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Abstract
Plasminogen activator inhibitor type 1 (PAI-1) regulates fibrinolytic activity and mediates vascular
atherothrombotic disease. Endothelial cells (ECs) synthesize and secrete PAI-1, but the intracellular
signaling pathways that regulate PAI-1 expression are not entirely known. We hypothesize that the
phosphatidylinositol 3-kinase (PI3K)/protein kinase Akt pathway, which regulates endothelial
function, could modulate PAI-1 expression in ECs. Cultured bovine aortic and human saphenous
vein ECs were stimulated with TNF-α, ANG II, insulin, or serum, and PAI-1 expression was
determined by Northern and Western analyses. Inhibition of PI3K with wortmannin or LY-294002
enhanced PAI-1 expression induced by these extracellular stimuli. Similarly, overexpression of a
dominant-negative mutant of PI3K or Akt increased TNF-α- and insulin-induced PAI-1 expression.
The increase in PAI-1 was due to transcriptional and posttranscriptional mechanisms as PI3K
inhibitors increased PAI-1 promoter activity and mRNA stability. The induction of PAI-1 by TNF-
α and insulin is mediated, in part, by ERK and p38 MAPK. PI3K inhibitors augmented TNF-α- and
insulin-induced phosphorylation of these MAPKs. Simvastatin, a 3-hydroxy-3-methylglutaryl-CoA
reductase inhibitor, which is known to activate PI3K/Akt, blocks TNF-α- and insulin-induced PAI-1
expression. Treatment with PI3K inhibitors reversed the inhibitor effects of simvastatin on TNF-α-
and insulin-induced PAI-1 expression. These findings indicate that the PI3K/Akt pathway acts as a
negative regulator of PAI-1 expression in ECs, in part, through the downregulation of MAPK
pathways. These results suggest that factors that activate the PI3K/Akt pathway in ECs may have
therapeutic benefits for atherothrombotic vascular disease.
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PLASMINOGEN ACTIVATOR INHIBITOR type 1 (PAI-1), an inhibitor of tissue-type and
urokinase-type plasminogen activators, is a negative regulator of the fibrinolytic system and,
thus, promotes thrombosis formation (9,21). PAI-1 also plays an important role in the
atherogenic process and vascular lesion formation (12,28). PAI-1 expression is upregulated in
patients with cardiovascular risk factors, including hypertension, diabetes, and dyslipidemia,
and the extent of vascular PAI-1 expression correlates with the severity of atherosclerotic
disease (9,21,26,28). Indeed, increased PAI-1 activity has been identified as an independent
risk factor for cardiovascular diseases (12,21). These findings suggest that PAI-1 may be an
important mediator of atherothrombotic vascular diseases.
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Vascular endothelial cells (ECs) produce and secrete a variety of bioactive molecules, which
play important roles in cardiovascular homeostasis and diseases. Although PAI-1 is secreted
from various cell types, ECs synthesize and secrete substantial amounts of PAI-1 in response
to a number of agonist stimuli, such as TNF-α and ANG II (5,24). The induction of PAI-1
expression involves intracellular signaling pathways mediated by ERK (8,29), p38 MAPK
(20), Rho/Rho-kinase (14), and protein kinase C (23). However, it is not known whether
phosphatidylinositol 3-kinase (PI3K) and protein kinase Akt are involved in the regulation of
PAI-1 expression.

The intracellular signaling pathway mediated by PI3K and Akt is involved in the regulation of
numerous important cellular functions such as cell survival, proliferation, migration, and gene
expressions (2,10). In ECs, the PI3K/Akt pathway is activated by growth factors such as
vascular endothelial growth factor, insulin-like growth factor, and fibroblast growth factor, and
by 3-hydroxy-3-methylglutaryl-CoA reductase inhibitors (statins) or fluid shear stress (15,
27). Indeed, the PI3K/Akt pathway mediates various signaling pathways to the activation of
endothelial nitric oxide synthase (3,6). Thus the PI3K/Akt pathway is critical to cardiovascular
homeostasis and angiogenesis (15,27).

