
Plasminogen activator inhibitor 1 (PAI-1) belongs to the fam-
ily of serine protease inhibitors (SERPINs). At the time of its

discovery, the circulating PAI was termed PAI-1; PAI-2 was the
intracellular PAI, contained mainly in leukocytes, the placenta,
and the plasma of pregnant women, and PAI-3 was the protein
C inhibitor. Now a new nomenclature has been proposed (19)
on the basis of their phylogenetic relationships. PAI-1 is now
called Serpin E1, PAI-2 Serpin B2, and PAI-3 Serpin A5. Other
members of this family include antithrombin III, the major
inhibitor of blood clotting; �2-antiplasmin; �1-protease
inhibitor, the major inhibitor of neutrophil elastase; and protein
C inhibitor, a major inhibitor of several proteases present in the
reproductive tract. Deficiencies of these inhibitors were eluci-
dated by gene deficiency models in mice or pathologies in
patients. They lead to thrombotic tendency in the case of
antithrombin III deficiency, bleeding disorders in the case of
�2-antiplasmin deficiency, pulmonary emphysema in the case
of �1-protease inhibitor deficiency, and male infertility in the
case of protein C inhibitor deficiency.

PAI-1 is the major inhibitor of plasminogen activation by tis-
sue-type (t-) and urokinase-type (u-) plasminogen activator
(PA). t-PA is generally thought to be responsible for intravascu-
lar plasminogen activation, and its activity is regulated by the
presence of fibrin. u-PA is the major PA on migrating cells, and
its activity is regulated by the presence of the U-PA receptor (u-
PAR) on different cells. PAI-1 therefore is capable of inhibiting
not only intravascular fibrinolysis but also cell-associated pro-
teolysis. In addition to its ability to bind and to inactivate PAs,
PAI-1 also has other ligands that might mediate functions of
PAI-1. Those ligands include glucosaminoglycans, matrix pro-
teins such as vitronectin, and scavenger receptors such as
members of the low-density lipoprotein receptor (LDLR) super-
family, specifically the lipoprotein receptor-associated protein
(LRP).

The activity of PAI-1 is tightly regulated on the transcrip-
tional level. The major regulator of PAI-1 expression and in
turn of local PAI-1 activity is the cytokine transforming growth
factor (TGF)-�. TGF-� activity is, on the other hand, itself regu-
lated by PAI-1, because the u-PA plasminogen activation sys-
tem is capable of activating latent TGF-� to its active form and

TGF-� in turn induces PAI-1, thereby turning off its own acti-
vation mechanism; the TGF-� autoregulatory loop links PAI-1
to wound healing.

Several other transcription factor consensus sequences have
been identified in the PAI-1 promoter, for instance the peroxi-
somal proliferator regulators (PPARs), mediating effects of
lipids on PAI-1 expression and several other consensus binding
sites. None of these, however, seems to mediate an inflamma-
tory response of PAI-1 transcription, which has been seen in
several in vivo and cell culture studies.

In addition to transcriptional regulation, PAI-1 activity is also
controlled by the environment: in its free, unbound form, the
half-life of active PAI-1 is short and PAI-1 is converted into its
inactive latent form after only a few minutes; when bound,
however, to the matrix protein vitronectin, its half-life as an
active protein is prolonged >10 times, making the matrix resis-
tant to proteolysis originating from invading cells.

Under physiological conditions, PAI-1 is released into the
circulation and the extracellular space by only a few cells: liver
cells, smooth muscle cells (SMC), adipocytes, and platelets are
the major sources of PAI-1. This results in plasma levels of only
5�20 ng/ml of active PAI-1, sufficient to control fibrinolysis and
extracellular proteolysis.

Under pathological conditions, however, several other tis-
sues secrete quite large amounts of PAI-1: tumor cells,
endothelial cells in response to inflammatory cytokines, and
other inflammation-activated cells. High PAI-1 plasma levels
are consistently found in patients with severe sepsis but also
with other acute or chronic inflammatory diseases such as ath-
erosclerosis. PAI-1 is upregulated by inflammatory cytokines
and may therefore be regarded as a marker for an ongoing
inflammatory process. It is of major importance, however, that
no classic inflammatory response element was found in the
PAI-1 promoter region, and it is still unclear via which mecha-
nism PAI-1 expression is upregulated during inflammation.

