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Abstract
A prothrombotic state in obesity may be partially responsible for the higher incidence of
atherosclerotic complications. However the factors responsible for this prothrombotic state, linked
with high levels of plasminogen activator inhibitor-1 (PAI-1), are not fully known. Leptin is elevated
in obesity and studies have shown a positive correlation between leptin and PAI-1 levels in human
subjects, along with a negative correlation with tissue type plasminogen activator (tPA). We tested
the hypothesis that leptin induces PAI-1 and inhibits tPA expression using human coronary artery
endothelial cells (HCAEC) in culture as these cells play an important role in atherosclerosis. We
demonstrate that leptin induces the transcription and translation of PAI-1 in HCAEC. The leptin
dependent upregulation of PAI-1 mRNA and protein was comparable to insulin-induced PAI-1
expression. We show leptin concentration (0-150 ng/ml) dependent increases in PAI-1 mRNA and
protein after six and twelve hours of leptin administration respectively. Increased intracellular PAI-1
expression correlates with increased PAI-1 activity in conditioned media and inhibition of specific
ERK1/2 pathway by treatment with PD98059 (20 to 40 μM) inhibits leptin dependent PAI-1
expression. However no changes in tPA expression were seen with time or increasing concentrations
of leptin. Also leptin treatment did not alter total tPA concentration or tPA activity in conditioned
media. In conclusion, our study shows that leptin up-regulates the expression of PAI-1 in vascular
endothelial cells via activation of ERK1/2 but does not regulate tPA expression. These studies
demonstrate a novel mechanism for the prothrombotic role of leptin in development of
atherosclerosis.
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Introduction
Obesity is associated with increased risk for cardiovascular disease and is characterized by
systemic inflammation and a prothrombotic state [1;2]. The link between obesity, inhibition
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of fibrinolysis, and elevation of plasminogen activator inhibitor-1 (PAI-1) is regarded as a
central component for this prothrombotic state [3;4;5]. Several clinical studies have shown an
association between high plasma PAI-1 and coronary artery disease, myocardial infarction,
and recurrence of myocardial infarction [6;7;8;9].

PAI-1 belongs to the superfamily of serine protease inhibitors and plays an important role in
regulation of fibrinolysis and proteolysis by inhibiting tissue-type plasminogen activator (tPA),
and urokinase-type plasminogen activator [9;10]. Both these processes are important in
development and progression of atherosclerosis. Studies in animal models have indicated that
increased PAI-1 activity enhances thrombosis, and antibodies against PAI-1 prevent the
progression of thrombosis [11;12;13]. PAI-1 deficiency is known to protect against
atherosclerotic progression,[14] and transgenic mice that express a stable form of human PAI-1
develop coronary artery thrombosis [15]. These studies suggest an important role for PAI-1 in
development of cardiovascular disease.

Obesity is also associated with high levels of leptin, an adipokine independently associated
with increased risk for cardiovascular disease [16;17;18;19]. Leptin has been implicated in
platelet activation and aggregation as well as intravascular thrombosis [16]. A positive
correlation between PAI-1 and plasma leptin has been demonstrated in men with ischemic
heart disease [20], and in premenopausal women [21]. In a Swedish population based study,
leptin positively correlated with PAI-1 levels and inversely with tPA levels [22]. Similar
correlations between leptin, PAI-1 and tPA were also shown in a study of hypertensive
overweight subjects [23]. These correlations appear independent of BMI, body fat content, age
and gender, and point to a probable role of leptin in regulation of PAI-1 expression and activity.
Even though several studies have demonstrated these correlations between leptin, PAI-1, and
tPA levels, the cause and effect relationship has not been investigated at a molecular level.
Therefore we tested the hypothesis that leptin increases PAI-1 expression and decreases tPA
expression using cultured human vascular endothelial cells.

Methods
Experiments were performed using primary human coronary artery endothelial cells (HCAEC,
from Cambrex, Walkersville, MD). Cells were grown in endothelial growth media-2 (EGM-2,
Cambrex) supplemented with growth factors and 2 % fetal bovine serum. All experiments were
performed at 3-5 passages with 70-80 % confluency after overnight incubation in serum and
growth factor free media [24].

