFB (at 20q11) [8, 9] have also been 

reported. Despite high-dose stem-cell transplantation therapy and combination 

chemotherapy, MM has thus far remained as an incurable, relapsing, and refractory 

disease. Many new agents for treating MM are currently under investigation [10]. 

 

Proteasome is a very large 2.4 MDa subcellular organelle and is a 

multisubunit protein complex. It is also the site for the ATP-dependent degradation 

of ubiquitin-tagged proteins. Mis-folded intracellular proteins marked with a 

polyubiquitin chain by the E1-E2-E3 enzymatic cascade are targeted for 

degradation by proteasome (Fig. 2). Proteasome is composed of the 20S complex, 

which comprises α- and β-subunits, and two 19S regulatory complexes. The inner 

rings consist of seven β-subunits that form a central chamber – these contain the 

enzymatically active sites of the proteasome complex. Three (β1, β2 and β5) of the 

seven β-subunits perform the proteasome enzymatic activities, which have been 

characterized as chymotrytic-like, tryptic-like and caspase-like, respectively. 

Proteasomal degradation is a critical component of numerous cellular processes 

including cell cycle regulation [11], induction of the inflammatory response [12], 

and antigen presentation [13].  The notion that the malfunction of proteasomal 

degradation could either enhance the effect of oncoproteins or reduce the amount 

of suppressor proteins was first conceived when a number of oncogene and 

suppressor gene products were found to be targets of ubiquitylation. Therefore, it is 
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not surprising that aberrations of ubiquitylation have been linked to a wide range of 

pathologic states, including cancer. 

 

Bortezomib (also known as PS-341: Velcade®), a proteasome inhibitor, is 

a well-known FDA (Food and Drug Administration)-approved anticancer agent 

with remarkable antiproliferative activity on MM cells and antitumor activity in a 

variety of in vitro and in vivo tumor models, either alone or in combination with 

other chemotherapeutic agents [14, 15]. The main mechanism underlying the action 

of bortezomib is the inhibition of NF-кB, and additional mechanisms include the 

down-regulation of several apoptosis inhibitors, the induction of caspase-dependent 

apoptosis, the release of intracellular reactive oxygen species (ROS), the inhibition 

of adhesion of MM cells to bone marrow stromal cells (BMSCs), and 

antiangiogenic activity [16, 17]. It was recently reported, though the striking 

myeloma killing effects of bortezomib, that MM patients could undergo 

neurotoxicity and pulmonary complications and acquire resistance to bortezomib 

during treatment, after which they do not respond to bortezomib [18-20]. 

 

Natural polyphenols, which are abundant in vegetables, grains, and fruits, 

are known to have antioxidant activity as efficient ROS scavengers. Moreover, 

they have potential antiproliferative activity on various tumor types [21, 22]. We 

screened a group of polyphenols for the measurement of their antiproliferative 

effects on hepatocellular carcinoma cells (data not shown) and selected 6 natural 
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polyphenols showing variable antiproliferative effects, as previously reported: 

quercetin dehydrate (QD) [23-26], rutin hydrate (RH) [27], (–)-epigallocatechin-3-

gallate (EGCG) [28], caffeic acid (CA) [29], gallic acid (GA) [30], and tannic acid 

(TA) [31] (Fig. 3). QD could induce apoptosis and cell cycle arrest in several 

cancer cells by controlling intracellular proteins, protein kinase C, ErbB, β-catenin, 

p27Kip1, or p53 [32-35]. RH, a derivative of QD, is reported to delay cellular 

oxidative stress and growth in the human hepatoma cell line HepG2 [36]. EGCG, 

the main active component of green tea, can kill the various human cancer cell 

lines by upregulating the Nrf2-ARE signaling pathway and inhibiting both STAT3 

and NF-кB [37]. CA, GA, and TA are reported to have anti-tumor activity in 

certain tumor types: CA induces apoptosis in the HL-60 leukemic cell line [38], 

GA inhibits the proliferation of the MCF-7 breast cancer cell line [39], and TA 

inhibits skin tumorigenesis in CD-1 mice [40]. However, their mechanisms within 

the cells remain unclear. 

 

Based on previous reports regarding combination therapies [41-43], we 

postulated that the antimyeloma activity of bortezomib would be enhanced by 

cotreatment with the polyphenols noted above. In order to determine the natural 

products that can synergistically enhance the potency of bortezomib, we cotreated 

MM cell lines and primary myeloma cells from patients with polyphenols and 

bortezomib. To ensure the generality of our study, we selected 3 representative 

MM cell lines with different genetic changes from among the available MM cell 

lines: U266, RPMI8226, and MC/CAR as shown in the Table 1 and Table 2. 
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Unexpectedly, polyphenols were observed to have antagonistic effects on 

bortezomib-induced apoptosis. In this study, we confirmed the direct chemical 

interaction and the resulting antagonism between bortezomib and naturally 

abundant polyphenols in MM cell lines and primary myeloma cells from patients. 

According to the FDA’s prescription information on bortezomib, co-administration 

of Ketoconazol and Melphalan-Prednison can increase the exposure of botezomib. 

Also, concomitant administration of inhibitors or inducers of cytochrome P450 can 

cause drug interaction with bortezomib. The FDA recommends close monitoring of 

patients who are concomitantly receiving Ketaconazol and inhibitors or inducers of 

cytochrome P450 (http://www.fda.gov/cder/foi/label/2008/021602s015lbl.pdf). 

