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Abstract

Aims/hypothesis. Multiple factors, including hyper-
glycaemia and angiotensin II (Ang II), stimulate plas-
minogen activator inhibitor-1 (PAI-1) gene expres-
sion in human vascular smooth muscle cells. This
study tested the hypothesis that hyperglycaemia and
Ang II stimulate PAI-1 gene expression through acti-
vator protein-1 (AP-1) binding sites.

Methods. We evaluated the role of AP-1 in PAI-1
gene expression in human vascular smooth muscle
cells under high p-glucose and Ang II stimulation
using a double-stranded cis-element AP-I oli-
godeoxynucleotide (decoy ODN).

Results. Activator protein 1 activity was stimulated
by high glucose and Ang II treatment and the AP-/
decoy ODN, but not a mismatched decoy ODN, com-
peted for AP-1 activity. The increase in PAI-1 expres-
sion by high glucose and Ang II was significantly at-

tenuated by the AP-I decoy ODN (p <0.05 or
p <0.01). The increase in PAI-I expression by high
glucose and Ang II action on AP-1 sites was also con-
firmed by promoter analysis of PAI-I. Activator pro-
tein 1 activation in response to either high glucose or
co-stimulation with high glucose and Ang II was in-
hibited completely by calphostin C (a PKC inhibitor)
and partially by genistein (a protein tyrosine kinase
inhibitor).

Conclusion/interpretation. This study shows that high
glucose and Ang II stimulate PAI-1 expression
through AP-1 binding sites. Signal transduction after
AP-1 activation by both high glucose and Ang II
largely depends on PKC activation. These data indi-
cate an important role for AP-1 in PAI-1 expression.
[Diabetologia (2001) 44: 713-720]
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The risk for cardiovascular disease is increased in pa-
tients with diabetes mellitus, especially when com-
bined with hypertension [1-3]. One potential factor

Received: 27 November 2000 and in revised form: 22 January
2001

Corresponding author: 1. K.Lee, M.D., PhD., Department of
Internal Medicine, Keimyung University School of Medicine,
194 Dongsang-Dong, Joong-Ga, Taegu 700-712, Korea.
e-mail: inkyulee@dsmc.or.kr

Abbreviations: AP-1, Activator protein 1; PAI-1, type 1 plas-
minogen activator inhibitor; HVSMC, human vascular smooth
muscle cell; Ang II, angiotensin II; Decoy ODN, double-
stranded oligodeoxynucleotide; Mis, mismatched decoy
ODN; HG, high glucose; NG, normal glucose; HVJ, hemag-
glutinating virus of Japan.

linking diabetes or hypertension to cardiovascular
disease is an increased plasma concentration of plas-
minogen activator inhibitor-1 (PAI-1) [4-7]. PAI-1 is
the main physiological inhibitor of the tissue-type
plasminogen activator (t-PA) and is considered to be
the most important inhibitor of fibrinolysis [7]. Type
1 plasminogen activator inhibitor is produced in vas-
cular endothelial and smooth muscle cells, in addition
to hepatic cells [8, 9]. High glucose and angiotensin I1
(Ang II), which are thought to play a major role in the
pathogenesis of diabetes-associated and hyperten-
sion-associated atherosclerosis, stimulate PAI-1 gene
expression in human vascular smooth muscle cells
(VSMC) [10-11]. However, the cellular mechanism
of increased PAI-1 expression in response to high glu-
cose or Ang II has not yet been fully elucidated. Re-
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cent studies have indicated that high glucose and Ang
IT also activate activator protein-1 (AP-1), a key tran-
scription factor, in a time-dependent and concentra-
tion-dependent manner [12-14]. The AP-1 complex,
consisting of either a homodimer of Jun proteins or
a heterodimer of Jun and Fos proteins, regulates the
expression of various genes which mediate growth,
inflammation and differentiation [15, 16]. The pro-
moter of the PAI-1 gene also contains four putative
AP-1-like binding sites [17, 18].

