
RESEARCH PAPER

3�,4�-Dihydroxyflavonol down-regulates monocyte
chemoattractant protein-1 in smooth muscle: role of
focal adhesion kinase and PDGF receptor signalling

F Jiang, N Guo and GJ Dusting

Bernard O’Brien Institute of Microsurgery, University of Melbourne, Victoria, Australia

Background and purpose: We investigated the effects of a synthetic flavonol, 3′,4′-dihydroxyflavonol (DiOHF) on the
expression of monocyte chemoattractant protein-1 (MCP-1) in rat vascular smooth muscle cells.
Experimental approach: MCP-1 expression was assessed by quantitative real-time PCR and protein phosphorylation by
immunoprecipitation and Western blots.
Key results: DiOHF (1–30 mmol·L-1) concentration-dependently reduced MCP-1 expression in both quiescent cells and cells
stimulated with platelet-derived growth factor (PDGF) or interleukin 1-b. The effect of DiOHF was associated with a suppression
of focal adhesion kinase (FAK)-mediated signalling. In vitro kinase assays demonstrated that DiOHF is a potent inhibitor of FAK
kinase activity (EC50 = 2.4 mmol·L-1). Expression of FAK-related non-kinase reduced basal MCP-1 expression, but not that
induced by PDGF or interleukin 1-b. DiOHF also inhibited autophosphorylation of PDGF receptors. The PDGF receptor inhibitor
AG-1296 potently suppressed basal and PDGF-induced MCP-1 expression. Inhibition of extracellular signal-regulated kinase
activation by DiOHF, either directly or indirectly, may also be involved in its effects on MCP-1 expression. DiOHF had no
inhibitory effect on either p38 or nuclear factor-kB activation. Moreover, DiOHF inhibited smooth muscle cell spreading (a
FAK-mediated response) and proliferation.
Conclusions and implications: This is the first report on a flavonoid compound (DiOHF) that is a potent FAK inhibitor. DiOHF
also inhibits PDGF receptor autophosphorylation. These effects underlie the inhibitory action of DiOHF on MCP-1 expression
in smooth muscle cells. Our results suggest that DiOHF might be a useful tool for dissection of the (patho)physiological roles
of FAK signalling.
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Introduction

Monocyte chemoattractant protein-1 (MCP-1), initially iden-
tified as the product of the platelet-derived growth factor
(PDGF)-inducible gene JE in the mouse, is a C-C type of
chemokine that is released by various vascular cells, including
endothelial cells, smooth muscle cells and fibroblasts (Rollins
et al., 1988; Charo and Taubman, 2004). Via interactions with
its receptor CCR2, MCP-1 is the most potent chemoattractant
for monocyte migration across the endothelium and their

recruitment in the arterial wall (Charo and Taubman, 2004).
MCP-1/CCR2 signalling has a crucial role in the development
of vascular inflammatory diseases, such as atherosclerosis
(Aiello et al., 1999) and intimal hyperplasia (Mori et al., 2002).
Moreover, MCP-1 has been implicated in the inflammatory
response following ischaemia–reperfusion injury. For
example, there is evidence that MCP-1 is involved in mediat-
ing the recruitment of monocytes into the ischemic myocar-
dium after reperfusion (Birdsall et al., 1997). Genetic deletion
of CCR2 significantly reduced the infarct size after cardiac
ischaemia–reperfusion in mice (Hayasaki et al., 2006). In
addition, in a stroke model induced by middle cerebral
artery occlusion and reperfusion, it was reported that ele-
vated MCP-1 expression in the brain increased monocyte
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infiltration and the infarct size (Chen et al., 2003). These
results indicate that treatments targeting the MCP-1/CCR2
pathway may be useful approaches to cytoprotection after
ischaemia and reperfusion injury.

In our previous studies, we found that 3′,4′-
dihydroxyflavonol (DiOHF), a synthetic flavonoid, had
potent antioxidant activities (Jiang et al., 2007). In vivo
treatment with DiOHF significantly reduced ischaemia–
reperfusion-induced infarction in the heart (Wang et al.,
2004). Numerous studies have shown that these compounds
may also have significant anti-inflammatory effects, including
inhibition of the expression of adhesion molecules, cytokines
and chemokines (Jiang and Dusting, 2003). Given that MCP-1
is involved in mediating inflammatory responses to
ischaemia–reperfusion (Frangogiannis, 2004), in this study we
examined the pharmacological effects of DiOHF on MCP-1
expression in vascular smooth muscle cells and explored the
underlying mechanisms.

Methods

Cell culture
All animal studies were carried out in accordance with the
guidelines of the St Vincent’s Hospital Animal Ethics Com-
mittee and National Health and Medical Research Council of
Australia. Rats were killed by pentobarbital sodium overdose
(i.p., 150 mg per rat) and the aorta removed. Rat aortic
smooth muscle cells (RASMCs) were isolated from thoracic
aorta of male Sprague-Dawley rats by enzymatic digestion
with collagenase I (1 mg·mL-1), elastase (0.5 mg·mL-1) and
trypsin (1.25 mg·mL-1). Cells were maintained in Dulbecco’s
modification of Eagle’s medium (Gibco) supplemented with
5% foetal calf serum in a humidified incubator with 5% CO2

at 37°C. Cells between passages 10–20 were used. The purity
of the cells was determined as >95% by anti-smooth muscle
a-actin immunocytochemistry.

