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Recently, the herbal extract of Hibiscus sabdariffa was shown to have multiple bioactive effects,
including anti-atherosclerosis. On the basis of this, we aimed to examine whether the polyphenolic
isolate of H. sabdariffa (HPI) could protect high-glucose-treated vascular smooth muscle cell (VSMC)
and its putative transduction signals. Results showed that HPI dose- and time-dependently reduced
the high-glucose-stimulated cell proliferation and migration. HPI suppressed the proliferating cell
nuclear antigen (PCNA) level and matrix metalloproteinase (MMP)-2 activation. In addition, the
expressions of connective tissue growth factor (CTGF) and receptor of advanced glycation end product
(RAGE) enhanced by high glucose were prominently suppressed by HPI. The proliferation signal
mediated by high glucose was demonstrated via CTGF/RAGE, while MMP-2 was regulated by CTGF
but not RAGE. Conclusively, the results suggest that HPI potentially can be a promising adjuvant
herbal therapy for diabetic patients.
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INTRODUCTION

Diabetes mellitus is a worldwide, high prevalent disease with
a consistent increase of mortality, mainly because of coronary
heart disease (1). The coronary vascular lesion is characterized
as atheroma resulted from endothelial damage, oxidized low-
density lipoprotein (LDL) infiltration, macrophage activation,
collagen deposition, and the proliferation and migration of
vascular smooth muscle cells (VSMCs) (2).

A high-glucose condition had been shown to mediate the
growth and extracellular matrix (ECM) gene expression of
VSMC (3), to promote the anti-apoptotic signaling of VSMC
during neointima lesion formation (4), and to potentiate VSMC

chemotaxis and migration (5). In addition, it also enhanced the
responses to PDGF and TGF-� through a tyrosine kinase
receptor (6). Hyperglycemia promotes the formation of advanced
glycation end product (AGE) (7). Interacting with its specific
receptor (RAGE), AGE is suggested to play a role in athero-
sclerotic plaque formation, which could be reduced by the AGE
inhibitor in the diabetic rat model (8).

The cysteine-rich secreted peptide connective tissue growth
factor (CTGF) was reported to be involved in fibroblast
proliferation, migration, attachment, and ECM formation and
remodeling. CTGF showed that it exerts its regulation in various
cell lines including VSMC by stimulating its proliferation and
migration (9), suggesting that it is involved in atherosclerosis
and diabetic nephropathy (10, 11).

Hibiscus sabdariffa L. (HS), a native tropical plant, is widely
cultivated in Eastern Taiwan and commonly used as local soft
drink. Traditionally, it has been used effectively against
hypertension, inflammation, and liver disorders (12). Previous
studies of our research team showed that H. sabdariffa possessed
multi-effects acting on anti-tumor, anti-oxidation, and anti-
hyperlipidemia. Recently, it was reported that the extract of H.
sabdariffa inhibited the LDL oxidation and lowered serum
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triacylglyceride, cholesterol, and LDL-cholesterol in animal
experiments (13-15). Histological examination revealed that
it could reduce foam cell formation and inhibit VSMC prolifera-
tion and migration, suggesting the anti-atherosclerotic effect of
H. sabdariffa.

In the present study, an in Vitro model was used to deduce if
glucose could induce VSMC proliferation and migration and
the possible signals involved. Furthermore, whether the polyphe-
nolic isolate of H. sabdariffa (HPI) could exert the protective
effect on VSMC will also be investigated.

MATERIALS AND METHODS

Chemicals. Minimal essential media, fetal calf serum, penicillin,
and streptomycin were purchased from Gibco BRL (Grand Island, NY).
Sodium dodecyl sulfate (SDS), bis-acrylamide, ammonium persulfate,
N,N,N′,N′-tetramethylethylenediamine (TEMED), and nitrocellulose
membrane came from Bio-Rad Laboratories (Hercules, CA). Tris-HCl,
anti-actin, and anti-mouse IgG came from Sigma Chemical Co. (St.
Louis, MO). Antibodies of CTGF, RAGE, and proliferating cell nuclear
antigen (PCNA) were from Santa Cruz Biotechnology (Santa Cruz,
CA). Small interfering RNA (siRNA) for CTGF was synthesized by
Thermo Fisher Scientific, Inc.; ON-TARGETplus SMARTpool siRNA
L-080139-01-0010, rat CTGF, NM_022266; target sequence: GUAUG-
GAGACAUGGCGUAA, UAUGGUACGUAGACGGUAA, AGAC-
ACUGGUUUCGAGACA, and GGAGUAAGGGACACGAACU.