We therefore hypothesized that high glucose and
Ang II stimulate PAI-1 gene expression and produc-
tion through the AP-1 binding sites in the PAI-I pro-
moter. To test this hypothesis, we used a new AP-/
decoy oligodeoxynucleotide (ODN) transfection ap-
proach. Transfection of cis-element double-stranded
ODN as a decoy will result in the removal of all
trans-factors from the endogenous cis-element of the
same sequenced with a subsequent inhibition of
gene expression [19-21]. We examined whether the
high glucose-induced or Ang Il-induced increase in
PAI-1 gene expression in human VSMC is abolished
by transfection of a cis-element AP-1 decoy ODN.

Materials and methods

Cell culture. Human VSMC were harvested from minced piec-
es of human distal mammary arteries, which were obtained
during coronary artery bypass surgery at Dongsan Medical
center (Taegu, Korea). The VSMC were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM, Gibco, Grand Island,
N.Y., USA) containing 20 % fetal bovine serum (Gibco). The
purity of VSMC was characterized by positive staining with
smooth muscle-specific a-actin monoclonal antibodies (Sig-
ma-Aldrich, St. Louis, Mo., USA).

After reaching 80 to 90 % confluence in 100-mm dishes,
human VSMC were serum starved for 24 h in serum-free me-
dium and were subjected to either a control normal glucose
medium (DMEM containing 2 % serum and 5.5 mmol/l p-glu-
cose) or a high glucose medium (DMEM containing 2 % se-
rum and 22 mmol/l p-glucose). To examine the effect of Ang
II, 100 nmol/l Ang II was added to the medium and incubat-
ed for various time periods. Cells then were processed for nu-
clear protein extraction or RNA extraction as described be-
low.

Isolation of PAI-1* cDNA probe by reverse transcription (RT)-
PCR. A cDNA probe for human PAI-1 was generated by RT-
PCR of RNA from VSMC using the oligonucleotide prim-
ers ATAGAATTCCACGAGTACGACATCCTGGAAC-
TGC, and ATAGGATCCCCCTCTGAGGTCCACTTCAG-
TCTCC to the human PAI-1 coding sequence. Reverse tran-
scription was done on 0.2 ug RNA in the presence of 1 mmol/l
antisense primer, 20 mmol/l NTP, 10 mmol/l dithiothreitol,
50 mmol/l TRIS, pH 8.3, 75 mmol/1 KCl, 3 mmol/l MgCl,, and
10 U of RTase for 1 h at 37°C. The PCR reaction mixture in-
cluded 1.0 mmol/l of the primers, 10% RT mix, 10 mmol/l
TRIS, pH 8.3, 50 mmol/l KCl, 3 mmol/l MgCl,, 0.001 % gela-
tin, 2.0 mmol/l NTP and 0.05 U/ul Amplitaq (Perkin-Elmer
Cetus, Norwalk, Conn., USA). The PCR conditions were
94°C-305,59°C -2 min, 72°C - 30s, for 40 cycles. The agarose
gel-purified PCR product was cloned into pBluescript KS
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(Stratagene Inc., La Jolla, Calif., USA) using the EcoRI or
BamHI restriction sequences that were included in the 5’ ends
of the primers [10].

Northern blot analysis. The radiolabelled probes used for
northern blot analysis were prepared by random primer label-
ling with [a-*P]dCTP using a random primer labelling kit
(Amersham, Arlington Heights, Ill., USA). After the labelling
reaction, the radiolabelled probes were purified on a NAP-5
column (Pharmacia, Uppsala, Sweden). Total RNA for north-
ern analysis was extracted by RNeasy RNA extraction kit
(Qiagen, Hilden, Germany). Ten micrograms of total RNA
was applied to a 1 % formaldehyde-agarose gel and transferred
to a nylon membrane. The nylon membrane was hybridized in
Express Hyb solution at 65°C for 2 h with a radiolabelled
c¢DNA probe and washed according to the manufacturer’s in-
structions. The membrane was exposed to X-ray film for 24 to
48 h, and the mRNA expression was quantified with densito-
metric analysis. Loading differences were normalized using an
18 s TRNA cDNA probe.