Plasmids and cell transfection
The control plasmid pRK that encoding vesicular stomatitis
virus glycoprotein (VSV-G)-tagged focal adhesion kinase
(FAK)-related non-kinase (FRNK), an endogenous inhibitor of
FAK (Richardson and Parsons, 1996), was a kind gift from Dr
K.M. Yamada (National Institutes of Health, Bethesda, MD,
USA) (Gu et al., 1999). For gene transfection, RASMCs were
subcultured into 24-well plates in antibiotic-free medium
containing 10% serum 24 h before transfection, and then
incubated with 2 mg of plasmid per well mixed with 5 mL of
Lipofectamine 2000 (Invitrogen) for 24 h.

Real-time PCR
Cells grown in culture plates were collected in 0.5 mL per well
TRI Reagent (Ambion) at 4°C for 1 h and the total RNA was
extracted according to the manufacture’s instruction. Total
RNA was reverse-transcribed to cDNA using random hexamer
and TaqMan reverse transcription reagents (Applied Biosys-
tems). Quantitative real-time PCR reactions were performed
in an ABI Prism 7700 system (Applied Biosystems) using the

TaqMan Universal PCR master mix. The 18s RNA was used as
housekeeping gene. The sequences for rat MCP-1 were:
forward CAGATCTCTCTTCCTCCACCACTAT; reverse CAG
GCAGCAACTGTGAACAAC; and probe CAGGTCTCTGTC
ACGCTTCTGGGCC. The sequences for 18s were: forward
CGGCTACCACATCCAAGGAA; reverse GCTGGAATTACCG
CGGCT; and probe TGCTGGCACCAGACTTGCCCTC. The
thermal cycler parameters were 2 min at 50°C, 10 min at 95°C
and 40 cycles of 95°C ¥ 30 s and 60°C ¥ 1 min. The relative
amount of target genes normalized to the housekeeping gene
in treated samples was converted to fold of control (DDCT

method, see the User’s Bulletin of Applied Biosystems).

Immunoprecipitation and Western blots
Total protein was extracted in a lysis buffer containing
25 mmol·L-1 Tris (pH 7.5), 100 mmol·L-1 NaCl, 2 mmol·L-1

EDTA, 1 mmol·L-1 dithiothreitol, 1% Triton-X 100, 0.25%
deoxycholate, 1 mmol·L-1 Na3VO4, 50 mmol·L-1 NaF and the
Complete proteinase inhibitor cocktail (Roche), and ~200 mg
of the protein from each sample was diluted with the same
lysis buffer to a final concentration of 1 mg·mL-1. The samples
were pre-cleared with 5 mg normal IgG and 20 mL of 50%
slurry of protein G agarose beads (P-4691, Sigma) and then
incubated with 5 mg of antibody for overnight. The immuno-
complex was precipitated with 20 mL of 50% protein G
agarose by continuous mixing for 1 h. The beads were col-
lected by centrifugation, washed with phosphate-buffered
saline and resuspended in 30 mL (2¥) Laemmli SDS-PAGE
sample buffer and boiled for 5 min. All other procedures were
performed at 4°C.

Total protein or immunoprecipitated samples were sepa-
rated by 10% SDS-PAGE and transferred to Hybond nitrocel-
lulose membrane (Amersham). The membrane was blocked
with 5% non-fat milk powder in Tris-buffered saline (pH 7.5)
and hybridized overnight with primary antibodies, which
were then detected with horseradish peroxidase-conjugated
anti-IgG and visualized with an ECL kit (Amersham).

Kinase activity assay
In vitro tyrosine kinase activity was measured with a non-
radioactive tyrosine kinase activity assay kit (Chemicon, Cat.
#SGT410). Purified active human FAK and Src kinases were
purchased from Cell Signalling Technology (MA, USA). Biotin
conjugated poly(Glu4-Tyr) peptide (Upstate) was used as the
substrate. The reaction was carried out at 30°C in a mixture
of a total volume of 50 mL, containing 60 mmol·L-1 HEPES
(pH 7.5), 3 mmol·L-1 MgCl2, 3 mmol·L-1 MnCl2, 3 mmol·L-1

Na3VO4, 1.2 mmol·L-1 dithiothreitol, 0.2% bovine serum
albumin, 0.5 mg substrate and either 400 ng of FAK or 5 U
of Src.

Cell spreading and proliferation
Cell spreading response was assessed by trypsinization and
replating the cells into a 12-well plate in normal medium.
After 3 h, the attached cells were washed and photos taken
using an inverted phase-contrast microscope (Olympus CK40)
equipped with a digital camera (Olympus DP10). The percent-
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age of cells that showed spreading (vs. those remained round)
was counted in at least five randomly selected fields. Cell
proliferation was assessed by counting the total number of
cells maintained in normal culture medium.

Statistical analysis
Data are expressed as mean � SEM. The mean data were
analysed with Student’s t-test or one-way ANOVA (analysis of
the variance) followed by Newman–Keul’s t-test as appropri-
ate. A value of P < 0.05 was regarded as statistically significant.