Source of Polyphenolic Isolate of H. sabdariffa L. The HPI was
gifted by Dr. Lin of our laboratory (13).

High-Performance Liquid Chromatography (HPLC) Assay for
HPI. The components of HPI were determined by HPLC (Hitachi
L-4250 UV-vis detector; L-6200A Intelligent Pump) analysis using 5
µm symmetry shield RP18 reverse-phase column (Kanto Chemical Co.,
Inc.; l ) 250 mm, inner diameter ) 2.5 mm) and an UV detector
monitored at 260 nm. The samples were filtered through a 0.45 µm
filter disk, and 20 µL of HPI (10 mg/mL) was injected into the column.
The mobile phase contained two solvents (A, acetic acid/water ) 20:
980; B, acetic acid/water/acetonitrile ) 2.5:497.5:500). At room
temperature, the process ran by a linear gradient method from 20 to
85% B (flow rate ) 1 mL/min) over 70 min.

Cell Culture. The rat aortic smooth muscle cells (A7r5 cells) were
maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum and 1% penicillin at 37 °C in a humidified
atmosphere with 5% CO2. Cells were seeded at a density of 5 × 105

cells onto each 10 mm Petri dish 24 h before drug treatment.
Migration Assay. The in Vitro migratory activity of VSMCs was

measured using a wound migration assay. Cells were seeded at 5 ×
105 cells/well in a 6-well plate and obtained 50-70% confluence. An
injury line was created with a single scratch at the center of a VSMC
monolayer (50-70% confluence) using a sterile 1.15 mm diameter pipet
tip. Thereafter, VSMCs were continuously cultured and photographed
with phase-contrast microscopy (model CK40, Olympus) at 24, 48,
and 72 h, respectively, with five images of randomly selected field for
each preparation. The distance between cells at both sides of the wound
was measured for five pairs of cells per image. Cell migration was
expressed in the percentage of initial wound width.

siRNA Transfection. A7r5 cells were seeded at 2 × 105 cells/well
in 6-well plates and incubated for 24 h. A total of 500 µL of serum
and PS-free medium containing 0, 0.5, and 1 nmol of mismatched
siRNA (siRNA for CTGF of rats), respectively, were mixed with 500
µL of serum and PS-free medium containing 10 µL of Lipo-
fectamine2000 as the cationic liposomal gene transfection reagent. The
mixture was then added with 9 mL of serum and PS-free medium,
standing for 1 h. Cells were washed with PBS, then added with 2 mL
of mixture/well, and incubated for 12 h. The mixture was subsequently
replaced with normal cultured medium and incubated for another 12 h.
After that, cells were treated with different conditions. The cell proteins
were then extracted and prepared for immunoblotting.

Electrophoresis and Immunoblotting. Cells were harvested into
lysis buffer containing 50 mM Tris-HCl (pH 6.8), 10% glycerol, 2%
SDS, and 5% mercaptoethanol and then lysed by sonication. Equal

amounts of protein (50 mg/lane) were subjected to SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) and then transfected to nitrocellulose
(NC) membranes. Subsequently, NC membranes were blocked with
5% bovine serum albumin with 0.05% Tween 20 in phosphate-buffered
saline and then were incubated with the first antibody for 1 h. NC
membranes were washed 3 times with 0.05% Tween 20 in phosphate-
buffered saline and incubated with the secondary antibody conjugated
to anti-mouse horseradish peroxidase (Amersham Life Science, Buck-
inghamshire, U.K.). Bands were visualized using the enhanced chemi-
luminescent (ECL) Western blotting detection system (Perkin-Elmer
Life Sciences, Boston, MA). Protein quantities were determined by
densitometry through AlphaImager Series 2200 software (Alpha
Innotech, San Leandro, CA).

Zymography. The cultured media were collected for analyzing the
protein masses bearing gelatin activity by zymography. A SDS-PAGE
containing 0.1% gelatin was prepared. Medium samples were resolved
on the gel, which was then washed twice with 2.5% Triton-X 100
solution for 30 min, with gentle shaking to remove SDS. The washed
gel was placed in the development buffer solution, consisting of 150
mM NaCl in 20 mM Tris-HCl at pH 7.4, and incubated for 16 h at 37
°C. After the incubation, the gel was washed and stained with
Coomassie Brilliant Blue R-250. The protein bands bearing gelatin
proteolytic activity appeared as translucent in a blue-stained
background.

Statistics. Data were presented as means ( standard deviation (SD).
Statistical differences were evaluated using the unpaired t test and
considered significant at the p < 0.05 level.