In addition to the question of PAI-1regulation, it is further-
more unclear what the exact physiological or pathophysiolog-
ical function of PAI-1 is in humans. It is understandable that
PAI-1 deficiency causes a bleeding phenotype in genetically
manipulated mice as well as in patients with a PAI-1 deficiency
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and a thrombotic tendency in mice overexpressing PAI-1. It is,
however, unclear what symptoms moderately increased levels
of PAI-1 might cause and whether such increased PAI-1 levels
found in patients are harmful and contribute to the disease or
reflect an ongoing repair process. There is no clear-cut correla-
tion between increased PAI-1 levels and a thrombotic ten-
dency in humans, and it could be speculated that PAI-1 is
involved in repair processes leading to a modulation of the
local proteolytic potential, thereby governing cell migration. In
this context it is of interest that high PAI-1 expression in tumor
cells correlates with the malignancy of these cells, that PAI-1-
deficient mice are prone to accelerated atherosclerosis and
restenosis, and that PAI-1 deficiency is somehow linked to a
defect in local angiogenesis in a tumor transplantation model.
All of this indicates additional functions of PAI-1 not easily
attributable to the mere inhibition of PAs by PAI-1

The following questions arise: 1) What is the mode of action
of PAI-1, and are there additional PAI-1 activities that might
explain clinical and experimental findings? 2) How is PAI-1
regulated, and can we explain PAI-1 levels found under clini-
cal and experimental conditions by the known regulatory
mechanism of PAI-1? 3) What are the distinct pathologies
found under experimental conditions or in humans that might
specifically correlate with increased levels of PAI-1?

PAI-1 structure

PAI-1 is a single-chain glycoprotein with a molecular weight
of ~50,000. The mature, secreted form of this inhibitor consists
of 379 amino acids and contains ~13% carbohydrate. It lacks
cysteine residues but contains multiple methionine residues,
which may account for its susceptibility to irreversible inacti-
vation by oxidizing agents. The lack of cysteine residues and
hence disulfide bonds may in turn account for its instability in
solution. The reactive center of the inhibitor (Arg346-Met347) is
contained within the exposed “strained loop region” at the car-
boxy terminus of the molecule and serves as a pseudosubstrate
for the target serine protease (Fig. 1).

PAI-1 is the unique, rapid, and specific inhibitor of both t-PA
and u-PA, with second-order rate constants ranging between
0.45 × 107 M�1·s�1 and 2.7 × 107 M�1·s�1 (15) and serves as the
primary regulator of plasminogen activation in vivo. In addi-
tion, PAI-1 is known to inhibit plasmin and trypsin, with sec-
ond-order rate constants of ~106 M�1·s�1 (10), as well as throm-
bin and activated protein C, obviously in less efficient reac-
tions, ranging from 103 to 105 M�1·s�1.

PAI-1 conformational states. PAI-1 exists in several confor-
mations (17). Besides the active and inactive forms, latent
stages have also been identified. The native form of PAI-1 is
shown as a ribbon structure in Fig. 1. PAI-1 is produced by dif-
ferent cell types, as described below, and is secreted. It accu-
mulates in the culture medium over time in inactive, active, or
latent form. The active form spontaneously converts to the
latent with a half-life of ~1 h (10). The latent form can be con-
verted into the active form by treatment with denaturants, neg-
atively charged phospholipids, or vitronectin, although this
third reaction is very slow. Latent PAI-1 can also be reactivated
in vivo, although the mechanism is unknown. PAI-1 is the only

SERPIN that can reversibly switch between the active and
latent conformational states. 

Recently, the three-dimensional structure of the latent form
of PAI-1 was also resolved. In this structure, the entire amino
terminal side of the reactive center loop is inserted as the cen-
tral strand into �-sheet A. This accounts for the increased sta-
bility of latent PAI-1 as well as the lack of inhibitory activity. In
addition to the latent form of PAI-1, a second inactive form has
also been identified that results from oxidation of one or more
critical methionine residues within active PAI-1 (14). Analysis
of oxidized PAI-1 indicates that inactivation is correlated with
rapid conformational change to a structure that is distinct from
both active and latent PAI-1. Oxidative inactivation of PAI-1
may be an important mechanism for the regulation of the PA
system. Oxygen radicals produced locally by neutrophils or
other cells could inactivate PAI-1 and thus allow the genera-
tion of plasmin activity at sites of infection or in areas of tissue
remodeling.

As a result of the unique labile structure of PAI-1, immuno-
logical methods for determining PAI-1 concentrations can vary
by >10-fold, depending on the specific mix of conformations
present and the specificity of the indicator antibodies. Thus
PAI-1 antigen measurements should be interpreted with cau-
tion and a functional “bioimmunoassay” is to be preferred.