Materials
DiOHF was obtained from Indofine Chemical Company Inc.
(Hillsborough, NJ, USA). Genistein, recombinant human inter-
leukin 1-b (IL-1b), human PDGF-BB and Tempo (4-hydroxy-
2,2,6,6-tetramethylpiperidinyloxy) were all purchased from
Sigma. PP2, AG-1296 and SB-202190 were from BIOMOL (PA,
USA). Quercetin was from ICN Biomedicals (OH, USA).

Results

DiOHF inhibits MCP-1 expression
In RASMCs arrested by serum starvation, treatment with
DiOHF (1–30 mmol·L-1) for 6 h suppressed MCP-1 expression
by a maximum of 93% as measured by quantitative real-time
PCR. This effect is concentration-dependent (Figure 1A). As
compared with DiOHF, quercetin (a naturally occurring ana-
logue of DiOHF with equal antioxidant activity) (Jiang et al.,
2007) did not significantly reduce MCP-1 expression at 10 and
30 mmol·L-1 (Figure 1B, P = 0.34, one-way ANOVA, n = 3). We
then treated the cells with the superoxide scavenger Tempo

(1 mmol·L-1), which suppressed MCP-1 expression by 40%
(Figure 1C). The much greater effect of DiOHF, compared with
those of the other antioxidants, suggests that the antioxidant
activity of DiOHF is unlikely to have a major role in inhibiting
MCP-1 expression. To further clarify the role of redox mecha-
nisms in MCP-1 expression in smooth muscle cells, we treated
the cells with exogenous H2O2 (100 mmol·L-1) or the catalase
inhibitor 3-amino-1, 2, 4-triazole (10 mmol·L-1). Both agents
reduced the expression of MCP-1 (Figure 1D).

To characterize the signalling pathways that may be
involved in mediating the effects of DiOHF, we treated the
cells with genistein (100 mmol·L-1) (a non-selective tyrosine
kinase inhibitor), PD-98059 (25 mmol·L-1) [mitogen-activated
protein kinase (MAPK)/extracellular signal-regulated kinase
(ERK) kinase inhibitor] and SB-202190 (10 mmol·L-1) (p38
MAPK inhibitor). As shown in Figure 1E, both PD-98059 and
SB-202190 significantly reduced MCP-1 expression, while it
was nearly abolished by genistein.

DiOHF inhibits MCP-1 expression under pro-inflammatory
conditions
We next examined whether DiOHF has similar effects on
MCP-1 expression under pro-inflammatory conditions.
Treatment of the cells with IL-1b (10 ng·mL-1) or PDGF-BB
(20 ng·mL-1) for 6 h significantly increased MCP-1 expression
(Figure 2); these responses to cytokines were significantly sup-
pressed by DiOHF at 10 mmol·L-1 and nearly abolished at
30 mmol·L-1 (Figure 2). Treatment with Tempo had a minor
effect on IL-1b-induced MCP-1 expression (data not shown),
suggesting that oxidant-independent mechanisms were
involved in mediating MCP-1 expression under inflammatory
conditions (see Figure 8 below).

DiOHF suppressed tyrosine phosphorylation of paxillin
Given that DiOHF contains a polyphenol structure, similar to
that of genistein, we then examined whether the effects of
DiOHF were related to modulation of tyrosine kinase(s) activi-
ties. We first performed Western blots using a monoclonal
anti-phosphotyrosine antibody to detect total tyrosine-

Figure 1 Quantitative real-time PCR analysis of monocyte chemoat-
tractant protein-1 (MCP-1) mRNA expression in growth arrested rat
aortic smooth muscle cells treated with 3′,4′-dihydroxyflavonol
(DiOHF), quercetin (Quer), Tempo (T, 1 mmol·L-1), H2O2 (H,
100 mmol·L-1), the catalase inhibitor (C-I) 3-amino-1, 2, 4-triazole
(10 mmol·L-1), genistein (Gen, 100 mmol·L-1), PD-98059 (PD,
25 mmol·L-1) and SB-202190 (SB, 10 mmol·L-1). The duration of treat-
ment for all agents was 6 h. The results are expressed as fold of
control (Con). *P < 0.05 versus control, n = 3–6.

Figure 2 The effects of 3′,4′-dihydroxyflavonol (DiOHF) on mono-
cyte chemoattractant protein-1 (MCP-1) mRNA expression in the
presence of interleukin 1-b (IL-1b) (10 ng·mL-1) or platelet-derived
growth factor (PDGF)-BB (20 ng·mL-1). The duration of treatment for
all agents was 6 h. The results are expressed as fold of control (Con).
*P < 0.05 versus control; #P < 0.05 versus cells treated with IL-1b or
PDGF respectively; n = 3–6.
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phosphorylated proteins. As shown in Figure 3A, DiOHF
treatment altered the profile of protein tyrosine phosphory-
lation in smooth muscle cells. Specifically, we observed that
DiOHF consistently diminished a band at ~70 kDa. Moreover,
we found that DiOHF markedly suppressed PDGF-induced
phosphorylation of a protein at ~130 kDa (Figure 3A). To
clarify whether the phosphorylated 70 kDa protein is paxillin
(Hassid et al., 1999), we performed immunoprecipitation
experiments using the anti-phosphotyrosine antibody, fol-
lowed by Western blotting using anti-paxillin. As shown in
Figure 3B, DiOHF significantly reduced paxillin phosphoryla-
tion in a concentration-dependent manner, whereas querce-
tin was much less effective. Next we examined the effects of

