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Abstract Purpose: On the basis of the inhibitory effect of 
quercetin on the invasion of melanoma B16-BL6 cells 
previously reported by us, the mechanisms of quercetin- 
mediated inhibition of invasion were further investigated 
in the present study. Methods: The ability of B16-BL6 
cells to invade and migrate was evaluated in terms of the 
numbers of cells penetrating a reconstituted basement 
membrane in the Transwell coculture system. The rela- 
tive levels and activities of matrix metalloproteinase-9 
(MMP-9) and MMP-2 were determined by gelatin 
zymography and quantified using LabWorks 4.0 soft- 
ware. Results: The quercetin-mediated inhibition of 
invasion was partially blocked by phorbol-12,13-dibu- 
tyrate (PDB), a PKC (protein kinase C) activator, and 
by doxorubicin, a PKC inhibitor. Only the proforms of 
MMP-9 (92 kDa) and MMP-2 (72 kDa) were detected 
by gelatin zymography. Quercetin dose-dependently 
decreased the gelatinolytic activity of pro-MMP-9. 
Doxorubicin also markedly reversed the quercetin-in- 
duced decrease. Quercetin showed a dose-dependent 
antagonism of increases in gelatinolytic activity of pro- 
MMP-9 induced by PDB and free fatty acid (another 
PKC activator). Conclusions: Together with the report 
that quercetin directly reduces PKC activity, the results 
reported here suggest that quercetin may inhibit the 
invasion of B 16-BL6 cells by decreasing pro-MMP-9 via 
the PKC pathway. 
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Introduction 

Metastasis, one of the major reasons for cancer mor- 
tality, is a multistep process including adhesion, invasion 
and migration. During the process, the metastatic tumor 
cells encounter various host cells, extracellular matrix 
and basement membrane components [1]. This encoun- 
ter may be regulated by many factors, such as adhesion 
molecules, proteinases, and the cytoskeleton [2]. Some of 
the critical molecules in the process may be potential 
targets for evaluating antimetastatic agents. For exam- 
ple, matrix metalloproteinases (MMPs), secreted by tu- 
mor cells or other paracrine cells, play a critical role in 
the invasion of tumor cells [3, 4]. These enzymes are 
capable of degrading the extracellular matrix and base- 
ment membrane so that tumor cells can penetrate the 
physical barrier of blood vessels. In addition, MMPs 
also facilitate angiogenesis and proliferation of tumor [5, 
6]. Pro-MMP-9 is a marker of liver metastasis in colo- 
rectal cancer and survival in advanced ovarian cancer [7, 
81. 

The synthetic low molecular weight MMP inhibitors, 
batimastat (BB-94) and marimastat (BB-2516), have a 
collagen-mimicking hydroxamate which facilitates che- 
lation of a zinc ion into the active site of MMP [9]. BB- 
94 in a phase I trial has displayed a good effect against 
malignant pleural effusions, while BB-256 in a ran- 
domized double-blind placebo-controlled trial signifi- 
cantly improved survival of patients with inoperable 
colorectal hepatic metastases, and in a phase II trial also 
displayed activity in patients with metastatic malignant 
melanoma [10, 11, 12]. Arg-Gly-Asp-Ser (RGDS), a 
sequence in the central cell-binding domain of fibro- 
nectin, has also been shown to block the attachment 
between adhesion molecules and their receptors. These 
findings suggest that affecting metastasis-related en- 
zymes, adhesion molecules or extracellular matrix may 
contribute to the control of metastasis. 

The expression and activity of enzymes and adhesion 
molecules are regulated by kinases such as protein 



kinase C (PKC)  which is k n o w n  to be involved in the 
t ransduct ion  o f  signals for  cell prol iferat ion and differ- 
entiation,  and plays an impor tan t  role in carcinogenesis,  
t u m o r  development  and metastasis [13, 14, 15]. The 
activity o f  P K C  is modula ted  by m a n y  small c o m p o u n d s  
including activators,  such as phorbol-12,13-dibutyra te  
(PDB) and free fat ty acid (FFA) ,  and inhibitors,  such as 
doxorubic in  and chlorpromazine ,  in various ways. P D B  
can substitute for  diacylglycerol ( D A G )  to greatly in- 
crease the affinity o f  the enzyme for Ca 2+ as well as 
phosphol ipid ,  while F F A  can increase the activity by 
regulating Ca 2+ effiux and  Ca 2+ channels  [16, 17, 18]. In  
contrast ,  doxorubic in  inhibits the activity by interact ion 
with D A G ,  and ch lorpromazine  by reducing the basal 
levels o f  cytoplasmic free Ca 2+ [19, 20, 21], Bryostatins,  
natural ly  occurr ing macrocycl ic  lactones, have also been 
shown in a phase II  clinical trial to  reduce metastasis  o f  
renal cell ca rc inoma by regulating the activity o f  P K C  
[22, 23]. 