With regards to an interfering effect on bortezomib, antagonistic effects of vitamin 

C, Tiron, and quercetin [44-46] have been reported. However, the present study is 

the first systematic structural and mechanistic study on the direct chemical 

interactions of bortezomib. More importantly, the results of this study may provide 

guidelines to patients who are under bortezomib treatment and have ready access to 

polyphenols from their daily diets without knowledge of their potential antagonistic 

effects exerted via unexpected drug-drug interactions with bortezomib. Thus, we 

suggest that the intake of natural polyphenols should be avoided during treatment 

with bortezomib in patients with MM, in a manner similar to the avoidance of 

intake of vitamin K-containing foods for patients undergoing Warfarin therapy [47]. 
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Figure 1. The signaling cascades and molecular mechanisms triggered by 

interaction of multiple myeloma (MM) cells and bone marrow stromal cells 

(BMSCs). MM cell binding to BMSCs upregulates cytokine (IL-6, IGF-1, VEGF, 

SDF-1_) secretion from both BMSCs and MM cells. These cytokines subsequently 

activate three major signaling pathways (ERK, JAK/STAT3, and/or PI3-K/Akt) 

and their downstream targets including cytokines (IL-6, IGF-1, VEGF) and anti-

apoptotic proteins (Bcl-xL, IAPs, Mcl-1) in MM cells. Adhesion mediated 

activation of nuclear factor kappa B (NF-κB) upregulates adhesion molecules 

(ICAM-1, VCAM-1) on both MM cells and BMSCs, further enhancing adhesion of 

MM cells to BMSCs and cytokine secretion (IL-6, interleukin-6; IGF-1, insulin-

like growth factor-1; VEGF, vascular endothelial growth factor; SDF-1, stromal 

cell-derived factor-1; ERK, extracellular receptor kinase; JAK, janus kinase; STAT, 

signal transducer and activators of transcription; IAP, inhibitor of apoptosis; ICAM, 

intercellular adhesion molecule; VACM, vascular cell adhesion molecule; TNFα, 

tumor necrosis factor alpha; TGFβ, transforming growth factor beta). 
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A                                  B 

 

Mani, A., et al 2005 & Adams, J., 2004 

 

Figure 2. The ubiquitin-proteasome pathway and the 26S proteasome structure. (A) 

Proteins marked with a polyubiquitin chain by the enzymatic cascade (E1, E2 and 

E3) are targeted for degradation by the proteasome. A ubiquitin-activating enzyme 

(E1) binds ubiquitin in an adenosine triphosphate (ATP)–dependent step. Ubiquitin 

is then transferred to a ubiquitin-conjugating enzyme or ubiquitin-carrier proteins 

(E2). A ubiquitin ligase (E3) helps transfer ubiquitin to the target substrate (PPI, 

pyrophosphate; AMP, adenosine monophosphate; Ub, ubiquitin). (B) A three-

dimensional structure of the proteasome is composed of the 20S complex, and two 

19S regulatory complexes. Together with ATP, these form the 26S proteasome. 
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Materials and methods 

 

Reagents 

Bortezomib (PS-341, Velcade®) was supplied by Millennium Pharmaceuticals Inc. 

(Cambridge, MA). Rutin hydrate (RH), quercetin dehydrate (QD), hydrocaffeic 

acid (CA), gallic acid (GA), and tannic acid (TA) were purchased from Sigma-

Aldrich (St. Louis, MO). (–)-Epigallocatechin-3-gallate (EGCG) was purchased 

from WAKO (Osaka, Japan). Diphenylpicrylhydrazyl radical (DPPH) and 

flavonoids (F1: resokaempferol; F2: kaempferol; F3: molin; F4: isorhamnetin; F5: 

fisetin; F6: 2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one; F7: 

myricetin; F8: 2-(3,4-dihydroxyphenyl)-7,8-dihydroxy-4H-chromen-4-one) were 

purchased from Sigma-Aldrich (St. Louis, MO). GA and TA were dissolved in 100% 

ethanol and the remaining polyphenols were dissolved in DMSO to a concentration 

of 100 mM at the stock solution and were diluted with growth medium to attain the 

desired concentration. Hydroethidine (HE), and 3, 3′-dihexyloxacarbocyanine 

iodide (DiOC6(3)) were purchased from Invitrogen (Eugene, OR) and dissolved in 

DMSO. 

 

Culture of the MM Cell lines and primary myeloma cells 

The MC/CAR, RPMI8226 and U266 human MM cell lines were obtained from 

ATCC (American Type Culture Collection). The MC/CAR cell line was cultured in 
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Iscove’s modified Dulbecco’s medium (JBI, South Korea) with 25 mM HEPES 

containing 20% fetal bovine serum (FBS) (GIBCO, Grand Island, NY) and 100 

units/mL of an antibiotic-antimycotic agent (GIBCO); the RPMI8226 and U266 

cell lines were cultured in the RPMI1640 medium (JBI, South Korea) containing 

10% FBS and 100 units/mL of an antibiotic-antimycotic agent at 37 ℃ in a 5% 

CO2 humidified incubator. Primary myeloma cells from patients were cultured in 

the RPMI1640 medium containing 10% FBS, 100 units/mL of an antibiotic-

antimycotic agent, 10 mM HEPES, 1 mM sodium pyruvate, 4.5 g/L glucose, and 

0.05 mM 2-mercaptoethanol at 37 ℃ in a 5% CO2 humidified incubator. 

 

MM cell line characterization by fluorescence in situ 

hybridization (FISH) 

Metaphase chromosomes were prepared from cells arrested in metaphase with 0.2 

μg/ml colcemid (GIBCO-BRL) for 3 h and harvested according to the standard 

method. In brief, cells were treated with 5 ml of 0.25% trypsin till they dissociated 

and detached from the surface of culture flasks. Cells were then resuspended in 5 

ml of fresh CO2-independent medium supplemented with 10% FBS and 

immediately spun down by centrifugation at 1,200 rpm for 5 min (Beckman GS-

6R). The supernatant was removed, and the cell pellet was treated with 5 ml of 75 

mM KCl and gently resuspended in an additional 25 ml of the same concentration 

of KCl solution. The cell suspension was incubated at 20° C for 30 min and spun 

down at 1,200 rpm for 5 min. After the supernatant was removed, the cell pellet 
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was resuspended in 7 ml of a fixative (methanol–acetic acid 3:1) followed by 

centrifugation. The treatment with a fixative was repeated four times, and the cell 

pellet was resuspended in fixative in a final volume of 2 ml. These cells were then 

broken on glass slides by gravity to release chromosomes by dripping the cell 

mixture from a suitable distance above the slides. Chromosomes were stained by 

the conventional Giemsa stain method [48] and were observed at ×1000 

magnification with immersion oil under a light microscope (Olympus IX50). About 

500 mitotic figures from each single-cell clone were counted. 