DiOHF on FAK, which is the upstream kinase of paxillin. As
shown in Figure 3B, DiOHF only had a marginal inhibitory
effect on FAK tyrosine phosphorylation. These results suggest
that DiOHF-induced inhibition of paxillin phosphorylation is
not explained by reduced FAK phosphorylation and activa-
tion, but may be possibly because of a direct inhibition of FAK
kinase activity (see below). As the non-receptor tyrosine
kinase Src forms a complex with FAK at the focal adhesions
and also can phosphorylate paxillin, we then examined how
DiOHF modulated Src-mediated effects. We found (Figure 3B)
that treatment of the cells with a specific Src inhibitor PP2 did
not significantly reduce paxillin phosphorylation, suggesting
that Src is not involved in paxillin phosphorylation at basal

Figure 3 Effects of 3′,4′-dihydroxyflavonol (DiOHF), quercetin (Quer) and PP2 on protein tyrosine phosphorylation. (A) Effects of DiOHF (D;
30 mmol·L-1 for 1 h) on total tyrosine-phosphorylated proteins detected by a monoclonal anti-phosphotyrosine antibody in rat aortic smooth
muscle cells with or without platelet-derived growth factor (PDGF) (20 ng·mL-1) treatment. The arrows indicate the 130 and 70 kDa bands that
were significantly modified by DiOHF treatment (n = 3). Con, vehicle control. The blot strips were from the same membrane, in which equal
amounts of protein were loaded for all lanes. (B) Cells were treated with DiOHF (D; 30 mmol·L-1), quercetin (Quer; 30 mmol·L-1) or PP2
(1 mmol·L-1) for 1 h. Total cell lysates were immunoprecipitated with the anti-phosphotyrosine antibody followed by Western blotting with
antibodies against paxillin (Pax), pp120 or focal adhesion kinase (FAK). Total paxillin, pp120, FAK and Src were determined by western blot
with the cell lysates without immunoprecipitation. n = 3. The lower thin band in total FAK is likely to be an artefact because of the relatively
high protein load; in experiments with a lower protein load, this band disappeared. (C) Concentration-dependent effects of DiOHF (D,
concentration shown in mmol·L-1) and quercetin (Q) treatment for 1 h on tyrosine phosphorylation of paxillin (Pax) and FAK. n = 3. (D)
Summary data of the Western blots in (C) measured by densitometry. *P < 0.05 versus control (normalized to 100%), n = 3.
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conditions. We further demonstrated that treatment with
DiOHF significantly increased the phosphorylation of
another Src substrate, pp120. The increase in pp120 phospho-
rylation induced by DiOHF was not caused by altered Src
expression (Figure 3B), but was blocked by PP2 (Figure 3B).

We further analysed the concentration–response relation-
ship of the effects of DiOHF on paxillin phosphorylation. We
performed immunoprecipitation with anti-paxillin followed
by Western blotting with anti-phosphotyrosine. DiOHF
reduced paxillin phosphorylation in a concentration-
dependent manner (Figure 3C and D), while the effect of
quercetin was much less potent (Figure 3C and D). The phos-
phorylation of FAK was only slightly reduced by DiOHF at
highest concentration tested, supporting that DiOHF may
have a direct inhibition effect on activated (phosphorylated)
FAK kinase.

To examine the effects of Src on MCP-1 expression, we
treated the cells with the specific Src inhibitor, PP2. As shown
in Figure 4, treatment with PP2 significantly suppressed
MCP-1 expression under basal conditions and after PDGF or
IL-1b stimulation, suggesting that Src is also involved in
mediating MCP-1 expression.

DiOHF inhibits FAK kinase activity in vitro
Because our previous experiments suggest that DiOHF may
have a direct inhibitory action on FAK kinase activity, we
performed in vitro kinase assays using recombinant human
FAK and Src. As shown in Figure 5, DiOHF inhibited the FAK
kinase activity in a concentration-dependent manner, with an
EC50 value of 2.4 mmol·L-1. In contrast, DiOHF only slightly
suppressed Src activity at 30 mmol·L-1.

Inhibition of FAK signalling reduced MCP-1 expression
To elucidate the role of FAK-mediated signalling in MCP-1
expression, we transiently expressed VSV-G-tagged FRNK, the
carboxy-terminal domain of FAK that acts as an endogenous
inhibitor of FAK activity (Richardson and Parsons, 1996).
Using an anti-VSV-G antibody, we found that FRNK expres-
sion was maximal 24 h after transfection, and the expression
diminished after 48 h (Figure 6A). Using this transfection
condition, we demonstrated that expression of FRNK did not
modify the expression levels of FAK or paxillin (Figure 6B).
FRNK expression slightly but significantly (P = 0.0027, t-test,

Figure 4 Effects of the Src inhibitor PP2 (1 mmol·L-1) on monocyte
chemoattractant protein-1 (MCP-1) mRNA expression under basal
conditions and after platelet-derived growth factor (PDGF)
(20 ng·mL-1 for 6 h) or interleukin 1-b (IL-1b) (10 ng·mL-1) stimula-
tion. Data shown as mean � SEM, *P < 0.05, n = 4–6. The numbers
in parenthesis are the results for PP2 alone and show that the low
basal expression of MCP-1 mRNA was significantly inhibited by PP2.