Despite the importance of PAI-1 and the PI3K/Akt pathway in ECs, the relation between them
has not been shown. This may be clinically important, since statins may exert cholesterol-
independent or pleiotropic effects via activation of the PI3K/Akt pathway (31). Indeed, statins
downregulate PAI-1 expression in ECs (1,14), but the mechanism underlying this effect is not
fully known. The aim of this study, therefore, was to investigate whether the PI3K/Akt pathway
is involved in the regulation of PAI-1 gene expression in ECs and, if so, to determine the
mechanisms involved.

MATERIALS AND METHODS
Drugs and reagents

Recombinant human TNF-α, ANG II, and insulin were purchased from Sigma Chemical;
LY-294002 and wortmannin from Upstate (Charlottesville, VA); PD-98059 from Cell
Signaling Technology (Beverly, MA); and simvastatin from Merck (Whitehouse Station, NJ).
Other chemical reagents were purchased from Sigma Chemical.

Cell culture
Bovine aortic ECs were cultured in DMEM (Life Technologies GIBCO BRL) containing 10%
fetal calf serum (FCS) and an antibiotic mixture of penicillin and streptomycin until optimal
confluence was reached. Passages 5-9 were used for all experiments. Human umbilical vein
ECs were similarly cultured in M199. Cells were starved for 12 h in medium free of phenol
red and serum before stimulation. Then cells were stimulated with TNF-α, ANG II, insulin, or
10% FCS to induce PAI-1 gene expression. In some studies, cells were pretreated with
pharmacological inhibitors (LY-294002, wortmannin, PD-98059, or SB-203580) 30 min
before agonist stimulation. Preactivated simvastatin was administered 3 h before stimulation.
In experiments with simvastatin, LY-294002 was concomitantly added 3 h before agonist
stimulation.

Northern blot analysis
Total RNA was prepared from ECs by an acid guanidinium-phenol-chloroform extraction
method (TRIzol Reagent, GIBCO BRL). Northern blot analysis was performed with equal
amounts of total RNA (10 μg each) as described previously (16). PCR products (cDNA probes)
were synthesized using specific primers for human PAI-1 [5′-ATG GCC ATT ACT ACG ACA
TCC TGG-3′ (forward) and 5′-CAC AAA GAG GAA GGG TCT GTC CAT-3′ (reverse)] and
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labeled with [α-32P]dCTP (New England Nuclear Life Science Products). The radioactivity of
hybridized bands of PAI-1 mRNA and GAPDH mRNA was quantified using image analyzer
software (NIH Image).

Western blot analysis
After each treatment, ECs were lysed in cell lysis buffer containing proteinase inhibitors (20
mM Tris·HCl, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium
pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4, and 1 μg/ml leupeptin). An
equivalent amount of extracted protein (10-30 μg) was loaded for SDS-PAGE. Western blot
analysis for PAI-1 was performed using a monoclonal antibody for PAI-1 (Santa Cruz
Biotechnology). In separate experiments, antibodies for total and phosphorylated Akt
(Ser473), antibodies for total and phosphorylated ERK (Thr202/Tyr204), and antibodies for total
and phosphorylated p38 MAPK (Thr180/Tyr182; Cell Signaling Technology) were used for
detection of each protein. Proteins were visualized using an enhanced chemiluminescence
Western blotting luminol reagent (Amersham).

Adenovirus-mediated gene transfer
Adenoviruses (Ad) encoding a dominant-negative (DN) mutant of PI3K (Ad-DN-PI3K, a
mutated subunit, p85α) and Akt (Ad-DN-Akt) were provided by Dr. Masato Kasuga (Kobe
University Graduate School of Medicine, Kobe, Japan) and Kenneth Walsh (Boston
University, Boston, MA), respectively (11,19). For transfection studies, ECs were incubated
with adenovirus vector for 1 h in 400 μl of DMEM containing 5% FCS in a 6-cm culture dish.
The cells were then washed and incubated for an additional 24 h and used for experiments.
Multiplicity of infection of 100 was used for each experiment.