To determine the role of leptin in the regulation of PAI-1 the cells were incubated with either
zero leptin and zero insulin (control), 100 ng/ml leptin (Sigma, St Louis, MI), or 100 mM
insulin (positive control; Sigma, St Louis, MI) for 6 hours for mRNA and 12 hours for protein
analysis [25]. For the dose dependent studies, the cells were incubated with increasing
concentration of leptin (0-150 ng/ml) either for 6 hours (real time mRNA analysis), or 12 hours
(intracellular protein expression analysis) or 24 hours (activity analysis in conditioned media).
Buffer [15 mM HCl (500 μl), 7.5 mM NaOH (300 μl)] used to make leptin stock was used as
a zero leptin vehicle control. To determine the role of mitogen activated protein kinases
(MAPK) pathways on leptin dependent PAI-1 expression, specific ERK1/2 inhibitor PD98059
(20-40 μM) (Sigma, St Louis, MI) and P38 inhibitor SB203580 (5-20 μM) (Sigma, St Louis,
MI) were used. The cells were treated with increasing concentrations of the inhibitors for 30
minutes prior to leptin treatment.

Real time RNA analyses were performed to determine the effect of leptin treatment on PAI-1
transcription. Total RNA was extracted from the treated cells using a RNA isolation kit
(Invitrogen, Carlsbad, CA) according to manufacturer's instructions. cDNA was synthesized
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using 10 ng RNA per sample with high capacity cDNA Archive kit (Applied Biosystems,
Foster City, CA). Commercially available TaqMan probe for PAI-1 and GAPDH (endogenous
control; Applied Biosystems, Foster City, CA) were used in standard conditions as
recommended by the manufacturer to determine the level of PAI-1 transcription in the treated
cells. Absolute values of PAI-1 and GAPDH were calculated using standards. The PAI-1 value
obtained was divided by GAPDH value (endogenous control) to obtain a normalized target
value ratio. Results are expressed as fold increases as compared to vehicle (zero leptin) control.

Western blot analysis was done to quantify PAI-1 and tPA protein in experimental cell lysates.
The cells were lysed immediately after each experiment using lysis buffer containing 50 mM
NaCl, 50 mM NaF, 50 mM Na4O7P2, 5 mM EDTA, 5 mM EGTA, 0.1 mM Na3VO4, 1 %
Triton X-100, 10 mM HEPES, pH 7.4. Equal amounts of protein from each sample were loaded
and transferred to PVDF membranes. The membranes were blocked with 5 % non fat milk and
incubated with specific primary antibody against PAI-1 (Molecular innovations, Southfield,
MI), tPA (Molecular innovations, Southfield, MI) and GAPDH (Abcam Inc, Cambridge, MA).
Membranes were then incubated with HRP-conjugated secondary antibodies and developed
with enhanced chemiluminescence (Amersham biosciences, U.K.). The optical density of the
band was measured using Scion Image software (Scion Corp.). The protein expression levels
were normalized to GAPDH and expressed as relative densitometric units. The results are
expressed as fold increases as compared to vehicle (zero leptin) control.

To determine the effect of leptin treatment on secreted PAI-1 and tPA activity, the conditioned
media from each experiment was collected, centrifuged to remove any cellular debris and stored
at -20 °C until further analysis. Total tPA, tPA activity and PAI-1 activity were determined in
culture supernatants using commercially available assay kits (Molecular innovations,
Southfield, MI). The quantitation was carried out according to the manufacturer's instructions.

All experiments were performed at least three times. Data are presented as mean ± SEM.
Pairwise analysis and statistical significance was determined using Wilcoxon rank sum test,
with level of significance set at p < 0.05.

Results
Leptin induces PAI-1 expression

Incubation of HCAEC in the presence of leptin (100 ng/ml) resulted in a significant increase
in PAI-1 mRNA (figure 1A) and protein expression (figure 1B). Insulin was used as a positive
control in our experiments [26]. We observed a comparable increase in PAI-1 transcription
and translation with leptin and insulin treatment. To further evaluate the role of leptin in PAI-1
regulation, we demonstrate leptin dose-dependent effects on PAI-1 mRNA (figure 2A)
(p=0.02), protein expression (figure 2B) (p= 0.01) and activity in conditioned media (figure
2C) (p=0.0001). Significant increases in PAI-1 protein are seen only at high leptin
concentrations (≥50 ng/ml) and not at low leptin concentrations (≤ 20 ng/ml). These higher
concentrations of leptin (≥50 ng/ml) are consistent with those observed in the obese population.

Leptin dependent PAI-1 expression is mediated by ERK1/2 activation
Pretreatment of HCAEC with ERK1/2 specific inhibitor PD98059 attenuated the leptin
dependent increased expression of PAI-1 (figure 3A). Increasing doses of PD98059 (20-40
μM) caused a dose dependent decreases in PAI-1 protein expression (p=0.01). Maximum
inhibition was seen at 40 μM concentration of PD98059 when PAI-1 expression was
comparable to that of control (zero leptin) treated cells. Pretreatment with increasing
concentrations of p38 inhibitor SB203580 (5-20 μM) did not change PAI-1 expression (figure
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3B) (p=0.18). Our data thus show that leptin upregulates PAI-1 expression through activation
of the ERK1/2 pathway and not the p38 pathway.