Figure 5 Concentration-dependent effects of 3′,4′-dihydroxy
flavonol (DiOHF) on the kinase activity of (A) focal adhesion kinase
(FAK) and (B) Src measured with an in vitro kinase assay using recom-
binant human FAK or Src. *P < 0.05 versus control, n = 8 assays.

Figure 6 Effects of focal adhesion kinase-related non-kinase (FRNK)
on monocyte chemoattractant protein-1 (MCP-1) expression. (A)
Time course of FRNK expression. Rat aortic smooth muscle cells
transfected with no vector (N), the control pRK vector (P) or pRK-
vesicular stomatitis virus (VSV)-FRNK (F) for different times as indi-
cated were analysed for FRNK expression with Western blot using an
anti-VSV-glycoprotein (VSV-G) antibody. (B) Western blots showing
that FRNK expression did not affect the total expression levels of focal
adhesion kinase (FAK) or paxillin (Pax). (C,D) Effects of FRNK expres-
sion on MCP-1 mRNA levels under basal condition and after platelet-
derived growth factor (PDGF) or interleukin 1-b (IL-1b) stimulation
measured by real-time PCR. *P < 0.05 versus control, n = 6–7.
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n = 7) reduced MCP-1 expression at basal conditions, but had
no effect on PDGF- or IL-1b-induced expression of MCP-1
(Figure 6C–E).

DiOHF inhibited PDGF receptor autophosphorylation
In Figure 3A, we demonstrated that DiOHF markedly sup-
pressed PDGF-induced tyrosine phosphorylation of a protein
of ~130 kDa. We hypothesized that this protein could be the
PDGF receptor (PDGFR). To further analyse this, we treated
the cells with PDGF-BB (20 ng·mL-1) in the absence or
presence of DiOHF. Using immunoprecipitation with anti-
phosphotyrosine followed by Western blot with anti-
PDGFR-a, we showed that the PDGF-responsive 130 kDa band
appeared to be PDGFR (Figure 7A). Moreover, we found that
PDGFR autophosphorylation was indeed inhibited by DiOHF.
To investigate the concentration–response relation of DiOHF
effects on PDGFR autophosphorylation, we treated the cells
with PDGF in the presence of increasing concentrations of
DiOHF. The blot of total protein was probed with anti-
phosphotyrosine, and the same blot was then stripped and
reprobed with anti-PDGFR-a to determine the total PDGFR-a.
The identity of PDGFR of the 130 kDa band was further
confirmed by the anti-PDGFR-a antibody that detected the
bands at the same position as did anti-phosphotyrosine.
As shown in Figure 7B, PDGF-induced autophosphoryla-
tion was concentration-dependently reduced by DiOHF
(1–100 mmol·L-1).

Then we examined whether inhibition of PDGFR activation
can mimic the effects of DiOHF on MCP-1 expression. As
shown in Figure 7C, (co)treatment with the specific PDGFR
inhibitor AG-1296 drastically reduced both basal and PDGF-
induced MCP-1 expression. These effects are similar to those
observed with DiOHF. In contrast to DiOHF, AG-1296 did not
change IL-1b-stimulated MCP-1 expression. Because there is
evidence that FAK may be activated downstream of PDGFR
activation (Hauck et al., 2000), we next examined whether
AG-1296 had any effect on paxillin phosphorylation. As
shown in Figure 7D, AG-1296 did not modify paxillin
phosphorylation in resting cells.

Effects of DiOHF on ERK, p38 and nuclear factor-kB
Because we found that inhibition of ERK or p38 MAPKs sup-
pressed MCP-1 expression, we then examined whether DiOHF
had any effects on ERK or p38 activation. As shown in
Figure 8A, both PDGF and IL-1b induced time-dependent
phosphorylation of ERK1/2 and p38, which peaked at 20 min.
In resting cells, treatment with DiOHF concentration-
dependently reduced the basal level of phospho-ERK, but
conversely induced p38 phosphorylation in a concentration-
dependent manner (Figure 8B). Moreover, DiOHF at
30 mmol·L-1 inhibited PDGF-induced ERK phosphorylation,
whereas phosphorylation of p38 was unchanged. Similar
effects of DiOHF on ERK and p38 phosphorylation were also
observed in IL-1b-stimulated cells (Figure 8C). Furthermore,
we examined whether DiOHF could inhibit nuclear factor-kB
(NF-kB) activation. As shown in Figure 8D, DiOHF at 10 or
30 mmol·L-1 had no effect on IL-1b-induced NF-kB activity.