Fur thermore ,  some herbal drugs and the chemical  
c o m p o u n d s  derived f rom natural  sources have also been 
shown to be able to modula te  the metastasis process [24, 
25]. Fo r  example,  quercetin, a b iof lavonoid widely dis- 
t r ibuted in a variety o f  plants,  has been shown to have 
ant icancer  and antioxidative activities [26, 27]. To con-  
firm the effect o f  quercetin on t umor  metastasis, we 
investigated its effect on  the invasion and mobil i ty  o f  
murine  m e l a n o m a  B16-BL6, a highly metastat ic  cell line, 
and found  that  it p roduced  significant inhibit ion by 
arresting the cell cycle and inducing apoptos is  by 
decreasing Bcl-2 expression [28]. The present s tudy was, 
therefore, designed to fur ther  elucidate the relationship 
between the anti-invasive activity o f  quercetin and  P K C .  

Materials and methods 

Cells and reagents 

The highly metastatic cell line, murine melanoma B16-BL6, was 
obtained by m vitro selection for invasion. This cell line was main- 
tained as monolayer cultures in RPMl-1640 (Gibco, BRL) medmm 
containing 2 mML-glutamine. 100 U/ml penicillin and 100 gg/ml 
streptomycin and supplemented with 10% fetal calf serum (FCS). 
The following reagents were purchased: fibronectin, Matrigel, PDB, 
bovine serum albumin (BSA), proteinase K and Coomassie brilliant 
blue R250, doxorubicin (Sagma): and FFA and chlorpromazine 
(Shanghai Chemical Reagent Company, Shanghai, China). 

Invasion assay 

The invasive activity of the tumor cells was assayed in a Transwell cell 
culture chamber (Costar 3422; Costar, Cambridge, Mass.). Polyvi- 
nylpyrrolidone-free polycarbonate filters with a pore size of 8.0 gm 
(Nucleopore, Pleasanton, Calif.) were coated with 2.5 gg fibronectin 
in a volume of 50 gl on the lower surface and dried at room tem- 
peratm'e. Reconstituted basement membrane Matrigel was applied 
to the upper surface of the filter (5 gg/filter) to form a matrix barrier. 
Coated filters were washed with phosphate-buffered saline and dried 
immediately before use. Tumor cells in exponential growth were 
harvested with RPMI-1640 medium supplemented with 0.1% BSA. 
Tumor cell suspensions (1• 6 cells/ml, 100 gl) were added to the 
upper compartment of the chamber and incubated for 10 h. After 
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incubation, the filters were harvested, fixed with methanol and 
stained with hematoxylin and eosin. Tumor cells on the upper surface 
of the filters were removed by wiping with cotton swabs. Cells which 
had invaded through the Matrigel and the filter to various areas of the 
lower surface were counted under a microscope in five predetermined 
fields at a magnification of x200o and were labeled at random with a 
marker pen before being counted. Each assay was performed in 
triplicate, and repeated at least three times. 

Migration assay 

Tumor cell migration along a gradient of substratum-bound 
fibronectin was assayed in a Transwell cell culture chamber 
according to a previously reported method [29]. The filters with a 
pore size of 8.0 gm were precoated with 5 ~tg fibronectin in a vol- 
ume of 50 pl on the lower surface as described above. The cells 
(lxl05 cells in 100 gl RPMI-1640 medium) were added to the upper 
compartment of the Transwell cell chamber and incubated at 37~ 
for 4 h. The subsequent procedures were the same as those for 
the invasion assay. Each assay was performed in triplicate, and 
repeated at least three times. 

Gelatin zymography assay 

B16-BL6 cells (lxl07/ml) in exponential growth were suspended in 
RPMI-1640 medium containing 10% FCS and incubated in the 
presence of quercetin without or with PDB, FFA, doxorubicin or 
chlorpromazine at 37~ for 10 h. The supernatants (10 pl) were 
removed from the total culture medium (200 gl) and mixed with 
5 gl sample buffer (62.5 mM Tris containing 10% glycerol, 
0.00125% bromophenol blue, 12% SDS) wathout reducing reagent, 
and subjected to SDS-PAGE at 4~ for 1 h in 5% polyacrylamide 
gels that were copolymerized with 1 mg/ml of gelatin. After elec- 
trophoresis, the gels were washed twice in rinsing buffer (2.5% 
Triton X-100, 1 mM CaCI,, 1 gM ZnC12, 0.05% NAN3) for 1 h at 
room temperature to remove SDS and were then incubated for 36 h 
at 37~ in 50 mM Tris buffer containing 5 mM CaC12, 1 gM ZnC1, 
and 0.05% NAN3. The gels were stained with 0.25% Coomassie 
brilliant blue R250 for 30 min, and destained for 8 h in 10% acetic 
acid and 30% methanol. The proteolytic activity was visualized as 
clear bands (zones of gelatin degradatton) agaanst the blue back- 
ground of stained gelatin. 