We performed FISH with RB1 probe and D13S319 SpectrumOrange probe for 

detection of Rb deletion. For detection of the IgH rearrangement, LSI IGH Dual 

Color probe, LSI IGH/CCND1 Dual Color probe, and LSI IGH/BCL2 Dual Color 

probe were used. LSI p58 (1p36)/LSI Telomere 1p/LSI 1q25 Microdeletion Probe 

Set were used for gain of 1q. All DNA FISH probes purchased from Vysis Inc. 

(Downers Grove, IL) and used according to the manufacturer’s instructions. 

 

MM cell line characterization by p16 methylation-specific 

PCR and ras sequencing 

For p16 gene methylation-specific PCR, the genomic DNAs were modified by the 

bisulfite modification method according to the manufacturer’s procedures (In2gene, 

South Korea). Primers for the detection of hypermethylation of p16 gene, the 
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primers were used as previously described [49]. For ras mutation detection, the 

primers are listed in Table 2. The annealing temperatures of all primers were 58 °C. 

 

Cell viability assay 

For the cell viability assay, a CellTiter-Glo® Luminescent Cell Viability Assay 

(Promega, Madison, WI) was used in accordance with the manufacturer’s 

instructions. Briefly, MM cell lines and the patient’s primary cells (10,000–20,000 

cells/well) were seeded in triplicate into 96-well plates. The cells were incubated 

with bortezomib (10 nM) and the desired concentrations of polyphenols to a final 

volume of 100 μL. After 48 h, 100 μL of CellTiter-Glo® reagent was added, 

followed by incubation for 10 min at room temperature. The luminescence was 

measured using a Wallac 1420 (PerkinElmer, Boston, MA). 

 

In vitro 20S Proteasome activity assay 

The MM cells (1 × 105 cells) were incubated for 3 h with bortezomib alone or with 

bortezomib and polyphenols, washed once with PBS, and resuspended in 160 μL of 

a cell lysis buffer as described previously [50]. After centrifugation, 50 μL of the 

cell supernatants were aliquoted into 96-well white-walled plates for measurement 

of the activity of 3 kinds of proteasomes (chemotrypsin-like, trypsin-like, and 

caspase-like). Proteasome-Glo™ Luminescent assay systems (Promega, Madison, 
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WI) were used according to the manufacturer’s instructions in order to determine 

the proteasome activities. 

 

Isolation of CD138+ plasma cells from MM patients 

Bone marrow (10 mL) from the MM patients was diluted with an equal volume of 

PBS and was layered gently on a Lymphoprep™ (AXIS-SHIELD, Oslo, Norway). 

The samples were centrifuged for 30 min at 2,000 rpm at room temperature. The 

interphase was carefully collected and washed twice with MACS buffer (1 × PBS 

containing 0.5% BSA and 2 mM EDTA). CD138 MicroBeads (Miltenyi Biotec, 

Auburn, CA) were added, and CD138+ plasma cells were isolated according to the 

manufacturer’s recommendations. 

 

Immunoblotting Assay 

Cells were washed with PBS once and lysed with RIPA buffer on ice. The cell 

lysates were normalized and 20 μg of total proteins were used for western blotting. 

The following antibodies were used: anti-PARP (Santa Cruz Biotechnology Inc., 

Santa Cruz, CA), anti-β-actin (Abcam Inc., Cambridge, MA), anti-caspase 8 (Cell 

Signaling, Danvers, MA), and anti-caspase 3/7 (cleaved form) (Cell Signaling). 

The following secondary antibodies were used: horseradish peroxidase-conjugated 

anti-rabbit IgG and anti-mouse IgG (Cell Signaling). 
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DPPH assay 

We mixed 50 μL of diphenylpicrylhydrazyl radical (DPPH) (170 μM) in methanol 

and 100 μL of polyphenols (5 μM) in methanol in transparent 96-well plates. After 

30 min, the absorbance at 515 nm was measured using an EL800 ELISA reader 

(BioTek, Winooski, VT) 

 

Intracellular ROS detection 

Drug-treated or untreated U266 cells were incubated with 10 μM of hydroethidine 

(HE) for 30 min at 37 °C prior to harvesting. The cells were then washed and 

resuspended with PBS. The intensity of fluorescence was measured by flow 

cytometry (BD Bioscience, San Jose, CA). 

 

Apoptosis assessment by Annexin-V staining 

Both drug-treated and untreated cells were washed with PBS and were stained with 

Annexin-V and propidium iodide (PI) according to the manufacturer’s protocol 

(Roche, Mannheim, Germany). The percentage of apoptotic and necrotic cells was 

determined by FACSCalibur flow cytometry (BD Bioscience) using the Cell Quest 

software. 
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Analysis of mitochondrial membrane potential (ΔΨm) 

RPMI8226 cells (at approximately 80% confluence in a 60-mm culture dish) were 

incubated with 40 nM 3,3′-dihexyloxacarbocynine iodide (DiOC6(3)) in PBS at 

37 °C for 20 min protecting from the light and were then analyzed by flow 

cytometry. The percentage of cells exhibiting a low level of DiOC6(3) uptake, 

reflecting the loss of mitochondrial membrane potential, was determined using a 

Becton Dickenson FACScan (San Jose, CA). 