DiOHF suppressed spreading and proliferation of RASMCs
Because the in vitro kinase assay demonstrated that DiOHF
had a direct inhibitory action on kinase activity of FAK, we
next examined whether or not DiOHF modulated cell spread-
ing. This response of vascular smooth muscle cells depends on
FAK-mediated mechanisms (Owen et al., 1999). As shown in
Figure 9A and B, DiOHF 10 and 30 mmol·L-1 significantly

Figure 7 Role of platelet-derived growth factor receptor (PDGFR)
activation in 3′,4′-dihydroxyflavonol (DiOHF)-induced inhibition on
monocyte chemoattractant protein-1 (MCP-1) expression. (A) Effects
of DiOHF on ligand-induced PDGFR autophosphorylation analysed
by immunoprecipitation (IP) with anti-phosphotyrosine (pY) followed
by Western blotting (IB) with anti-PDGFR-a. DiOHF alone had little
effects on PDGFR phosphorylation but inhibited PDGF-induced
PDGFR phosphorylation (n = 3 experiments). (B) Concentration–
response effects of DiOHF on PDGFR autophosphorylation induced
by PDGF (20 ng·mL-1 for 10 min). The phosphorylation of PDGFR
was detected by Western blot with anti-phosphotyrosine (pY) fol-
lowed by membrane stripping and reprobing with anti-PDGFR-a.
*P < 0.05 versus control (open bar); #P < 0.05 versus PDGF alone,
n = 3. (C) Effects of the PDGFR inhibitor AG-1296 (10 mmol·L-1 for
6 h) on MCP-1 expression (*P < 0.05 versus control, n = 3). (D) Effects
of AG-1296 (10 mmol·L-1) on paxillin tyrosine phosphorylation in
resting RASMCs. Paxillin phosphorylation was measured with an anti-
phospho-paxillin (phospho Pax) antibody. The same membrane was
then stripped and reprobed with anti-paxillin. The summary data are
shown on the right (n = 3).
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delayed attachment-induced spreading of cells in the culture
dish. Because FAK-mediated signalling is also involved in
smooth muscle cell proliferation (Taylor et al., 2001), we then
examined the effects of DiOHF on RASMC proliferation in the
absence of exogenous PDGF, by counting the cell number
over a period of 14 days. As shown in Figure 9C, the rate of
proliferation of RASMCs was significantly reduced in the pres-
ence of DiOHF (6 mmol·L-1) in the culture medium. This con-
centration was selected because at higher concentrations
DiOHF exhibited some cell toxicity after a chronic (>24 h)
exposure (Figure 9D).

Discussion

In the present study, we extended our previous studies on the
synthetic flavonoid compound DiOHF (Wang et al., 2004;
Jiang et al., 2007). We examined the pharmacological effects
and underlying mechanisms of DiOHF action on MCP-1
expression in vascular smooth muscle cells. We demonstrated
that DiOHF markedly suppressed MCP-1 expression in cul-
tured RASMCs under basal conditions. We further demon-
strated that this inhibitory effect of DiOHF is unlikely to be
attributable to its antioxidant activities, because the naturally
occurring analogue of DiOHF, quercetin, had minimal effects
on MCP-1 expression, although our previous studies revealed
that these two compounds have comparable antioxidant
activities (Jiang et al., 2007). In addition, we found that

MCP-1 expression was indeed reduced by exogenous H2O2 or
by inhibition of catalase, as had been previously observed in
human mesangial cells (Rovin et al., 1997). The mechanism of
the difference between DiOHF and quercetin on MCP-1
expression is not totally clear and this is likely to be explained
by the difference in chemical structures between the two
flavonoids (Jiang et al., 2007). Using inhibitors of various
kinases, we found that inhibition of protein tyrosine phos-
phorylation with genistein had a comparable inhibitory effect
on MCP-1 expression as DiOHF, supporting the importance of
protein tyrosine kinase-mediated mechanisms in maintaining
MCP-1 expression in both vascular (Shyy et al., 1993; Okada
et al., 1998; Rong et al., 2002) and non-vascular cells (Zen
et al., 1995; Grandaliano et al., 2000; Lee et al., 2001). These
results prompted us to hypothesize that the inhibition of
MCP-1 expression by DiOHF might be related to its interac-
tions with tyrosine kinase(s).

Interestingly, using an in vitro kinase assay, we have identi-
fied that DiOHF is an inhibitor of the non-receptor protein
tyrosine kinase FAK, with an EC50 of 2.4 mmol·L-1, consistent
with the observation that treatment of RASMCs with DiOHF
also significantly reduced tyrosine phosphorylation of the
FAK substrate paxillin. The direct inhibition of FAK activity is
also consistent with the observation that DiOHF has only a
marginal inhibitory effect on FAK tyrosine phosphorylation
(and activation), supporting that DiOHF-induced inhibition
of paxillin is a result of direct inhibition of activated FAK
kinase. As the non-receptor tyrosine kinase Src forms a