Statistical analysis 

One-way analysis of variance (ANOVA) for multiple comparisons 
was used to determine whether there were any significant differ- 
ences between the different treatments. Once significant differences 
had been detected (P < 0.05), Student two-tailed t-test was used to 
evaluate differences between two groups. All experimental results 
are shown as means :k SD. 

Results 

Effect o f  P K C  activators  and  inhibitors on quercetin- 
induced inhibit ion o f  B 16-BL6 cell invasion and  mobil i ty 

B16-BL6 cells were incubated with or  wi thout  quercetin 
(3.3x10 -I  m M )  in the presence or  absence o f  P D B  
(100 nM),  F F A  (6.7 mM),  doxorubic in  (8.6/aM) or  
ch lorpromazine  (14 mM )  for  10 h at 37~ As shown 
in Fig. 1, quercetin significantly inhibited the ability o f  
the B16-BL6 cells to penetrate  the reconsti tuted base- 
ment  membrane .  P D B  significantly antagonized  the 
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Fig. 1 Effect of PKC activators and inhibitors on quercetin- 
induced inhibition of B16-BL6 cell invasion. Polyvinylpyrroli- 
done-free polycarbonate filters with a pore size of 8.0 p,m were 
coated with fibronectin on the lower surface. Reconstituted 
basement membrane Matrigel was applied to the upper surface of 
the filter to form a matrix barrier. BI6-BL6 cells were incubated 
with quercetin (3.3x10 -1 mM) in the presence or absence of PDB 
(100 riM), FFA (6.7 mM), doxorubicin (8.6 gM) or chlorproma- 
zine (14 mM) in the upper compartment of a Transwell culture 
chamber for 10 h. The invasive cells were determined as described 
in Methods. The results are expressed as the means 3: SD of three 
independent experiments and each experiment was performed in 
triplicate. One-way ANOVA revealed a significant effect at 
P<0.01. #P<0.01, vs normal; *P<0.05, vs quercetin alone 
(Student's two-tailed t-test) 

quercetin-induced inhibition of  invasiom and doxoru- 
bicin induced an almost  complete recovery f rom inhi- 
bition. However,  F F A  and chlorpromazine had hardly 
any effect on the quercetin-induced inhibition. None  of  
these P K C  activators or inhibitors themselves affected 
cell invasion. Quercetin also significantly inhibited the 
migration of  B16-BL6 cells, whereas none of  the P K C  
activators or inhibitors interfered with the migration of  
B16-BL6 cells inhibited by quercetin (data not shown). 

Effect of  quercetin on the gelatinolytic activity of  M M P s  

B16-BL6 cells ( lxl07/ml)  were incubated with quercetin 
at concentrations in the range 3.3x10 -4 to 3.3• -~ m M  
for 10 h, Only latent proforms of gelatinase A (pro- 
MMP-2,  7 2 k D a )  and gelatinase B (pro-MMP-9,  
92 kDa)  were detected in the culture supernatants by the 
zymography assay. As shown in Fig. 2, quercetin 
markedly decreased the gelatinolytic activity of  pro- 
MMP-9  secreted by B16-BL6 cells in a dose-dependent 
manner.  The compound  also produced a slight inhibi- 
tion of the gelatinolytic activity of  p ro -MMP-2  (Fig. 2). 

Effect of  doxorubicin and chlorpromazine 
on the quercetin-induced inhibition of  the gelatinolytic 
activity of  p ro -MMPs  

B 16-BL6 cells ( Ix  107/ml) were incubated with quercetin 
at concentrations in the range 3.3x10 -3 to 3.3• -L m M  
in combinat ion with 8,6 ~tM doxorubicin or 14 m M  
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Fig. 2A, B Effects of quercetln on the gelatinolytlc activities of 
MMP-9 and MMP-2 as determined by the gelatin zymography 
assay. A B16-BL6 cells were incubated with various concentrations 
of qnercetin at 37~ for t0 h. Supernatants were collected and 
subjected to SDS-PAGE. After electrophoresis, the gels were 
washed, incubated, stained and destained as described in Methods. 
The results are representative of three independent experiments. 
Lane 1 control; lanes 2-5 3.3x10 -4, 3.3x10 3, 3.3x10-2, and 
3.3x10 -1 mM quercetin, respectively. B The relative gelatinolytic 
activxties of pro-MMP-9 and pro-MMP-2 were quantified densito- 
metrically using LabWorks 4.0 software in relation to the activity 
without quercetin (control band assigned a value of 1). The results 
are expressed as the means 4-SD of three experiments. One-way 
ANOVA revealed a significant effect at P<0.01. *P<0.05, 
**P< 0.01, vs control (Student's two-tailed t-test). Five bars from 
left to right, respectively." (1) control, (2) quercetin 3.3x10 -4 mM, 
(3) quercetin 3.3x10 -3 mM, (4) quercetin 3.3xl0-ZmM, (5) 
quercetin 3.3x10 -I mM 