Measurement of secreted PAI-1 protein. To measure the secret-
ed PAI-1 protein from cultured cells, conditioned medium was
collected, centrifuged at 600 g for 10 min and stored at —20°C.
Immunoassay for PAI-1 was carried out using an enzyme im-
munoassay kit (Biopool, Umea, Sweden).

Preparation of decoy ODN. The sequences of the phosphoro-
thioate double-stranded ODN against the AP-1 binding site
and the mismatched ODN used in this study were prepared as
previously reported [20]: AP-I decoy ODN (consensus se-
quences are underlined), 5-AGCTTGTGAGTCAGA-
AGCT-3’, 3>-TCGAACACTCAGTCTTCGA-5’; mismatched
decoy ODN, 5-AGCTTGAATCTCAGAAGCT-3’, 3'-
TCGAACTTAGAGTCTTCGA-5. The ODNs were an-
nealed for 2 h, while the temperature descended from 80°C to
25°C.

Electrophoretic mobility shift assay (EMSA). Nuclear extracts
were prepared from VSMC as described previously, with mi-
nor modifications [22]. Briefly, 80 to 90% confluent VSMC
growing in 100-mm dishes in normal or high glucose growth
medium were washed twice with cold PBS and collected.
The cells were homogenized in 400 ul of ice-cold buffer A
(10 mmol/l HEPES, 10 mmol/l KCl, 0.1 mmol/l EDTA,
1 mmol/l DTT, 0.5 mmol/l PMSF, 10 ug/ul aprotinin and
10 ug/ul leupeptin) and incubated in ice for 15 min. After
25 ul of NP-40 treatment, the homogenate was laid on buff-
er B (20 mmol/l HEPES, 0.4 mol/l NaCl, 1 mmol/l EDTA,
1 mmol/l DTT and 1 mmol/l PMSF), and centrifuged at
12,000 g for 10 min. After centrifugation, the supernatant
was collected as nuclear extracts and the amount of nuclear
protein was measured with a protein assay kit (Bio-Rad,
Richmond, Calif., USA). The DNA probes such as those
for the AP-I and mismatched decoy ODNs were labelled
as primers using [y-?P]ATP and T4 polynucleotide kinase.
After end labelling, ?P-labelled ODN were purified on a
NAP-5 column. The protein-DNA binding reaction was
done at room temperature for 20 min in a volume of 20 ul.
The reaction mixture contained 6 pg of nuclear extract,
100 pg/ml poly dI:dC, 10 mmol/l TRIS/HCl (pH 7.5),
50 mmol/l NaCl, 0.5mmol/l EDTA, 0.5mmol/l DTT,
1 mmol/l MgCl,, 4% glycerol and 60000 cpm 32P-labelled
primer DNA. After incubation, the samples were loaded
onto 4% native polyacrylamide gels in 0.5 - TRIS-borate-
EDTA buffer and were run at 150 V for 2 h. The gels were
dried and visualized by autoradiography. For competition
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studies, the experimental conditions were identical, except
that the appropriate competitor ODN was added to the re-
action mixture at 50-fold to 100-fold molar excess before
the nuclear extract was added.

Preparation of hemagglutinating virus of Japan (HVJ)-lipo-
somes. The HVJ-AVE liposomes were prepared as described
previously [23]. Briefly, cholesterol, dioleoylphosphatidyletha-
nolamine (DOPE), phosphatidylcholine (ePC), sphingomye-
line (eSph) and phosphatidylserine (bPS) were mixed in a mo-
lar ratio of 50:13.3:13.3:13.3:10. The lipid mixture was deposit-
ed on the sides of a flask by removal of chloroform. The dried
lipid was hydrated in 200 ul balanced salt solution (BSS;
137 mmol/l NaCl, 5.4 mmol/l KCI, 10 mmol/l TRIS-HCI, pH
7.6) containing the ODN. Liposomes were prepared by shak-
ing and filtration. Purified HVJ (Z strain) was inactivated by
UV irradiation for 3 min just before use. The liposome suspen-
sion was mixed with HVJ in a total volume of 2 ml BSS. The
mixture was incubated at 4°C for 5 min and then for 30 min
with gentle shaking at 37°C. Free HV] was removed from the
HVIJ-liposomes by sucrose density gradient centrifugation.
The top layer of the sucrose gradient was collected for use.