PAI-1 activity assay
Human aortic ECs (passage 7) were treated with TNF-α for 12 h in the presence or absence of
the PI3K inhibitors. The conditioned media were then collected, and PAI-1 activity in the media
was measured using a tissue plasminogen activator-coated ELISA kit ZYMUTEST PAI-1
activity assay (DiaPharma, West Chester, OH) according to the manufacturer’s instructions.
The concentrations of active PAI-1 was normalized to the amount of intracellular protein in
each dish and expressed as nanograms per milligram.

PAI-1 promoter activity
The PAI-1 promoter (-800 bp) linked to luciferase reporter gene (p800LUC) was obtained from
David Loskutoff (Scripps Research Institute, La Jolla, CA) (30). ECs were prepared in a 6-cm
tissue culture dish. Approximately 500 ng of p800LUC and 4 ng of sea pansy luciferase gene
driven by the cytomegalovirus promoter were introduced into ECs by a chemical transfection
(FuGene 6 transfection reagent, Roche, Indianapolis, IN). The transfected cells were cultured
in DMEM supplemented with 10% FCS for 24 h and then stimulated with TNF-α (10 ng/ml)
in serum-free DMEM for 12 h. Luciferase activities were determined by a dual-luciferase
reporter assay system (Promega) with a luminometer (model L9501, Berthold).

Statistical analysis
Values are means ± SE of the number of groups represented by n. The data among groups were
compared using a one-way ANOVA followed by Bonferroni’s post hoc test for multiple
comparisons. Stability assays for mRNA were analyzed by two-way ANOVA. P < 0.05 was
considered statistically significant.
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RESULTS
Role of PI3K in TNF-α-induced PAI-1 expression

In a concentration-dependent manner, stimulation with TNF-α for 6 h increased steady-state
PAI-1 mRNA expression, with maximal increase at a TNF-α concentration of 10 ng/ml (Fig.
1A). Similarly, in a time-dependent manner, stimulation with TNF-α (10 ng/ml) increased
PAI-1 mRNA and protein levels relative to GAPDH. The maximal increase of PAI-1 mRNA
expression occurred after 6 h of TNF-α stimulation (Fig. 1B). PAI-1 protein expression was
accordingly increased in response to TNF-α (Fig. 1C).

To determine whether PI3K can regulate TNF-α-induced PAI-1 expression, ECs were
stimulated with TNF-α in the presence or absence of the PI3K inhibitors wortmannin and
LY-294002. Cotreatment with wortmannin or LY-294002 increased TNF-α-stimulated PAI-1
mRNA and protein expression almost twofold (Fig. 2, A and B). Similarly, wortmannin and
LY-294002 augmented insulin-induced PAI-1 expression (Fig. 2C). Furthermore, the effects
of other stimulators of PAI-1 expression, such as ANG II and FCS, were also enhanced in the
presence of PI3K inhibitors (Fig. 2D). This increase in PAI-1 expression correlated with the
increase in PAI-1 activity in the presence of PI3K inhibitors (Fig. 2E). These findings indicate
that the PI3K pathway inversely regulates PAI-1 expression in ECs.

Role of Akt in TNF-α-induced PAI-1 expression
A prominent downstream target of PI3K is protein kinase Akt. Using adenovirus-mediated
gene transfer, we found that transfection of ECs with Ad-DN-PI3K or Ad-DN-Akt, but not
Ad-LacZ, augmented TNF-α-induced PAI-1 mRNA and protein expression (Fig. 3, A and B).
However, basal PAI-1 expression was not appreciably increased with Ad-DN-PI3K or Ad-
DN-Akt, probably because of low PI3K and Akt kinase activities under basal conditions.
Nevertheless, these findings indicate that inhibition of Akt upregulates TNF-α-induced PAI-1
expression in ECs.