 

Nuclear Magnetic Resonance (NMR) Spectroscopy 

The NMR spectra were recorded on a Bruker Biospin Avance 800 FT-NMR 

(Karlsruhe, Germany) (operated at 256.7 MHz for 11B using H3BO2 as the internal 

standard). Methyl boronic acid and EGCG were dissolved in a DMSO:DPBS (1:3; 

pH 7.4) solution. 11B NMR spectra of methyl boronic acid (0.5 mM) alone and of a 

mixture of methyl boronic acid (0.5 mM) and EGCG (200 mM, 400 equiv.) were 

recorded. 
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Results 

Characterization of MM cell lines 

We first characterized the 3 MM cell lines (U266, RPMI8226, and MC/CAR) used 

in this study. The U266 cell line had p16 gene promoter hypermethylation without 

the K-ras and N-ras gene mutations. By fluorescence in situ hybridization (FISH), 

U266 showed a gain of the chromosome 1q, deletion of Rb1, and IgH 

rearrangement (Table 1). The RPMI8226 cell line showed hyperdiploidy, p16 

hypermethylation, and gain of 1q with a K-ras mutation at codon 12 (12 

GGT→GCT), as shown in Table 2. MC/CAR had normal characters in the tested. 

In summary, the above 3 MM cell lines that had representative genetic changes 

were used for our in vitro study. 
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Table 1. Characterization of MM cell lines used in this study 
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Table 2. Sequences of primers for the K-ras and N-ras sequencing 

primer name location Sequence* 

Kras_C12/13_F  Kras codon 12/13 5′-TCT GCA GTC AAC TGG AAT TT-3′ 

Kras_C12/13_R  Kras codon 12/13 5′-TGT TGG ATC ATA TTC GTC CA-3′ 

Kras_C61_F  Kras codon 61 5′-CTG TGT TTC TCC CTT CTC AG-3′ 

Kras_C61_R  Kras codon 61 5′-ATA CAC AAA GAA AGC CCT CC-3′ 

Nras_C12/13_F Nras codon 12/13 5′-TAC TGG TTT CCA ACA GGT TC-3′ 

Nras_C12/13_R  Nras codon 12/13 5′-GGT GGG ATC ATA TTC ATC TA-3′ 

Nras_C61_F  Nras codon 61 5′-ACA AAC CAG ATA GGC AGA AA-3′ 

Nras_C61_R  Nras codon 61 5′-ATA CAC AGA GGA AGC CTT CG-3′ 

* The primers were used as previously described [49] 
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Polyphenols inhibited the growth of MM cells and induced 

apoptosis. 

QD, CA, GA, EGCG, and TA induced cell death in a dose-dependent manner, 

showing remarkable antiproliferative effects on all of 3 MM cell lines, while RH 

showed a minimal antiproliferative effect (Fig. 4A). QD, GA, EGCG, and TA 

showed a tendency of increased killing of RPMI8226 cells with time (24 hours, 48 

hours, and 72 hours) but CA and RH did not show time dependent killing (Fig. 4B). 

The IC50 of QD, CA, GA, EGCG, and TA in U266 cells on day 2 was 50.5 μM, 

61.9 μM, 23.3 μM, 28.0 μM, and 12.5 μM, respectively; 120.5 μM, 344.0 μM, 96.8 

μM, 58.8 μM, and 11.0 μM, respectively, in RPMI8226 cells; and 24.2 μM, 99.2 

μM, 43.6 μM, 72.9 μM, and 11.7 μM, respectively, in MC/CAR cells. By flow 

cytometry using Annexin-V and propidium iodide (PI), we also confirmed that the 

polyphenols efficiently killed the MM cells. In the flow cytometry study after 2 

days of treatment with 100 μM each of RH, QD, CA, GA, EGCG, and TA, the 

percentage of Annexin-V-positive RPMI8226 cells was 5.3%, 63.5%, 10.0%, 

12.5%, 31.5%, and 72.1%, respectively (Fig. 4C). 
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Figure 3. Chemical structures of bortezomib (Bz), caffeic acid (CA), gallic acid 

(GA), quercetin dehydrate (QD), rutin hydrate (RH), (–)-epigallocatechin-3-gallate 

(EGCG), and tannic acid (TA). 
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Figure 4. Antiproliferative effect of polyphenols on the MM cell lines. (A) MM 

cells were cultured with the indicated concentration of polyphenols for 48 h. Cell 

viability was assessed by the CellTiter-Glo® assay in 96-well plates, and the data 

represent mean (±SD) of triplicates. (B) Polyphenols could kill the RPMI8226 cells 

by a time-dependent manner (24, 48, and 72 h) at 100 μM concentration except RH. 

(C) Flow cytometric analysis by Annexin-V-FITC and propidium iodide (PI) 

staining was performed on RPMI8226 cells after 48 h treatment with 100 μM of 

each of the polyphenols. 
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Polyphenols blocked antiproliferative effect and proteasome 

inhibitory function of bortezomib in MM cell lines.  

Upon bortezomib (10 nM) treatment in combination with various concentrations of 

polyphenols, the antiproliferative effect of the former was abolished even at low 

concentrations of polyphenols in all 3 genetically different MM cell lines (Fig. 5A). 