Transfection of FITC-labelled ODNs into VSMC. Cells were
grown in 2 chamber slides to 80 % confluence. Firstly, 200 ul
of HVJ-liposome complex with FITC-labelled AP-1 decoy
ODN was incubated for 5 min at 4°C and for 30 min at 37°C.
Secondly, Lipofect AMINE (Life Technologies, Rockville,
Md., USA): FITC-labelled AP-1 decoy ODN (300 nmol/l)
was added to the wells dropwise, after the mixture of Lipo-
fect AMINE, according to the manufacturer’s directions. The
cells were incubated for 35 min at 37 °C. Then, after changing
to fresh medium with 5% calf serum, the cells were incubated
in a CO, incubator. Cells were fixed with 3% paraformalde-
hyde at 1, 2 or 3 days after transfection. After mounting, the
cells were examined by fluorescent microscopy.

Luciferase assay. The PAI-I luciferase construct was kindly
provided by Dr. Rifkin (New York University, N.Y., USA)
[24]. Plasmids and decoy ODN were co-transfected into hu-
man VSMC by the HVJ-liposome method. On the day before
transfection, 2 - 105 cells were inoculated into each six-well
plate. Then, 200 ul of the HVJ-liposome complex was added
directly into each plate without removing any medium. The
pSV-p-gal (Promega, Madison, Wis., USA) was co-transfected
with the test plasmid to monitor the transfection efficiency.
At 48 h after transfection, cells were harvested to examine the
luciferase expression. The cells were washed twice with PBS
and were suspended in 250 ul of 1 X Cell Culture Lysis Re-
agent (Promega, USA). The lysates were examined for f-ga-
lactosidase and luciferase activity.

Statistical analysis. Results are expressed as means = SEM.
Analysis of variance with a subsequent Duncan’s test was
used to determine the significance of differences in multiple
comparisons. A p value of less than 0.05 was considered statis-
tically significant. All experiments were carried out at least
three times.

Results

Effect of high glucose and Ang Il on AP-1 activation
and PAI-1* expression. We initially examined wheth-
er treatment with Ang II leads to a statistically signif-
icant increase in the DNA binding activity of the
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Fig.1A, B. AP-1 DNA binding activity in human VSMC as as-
sessed by a gel mobility shift assay. A Typical example of a gel
shift assay. This experiment was repeated three times (NG,
VSMC cultured with normal glucose; HG, VSMC cultured
with high glucose, Competition, cold AP-I probe). B Effect of
high glucose or Ang II on AP-1 activity. Quantification of
EMSA results expressed as the means + SEM of three inde-
pendent experiments. *p <0.01 compared to NG, and
#p < 0.01 compared to HG

transcription factor AP-1 under normal and high glu-
cose conditions. As expected, culturing in high glu-
cose significantly increased AP-1 binding activity (by
approximately 600% ) as compared to culturing in
normal glucose (Fig.1, p <0.01). Similarly, Ang II
also increased AP-1 DNA binding activity in a dose-
dependent manner, both in the cells cultured at nor-
mal glucose concentration and in the cells cultured
at high glucose (Fig. 1A, p < 0.01). We also examined
the effect of Ang Il on PAI-1 gene expression under
normal or high glucose conditions. The high glucose
condition significantly increased PAI-I mRNA ex-
pression as compared to the normal glucose condition
(Fig.2, p < 0.01). Of note, the addition of Ang II to
cells cultured with high glucose showed an additive
effect of Ang II and high glucose on PAI-] mRNA
expression in a dose-dependent manner (Fig.2A and
B, p <0.01). Consistent with the mRNA expression,
high glucose as well as Ang II increased the concen-
tration of PAI-1 protein in the conditioned culture
media (Fig.2C, p < 0.01).
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Fig.2 A-C. Effect of high glucose or AnglI on activation of the
PAI-I gene in human VSMC. A Typical northern blotting ana-
lysis for PAI-I (NG, VSMC cultured with normal glucose;
HG, VSMC cultured with high glucose; Competition, cold
AP-I probe). B Effect of high glucose or Angll on PAI-]
mRNA in human VSMC. Results are the means + SEM of
five independent experiments. *p < 0.01 compared to NG,
and #p < 0.01 compared to HG. C Effect of high glucose or
Ang II on PAI-1 concentration in the conditioned medium of
human VSMC as assessed by ELISA. Values are means +
SEM of five independent experiments. *p < 0.01 compared to
NG, and #p < 0.01 compared to HG