Leptin does not decrease tPA expression
Incubation of HCAEC with leptin did not alter tPA protein expression level at any time point
up to 24 hours of treatment (figure 4A) (p=0.93) or with treatment with increasing
concentrations of leptin (0-150 ng/ml) (figure 4B) (p=0.17). Also no significant changes in
either total tPA (figure 4C) (p=0.31) or tPA activity (figure 4D) (p=0.10) were observed in
conditioned media after 24 hours of treatment with increasing concentrations of leptin (0-150
ng/ml).

Discussion
The major findings of this study include, first, that leptin up-regulates the expression of PAI-1
in vascular endothelial cells via ERK1/2 activation; and second, tPA levels do not appear to
be regulated by leptin. Our study thus partially supports our hypothesis in that leptin upregulates
PAI-1 expression, but leptin does not inhibit tPA expression. This indicates that leptin targeted
therapeutic interventions against obesity would potentially improve the associated
prothrombotic state as well.

We demonstrate that leptin induces PAI-1 mRNA transcription, and protein expression in
vascular endothelial cells, through ERK1/2 activation. The induction levels seen with leptin is
comparable to that reported for other ligands including CRP and insulin in vascular endothelial
cells [25]. Even the moderate leptin-dependent PAI-1 induction in vascular endothelial cells
is important as it could be potentially damaging to the atherosclerotic lesion. The increased
localized PAI-1 expression in the endothelium could promote formation of plaque with lipid
laden cores and thin fibrous caps, which are more prone to rupture [27;28]. Indeed the presence
of PAI-1 has been shown in human atherosclerotic arteries and the increased expression of
PAI-1 has been shown to be directly proportional to the degree of atherosclerosis [29].
Therefore, the increased expression and activity of PAI-1 in obese individuals may be the link
to increased cardiovascular risk in this population [11;30]. Our data is consistent with several
in-vivo and in-vitro studies which have suggested a proatherogenic role of leptin. While leptin
at physiological levels may be protective, high leptin levels are proatherogenic [16]. In our
studies we demonstrate that leptin at normal physiological levels does not increase PAI-1
protein expression but does so only at higher physiological levels of leptin (≥ 50 ng/ml). These
data are consistent with animal studies of leptin concentrations affecting atherosclerotic
progression [16;31].

In obesity, leptin levels are increased along with cardiovascular risk. So even though leptin
activity is impaired at the central level, leptin may still signal in several peripheral cell types
which may be responsible for its independent association with higher cardiovascular risk
[16;19;32;33]. Our study thus provides an additional molecular mechanism for the
proatherogenic role of leptin and its association with increased cardiovascular risk. Further,
our data indicates a molecular mechanistic explanation for several studies which report that
leptin and PAI-1 levels correlate independent of BMI, age and body fat content [21;22;23;
34;35]. Additional studies showing parallel changes in leptin and PAI-1 levels during weight
loss, exercise, fasting, gastric restriction surgery, and aging are also consistent with our findings
[35;36;37]. However, leptin deficient ob/ob mice are characterized by high levels of PAI-1
expression [38]. This lack of consistency with our data could be explained by the presence of
other factors, such as insulin and clock protein which may also influence PAI-1 expression in
ob/ob mice [39]. A limitation of our study is that it was performed in vitro. In an in-vivo
environment several other factors could together play an important role in regulation of both
leptin and PAI-1. A prior study investigating the effect of leptin on PAI-1 regulation in human
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adipocytes failed to demonstrate any relationship [40]. However in this study, supra-
physiological concentrations of leptin were used and PAI-1 was determined only after 4 days
of culture. This could also be indicative of a cell type-specific effect of leptin. Previous studies
with insulin have also suggested tissue specificity with upregulation of PAI-1 expression
occurring in hepatocytes and not in adipocytes [5]. However, considering that the main
emphasis of the study was to determine the cardiovascular consequences of increased leptin
in obesity, we limited our study to vascular endothelial cells as they are known to play an
important role in the development and progression of atherosclerosis [41]. However the role
of leptin in determining the systemic levels of PAI-1 needs further investigation by considering
its ability to regulate PAI-1 expression in adipocytes and hepatocytes.