PAI-1 interaction with vitronectin and heparin. PAI-1 in
plasma or in the extracellular matrix is stabilized by vit-
ronectin. In solution, vitronectin-bound PAI-1 is approximately
twice as stable as unbound PAI-1, and on extracellular matrix
the half-life is reported to be >24 h. Very small amounts of PAI-
1 can be demonstrated in normal fresh plasma, and most of the
PAI-1 in whole blood, which appears to be latent, is contained
in platelets. However, platelets contain vitronectin, which can
potentially function to reactivate latent platelet PAI-1. Results
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FIGURE 1. Three-dimensional protein structure of plasminogen activator
inhibitor-1 (PAI-1) molecule in native conformation presented as ribbons. The
spatial orientation of the reactive center loop (Ser333-Lys346) defines the activ-
ity status of the molecule, thereby modulating its binding abilities. On com-
plex formation with plasminogen activators [e.g., urokinase (u-) or tissue (t-)
PA], the cryptic binding domain (Lys69) is accessible for binding to lipoprotein
receptor-associated protein (LRP). Image processed with Swiss Protein Data
Base (PDB) Viewer 3.7. PDB ID: IDB2 (http://rcsp.org/pdb).



from clot lysis studies suggest that platelet PAI-1 may be a
major factor in the resistance of platelet-rich thrombi to throm-
bolysis.

PAI-1 also binds to heparin with high affinity. This glu-
cosaminoglycan-binding property of PAI-1 serves as an addi-
tional mechanism to anchor PAI-1 to the matrix (5). Heparin,
however, does not influence functional activity of PAI-1.

PAI-1 and endocytosis of PA complexes. PAI-1 can complex
with u-PA that is specifically bound to u-PAR, and the
inhibitor-proteinase-receptor complex can be removed from
the cell surface via members of the LDLR family e.g., LRP
(identical with the �2-macroglobulin receptor), whereby PAI-1
builds the bridging element between the PA-receptor complex
and LRP. The heparin-binding domain of PAI-1 contains a high-
affinity cryptic binding site (Lys69) for LRP involving basic
residues of the inhibitor, which is exposed and made accessi-
ble for LRP binding when PAI-1 is complexed with proteases.
The PA-inhibitor complex then undergoes lysosomal degrada-
tion, whereas the u-PAR is recirculated and reappears on the
cell surface (18). PAI-1 also plays a role in the clearance of t-
PA, whereby the endocytosed t-PA is transported to the lyso-
somes and degraded.

The interaction of the PAI-1 with LRP can be antagonized
with a high-affinity endogenous ligand, the 39-kDa receptor-
associated protein that is used in several studies to prove the
involvement of members of the LDLR family in the process of
cellular uptake.

The process of removal of PAs by first forming complexes
with PAI-1 and then binding to LRP not only serves as a clear-
ance mechanism for proteolytic activity but also to redistribute
u-PAR to the leading edge of migrating and invading cells. Fur-
thermore, via endocytosis of the complex, intracellular signal-
ing events are likely to occur that might be linked with hitherto
unexplained effects of PAI-1 on cell adhesion (Fig. 2).

PAI-1 gene and its regulatory regions

The human PAI-1 gene is ~12.2 kb long, comprising nine
exons and eight introns. The gene is located on the long arm of
chromosome 7. Two distinct transcripts result in mRNA of dif-
ferent lengths in their untranslated regions that appear to be
formed by alternative polyadenylation. The 3� end of the larger
transcript contains an AT-rich sequence (lacking in the shorter
transcript) homologous to sequences implicated in the control
of mRNA stability that might also be significant for differential
regulation of PAI-1 protein.

The 5� region has been extensively characterized. The tran-
scription initiation site was identified as well as a consensus
TATAA sequence for RNA polymerase binding. Sequence com-
parisons revealed consensus sequences for several known reg-
ulatory elements, which led to the conclusion that this region
can be considered to be the PAI-1 promoter (Fig. 3).

Two types of repetitive DNA elements are located within the
PAI-1 structural gene and flanking DNAs. First, there are 12 Alu
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FIGURE 2. Schematic representation of PAI-1 action. PAI-1 not only inhibits local proteolysis and fibrinolysis but also induces turnover of PA-PAI complexes with
or without receptors and also induces signaling events. RAP, receptor-associated protein; u-PAR, u-PA receptor.



elements and 5 repeats of a long poly (Pur) element. These Alu-
Pur elements may represent a subset of the more abundant Alu
family of repetitive sequence elements. In addition, there also
exists a 4G/5G polymorphism and a G/A polymorphism in the
promoter; however, data on the clinical relevance of these
polymorphisms are controversial (8).