chlorpromazine for 10 h. As shown in Fig. 3, quercetin 
markedly inhibited the gelatinolytic activity of  pro- 
MMP-9,  but  not that  of  pro-MMP-2.  Doxorubicin 
produced complete blockage of the inhibition at various 
concentrations of  quercetin (Fig. 3A, C), while chlor- 
promazine did not  (Fig. 3B, D). Doxorubicin and 
chlorpromazine themselves hardly affected the gelatin- 
olytic activities of  the p ro -MMPs  (Fig. 3). 

Quercetin inhibition of  the gelatinolytic activities 
of  MMPs  enhanced by PDB and F F A  

B16-BL6 cells (l• were incubated with 100 n M  
PDB or 14 m M  F F A  in the presence or absence of  
quercetin at 3.3• -3, 3.3x10 -2 or 3.3z10 - t  m M  for 
10 h. The gelatinolytic activities of  M M P s  were deter- 
mined in the culture supernatant.  Both PDB and F F A  
markedly increased the gelatinolytic activity of  pro- 
MMP-9,  but not that  of  pro-MMP-2,  secreted by B16- 
BL6 cells (Fig. 4A lane 2, B lane 2, C, D). Quercetin 
dose-dependently inhibited the increases in gelatinolytic 
activity of  p ro -MMP-9  (Fig. 4A lanes 3-5, B lanes 3-5, 
C, D). 
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Fig. 3A-D Effect of PKC inhibitors on the quercetin-induced 
inhibition of pro-MMP gelatinolytic activity. B16-BL6 cells were 
incubated in the presence of doxorubicin or chlorpromazine with 
various concentratxons of quercetin for 10 h at 37~ The activity 
of MMPs m the supernatants was determined by gelatin zymog- 
raphy. A Lane 1 control; lane 2 quercetin 3.3x10 -1 mM; lane 3 
doxorubicln 8.6 pM; lanes 4 4  doxorubicin 8.6 pM + 3.3x10 -3, 
3.3x10 -2 and 3.3 x l 0  -1 mM quercetin, respectively. B Lane 1 
control; lane 2 quercetin 3.3xl0 -~ raM; lane 3 chlorpromazme 
14 mM; lanes 44-6 chlorpromazine 14 mM + 3.3x10 -y, 3.3x10 -2 
and 3.3 xl0 -1 mM quercetin, respectively�9 These results are 
representative of three independent experiments. C, D Relative 
gelatinolytic activities of pro-MMP-9 and pro-MMP-2 were 
quantified densitometrically using LabWorks 4.0 software in 
relation to the activity without quercetin (control band assigned a 
value of 1). The results are expressed as the means + SD of three 
independent experiments. One-way ANOVA revealed a significant 
effect at P<0.01. #P<0.01, vs control; *P<0.05, **P<0.01, vs 
quercetin 3.3x10 -1 mM alone (Student's two-tailed t-test). Six bars 
fi'om left to right, respecnvely." (l) control, (2) quercetin 
3.3x10-' raM, (3) doxorubicin 8.6 gM (C) or chlorpromazine 
14 mM (D), (4) doxorubicin 8.6 gM + quercetin 3.3x10 -3 mM (C) 
or chlorpromazine 14 mM + quercetin 3.3x10 -3 mM (D), (5) 
doxorubicm 8.6 p.M + quercetin 3.3x10 -2 mM (C) or chlorprom- 
azine 14 mM + quercetin 3.3X10 -2  mM (D), (6) doxorubicin 
8.6 p.M + quercetin 3.3x10 -1 mM (C) or chlorpromazine 14 mM 
+ quercetm 3.3x10 -1 mM (D) 

Discussion 

Quercetin (20 gM), a bioflavonoid widely distributed in 
a variety of  plants, inhibits proliferation and induces 
apoptosis of  pancreatic tumor cells by blocking the 
activity of  the epidermal growth factor receptor tyrosine 
kinase [30]. The proliferation of  HL-60 leukemia cells is 
inhibited by quercetin at 10 to 80 gM [31]. In our pre- 
vious study, we found that quercetin inhibits the inva- 
sion of  melanoma B16-BL6 cells by inducing apoptosis 
by decreasing Bcl-2 expression [28]. Quercetin also 
inhibits angiogenesis in vitro [32]. Furthermore,  quer- 
cetin at doses from 60 to 1700 mg/m 2 in a phase I clin- 
ical trial has been shown to inhibit kinase activity and to 
display good safety [33]. 