Mechanisms underlying regulation of TNF-α-induced PAI-1 expression by PI3K/Akt
Using a -800-bp PAI-1 promoter luciferase reporter, we found that TNF-α induced PAI-1
promoter activity in ECs (Fig. 4A). Cotreatment with the PI3K inhibitors wortmannin and
LY-294002 further increased TNF-α-induced PAI-1 promoter activity, indicating a
transcriptional repression of the PAI-1 promoter by PI3K. To determine whether the increase
in PAI-1 expression was also due to a posttranscriptional mechanism, we treated ECs with the
mRNA synthase inhibitor 5,6-dichlorobenzimidazole riboside (25 μmol/l) (16). Compared
with TNF-α alone, addition of the PI3K inhibitors wortmannin and LY-294002 increased the
stability of PAI-1 mRNA. These findings indicate that PI3K negatively regulates PAI-1
expression through transcriptional and posttranscriptional mechanisms.

Because ERK and p38 MAPK are activated by TNF-α in ECs (18,22), we investigated whether
these MAPKs could mediate TNF-α-induced PAI-1 expression. Pretreatment with a selective
ERK kinase (MEK) inhibitor, PD-98059, or a selective p38 MAPK inhibitor, SB-203580,
inhibited TNF-α-induced PAI-1 expression, with the effect of SB-203580 being more
prominent (Fig. 5A). Pretreatment with PD-98059 and SB-203580 almost completely blocked
TNF-α-induced PAI-1 expression. These effects were relatively specific, since pretreatment
with the Rho-kinase inhibitors hydroxyfasudil and Y-27632 had little or no effect on TNF-α-
induced PAI-1 expression (data not shown). These results indicate that the MEK/ERK pathway
and the p38 MAPK pathway mediate TNF-α-induced PAI-1 expression in ECs. Indeed,
inhibition of PI3K with wortmannin or LY-294002 increased TNF-α- and insulin-induced
ERK1/2 and p38 MAPK phosphorylation (Fig. 5, B and C), suggesting that the PI3K pathway
suppresses the activity of ERK1/2 and p38 MAPK in ECs. Taken together, it is likely that the
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PI3K/Akt pathway attenuates PAI-1 expression via functional downregulation of TNF-α-
induced MEK/ERK- and p38 MAPK-mediated pathways in ECs.

Regulation of PAI-1 expression by statins is mediated by the PI3K pathway
To determine the potential clinical relevance of this pathway, we investigated whether agents
such as statins, which are known to activate the PI3K/Akt pathway in ECs, could regulate
PAI-1 expression. Indeed, treatment of ECs with a statin, simvastatin, increased Akt
phosphorylation and decreased PAI-1 expression (Fig. 6, A and B). Cotreatment with the PI3K
inhibitor LY-294002 blocked the downregulation of PAI-1 mRNA and protein expression in
response to simvastatin (Fig. 6, B and C). This was associated with reversal of simvastatin-
induced downregulation of TNF-α-induced ERK1/2 and p38 MAPK phosphorylation (Fig. 7).
These results suggest that the PI3K/Akt pathway plays an important role in the inhibitory effect
of simvastatin on TNF-α-induced PAI-1 expression in ECs.

DISCUSSION
We have shown that inhibition of the PI3K/Akt pathway with pharmacological inhibitors or
dominant-negative mutants augments agonist-induced PAI-1 expression in ECs. The increase
in PAI-1 expression via PI3K inhibition occurs at the level of increased PAI-1 gene
transcription and prolongation of PAI-1 mRNA half-life. Since PI3K negatively regulates the
MEK/ERK and p38 MAPK pathways, these effects may be responsible for the induction of
PAI-1 by TNF-α. However, the prolongation of PAI-1 mRNA half-life is not known but may
be due to regulation of protein(s) that bind(s) the PAI-1 3′-untranslated region by PI3K. The
clinical relevance of this pathway may be reflected in some of the vascular protective effects
of statins, which stimulate the PI3K/Akt pathway and downregulate PAI-1 expression. These
results indicate that the PI3K/Akt pathway in ECs may not only be important for the activation
of endothelial nitric oxide synthase, but it may also be involved in the downregulation of
proatherothrombotic genes such as PAI-1.