When RPMI8226 cells were treated with 100 μM of RH, 20 μM of QD, 20 μM of 

CA, 10 μM of GA, 10 μM of EGCG, and 2 μM of TA in the presence of 

bortezomib (10 nM), the percentage of revived cells was 13.8%, 70.4%, 82.6%, 

75.8%, 89.0%, and 89.3%, respectively. RH showed a marginal inhibitory effect on 

bortezomib even at high concentration, i.e. 100 μM. The maximum blocking 

activity of QD and EGCG was observed at approximately 20 μM in all 3 MM cell 

lines. Both 20–70 μM of CA and 10–50 μM of GA showed maximum antagonism, 

depending on the cell lines. TA showed the strongest blocking effect even at low 

concentrations (2–5 μM). The antagonistic effect of polyphenols disappeared at 

high concentration, which resulted from their own cytotoxic effects. We quantified 

the antagonistic effect of each polyphenol on bortezomib in terms of the 

combination index (CI) computed using CalcuSyn software (Biosoft, Ferguson, 

MO, and Cambridge, UK) (Table 3). The CI values of all polyphenols represented 

strong antagonism at 50% and 90% growth inhibition in the MM cell lines, except 

RH in U266 and RPMI8226 (because monotherapy with RH could not kill both 

cell lines) (see Fig. 4B). TA showed the most striking antagonism with a CI value 

of 6.70, 11.39, and 27.24 at ED90 in U266, RPMI8226, and MC/CAR, respectively, 

consistent with the previous results of a cell viability assay. Bortezomib is known 
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to predominantly inhibit the chymotrypsin-like and caspase-like protease function 

among 3 proteasome activities [51, 52]. Polyphenols abolished the inhibitory 

function of bortezomib (10 nM) on chymotrypsin-like and caspase-like activity of 

proteasome in a dose-dependent manner. The differences in killing activities 

between treatment of bortezomib alone and various combinations with polyphenols 

were found to be statistically significant by an unpaired student's t-test (Bz:RH, P = 

0.048; Bz:QD, P = 0.035; Bz:CA, P = 0.047; Bz:GA, P = 0.031; Bz:EGCG, P = 

0.003; Bz:TA, P = 0.001) (Fig. 5B). 
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Figure 5. Polyphenols inhibited bortezomib-induced cell death and abrogated the 

proteasome inhibitory function of bortezomib in the MM cell lines. (A) After 

treatment of cells with bortezomib (10 nM) and with the indicated concentrations 

of RH (dark circles), QD (white circles), CA (dark triangles), GA (open triangles), 

EGCG (dark squares), and TA (open squires), cell viability was assessed by the 

CellTiter-Glo® assay in 96-well plates, and the data represent the mean ± SD (error 

bars) of triplicates. (B) MM cells were seeded onto 24-well plates with bortezomib 

alone (10 nM) or with bortezomib (10 nM) plus different concentrations of the 

indicated polyphenols (5 and 50 μM). At 3 h after drug treatment, the cells were 

harvested, and cell lysates were prepared as mentioned in Methods. Chymotrypsin-

like and caspase-like proteasome activity was determined by the Proteasome-Glo™ 

assay. The data represent the mean ± SD (error bars) of triplicates (P < 0.05). 
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Table 3. Combination index (CI) values at 50% and 90% growth inhibition in the 

MM cell lines. The antagonistic activity of polyphenols against bortezomib was 

observed in the MM cell lines 48 h later after co-treatment of bortezomib and 

polyphenols. Combination index (CI) values were calculated using the CalcuSyn 

software according to the manufacturer’s instruction. CI values < 1.0 indicate 

synergism, whereas CI values >1 indicate antagonism; 3.3 < CI < 10 indicates 

strong antagonism, and CI > 10 indicates very strong antagonism. Bz: bortezomib, 

RH: rutin hydrate, QD: quercetin dehydrate, CA: caffeic acid, GA: gallic acid, 

EGCG: (–)-epigallocatechin-3-gallate, and TA: tannic acid. 
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Polyphenols blocked bortezomib-induced apoptosis in MM 

cell lines. 

Using Annexin-V and PI staining, the apoptotic and necrotic cell populations were 

measured by flow cytomery. The number of apoptotic cells was reduced when MM 

cells were cotreated with bortezomib and polyphenols at concentrations required 

for maximum blockage, as compared to treatment with bortezomib alone (Fig. 6A). 

By western blotting, we confirmed that the blocking effect of polyphenols was 

consistent with the previous results. Bortezomib-induced caspase/PARP cleavage 

was blocked by all 6 polyphenols (Fig. 6B). The activities of caspases-3, -8, and -9 

as well as those of PARP, which are signature enzymes of cellular apoptotic events, 

were significantly reduced by cotreatment with bortezomib and polyphenols, as 

compared to monotherapy with bortezomib. Similar blocking effects were also 

observed on the mitochondrial membrane potential (ΔΨm) monitored using 

DiOC6(3) dye (Fig. 6C). Bortezomib-induced disruption of the mitochondrial 

membrane potential (ΔΨm) was also abolished by cotreatment with any of the 6 

polyphenols. These results clearly support that polyphenols blocked bortezomib-

induced apoptosis in MM cell lines. 
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Figure 6. Bortezomib-induced apoptosis was blocked by polyphenols in the MM 

cell lines. (A) MM cells were cultured for 48 h with bortezomib (10 nM) and the 

indicated concentration of each polyphenol except CA. The CA concentration was 

20 μM in U266, 50 μM in RPMI8226, and 70 μM in MC/CAR depending on its 

maximum blocking activity according to the cell viability assay data. The cells 

were subjected to Annexin-V-FITC and propidium iodide (PI) staining to 

determine apoptosis by flow cytometry. (B) The RPMI8226 cells were cultured for 

24 h with bortezomib (10 nM) and the indicated concentrations (μM) of 

polyphenols. Whole-cell lysates were subjected to western blotting using anti-

caspase-3, -8, and -9 antibodies as well as anti-PARP antibody. The anti-β-actin 

antibody was used as the protein quantity control. CF: cleaved form. (C) 

RPMI8226 cells were cultured for 24 h with bortezomib (10 nM) alone or 

bortezomib (10 nM) plus the indicated concentrations (μM) of polyphenols. The 

mitochondrial membrane potentials (ΔΨm) were measured using 40 nM DiOC6(3). 
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The inhibitory effect of polyphenols on bortezomib was also 

observed in primary myeloma cells from patients.  