To add to the above results and the direct inhibition 
by quercetin of  PKC activity [34], the effects of  PKC 
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activators and inhibitors on the activity of  quercetin 
were investigated in the present study. The PKC acti- 
vators, PDB and FFA, and the inhibitors, doxorubicin 
and chlorpromazine, were used to interfere with the 
inhibition by quercetin of  invasion and mobility of B16- 
BL6 cells. PDB significantly antagonized the quercetin- 
induced inhibition of  cell invasion, and doxorubicin al- 
most completely blocked inhibition. In contrast, FFA 
and chlorpromazine hardly affected the quercetin-med- 
iated inhibition. Moreover,  the antagonism by PDB 
seemed to be stronger than that by doxorubicin (Fig. 1). 
However,  neither PDB or F F A  nor doxorubicin or 
chlorpromazine affected the mobility of  B16-BL6 cells 
inhibited by quercetin (data not  shown). These results 
indicate the involvement of  different mechanisms in the 
invasion and migration processes of B16-BL6 cells, and 
the inhibition by quercetin of  the B16-BL6 cell invasion 
may be related to the PKC signaling pathway. 

The PKC family has three subtypes, and the different 
subtypes play different or even adverse roles in tumor 
metastasis. For  example, Powell et al. have found that 
overexpression of  PKC-~ inhibits the invasive and met- 
astatic abilities of  prostate cancer cells [35], and Kiley 
et al. have reported that PKC-6 is highly expressed in 
metastatic cancer cells 13762NF and that the inhibition 
of  its activity leads to a decrease in metastasis [36]. Thus, 
it is also possible that the different subtypes of  PKC are 
involved in the metastasis of  BI6-BL6 cells. The 
involvement of different PKC subtypes may explain why 
both PDB and doxorubicin blocked quercetin-inhibited 
invasion by B16-BL6 cells. However,  further investiga- 
tion is needed in this area. 

On the other hand, the role of  PKC in metastasis is 
closely associated with its regulation of the expression of  
molecules such as MMP,  integrin, selectin, and CD44, 
which are known to play a role in tumor metastasis. The 
expressions of  these molecules may be elevated by PKC 
[37, 38, 39, 40]. For  example, bryostatin-1 inhibits tumor 
metastasis by regulating the activity of  PKC that mod- 
ulates the expression of  MMPs [22]. To further elucidate 
the involvement of  PKC, in the next experiment the 
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Fig.  4A-D Effect of quercetin on the gelatinolytic activity of pro- 
MMPs elevated by PKC activators. B16-BL6 cells (lxl07/ml) were 
incubated with PDB or FFA in the presence or absence of various 
concentrations of quercetin for 10 h at 37~ The gelatinolytic 
achvity of pro-MMPs in the supernatants was determined by 
gelatin zymography. A Lane 1 Control; lane 2 PDB 100 nM; lanes 
3-5 PDB 100 nM + 3.3x10 -3 raM, 3.3x10 --~ mM and 3.3 
Xl0 - t  mM quercetin, respectively. B Lane 1 control; lane 2 FFA 
6.7 mM. lanes 3-5 FFA 6.7 mM + 3.3• -3, 3.3x10 -2 and 3.3 
xl0 -1 mM quercetin, respectively. C, D The relative gelatinolytic 
activities of pro-MMP-9 and pro-MMP-2 were quantified densito- 
metrically using LabWorks 4.0 software in relation to the activity 
without quercetin (control band assigned a value of 1). The results 
are expressed as the means • SD of three independent experiments. 
One-way ANOVA revealed a significant effect at P<0.01. 
#P<0.01, vs control; *P<0.05, **P<0.01, vs PDB 100 nM alone 
(C), vs FFA 6.7 mM alone (D) (Student's two-tailed t-test). Five 
bars from left to right, respectivel)'" (1) control, (2) PDB 100 nM (C) 
or FFA 6.7 mM (D), (3) PDB 100 n M +  quercetln 3.3• -3 mM 
(C) or FFA 6.7 mM + quercetin 3.3• -3 mM (D), (4) PDB 
100 n M +  quercetin 3.3• -2 mM (C) or FFA 6.7 mM + 
quercetin 3.3x10-2mM (D) (5) PDB 100 n M +  quercetin 
3.3• -l mM (C) or FFA 6.7 mM + quercetin 3.3x10 -1 mM (D) 