RESULTS

Composition of HPI. Figure 1 showed the HPLC chromato-
gram of HPI. The presence and proportion of the main
constituents of HPI were protocatechuic acid (24.24%), catechin
(2.67%), epigallocatechin (2.44%), caffeic acid (19.85%), and
epigallocatechin gallate (27.98%).

Effect of HPI on the Proliferation of VSMC Induced by
High Glucose. In Figure 2, after treatment for 48 h, A7r5 cell
growth was significantly stimulated by a high-glucose (25 mM)
condition when compared to the control. High glucose increased
the cell growth about 2- and 2.5-folds at 72 and 96 h,
respectively, which was inhibited dose-dependently by HPI.
Among all of the concentrations, 1 mg/mL HPI revealed a
complete inhibition.

Effect of HPI on the Migration of VSMC Induced by High
Glucose. Figure 3 showed that high glucose induced the cell
migration above 2-fold, whereas HPI dose-dependently inhibited
its migration. At a concentration of 1 mg/mL, HPI even
significantly reduced about 80% of migration induced by high
glucose. In addition, high glucose increased cell migration time-
dependently. The migration was found to be enhanced almost
3-folds until 72 h, whereas it was time-dependently inhibited
by HPI.

Effect of HPI on the Expression of PCNA, CTGF, and
RAGE Induced by High Glucose. To further investigate if
high glucose could induce A7r5 cell proliferation and what
could be the target affected by HPI, cells were treated with
high glucose with or without HPI. Figure 4 showed that
PCNA, the marker of proliferation, was increased about 80%
at 72 h, the time break at which significant growth deviation
was observed (Figure 2). HPI had inhibited the expression
of PCNA and the high-glucose-induced cell proliferation
dose-dependently, implicating the regulatory effect of HPI
on PCNA.

To investigate whether AGE was involved in high-glucose-
induced cellular changes and regulated by HPI, we observed
the expression of AGE-specific receptor, RAGE. In addition,
because of the involvement of CTGF in atherosclerosis and
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the proliferation and migration of VSMC, we also observed
CTGF expression in cells treated with different conditions.
Figure 4 showed that both levels of RAGE and CTGF were
increased approximately 2-fold by high-glucose treatment.
Meanwhile, HPI decreased the levels of RAGE and CTGF

in a dose-dependent manner, implying that RAGE and CTGF
might be closely involved in the signal transduction pathway
transduced by high glucose and HPI.

CTGF Was Involved in High-Glucose-Stimulated Expres-
sion of PCNA and RAGE. High-glucose-induced PCNA

Figure 1. HPLC analysis of HPI. (A) Standards comprised nine kinds of standard polyphenols (1 mg/mL): gallic acid (GA), protocatechuic acid (PCA),
catechin, epigallocatechin (EGC), caffeic acid, epigallocatechin gallate (EGCG), rutin, quencetin, and naningenin. The retention time of each component
was determined by HPLC analysis under the same condition as described. (B) HPLC chromatogram of free polyphenols from HPI (10 mg/mL). When
the retention time was compared, these phenolic components correspond to five peaks shown in A. The percentage of composition is shown in the inset.
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expression was apparently inhibited by CTGF siRNA (Figure
5), suggesting that CTGF could be involved in the mediation

of high-glucose-induced cell proliferation. In addition, CTGF
was also involved in RAGE expression (Figure 5). Because

Figure 2. HPI suppresses the high-glucose-induced growth. A7r5 cells were treated with 25 mM glucose with or without various concentrations of HPI
at the indicated time. The values are means ( SD, n ) 3.

Figure 3. HPI suppresses the high-glucose-induced migration. (A) A7r5 cells were treated with 25 mM glucose with various concentrations of HPI
at 48 h (photograph magnification, 400×). (B) Bar graph showed the results of A. Data were presented as means ( SD, n ) 3, (#) p < 0.001,
compared to the control group; (*) p < 0.005 and (**) p < 0.001, compared to the high-glucose-treated group. (C) Cells were treated with 25 mM
glucose with or without 1 mg of HPI at the indicated time (photograph magnification, 400×). (D) Growth curve showd the results of C. The values
are means ( SD, n ) 3. (#) p < 0.005 and (##) p < 0.001, compared to the control group; (*) p < 0.005 and (**) p < 0.001, compared to the
high-glucose-treated group.
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HPI had simultaneously inhibited the expressions of both CTGF
and RAGE (Figure 4), an implication revealed that HPI could
exert its protective effect through modulation of both CTGF
and RAGE, resulting in suppressed cell proliferation.