To confirm the inhibitory effect of polyphenols on bortezomib in patients, we 

performed a cell viability assay using the primary plasma cells from 6 MM patients. 

MM cells enriched with CD138 microbeads were obtained from the patient’s bone 

marrow aspirates. All 6 polyphenols demonstrated the different levels of blocking 

on the antiproliferative activity of bortezomib in the primary myeloma cells from 6 

patients, which is consistent with the results obtained in the 3 genetically different 

MM cell lines (Fig. 7). 
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Figure 7. Inhibitory effects of polyphenols on bortezomib were observed in the 

primary myeloma cells from MM patients. CD138+ myeloma cells were isolated 

from bone marrow aspirates of 6 MM patients using MACS CD138 MicroBeads. 

Cell survival was determined by the CellTiter-Glo® assay in 96-well culture plates. 

All experimental conditions were identical to those used for the experiment 

involving the cell lines.  
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Effect of polyphenols on bortezomib-induced intracellular 

ROS generation 

To elucidate the inhibitory interaction between bortezomib and polyphenols, we 

measured the alteration of ROS generation induced by bortezomib in MM cells. 

Since most polyphenols serve as potent antioxidants intracellularly [22], we 

speculated that they could block bortezomib-induced apoptosis through efficient 

scavenging of bortezomib-induced ROS in MM cells. To quantify the ROS levels 

in MM cells, we introduced hydroethidine (HE) to measure the superoxide levels in 

live cells that had been treated with bortezomib and individual polyphenols. The 

maximum ROS level with HE was detected in the U266 cell line after incubation 

with bortezomib (10 nM) for 7 h (Fig. 8A). These results initially led us to 

conclude that the antagonistic effect of polyphenols is simply caused by efficient 

scavenging of the bortezomib-induced ROS, which triggers the apoptotic pathway. 

Therefore, we examined the antioxidant potential of all 6 polyphenols by a 

standard diphenylpicrylhydrazyl (DPPH) radical assay. The polyphenols tested in 

this study demonstrated an antioxidant potential similar to or higher than that of 

vitamin C (Fig. 8B). It was remarkable that the antioxidant activity of EGCG and 

TA was approximately 3- and 10-fold higher, respectively, than that of vitamin C. 

However, we noticed a discrepancy between the antioxidant potential of the 

polyphenols and the cellular ROS levels quantified using HE in the U266 cell line. 

If indeed efficient ROS scavenging by the polyphenols was the key element 

responsible for antagonism of bortezomib-induced cell death, the ROS level in the 

MM cells treated with bortezomib and TA would be the lowest given that the 
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antioxidant potential of TA is the strongest. However, there were no significant 

differences in the ROS levels in the U266 cells; further TA, RH, and CA efficiently 

decreased the ROS levels almost to that in the control. However, EGCG, QD, and 

GA failed to bring about a similar decrease in the ROS levels in the U266 cells. 

Based on this finding, we concluded that the antioxidant potential of the 

polyphenols does not have a direct correlation with the ROS level in the U266 cells 

as measured by HE. It is thus unlikely that ROS generation is the single major 

mechanism for bortezomib-induced cell death. 
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Figure 8. Effect of polyphenols on bortezomib-induced ROS generation. (A) In 

vitro superoxide generation by bortezomib itself or in combination with 

polyphenols. The U266 cells were exposed to the indicated treatment for 7 h. The 

varied levels of intracellular ROS generation were measured using the HE dye. The 

solid bold lines indicate the cells treated with bortezomib (Bz, 10 nM) plus 

polyphenols (μM); the solid lines indicate bortezomib-treated (10 nM) cells; and 

the bold dotted-lines indicate the control cells. (B) The antioxidant potentials of 

polyphenols in the DPPH assay. Polyphenols (5 μM) were mixed with DPPH (170 

μM) in methanol, and the absorbance at 515 nm was measured using an ELISA 

reader. 
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Polyphenols blocked the activity of bortezomib by direct 

chemical interaction 

Based on the above conclusion, we hypothesized that the structural features of 

polyphenols might induce their direct chemical interaction with bortezomib, and 

this could be the major cause of their antagonistic effect. To confirm the correlation 

between the structure of polyphenols and their bortezomib-blocking ability, we 

selected eight polyphenols (flavonoids) having an identical core structure but 

different positions and numbers of hydroxyl group substitutions (Fig. 9A). We 

performed a series of cell viability assays in the presence of bortezomib (10 nM) 

cotreated individually with each of the 8 polyphenols. As shown in Fig. 9B, an 

antagonistic rescues from bortezomib-induced apoptosis was observed in the case 

of F5~F8. The enhanced cell viability at a 20 μM concentration of F5~F8 had a 

significant correlation with the structural features of the flavonoids; that is, they all 

have vicinal diols. However, F1~F4 had no antagonistic effect on the 

antiproliferative activity of bortezomib and interestingly, they all have no vicinal 

diols. The treatment with 20 μM of F8 showed the most effective blockage among 

the 8 polyphenols, and the blockage of the antiproliferative effect was diminished 

at high dosage (>50 μM) of flavonoids owing to their own cytotoxicity. When we 

performed a DPPH assay on 8 polyphenols, the polyphenols with the vicinal diol 

moiety (F5~F8) showed similar antioxidant abilities and higher antioxidant 

abilities than those without the vicinal diol moiety (F1~F4). This would indicate 

that the ROS-scavenging activity is the key element responsible for the 

antagonistic effect of polyphenols. However, the ROS-scavenging potential of F3 
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at 20 μM is much higher than that of F5~F8 at 3.3 μM. If the ROS-scavenging 

ability is indeed the key element responsible for the antagonistic effect, we should 

have observed antagonistic cell viability rescue at a higher concentration of F1~F4; 

however, we did not observe revitalization of bortezomib-treated MM cells. An 

increase in the concentration of F3 from 4 μM to 20 μM raised its antioxidant 

potential but did not affect its bortezomib-blocking effect (Fig. 9B, C). Therefore, 

we concluded that the structural feature of polyphenols—and not their ROS-

scavenging potential as antioxidants—is the major element responsible for their 

antagonistic effect on bortezomib-induced cell death. 