Effect of the AP-1* decoy ODN on PAI-1* expression
under high glucose conditions or Ang Il stimulation.
Given the finding that AP-1 and PAI-1 expression
seem to be co-organized under the Ang II or high glu-
cose conditions, we reasoned that Ang Il might stim-
ulate PAI-1 gene expression through the AP-1 com-
plex. To prove this hypothesis, we transfected the
AP-1 decoy ODN (100 nmol/l or 300 nmol/l) into
VSMC stimulated with Ang II using the HVJ-lipo-
some method. We first compared the efficiency of
transfecting the AP-I decoy ODN into human
VSMC using this method versus Lipofect AMINE.
Transfection of a fluorescent (FITC)-labelled AP-1
decoy ODN using the HVJ-liposome method result-
ed in strong fluorescence (Fig.3), readily detected in
nuclei even at 72 h after transfection. In contrast, af-
ter 35 min exposure to FITC-labelled AP-I ODN in
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1 day

2 day

3 day

LipofectAmin

Fig.3. Fluorescent microscopy of human VSMC after trans-
fection of FITC-labelled AP-1 decoy ODN using either the
HVIJ-liposome method or LipofectAMINE. Representative
photographs (x 100) of the distribution of FITC-labelled
ODN from four different experiments. 1, 2, 3day=1, 2 or
3 days after transfection

HVJ-liposome

solution (300 nmol/l) using Lipofect AMINE, only
weak fluorescence could be observed. Thus, we chose
to use the HVJ-liposome method to transfect the
AP-1 decoy ODN into human VSMC for the remain-
der of the experiments. Transfection of the AP-1 de-
coy ODN by the HVIJ-liposome method significantly
attenuated the AP-1 activity induced by high glucose,
in a dose-dependent manner (Fig.4). In addition, the
increase in AP-1 activity induced by Ang II was also
inhibited by the AP-1 decoy ODN as compared to a
mismatched decoy ODN (p < 0.01).

We further investigated the effect of the AP-1 de-
coy ODN treatment on PAI-I gene expression. Ac-
cording to the decrease in AP-1 activity, transfection
of the AP-1 decoy ODN inhibited the PAI-I gene ex-
pression induced by either the high glucose condition
(p <0.05) or by Ang II (p <0.01), whereas the mis-
matched decoy ODN did not alter PAI-I expression
(Fig.5A, B). The PAI-1 protein concentrations were
also decreased by the transfection of the AP-1 decoy
ODN (Fig.5C, p <0.05 or p <0.01). To further con-
firm the regulation of PAI-1 expression through the
AP-1 complex, we co-transfected a PAI-1 luciferase
construct and an AP-I decoy ODN into human
VSMC and treated them with either high glucose or
Ang II. Treatment with high glucose increased PAI-1
promoter activity as compared to the normal glucose
condition (Fig.6, p < 0.01). As expected, the increase
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Fig.4A, B. Effect of the AP-I decoy ODN on AP-1 DNA
binding activity in human VSMC. A Typical example of a gel
shift assay from VSMC transfected with the AP-1 decoy
ODN. This experiment was repeated three times (NG, VSMC
cultured with normal glucose; HG, VSMC cultured with high
glucose; Decoy, VSMC transfected with 100 nmol/l or 300
nmol/l (x 3) AP-1 decoy ODN; MIS, VSMC transfected with
a mismatched decoy ODN; cold AP-1, cold AP-1 probe). B Ef-
fect of AP-1 decoy ODN on AP-1 activity induced by high glu-
cose or Ang II. Quantification of EMSA results expressed
as the means + SEM of three independent experiments.
*p < 0.01 compared to NG, ** p < 0.05, *** p <0.01 vs HG or
HG + Ang II