Although growth factor-mediated receptor tyrosine kinase activation is the major upstream
event for PI3K/Akt activation, recent studies indicate that TNF-α and ANG II are also able to
activate the PI3K/Akt pathway in ECs (17,18,22). Since inhibition of the PI3K/Akt pathway
augments PAI-1 expression induced by different agonists, it is possible that the PI3K/Akt
pathway acts as an intrinsic suppressor of PAI-1 induction under various stimuli such as TNF-
α and growth factors. Indeed, treatment with PI3K inhibitors exacerbates cytokine-induced
hypercoagulation in a mouse model of endotoxemia (25). Because the PI3K/Akt pathway also
increases endothelial production of nitric oxide (3,6,15) and suppresses endothelial expression
of tissue factor, another important molecule for thrombosis (4,11), it is likely that the PI3K/
Akt pathway in ECs exerts antithrombotic and vascular protective effects at multiple levels
and through various other pathways.

The finding that the PI3K/Akt pathway negatively regulates the MEK/ERK and p38 MAPK
pathways indicates an important cross talk between pro- and antithrombotic pathways in ECs
(7,17). Since TNF-α activates both of these pathways, it is possible that the activation of PI3K/
Akt could attenuate the induction of PAI-1 expression via MEK/ERK and p38 MAPK. Indeed,
inhibition of PI3K augments TNF-α-induced PAI-1 expression. These results indicate that the
PI3K/Akt pathway has suppressor effects on MAPKs in ECs, especially by agents that are
known to activate both pathways. However, it remains to be determined how the PI3K/Akt
pathway inhibits MAPKs and how the balance between the pro- and antithrombotic pathways
is regulated.

Statins have been shown to potentiate fibrinolytic activity and, clinically, to reduce the
incidence of acute coronary syndromes (13,31). Statins have many biological actions on
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vascular wall cells, and the activation of the PI3K/Akt pathway in ECs may contribute
substantially to some of their beneficial effects in preventing cardiovascular diseases (15,32).
Indeed, simvastatin increased Akt phosphorylation and inhibited TNF-α-induced PAI-1
expression, effects that were blocked by PI3K inhibitors. These findings suggest that the PI3K/
Akt pathway may mediate some inhibitory effects of statins on PAI-1 expression. It is also
possible that other cholesterol-independent effects of statins, such as inhibition of the Rho/
Rho-kinase pathway, may also be involved in the regulation of PAI-1 expression (14,32).
Indeed, inhibition of Rho/Rho-kinase leads to activation of the PI3K/Akt pathway in ECs
(31), which could affect PAI-1 expression.