RAGE Mediated Downstream of CTGF in High-Glucose-
Stimulated Cell Proliferation. RAGE antibody was used to
test if PCNA could be influenced by RAGE inhibition. It was
found that high-glucose-induced PCNA elevation was abolished
by RAGE antibody. However, the expression of CTGF was not
regulated by RAGE blockage (Figure 6). In comparison, the
results shown in Figures 5 and 6 indicated that RAGE mediated
the downstream of CTGF in high-glucose-induced proliferation.
Hence, HPI could exert its anti-proliferation effect through
regulation of CTGF/RAGE.

Effect of HPI on the Expression of MMP-2 Induced by
High Glucose. Matrix metalloproteinase (MMP) is the ECM-
degrading enzyme during the process of migration, which could

be secreted to the cultured medium. Our data demonstrated that
high glucose induced the activation of MMP-2 (Figure 7), which
was further inhibited by HPI. In addition, the expressions of
CTGF were found to be parallel to those of MMP-2, implying
that CTGF might be involved in the cell migration.

CTGF Was Involved in High-Glucose-Stimulated Activa-
tion of MMP-2. CTGF siRNA or RAGE antibody was used,
respectively, to detect if MMP-2 could be influenced. Figure 8
showed that high-glucose-induced MMP-2 activation was
inhibited by CTGF siRNA, suggesting that CTGF mediated
high-glucose-induced cell migration. However, MMP-2 was not
regulated by RAGE blockage, indicating that RAGE was not
involved in cell migration. In summary, this evidence showed
that HPI could exert its protective effect through downstream
regulation of CTGF and, subsequently, influenced the migration.

DISCUSSION

In the present study, using the in Vitro cell culture model,
the results demonstrate that high glucose per se induces the
expression of CTGF and, subsequently, mediates the prolifera-
tion and migration of VSMC, while HPI downregulates CTGF
and inhibits the high-glucose-induced cellular changes (Fig-
ure 9).

It had been shown that high-glucose-induced upregulation
of CTGF mRNA appeared to be TGF-�-dependent, because
TGF-� antibody blocked the expression of CTGF and the
downstream ECM protein accumulation in VSMC (16). High
glucose triggered the CTGF expression via TGF-�1 and protein
kinase C in mesangial cells and thus mediated the matrix
production, indicating that CTGF played an important role in
diabetic nephropathy (17).

Our data suggest that CTGF mediates high-glucose-induced
cell proliferation via AGE/RAGE. This result is different from

Figure 4. HPI suppresses the high-glucose-induced PCNA, CTGF, and
RAGE. Cells were treated with 25 mM glucose with or without various
concentrations of HPI at 72 h. The expressions of PCNA, CTGF, and
RAGE were analyzed by a Western blot and densitometer. Three
independent experiments were conducted, all showing similar patterns of
changes.

Figure 5. CTGF mediates the high-glucose-induced elevation of PCNA
and RAGE. Cells were treated with 25 mM glucose at 72 h with or without
CTGF siRNA. The expressions of PCNA and RAGE were analyzed by a
Western blot and densitometer. Three independent experiments were
conducted, all showing similar patterns of changes.

Figure 6. RAGE mediates the high-glucose-induced elevation of PCNA.
Cells were treated with 25 mM glucose at 72 h with or without RAGE
antibody. The expressions of PCNA and CTGF were analyzed by a
Western blot and densitometer. Three independent experiments were
conducted, all showing similar patterns of changes.

Figure 7. HPI suppresses the high-glucose-activated MMP-2. Cells were
treated with 25 mM glucose with or without various concentrations of HPI
at 24 h. The expressions of MMP-2 contained in culture medium were
analyzed by zymography. Three independent experiments were conducted,
all showing similar patterns of changes (The expression of CTGF is the
same shown in Figure 4).

Figure 8. CTGF mediates the high-glucose-induced MMP-2 activation.
Cells were treated with 25 mM glucose with or without CTGF siRNA or
RAGE antibody, respectively. After treatment, the expressions of MMP-2
secreted into culture medium were analyzed by zymography. Three
independent experiments were conducted, all showing similar patterns of
changes.
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the other investigations. In the literature, AGE-induced tubular
epithelial-mesenchymal transition via CTGF (18). AGE in-
duced mitogenesis and collagen production of NRK-49F cells
through the regulation of angiotensin II and CTGF (19). In
contrast, our data show that CTGF regulates the downstream
AGE receptor and then increases the expression of PCNA.