in luciferase activity seen with high glucose was de-
creased by the AP-1 decoy ODN in a dose-dependent
manner (p < 0.01). Similarly, the AP-1 decoy ODN,
but not the mismatched decoy ODN, abolished the
increase in luciferase activity stimulated by co-treat-
ment with high glucose and Ang IT (p < 0.01). These
data clearly show that high glucose and Ang II stimu-
late PAI-1 expression through AP-1.

Effect of a PKC and tyrosine kinase inhibitor on AP-1
activity. To clarify the signal transduction pathway
upstream of AP-1 activation by high glucose or Ang
II, cells were treated with a specific PKC inhibitor,
calphostin C (100 nmol/l), or a tyrosine kinase inhibi-
tor, genistein (1 umol/l). Calphostin C completely
blocked the activation of AP-1 activity induced by ei-
ther high glucose or co-stimulation of high glucose
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Fig.5A-C. Effect of the AP-1 decoy ODN on activation of
PAI-1 gene in human VSMC (NG, VSMC cultured with nor-
mal glucose; HG, VSMC cultured with high glucose; Decoy,
VSMC transfected with 100 nmol/l or 300 nmol/l (x 3) AP-1
decoy ODN; MIS, VSMC transfected with a mismatched de-
coy ODN). A Typical northern blotting analysis for PAI-1.
B Effect of the AP-1 decoy ODN on PAI-I mRNA induced
by high glucose or Ang II in human VSMC. Results are the
means + SEM of five independent experiments. *p < (.01
compared to NG, **p < 0.05, ***p < 0.01 vs HG or HG + Ang
II. C Effect of the AP-1 decoy ODN on PAI-1 concentration
in the conditioned medium of human VSMC as assessed by
ELISA. Values are means + SEM of four independent experi-
ments. *p < 0.01 compared to NG, **p < 0.05, ***p < 0.01 vs
HG or HG + Ang II

and Ang II (Fig.7, p < 0.01). On the other hand, geni-
stein only partially decreased the activation of AP-1
under the same conditions.

Discussion

This study demonstrates that high glucose and Ang I1
stimulate PAI-1 gene expression in human VSMC,
consistent with previous in vitro studies [10, 11] and
clinical data [4, 7, 25-28]. As PAI-1 is considered to
be a major inhibitor of plasminogen activation, the
increase of plasma PAI-1 concentrations in diabetes
and hypertension has been postulated to contribute
to the development of atherosclerosis [4, 7, 25], al-
though there has not been a prospective study prov-
ing the causal relation. In our study the effect of high
glucose and Ang II on PAI-I gene expression is addi-
tive. This finding could explain why coexistence of
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Fig.6. Effect of AP-1 decoy ODN transfection on PAI-1 pro-
moter activity (NG, VSMC cultured with normal glucose;
HG, VSMC cultured with high glucose; Decoy, VSMC trans-
fected with 100 nmol/l or 300 nmol/l (x 3) AP-1 decoy ODN;
MIS, VSMC transfected with a mismatched decoy ODN).
The lysates were examined for 5-galactosidase activity and lu-
ciferase activity. Values are means + SEM of six independent
experiments after normalization of S-galactosidase activity.
*p < 0.01 compared to NG, **p <0.01 compared to HG, and
*#*p < 0.01 compared to HG + Ang I1

hypertension and diabetes accelerates atherogenesis.
Future studies are needed to clarify these clinical im-
plications, including the effect of high glucose and
Ang II on PAI-1 production in other cells, especially
vascular endothelial cells or macrophages, as well as
on production of t-PA, which is the most important
physiological activator of fibrinolysis.