effects of  quercetin on the activities of  MMPs  and the 
modulat ion by the P K C  inhibitors and activators of  the 
effects of  quercetin were investigated. As shown in 
Fig. 2, quercetin markedly inhibited the gelatinolytic 
activity of  p ro -MMP-9  in a dose-dependent manner  and 
slightly reduced the gelatinolytic activity of  pro-MMP-2,  
suggesting a relationship between its antimetastatic 
potential  and the inhibition of pro-MMP-9.  Indeed, 
bat imastat  (BB-94) and mar imasta t  (BB-2516), two 
specific inhibitors of  MMP,  which have undergone 
clinical trials, have been found to reduce tumor  
metastasis [9]. Inostamycin,  an inhibitor of  cytidine 
5 '-diphosphate 1,2-diacyl-sn-glycerol (CDP-DG,  inositol 
transferase), has been found to suppress invasion of  
HSC-4 tongue carcinoma cells by reducing the gelatin- 
olytic activities of  p ro -MMP-9  and p ro -MMP-2  [41]. 

Moreover,  the P K C  activators PDB and F F A  en- 
hanced the secretion of  p ro -MMP-9  from B16-BL6 
cells, but the ability of  PDB to promote  secretion of  
p ro -MMP-9  was much higher than that of  F F A  
(Fig. 4A lane 2, B lane 2), and quercetin also dose- 
dependently inhibited the enhancement (Fig. 4A lanes 
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3-5, B lanes 3-5, C, D). Similarly, doxorubicin, a P K C  
inhibitor, almost completely reversed the inhibition of  
p ro -MMP-9  by various concentrations of  quercetin, but 
the inhibitor chlorpromazine did not (Fig. 3A lane 4). 
These results are quite in accordance with the results 
that  both  PDB and doxorubicin significantly antago- 
nized the quercetin-inhibited invasion of  B16-BL6 cells 
(Fig. l), and demonstrated that quercetin might inhibit 
invasion by reducing pro-MMPs,  and more specifically 
by directly inhibiting the activities of  P K C  that  modu-  
lates the expression or activity of  MMPs.  Interestingly, 
both  PDB and doxorubicin regulate the activity of  P K C  
via interaction with D A G ,  while both  F F A  and chlor- 
promazine regulate the activity of  P K C  via modulat ion 
of  cytoplasmic free Ca 2+ [16, 17, 18, 19, 20, 21], which 
suggests that quercetin may  exerts these actions by 
affecting the interaction between P K C  and DAG.  In 
addition, doxorubicin also part ly blocked the apoptosis 
of  B16-BL6 cells induced by qucrcetin (data not 
shown). 

In summary,  both  PDB and doxorubicin antagonized 
quercetin-induced inhibition of  B16-BL6 cell invasion, 
suggesting the involvement of  the P K C  pathway. Pro- 
MMP-9  may be an important  target in the regulation of  
the pathway mediated by quercetin. That  is, quercetin 
may  inhibit cell invasion by decreasing p ro -MMP-9  via 
the P K C  pathway. Further  investigation is in progress to 
elucidate in detail the involvement of  P K C  subtypes. 

A c k n o w l e d g e m e n t  This study was supported by the National Nat- 
ural Science Foundation of China, no. 39925041. 

R e f e r e n c e s  

1. Crowe DL, Shuler CF (1999) Regulation of tumor cell invasion 
by extracellular matrix. Histol Histopathol 14:165 

2. Saikl I (1997) Cell adhesion molecules and cancer metastasis. 
Jpn J Pharmacol 75:215 

3. Kleiner DE, Stetler Stevenson WG (1999) Matrix metallopro- 
teinase and metastasis. Cancer Chemother Pharmacol [Suppl] 
43:$42 

4. Westermarck J, Kahari VM (1999) Regulation of matrix me- 
talloproteinase expression in tumor invasion. FASEB J 13:781 



87 

5. Xu J, Benyon RC, Leir SH, Zhang S, Holgate ST, Lackie PM 
(2002) Matrix metalloproteinase-2 from bronchial epithelial 
cells induces the proliferation of subepithelial fibroblasts. Clin 
Exp Allergy 32:881 

6. Huang S, Van Arsdall M, Tedjaratl S, McCarty M, Wu W, 
Langley R, Fidler IJ (2002) Contributions of stromal metallo- 
proteinase-9 to anglogenesis and growth of human ovarian 
carcinoma in mice. J Natl Cancer Inst 94: t 134 

7. Okada N, Ishida H, Murata N, Hashimoto D, Seyama Y, 
Kubota S (2001) Matrix metalloproteinase-2 and 9 in bile as a 
marker of liver metastasis in colorectal cancer. Biochem Bio- 
phys Res Commun 288:212 