In summary, the endothelial PI3K/Akt pathway plays an important role in regulating
fibrinolytic balance in the vascular wall. Further studies, which can translate these basic
mechanisms to the clinical setting, could yield a promising therapeutic target for patients with
atherothrombotic vascular diseases.
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Fig. 1.
Induction of plasminogen activator inhibitor type 1 (PAI-1) expression by TNF-α in endothelial
cells (ECs). A: Northern blots showing dose-dependent induction of PAI-1 mRNA. B: Northern
blots showing time-dependent induction of PAI-1 mRNA. C: Western blots showing time-
dependent induction of PAI-1 protein expression.
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Fig. 2.
Inhibition of phosphatidylinositol 3-kinase (PI3K) augments TNF-α-induced PAI-1 expression
and activity. A: Northern blots showing effects of wortmannin (WM, 50 nmol/l) and
LY-294002 (LY, 3 μmol/l) on TNF-α (10 ng/ml, 6 h)-induced PAI-1 mRNA expression. C,
control. Values are means ± SE (n = 4). *P < 0.05 vs. TNF-α alone. B: Western blot showing
effects of wortmannin or LY-294002 on TNF-α (10 ng/ml, 24 h)-induced PAI-1 protein
expression. Values are means ± SE (n = 5). *P < 0.05 vs. TNF-α alone. C: Western blot showing
effects of wortmannin or LY-294002 on insulin (1 μmol/l, 6 h)-induced PAI-1 protein
expression. Values are means ± SE (n = 3). *P < 0.05 vs. insulin alone. D: Northern blots
showing effects of PI3K inhibitors on ANG II- and FCS-induced PAI-1 mRNA expression.
Cells were stimulated with ANG II or FCS in the presence or absence of PI3K inhibitors for
6 h. E: effect of wortmannin or LY-294002 on TNF-α-induced PAI-1 activity. At ∼12 h after
TNF-α stimulation, PAI-1 activity was measured in conditioned media by ELISA. Values are
means ± SE (n = 4). *P < 0.05 vs. TNF-α alone.
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Fig. 3.
Effects of PI3K and Akt inhibition of PAI-1 expression. A and B: Northern and Western blots,
respectively, showing effects of adenoviruses (Ad) encoding LacZ (Ad-LacZ), a dominant-
negative (DN) mutant of PI3K (Ad-DN-PI3K), and a dominant-negative mutant of Akt (Ad-
DN-Akt) on TNF-α (10 ng/ml)-induced PAI-1 mRNA expression. Blots were evaluated 6 and
24 h after TNF-α stimulation. Values are means ± SE (n = 4). *P < 0.05 vs. Ad-LacZ with
TNF-α.
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Fig. 4.
Transcriptional and posttranscriptional regulation of PAI-1 expression by PI3K. A: dual-
luciferase reporter assay showing effects of wortmannin (50 nmol/l) and LY-294002 (3 μmol/
l) on TNF-α (10 ng/ml)-induced PAI-1 promoter activity in ECs. *P < 0.05 vs. TNF-α alone.
B: Northern blots with corresponding analysis showing half-life of PAI-1 mRNA in the
presence of mRNA synthase inhibitor 5,6-dichlorobenzimidazole riboside (25 μmol/l), which
was added after 6 h of stimulation with TNF-α (10 ng/ml). Ctl, control. Values are means ±
SE (n = 4). *P < 0.05. **P < 0.01.
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Fig. 5.
Role of MAPKs in PAI-1 expression. A: Northern blots showing effects of MAPK inhibitors
on PAI-1 expression. Pretreatment with an ERK kinase (MEK) inhibitor (PD-98059, 10 μmol/
l) or a p38 MAPK inhibitor (SB-203580, 10 μmol/l) suppressed TNF-α (10 ng/ml)-induced
PAI-1 expression. Pretreatment with PD-98059 and SB-203580 almost completely suppressed
TNF-α (10 ng/ml)-induced PAI-1 expression. B and C: Western blots showing effect of
wortmannin (50 nmol/l) and LY-294002 (3 μmol/l) on phosphorylations of ERK1/2 and p38
MAPK. Cells were stimulated with TNF-α (10 ng/ml) or insulin (1 μmol/l) in the presence or
absence of wortmannin (50 nmol/l) or LY-294002 (3 μmol/l) for 12 h.
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Fig. 6.
Role of PI3K in the inhibitory effect of simvastatin on TNF-α-induced PAI-1 expression. A:
Western blots showing activation (phosphorylation at Ser473) of Akt by simvastatin (Sim). B
and C: Northern and Western blots, respectively, showing dose-dependent inhibition of TNF-
α-induced PAI-1 expression by simvastatin and its reversal with LY-294002 (3 μmol/l).
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Fig. 7.
Role of PI3K in the inhibitory effect of simvastatin on TNF-α-induced ERK and p38 MAPK
phosphorylation. Western blots show dose-dependent inhibition of TNF-α-induced ERK1/2
and p38 MAPK phosphorylation by simvastatin and its reversal with LY-294002 (3 μmol/l).
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