The concentration of Ang II used in our in vitro
system was considerably higher than the normal cir-
culating concentrations of Ang II in humans. Plasma
concentrations of Ang II measured by radioimmu-
noassay and high-performance liquid chromatogra-
phy were reported to be 6.6 + 0.5 and 5.2 + 2.8 (range
0.4-52.2) pmol/l respectively [29, 30]. However, little
is known about the local concentration of Ang II
within the vascular tissues. Since the local concentra-
tions of Ang II might be higher than circulating con-
centrations due to its autocrine-paracrine production
[31], we selected the concentration to maximally in-
duce PAI-1 mRNA expression.

It has been hypothesized that an increase in intra-
cellular oxidative stress plays a key role in causing
the endothelial dysfunction associated with hyperten-
sion and diabetes [32]. According to this hypothesis,
various risk factors for atherosclerosis, including hy-
pertension and diabetes, result in the generation of
intracellular oxidative stress. AP-1 is one of the tran-
scription factors influenced by the cellular redox state
[33, 34]. Activator protein 1 has been implicated in
transcriptional regulation of a wide range of genes in-
volved in cellular inflammatory responses, tissue de-
struction, and growth control. In VSMC, oxidative
LDL, H,0,, and the lipid peroxidation product 4-hy-
droxy-2-nonenal have been shown to increase AP-1
expression or DNA binding activity [35-37]. In our
study, transfection of an AP-I decoy ODN, but not a
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Fig.7A, B. Effect of PKC and tyrosine kinase inhibitor on
AP-1 activity. A Typical example of a gel shift assay from
VSMC treated with a PKC and a tyrosine kinase inhibitor.
This experiment was repeated three times (NG, VSMC cul-
tured with normal glucose; HG, VSMC cultured with high glu-
cose; + C, VSMC treated with a specific PKC inhibitor, calpho-
stin C (100 nmol/l); + G, VSMC treated with a tyrosine kinase
inhibitor, genistein (1 umol/l); + AIl, VSMC treated with 100
nmol/l Ang II; Competition, cold AP-1 probe). B Quantifica-
tion of EMSA results expressed as the means = SEM of three
independent experiments. *p <0.01 compared to NG,
**p < 0.01 compared to HG, and ***p <0.01 compared to
HG + Ang II
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mismatched decoy ODN, effectively inhibited PAI-1
mRNA expression and protein secretion. Co-trans-
fection of the AP-I decoy ODN with the PAI-1 pro-
moter construct also completely abolished luciferase
expression. Thus, our data clearly show that AP-1 in-
duced by high glucose or Ang II regulates PAI-I
gene expression and production.

We used a new decoy ODN approach to evaluate
the influence of the AP-1 complex on PAI-1 gene ex-
pression. In general, reporter genes such as the
chloramphenicol acetyl transferase (CAT) expression
vector system have been used to study the roles of
transcription factors [18, 38-40]. This system is quite
useful, but it might not reflect the endogenous gene
regulation. On the other hand, the transfection of
cis-element decoy ODNSs used in our study provides
a powerful new tool to study transcriptional regula-
tion. Transfection of a decoy ODN corresponding to
the AP-1 binding site sequence results in the attenua-
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tion of the authentic cis-trans interaction, leading to
the removal of trans-factors from the endogenous
cis-element, with the subsequent modulation of gene
expression. It should be noted, however, that nonspe-
cific effects of decoy ODNs can arise because several
independent downstream genes can be regulated by
the same transcription factor.

Our study provides information about the signal
transduction system between ligands and AP-1 acti-
vation. Several previous studies have shown that
high glucose-induced or Ang Il-induced activation
of AP-1 is dependent on PKC and/or tyrosine kinase
[41, 42]. We also show that AP-1 activation by either
high glucose or Ang II is mediated mainly by PKC ac-
tivation and partially by tyrosine kinase. Other sig-
nals, however, could also be involved in modulating
AP-1 activity, and further studies are necessary to
identify the cross-talk among these signals.

In conclusion, this study shows that high glucose
and Ang II stimulate PAI-I gene expression and pro-
tein production through AP-1 binding sites. Inhibi-
tion of AP-1 activity using a transcription factor de-
coy ODN effectively decreased the gene expression
and production of PAI-1. These findings could con-
tribute to a better understanding of the pathogenesis
of cardiovascular disease.
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