8. Lengyel E, Schrnalfeldt B, Konik E, Spathe K, Harting K, 
Fenn A, Berger U, Fridman R, Schmitt M, Prechtel D, Kuhn 
W (2001) Expression of latent matrix metalloproteinase 9 
(MMP-9) predicts survival in advanced ovarian cancer. Gyne- 
col Oncol 82:291 

9. Rasmussen HS, McCann PP (1997) Matrix metalloproteinase 
inhibition as a novel anticancer strategy: a review with 
special locus on batimastat and marimastat. Pharmacol Ther 
75:69 

10. Macaulay VM, O'Byrne KJ, Saunders MP, Braybrooke JP, 
Long L, Gleeson F, Mason CS, Harris AL, Brown P, Talbot 
DC (1999) Phase I study of intrapleurat batimastat (BB-94), a 
matrix metalloproteinase inhibitor, in the treatment of malig- 
nant pleural effusions. Clin Cancer Res 5:513 

11. King J, Zhao J, Clingan P, Morris D (2003) Randomised 
double bhnd placebo control study of adjuvant treatment with 
the metalloproteinase inhibitor, Marimastat in patients with 
inoperable colorectal hepatic metastasis: significant survival 
advantage in patients with musculoskeletal side-effects. Anti- 
cancer Res 23:639 

12. Quirt I, Bodurth A, Lohmann R, Rusthoven J, Belanger K, 
Yong V, Walnman N, Stewar W, Eisenhauer E, 
National Cancer Institute of Canada Clinical Trials Group 
(2002) Phase II study of manmastat (BB-2516) in malignant 
melanoma: a chnical and tumor biopsy study of the National 
Cancer Institute of Canada Clinical Group. Invest New Drugs 
20:431 

13. Caponigro F, French RC, Kaye SB (1997) Protein kinase C: a 
worthwhile target for anticancer drugs? Anticancer Drugs 8:26 

14. Blobe GC, Obeid LM, Hannun YA (t994) Regulation of 
protein kinase C and role in cancer biology. Cancer Metastasis 
Rev 13:411 

15. Zeidman R, Pettersson L, Sailaja PR, Truedsson E, Fagerstrom 
S, Pahlman S, Larsson C (1999) Novel and classical protein 
kinase C isoforms have different functions in proliferation, 
survival and differennation of neuroblastoma cells. Int J Can- 
cer 8:494 

16. Castagna M, Takai Y, Kaibuchi K, Sano K, Kikkawa U, 
Nishizuka Y (I982) Direct activation of calcium-activated, 
phospholipld-dependent protein kinase by tumor-promoting 
phorbol esters. J Biol Chem 257:784 

17. Roman I, Gmaj P, Nowicka C, Angielski S (1979) Regulation 
of Ca 2+ efflux from kidney and liver mltochondria by unsat- 
urated fatty acids and Na + ions. Eur J Biochem 102:615 

18. Hallaq H, Smith TW, Leaf A (1992) Modulation of dihydro- 
pyridine-sensitive calcium channels in heart cells by fish oil 
fatty acids. Proc Nail Acad Sci U S A 89:1760 

19. Hannun YA, Foglesong RJ, Bell RM (1989) The adriamycin- 
iron (III) complex is a potent inhibitor of protein kinase C. 
J Biol Chem 264:9960 

20. Zhao FK, Chuang LF, Israel M, Chuang RY (1989) Adria- 
mycm interacts with diacylglycerol to inhibit human leukemia 
protein kinase C. Anticancer Res 9:225 

21. Sanchez A, Hallam TJ, Rmk TJ (1983) Trifluperazine and 
chlorpromazlne block secretion from human platelets evoked at 
basal cytoplasmic free calcium by activators of C-kinase. FEBS 
Lett 28:43 

22. Wojtowicz Praga SM, Dickson RB, Hawkins MJ (1997) Matrix 
metalloproteinase inhibitors. Invest New Drugs 15:61 

23. Haas NB, Smith M, Lewis N, Littman L, Yeslow G, 
Joshi ID, Murgo A, Bradley J, Gordon R, Wang H. 
Rogatko A, Hudes GR (2003) Weekly bryostatin-1 in meta- 
static renal cell carcinoma: a phase II study. Clin Cancer Res 
9:109 

24. Kato M, Lm W, Yi H, Asai N, Hayakawa A, Kozakl K, Ta- 
kahashi M, Nakashima I (1998) The herbal medicine Sho-sai- 
ko-to inhibits growth and metastasis of malignant melanoma 
primarily developed in ret-transgenic mice. J Invest Dermatol 
111:640 

25. Yan C, Han R (1997) Suppression of adhesion-induced protein 
tyrosine phosphorylatlon decreases invasive and metastatic 
potentials of B16-BL6 melanoma cells by protein tyrosine ki- 
nase inhibitor genistein. Invasion Metastasis 17:189 