To obtain clear evidence on the direct chemical interaction between bortezomib 

and polyphenol, the 11B NMR spectrum of methyl boronic acid was recorded in the 

absence and presence of polyphenol, respectively. We chose EGCG as a 

representative polyphenol and methyl boronic acid as the substitute for bortezomib 

(Fig. 9D). The 11B chemical shift of methyl boronic acid (0.5 mM) changed from 

32.41 ppm, which is characteristic of the trigonal structure (sp2) of boronic acid, in 

the absence of EGCG to 14.05 ppm, which is characteristic of tetrahedral structure 

(sp3) of boronate, in the presence of EGCG (200 mM) [53, 54]. A large excess of 

EGCG (400-fold) was required for the direct chemical interaction to be detectable 

by 11B NMR. In fact, the maximum antagonistic effect of EGCG was observed at 

20 μM when the MM cells were treated with bortezomib (10 nM). This implies that 

efficient antagonism of the antiproliferative activity of bortezomib was achieved 

with a 2000-fold excess of EGCG. The 11B NMR spectra provided a clear 

confirmation of the direct drug-drug interaction between bortezomib and 
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polyphenols, where a vicinal diol is required as the key structural feature for 

efficient chemical interaction with the boronic acid moiety of bortezomib. 
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Figure 9. Direct chemical interaction between polyphenols and bortezomib. (A) 

The chemical structures of 8 polyphenols (F1~F8) having various number and 

positions of hydroxyl group substitutions. The vicinal hydroxyl group is indicated 

in the figure. (B) Cell viability assay data after co-treatment with bortezomib and 

various concentrations of the 8 polyphenols for 48 h in RPMI8226 cell line. (C) 

Antioxidant potentials of the 8 polyphenols at 3.3 μM in the DPPH assay. F3 at a 

high concentration (20 μM) showed a significantly high antioxidant potential. (D) 

11B NMR spectra of boronic acid in the absence and presence of EGCG. F1: 

resokaempferol; F2: kaempferol; F3: molin; F4: isorhamnetin; F5: fisetin; F6: 2-

(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one; F7: myricetin; F8: 2-

(3,4-dihydroxyphenyl)-7,8-dihydroxy-4H-chromen-4-one. 
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In vitro study on the time duration of blocking effect of 

polyphenol  

We attempted to assess the duration of the blocking effect of polyphenol on 

bortezomib-induced cell death by addition of polyphenols at a series of time 

intervals after treatment of 3 genetically different MM cell lines with bortezomib. 

MM cells were treated with 20 μM of EGCG or 2 μM of TA for 1–36 h after 

treatment with 10 nM of bortezomib (Fig. 10A, B). The blocking effect of EGCG 

or TA deteriorated in a time-dependent manner, and the antagonistic effect of 

polyphenols was not observed at 36 h after bortezomib treatment. 
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Figure 10. The duration of the blocking activity of polyphenols after 

bortezomib treatment in the MM cell lines.  

The MM cells were treated with EGCG (A) or TA (B) for 1–36 h after bortezomib 

(10 nM) treatment, and cell viability was accessed. Cont: control, Bz: bortezomib, 

EGCG: (–)-epigallocatechin-3-gallate, and TA: tannic acid. 
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Discussion 

At the early stage of our research, we suspected that the antioxidant 

function of polyphenols is mainly responsible for their antagonistic effects on 

bortezomib because polyphenols might efficiently scavenge the ROS, the 

generation of which is induced by bortezomib and which triggers the apoptotic 

pathway. To investigate this, we measured the ROS level in cells after the 

treatment with bortezomib alone or treatment with bortezomib and polyphenols. 

However, the antioxidant potential of the polyphenols showed no significant 

correlations with their antagonistic effects on bortezomib function. On the contrary, 

the structure of polyphenol appears to be the key factor responsible for their 

blocking effect on bortezomib. Therefore, we screened the antagonistic effects of a 

series of polyphenols having an identical core structure with various hydroxyl 

group substitution patterns on bortezomib-induced cell death (Fig 9A). 

Interestingly, the structural features of polyphenols showed striking correlations 

with their antagonistic effects, and in particular the presence or absence of vicinal 

diol moieties in the polyphenols was the key factor responsible for their blocking 

effects on the anticancer function of bortezomib. This observation is supported by 

the finding that the number of vicinal diols does not determine the antioxidant 

potential but significantly influences the antagonistic effect of polyphenols on 

bortezomib. Therefore, it was apparent that the anticancer activity of bortezomib 

can be blocked by direct chemical interaction of vicinal diols in polyphenols with 

the boronic acid moiety of bortezomib. 
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Regarding a mechanistic understanding of the antagonistic effect on 

bortezomib-induced cell death, we inferred that the vicinal diol in the polyphenols 

interacts with the boronic acid of bortezomib and converts the active triangular 

boronic acid (sp2 character) of bortezomib to an inactive tetrahedral boronate (sp3 

character) through direct chemical interaction. The equilibrium of this conversion 

is controlled by the structure and concentration of polyphenols, and this conversion 

abolishes the antimyeloma activity of bortezomib. We confirmed this hypothesis 

on the drug-drug interaction of bortezomib with polyphenols through 11B NMR 

spectroscopy. 