Previous studies have shown that ERK 1/2 pathway is involved in PAI-1 induction; we
therefore sought to determine the role of ERK1/2 in leptin-dependent PAI-1 activation [42].
We have previously demonstrated that leptin can activate ERK1/2 via specific leptin receptor
in HCAEC [24]. In our present study we show that leptin induces PAI-1 expression via the
activation of ERK1/2 pathway. With increasing concentration of ERK1/2 inhibitor (PD98059)
the PAI-1 expression reduced to the basal levels as seen without leptin treatment. This indicates
that leptin signals PAI-1 activation mainly via this pathway, therefore we did not examine the
role of other leptin signaling pathways such as JAK/STAT3, AKT and AMPK in our study.

tPA activity is an important determinant of the coagulation-fibrinolysis balance. High PAI-1
increasingly inhibits tPA activity which disturbs this balance leading to a prothrombotic state.
Even though increased PAI-1 is mainly responsible for the decreased fibrinolysis it would be
important to investigate if leptin could down regulate tPA expression as well. We show that
leptin does not regulate tPA expression by western blot analysis as well as total protein
quantification in the conditioned media. The tPA activity did not change with increasing
concentrations of leptin in a dose dependent manner in the conditioned media. Also no
significant correlation was observed between PAI-1 activity and tPA activity in the leptin dose
dependent studies. However, we could still speculate that the negative correlation seen between
tPA activity and leptin in human subjects results solely from the leptin-induced increases in
PAI-1 [22].

From the clinical perspective, treatment of acute thrombotic events such as myocardial
infarction and stroke with thrombolytic agents is proven to be efficacious. However they are
not a viable option for long term administration and a need exists for development of new
therapeutics for long term use. Antibodies or specific inhibitors of PAI-1 activity have shown
promising results in the prevention of atherosclerosis [11], and thrombosis [43]. Therefore
development of novel therapeutics aimed at down regulating the expression of PAI-1 could be
an important strategy for long term use. Our study provides initial evidence for targeting leptin
as a therapeutic strategy for modulating PAI-1 expression and activity.

In summary, leptin induces PAI-1 expression in vascular endothelial cells which may play an
important role in progression of atherosclerosis. Therefore, targeting leptin for treatment of
atherosclerosis in obesity may be beneficial in lowering the PAI-1 dependent prothrombotic
state as well.
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Figure 1.
Leptin up-regulates PAI-1 transcription and translation in HCAEC. A) Quantitative mRNA
analysis from four independent experiments showing increased PAI-1 mRNA transcription
following leptin treatment. B) Representative Western blot and densitometry graph from four
independent experiments showing increased PAI-1 expression following leptin treatment. The
cells were treated with 1: Vehicle alone (control); 2: Leptin (100 ng/ml); and 3: Insulin (100
mM). Data are presented as mean ± SEM. Asterisk denotes statistical significance as
determined by Wilcoxon rank sum test compared to control experiment.
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Figure 2.
Leptin induces PAI-1 in a dose dependent manner. A) Quantitative mRNA analysis from four
independent experiments showing leptin concentration dependent increases in PAI-1 mRNA.
B) Representative Western blot and densitometry graph from four independent experiments
showing leptin dose dependent increases in PAI-1 expression following leptin treatment. C)
Graph showing increased leptin-dose dependent PAI-1 activity in conditioned media from four
independent experiments. Data are presented as mean ± SEM. Asterisk denotes statistical
significance as determined by Wilcoxon rank sum test compared to vehicle (zero leptin) control
(p<0.05).
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Figure 3.
Leptin dependent PAI-1 expression is mediated by ERK1/2 pathway. A) Representative
Western blot and densitometry graph from four independent experiments showing inhibition
of leptin-induced PAI-1 expression in the presence of increasing concentration of ERK1/2
inhibitor (PD98059) B) Representative Western blot and densitometry graph from four
experiments showing absence of any effect of increasing concentration of p38 inhibitor
(SB203580) Data are presented as mean ±SEM. Asterisk denotes statistical significance as
determined by Wilcoxon rank sum test compared to vehicle (zero leptin) control (p<0.05).
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Figure 4.
Leptin does not regulate tPA protein expression or activity. A) Representative Western blot
and densitometry graph from four independent experiments showing absence of any changes
in tPA expression with time after leptin (100 ng/ml) treatment. B) Representative Western blot
and densitometry graph from four independent experiments showing no changes in tPA
expression after treatment with increasing concentration of leptin. C) Graph from four
independent experiments showing no changes in total tPA concentration in the conditioned
media after treatment with increasing leptin concentrations. D) Graph from four independent
experiments showing no changes in tPA activity in conditioned media from cells treated with
increasing leptin concentrations. Data are presented as mean ±SEM.
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