26. Kawaii S, Tomono Y, Katase E, Ogawa K, Yano M (1999) 
Antiprotiferative activity of flavonoids on several cancer cell 
lines. Biosci Biotechnol Biochem 63:896 

27. Paganga G, Miller N, Rice Evans CA (1999) The polypheno- 
hc content of fruit and vegetables and their antioxidant 
activities. What does a serving constitute? Free Radic Res 
10:153 

28. Zhang XM, Xu Q, Saiki I (2001) Quercetin inhibits the inva- 
aon and mobility of routine melanoma B16-BL6 cells through 
inducing apoptosis via decreasing Bcl-2 expression. Clin Exp 
Metastasis 18:415 

29. Sheng Y, Yoshimura M, Inoue S, Oritani K, Nishiura T, 
Yoshida H, Ogawa M, Okajima Y, Matsuzawa Y, Taniguchi N 
(1997) Remodeling glycoconjugates on CD44 enhances cell 
adhesion to hyaluronate, tumor growth and metastasis in B 16 
melanoma cells expressing fi-l,4-N-acetylgucosammyltransfer- 
ase III. Int J Cancer 73:850 

30. Lee LT, Huang YT, Hwang J J, Lee PP, Ke FC, Nair MP, 
Kanadaswan C, Lee MT (2002) Blockade of the epidermal 
growth factor receptor tyrosine kinase activity by quercetin and 
luteolin leads to growth inhibition and apoptosis of pancreatic 
tumor cells. Anticancer Res 22:1615 

31. Kang TB, Liang NC (1997) Studies on the inhibitory effects of 
quercetin on the growth of HL-60 leukemia cells. Biochem 
Pharmacol 54:10 t 3 

32. Igura K, Ohta T, Kuroda Y, Kija K (2001) Resveratrol and 
quercetin inhibit angiogenesis in vitro. Cancer Lett 17t:11 

33. Ferry DR, Smith A, Malkhandl J, Fyfe DW, 
deTakats PG, Anderson D, Baker J, Kerr DJ (1996) Phase I 
chnical trial of the flavonoid quercetin: pharmacokinetics and 
evidence for in vivo tyrosine kinase inhibition. Clin Cancer Res 
2:659 

34. Agullo G, Gamet-Payrastre L, Manenti S, Viala C, Remesy C, 
Chap H, Payrastre B (1997) Relationship between flavonoid 
structure and inhibition of phosphatidylinositol 3-kinase: a 
comparison with tyrosine kinase and protein kinase C inhibi- 
tion. Biochem Pharmacol 53:1649 

35. Powelt CT, Gschwend JE, Fair WR, Brittis N J, Stec D, 
Huryk R (1996) Overexpression of protein kinase C-zeta 
(PKC-zeta), inhibits invasave and metastatic abilities of Dun- 
ning R-3327 MAT-Lylu rat prostate cancer cells. Cancer Res 
56:4137 

36, Kiley SC, Clark KJ, Goodnough M, Welch DR, Jaken S (1999) 
Protein kmase C delta involvement in tumor cell metastasis. 
Cancer Res 59:3230 

37. Dumont JA, Bitonti AJ (1994) Modulation of human mela- 
noma cell metastasis and adhesion may involve integrin phos- 
phorylation mediated through protein kmase C. Biochem 
Biophys Res Commun 204:264 

38, Carey I, Williams CL, Ways DK, Noti JD (1999) Overexpres- 
sion of protein kinase C-alpha in MCF-7 breast cancer cells 
results in differential regulation and expression of alphavbeta3 
and alphavbeta5. Int J Oncol 5:127 

39. Fichter M, Hinrichs R, Eissner G, Scheffer B, Classen S, Uef- 
ring M (1997) Expression of CD44 isoforms in neuroblastoma 
cells is regulated by PI 3-kinase and protein kinase C. Oncogene 
14:2817 



88 

40. Quigley RL, Shafer SH, Williams CL (1998) Regulation of 
integrin-mediated adhesion by muscarinic acetylcholine recep- 
tors and protein kinase C in small cell carcinoma. Chest 
114:839 

41. Baba Y, Tsukuda Mr Mochimatsu I, Furukawa S~ Kagata H, 
Nagashima Y, Sakai N, Koshika S, Imoto M, Kato Y (2000) 

Inostamycin, an inhibitor of cytidine 5'-dlphosphate 1,2-diacyl- 
sn-glycerol (CDP-DG): inositol transferase, suppresses inva- 
sion ability by reducing productions of matrix metalloprotein- 
ase-2 and -9 and cell mobility in HSC-4 tongue carcinoma cell 
line. Clin Exp Metastasis 18:273 