Based on our results, we conclude that the antimyeloma activity of 

bortezomib can be blocked in vitro by polyphenols containing vicinal diols. Our 

study, i.e., an investigation of the chemical interactions between bortezomib and 

polyphenols is important because the latter are abundant in our daily diet. 

Furthermore, the consumption of polyphenols is expected to increase due to the 

increased use of dietary supplements and public health initiatives encouraging the 

consumption of more wine, herbs, fruits, and vegetables [52, 53]. Drug-food 

interactions, except for some interactions that affect drug absorption, have been 

largely overlooked by many clinicians. The concentration ratio of polyphenols to 

bortezomib ranges from 35 to 150 depending on the polyphenols with respect to 

exerting a blocking effect on bortezomib [55-57]. Plasma concentrations of 

polyphenols containing vicinal diols, which showed an antagonistic effect on 

bortezomib in this study, can be achieved through daily dietary intake: the in vivo 

plasma concentration of i.v.-injected bortezomib is 2 nM [57]; the in vivo plasma 
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concentration of catechin administered by 120 mL wine is 70 nM [56]; the in vivo 

plasma concentration of epicatechin administered by 600 mL cocoa is 100 nM [55]; 

and the in vivo plasma concentration of catechin administered by 600 mL cocoa is 

300 nM [55]. In addition, many people consume polyphenols daily in the form of 

the herbal supplements or by drinking tea. For instance, the peak serum 

concentration of gallic acid at 2 h after drinking one cup of Assam black tea is 

approximately 2 μM, which is sufficiently high to show an inhibitory effect on an 

i.v.-injected anticancer agent, i.e., bortezomib [58]. One herbal supplement tablet 

also contains 25 mg of gallic acid, and a serum concentration of gallic acid as high 

as 1.8 μM can be attained by taking 2 tablets [58]. 

However, the concentrations of bortezomib (10 nM) and polyphenols 

(>50 μM) tested in this study may too high. We selected these concentrations in 

order to test various types of polyphenols and to present the results in the same 

figure as shown in Fig. 5A. In fact, we tested an RH up to 200 μM in MM cell lines 

to examine the maximum concentration as regards a blocking effect on 10 nM 

bortezomib. It showed no inhibitory effect at that concentration (data not shown). 

Thus, it remains unclear as to whether 200 μM of RH can or cannot inhibit the 

action of bortezomib due to the necessarily high concentration needed to determine 

this. In addition, although vicinal diols are a key factor in the blocking activity of 

bortezomib, this remains unclear in RH. RH, which is a derivative of QD, also has 

vicinal diols; RH did not show successful inhibitory activity like the other 

polyphenols. As shown in Fig. 3, RH has sugar in its chemical structure; this could 

decelerate the cell permeability and the blocking activity of bortezomib. 
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In this study, we used an in vitro cell-based format to determine the 

duration of the blocking effect of polyphenols. This could raise the questions 

regarding the effect of in vivo metabolism through the extensive biotransformation 

of dietary polyphenols including oxidation, reduction, methylation, sulfation, 

glucuronidation, etc. However, many of the in vivo researches noted above support 

the potential chemical interaction of polyphenols consumed through typical daily 

diets with bortezomib based on their structures [55-58]. The present results could 

help to establish crude guidelines suggesting that patients being treated with 

bortezomib should avoid the intake of herbal supplements or foods containing 

polyphenols in large quantities before clearance of bortezomib in vivo. In order to 

recommend specific guidelines for physicians, a study on the inhibitory effect of 

polyphenols and their metabolites on bortezomib in an in vivo system is currently 

underway. Since monotherapy of polyphenols per se showed strong antimyeloma 

activity, we recommend that polyphenols be consumed when the concentration of 

bortezomib is at its lowest point, such as between the injection cycles. 
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국    

金 兌 映 

 

다 골 종 (multiple myeloma)  골  내 질 포  악  증식에 해 

생하는 액암  일종이다. 보르 조  (bortezomib)  다 골 종 

료  사용   프 아좀 (proteasome) 억 이며, 폴리페놀 

(polyphenols)  암에  항 포증식 효과를 보이는 것  잘 알 진 

질이다. 우리는 복합약 효과를 찰하  해 가지 골 종 포주 

(U266, RPMI8226, MC/CAR)에 보르 조 과 함께 여  종  폴리페놀 

(rutin, quercetin, caffeic acid, gallic acid, EGCG, tannic acid)  농도를 

달리하면  동시에 처리하 다. 그러나, 보르 조  항암효과는 도  

차이는 있었 나 폴리페놀에 해 억 었 며, 다 골 종 자 부  

분리한 CD138+ 일차 골 종 포에 도 동일한 결과를 찰하 다. 

폴리페놀  구조  특징이 보르 조 과  항효과  연 이 있  

찰하 는데, 특히 시날 다이  (vicinal diol) 부분  존재 여부가 

보르 조  항암 능  억 하는 주요 인자 다. 우리는 폴리페놀  

시날 다이 이 보르 조  보 산 (boronic acid)과 작용하여 

보르 조   삼각구조를 불  사면체 보 이트 (boronate)  

꾸어, 이것이 보르 조  골 종 항암효과를 상쇄시키는 것이라 
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추 하 다. 이러한 가  보르 조 과 EGCG 간  11B 핵자 공명 

(nuclear magnetic resonance spectroscopy) 실험  통해 인하 다. 

이러한 결과들에 근거하여, 식이나 타민 보조 에 자연  존재하는 

폴리페놀  취하는 것이 보르 조  처   다 골 종 

자들에 는 검토 어야만 하겠다. 

  

주요어 : 보르 조 , 폴리페놀, 다 골 종, 약 간 상 , 시날 

다이  

학번: 2005-30677 
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