Figure 8 Effects of 3′,4′-dihydroxyflavonol (DiOHF) on extracellular signal-regulated kinase (ERK)/p38 phosphorylation and nuclear factor-kB
(NF-kB) activation. (A) Time course of ERK and p38 phosphorylation induced by platelet-derived growth factor (PDGF) (20 ng·mL-1) and
interleukin 1-b (IL-1b) (10 ng·mL-1). Example from two independent experiments. (B) Concentration-dependent effects of DiOHF on basal and
PDGF-induced ERK1/2 and p38 phosphorylation. Cells were pretreated with DiOHF for 1 h followed by PDGF stimulation (for 20 min). (C)
Effects of DiOHF on IL-1b-induced ERK1/2 and p38 phosphorylation. Cells were pretreated with DiOHF for 1 h followed by IL-1b (for 20 min).
All Western blot experiments in (B) and (C) were repeated three times. (D) Effects of DiOHF on IL-1b-induced p50 NF-kB activation. Cells were
pretreated with DiOHF for 1 h followed by IL-1b for another hour. The DNA binding activity of p50 was assessed with a colorimetric
transcription factor assay kit from Millipore (Billerica, MA, USA). The results were expressed as the difference of absorbance at 450 and 650 nm
normalized to protein content. *P < 0.05 versus control, one-way ANOVA, n = 3.
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complex with FAK at the focal adhesions and also can phos-
phorylate paxillin, we also examined how DiOHF modulated
Src-mediated effects. We found that treatment of the cells
with a specific Src inhibitor PP2 did not significantly reduce
paxillin phosphorylation, suggesting that Src is not involved
in paxillin phosphorylation at basal conditions. We further
demonstrated that treatment with DiOHF significantly
increased the phosphorylation of another Src substrate,
pp120, suggesting that Src-mediated actions were indeed
increased after DiOHF treatment. The increase in pp120 phos-
phorylation induced by DiOHF was not caused by altered Src
expression (Figure 2), but was blocked by PP2, supporting that
this effect was mediated by increased Src activation. Although
we observed that PP2 also significantly suppressed MCP-1

expression, suggesting that Src is indeed involved in mediat-
ing MCP-1 expression, taken the above data together, our
results indicate that the inhibitory effect of DiOHF on MCP-1
expression is unlikely to be due to an inhibition of Src
activity.

Activation of FAK is primarily induced by engagement of
integrins at the cell surface, resulting in phosphorylation of
multiple tyrosine residues and recruitment of a number of Src
homology 2- and Src homology 3-domain-containing pro-
teins (Parsons, 2003). Experimental evidence indicates that
FAK may act as a signalling scaffold via its connection to
multiple signalling pathways, including the MAPK cascade,
phosphatidylinositol 3-kinase and small GTPases such as Rac
and Rho (Hanks et al., 2003; Mitra et al., 2005). Activation of
FAK is involved in modulating inflammatory responses by
promoting expression of cytokines (Funakoshi-Tago et al.,
2003), adhesion molecules (Nakayamada et al., 2003) and
chemokines such as MCP-1 (Watanabe et al., 2003; Kanegae
et al., 2005). In the present study, we demonstrated that
expression of FRNK, an endogenous inhibitor of FAK (Rich-
ardson and Parsons, 1996), suppressed MCP-1 expression in
resting RASMCs, indicating that FAK-mediated signalling is
indeed involved in modulating MCP-1 expression in vascular
smooth muscle cells, and this is consistent with the observa-
tions made in mesangial cells (Watanabe et al., 2003; Kanegae
et al., 2005). Within focal adhesions, Src is closely associated
with FAK, and the two kinases have many overlapping func-
tions (Mitra et al., 2005). Thus we examined whether suppres-
sion of Src activity can also modulate MCP-1 expression.
Consistent with the findings in previous studies (Jalali et al.,
1998), we demonstrated that the Src inhibitor PP2 signifi-
cantly reduced basal and cytokine-induced MCP-1 expression,
suggesting that Src also has an important role in mediating
MCP-1 expression in smooth muscle cells. However, our
results suggest that the inhibition of MCP-1 expression by
DiOHF was not likely to be mediated by suppression of Src
activity. First, DiOHF at 30 mmol·L-1 had only a small inhibi-
tory action on Src activity as revealed by the kinase assay, and
second, DiOHF treatment resulted in an increase of tyrosine
phosphorylation of pp120 in a PP2-sensitive manner, suggest-
ing that in intact cells, there was indeed an increased
Src activation after DiOHF treatment. The mechanism of
increased Src activity after DiOHF treatment is unclear, but
could be related to the reduced paxillin phosphorylation in
DiOHF-treated cells. There is evidence that tyrosine phospho-
rylation of paxillin creates high-affinity binding sites for
C-terminal Src kinase, a negative regulator of Src activity (Sabe
et al., 1994; Schaller and Parsons, 1995). In both fibroblasts
and some tumour cell lines, it has been shown that dephos-
phorylation of paxillin was accompanied by increased Src
activation, suggesting that phosphorylated paxillin may par-
ticipate in a feedback inhibition of Src by recruiting
C-terminal Src kinase. This mechanism may provide an expla-
nation of the enhanced pp120 phosphorylation after FAK
inhibition induced by DiOHF.

Our study clearly demonstrated that inhibition of FAK
activity only has a partial role in the reduced MCP-1 expres-
sion in resting cells, whereas FAK inhibition had little effects
on PDGF- or IL-1b-induced expression of MCP-1. Further-
more, we showed that DiOHF also potently inhibited PDGFR

Figure 9 Effects of 3′,4′-dihydroxyflavonol (DiOHF) on cell spread-
ing and proliferation. (A) Phase contrast microscopy showing the
morphology of rat aortic smooth muscle cells (RASMCs) 3 h after
plating in culture dish without (control) or with DiOHF treatment.
Cells that showed spreading were indicated by arrows, while the cells
remained round were indicated by arrowheads. (B) Percentage of
spread cells at 3 h after plating without (Con) or with DiOHF (D,
concentrations in mmol·L-1) treatment. *P < 0.05 versus Con, n = 3.
(C) Effects of DiOHF on RASMC proliferation. Cells were cultured in
medium containing 10% serum. DiOHF remained in the culture
medium throughout the culture period. The data are averaged
numbers from triplicate wells. (D) Effects of DiOHF on RASMC viabil-
ity. Cells were growth arrested by incubating in serum-free medium
for 48 h. Then DMSO (control) or DiOHF was added and cultured for
another 24 or 48 h period. Cell proliferation was assessed with the
CellTiter-96 AQueous One Solution kit (Promega) and measured as
absorbance at 490 nm. *P < 0.05 versus control, one-way ANOVA,
n = 4.