It has been demonstrated that AGE/RAGE was a critical
mediator in diabetic skin. AGE/RAGE was associated with the
decrease of PCNA. Application of RAGE-blocking antibody
redressed high-glucose-induced cell cycle arrest and apoptosis
(20). RAGE was involved in the diabetic-associated impairment
of angiogenesis. In insulin-deficient wild-type mice, PCNA-
positive cells were significantly diminished, whereas this
alteration was not found in RAGE (-/-) mice (21), providing
evidence of the intimate correlation between RAGE and the
regulation of PCNA. However, in comparison to our data,
the decrease of PCNA in other studies could result from the
variation in cell types, tissues, and experiment designs.

Our results also show that CTGF activated MMP-2 and
promoted the migration of VSMC, whereas RAGE was not
involved in MMP-2 activation. According to the report of Yang
et al., CTGF suppressed TIMP-2 and increased MMP-2 through
ERK1/2 activation (22). In the high-glucose-induced human
brain cells, CTGF increased MMP-2 mRNA, although it also
increased TIMP-1 to inhibit ECM degradation (23).

Many previous reports had indicated that MMP-2 plays an
important role in atherosclerosis and the migration of VSMC.
Using an immunohistochemical stain to analyze the atheroscle-
rotic lesion of high-cholesterol food-fed rabbits, Kuge et al.
observed that MMP-2, MT-1, and Cox-2 co-distributed on the
macrophage-riched instable plaque (24). In hemodialyzed
patients complicated with vascular diseases, the increased serum
MMP-2 and Cu/Zn SOD was associated with intima mediate
thickness (25). Besides, the extrinsic coagulation pathway and
MMP-2/TIMPs system could exert a synergistic effect to form
atherosclerosis while stimulated with oxidative stress. It reveals
that MMP-2 promotes the vascular aging via TGF-� and TGF-
�1-type II receptor (26). Furthermore, because leptin increases
in diabetes, it might be associated with vascular complications.

In the previous report, leptin was demonstrated to induce the
signals of PKC/NADPH/ERK/NF-κB and thus promoted the
proliferation and MMP-2 expression of aortic smooth muscle
cells (27). However, in the high-glucose conditions, the mech-
anism mediating MMP activation and the downstream signals
regulated by MMP have yet to be clarified. It had been shown
that high glucose potentiated VSMC chemotaxis via activation
of PI3K and MAPK (5). PTEN were also reported to be involved
in VSMC migration (28). Further investigation is needed to
illustrate the transduction pathways of high-glucose-induced
MMP.

In humans, high glucose induces reactive oxygen species
(ROS) generation via the oxygen-consumptive process in
mitochondria, thereby stimulating the activation of NF-κB and
production of IL-1 and TNF-R (29). These inflammatory
cytokines are involved in a variety of cell responses, for
example, injury of �-islets or impeding the insulin receptor and
related signal transduction. Because oxidative stress and inflam-
matory cells are involved in the pathogenesis of atherosclerosis,
high glucose would be expected to promote vascular changes
through inflammatory cytokines and the transduced signals. It
had been revealed that high glucose stimulated TNF-R-induced
expression of NF-κB via GSH reduction and PKC activation
(30). High glucose enhanced IL-1-induced Cox-2 activation and
resulted in the production of prostaglandin (31).

In the present study, HPI demonstrates its protective effect
under high-glucose conditions. It has been shown that the H.
sabdariffa extract inhibited LDL oxidation and reduced foam
cell formation and migration of VSMC (15). In the clinical test,
the extract had been shown to reduce serum cholesterol (14).
Hibiscus anthocyanin-rich extarct induced apoptotic cell death
in human leukemia cells and VSMC via activation of p38
MAPK and p53 (32). HPI induced apoptosis in human gastric
carcinoma cells via p53 phosphorylation and p38 MAPK/Fas
L cascade pathway (13). HPLC analysis showed that at least
five polyphenols were contained in HPI.

Recently, the ethanolic extract of H. sabdariffa showed its
hypolipidemic and antioxidant effects in alloxan-induced dia-
betic rats. To summarize, H. sabdariffa is worthy of being
further investigated and could potentially be developed as an
adjunctive therapeutic for diabetes or metabolic syndrome.

ABBREVIATIONS USED

HPI, H. sabdariffa polyphenolic isolate; VSMC, vascular
smooth muscle cell; CTGF, connective tissue growth factor;
RAGE, receptor of advanced glycation end product; PCNA,
proliferating cell nuclear antigen; MMP, matrix metalloprotein-
ase; siRNA, small interfering RNA.
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