Synthetic flavonol suppresses MCP-1 expression
604 F Jiang et al

British Journal of Pharmacology (2009) 157 597–606



autophosphorylation in RASMCs. Notably, MCP-1 was ini-
tially identified as a PDGF-inducible protein in murine cells
(Rollins et al., 1988). Treatment with the PDGFR inhibitor
AG-1296 abolished both basal and PDGF-induced expression
of MCP-1. These results indicate that suppression of PDGFR-
meditated events by DiOHF may have a major role in its
effects on MCP-1 expression. From our results, we could not
exclude the possibility that inhibition of FAK has a redundant
role in mediating the inhibitory effects of DiOHF, because FAK
is a downstream kinase in PDGFR-induced signalling (Hauck
et al., 2000). However, we found that AG-1296 did not modify
paxillin phosphorylation in resting cells, suggesting that the
basal FAK activity in these cells is independent of PDGFR
activation. Therefore, at least in resting cells, suppression of
FAK activity may contribute additionally to the reduced
MCP-1 expression induced by DiOHF.

Taken together, our results indicate that inhibition of FAK-
mediated signalling may have a role in DiOHF-induced inhi-
bition of MCP-1 in unstimulated cells, whereas inhibition of
PDGF receptor activation may be involved in MCP-1 inhibi-
tion at both basal and cytokine-stimulated conditions.
Because both FAK and PDGF receptors are upstream of MAPK
activation, we also examined the effects of DiOHF on ERK and
p38 phosphorylation. We found that DiOHF increased p38
phosphorylation in a concentration-dependent manner, sug-
gesting that the p38 pathway is not involved in the inhibitory
effects of DiOHF on MCP-1 expression. In contrast, we
showed that treatment with DiOHF concentration-
dependently inhibited phosphorylation of ERK, suggesting
that inhibition of ERK activation may have a role in the
inhibition of MCP-1 expression by DiOHF. However, it should
be noted that DiOHF-induced inhibition on ERK phosphory-
lation may be an indirect effect based on its inhibitory actions
on PDGFR and FAK. Moreover, the stronger activation of p38
by PDGF than IL-1b may provide an explanation to the lower
effectiveness of 30 mmol·L-1 DiOHF on PDGF-induced MCP-1
expression (Figure 2B). The ERK phosphorylation induced by
PDGF in the presence of DiOHF at lower concentrations may
be explained by the PDGFR-independent activation of ERK by
the ligand (Cartel et al., 2001). In kidney glomerular cells,
quercetin may inhibit IL-1b-triggered MCP-1 expression by
suppressing NF-kB activity (Ishikawa et al., 1999). Given the
similar structures of DiOHF and quercetin, we examined
whether DiOHF could inhibit NF-kB activation. However, we
found that DiOHF had no effect on IL-1b-induced NF-kB
activity, suggesting that NF-kB pathway is unlikely to be
involved in DiOHF effects. Therefore, a limitation of the
present study is that we are still not clear about how DiOHF
suppresses the up-regulation of MCP-1 by IL-1b in smooth
muscle cells.

It has previously been suggested that FAK may have impor-
tant roles in mediating the pathological neointimal hyperpla-
sia, which is a result of accumulation of activated smooth
muscle cells in the arterial intima. For example, FAK is over-
expressed in neointimal smooth muscle cells in human arter-
ies (Owens et al., 2001). Inhibition of FAK function with FRNK
reduced PDGF-induced vascular smooth muscle cell migra-
tion and proliferation (Hauck et al., 2000; Taylor et al., 2001).
However, the role of FAK in neointimal hyperplasia in vivo has
not been proven, probably because of the lack of a specific

inhibitor and the lethal phenotype of the FAK knockout
mouse. In our experiments, we demonstrated that DiOHF
significantly inhibited attachment-induced cell spreading in
vascular smooth muscle cells, a process involving FAK-
mediated mechanisms (Owen et al., 1999). Our observation
that DiOHF suppressed cell spreading is consistent with its
inhibitory effects on the kinase activity of FAK. We also dem-
onstrated that DiOHF markedly suppressed proliferation of
RASMCs. However, because DiOHF also inhibited PDGFR acti-
vation, it is difficult to dissect FAK- and PDGFR-mediated
pathways in relation to the cytostatic effect of DiOHF in
smooth muscle cells.

Taken together, our results show that DiOHF is a potent
inhibitor of FAK, a kinase for which a small molecule inhibi-
tor is still not available. DiOHF also inhibits PDGFR-mediated
signalling. Although both effects on FAK and PDGFR may be
responsible for the inhibitory action of DiOHF on MCP-1
expression in vascular smooth muscle cells, our data indicate
that DiOHF might be a useful tool for dissection of the
(patho)physiological roles of FAK signalling in the future.
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