Regulation of PAI-1 biosynthesis in vitro

In vitro studies indicate that PAI-1 is synthesized by variety
of cells and that its biosynthesis can be induced by growth fac-
tors, cytokines, hormones, and other compounds (12). The
high expression of PAI-1 in cultured endothelial cells suggests
that these cells substantially contribute to plasma PAI-1. How-
ever, the lack of demonstration of endothelial PAI-1 by
immunohistochemistry or in situ hybridization and the pres-
ence of PAI-1 in various other cell types (e.g., hepatocytes,
smooth muscle cells, adipocytes) points toward the possibility
that plasma PAI-1 may originate from a variety of tissues. PAI-
1 is also contained in platelets.

Inflammatory mediators. Lipopolysaccharide (LPS) induces
elevated PAI-1 levels in the plasma of patients with Gram-neg-
ative septicemia. Analysis of the effects of LPS on PAI-1 gene
expression in cultured cells indicates that PAI-1 synthesis by
human and bovine endothelial cells is stimulated by LPS (20).
It seems that plasma PAI-1 levels observed in Gram-negative
sepsis result, at least in part, from increased biosynthesis of
PAI-1 by endothelial cells of the vessel wall where the increase
in PAI-1 antigen was preceded by an increase in the steady-
state level of PAI-1 mRNA. 

The effects of LPS are mediated in part by tumor necrosis
factor-� (TNF-�). It stimulates PAI-1 synthesis by endothelial
cells and HT-1080 fibrosarcoma cells and decreases t-PA pro-
duction by these cells. Thus the antifibrinolytic effects of this
molecule result from changes at the level of both PAI-1 and t-

PA. Another cytokine, interleukin-1 (IL-1), also stimulates the
production of PAI-1 synthesis by endothelial cells and sup-
presses t-PA production. Both TNF-� and IL-1 induce tissue
factor activity in endothelial cells. The decreased fibrinolytic
activity and increased procoagulant activity of endothelial
cells exposed to these cytokines may therefore promote both
the formation and maintenance of fibrin. The induction of tis-
sue factor activity by inflammatory mediators like TNF-� and
IL-1 ultimately leads to increased generation of thrombin,
which has also been reported to increase PAI-1 activity in the
medium of umbilical vein endothelial cells. This regulatory
loop therefore favors fibrin deposition.

TGF-�1. TGF-�1 is abundant in the �-granules of platelets,
from where it can be released after vascular injury and can
stimulate local PAI-1 expression. This can lead to insensitivity
of thrombi to become lysed, leading in turn to increased fibrin
deposits and progression of atherosclerosis. TGF-�1 was one of
the very first cytokines that was described to regulate PAI-1
expression on a transcriptional level, and since then substan-
tial progress has been made in understanding the processes
that mediate this regulatory mechanism. Parts of the PAI-1 pro-
moter are now common tools in studies dealing with TGF-�1
signal transduction. TGF-�1 response elements in the PAI-1
promoter concentrated on binding of nuclear proteins include
activator protein-1 binding sites but predominately binding
sites for SMA/Mothers against decapentaplegic (SMAD) pro-
teins, which play the key role in TGF-�1-mediated activation of
PAI-1 transcription (4). Smad3/Smad4-binding sequences,
termed CAGA boxes, were identified within the promoter and
are essential and sufficient for the induction by TGF-�1. The
protein complex that modulates the transcriptional control
seems to contain several more players, like transcription factor
for immunoglobulin heavy chain enhancer 3 (TFE3), the onco-
proteins c-Ski and c-Sno, as well as the nuclear hormone
receptor coactivator Ski-interacting protein (SKIP).
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FIGURE 3. The PAI-1 promoter and consensus sequences. TGF, transforming growth factor; VLDL, very-low-density lipoprotein; CTF, CCAAT box binding tran-
scription factor; NF1, nuclear factor 1; PMA, phorbol 12-myristate 13-acetate; AP, activator protein; -RE, responsive element; TRE, tetradecanoyl phorbol acetate
response element.



Triglycerides and free fatty acids. A very-low-density lipopro-
tein (VLDL)-responsive element was reported in the PAI-1 pro-
moter covering the region from �672 to �657. This element
could be responsible for the effect of plasma triglycerides on
PAI-1 expression. Here also a possible connection to the
4G/5G polymorphism that is located in its proximity could
exist. Free fatty acids (FFA) are increased in individuals with
diabetes mellitus, and FFA increased the expression of PAI-1 in

the human hepatoma cell line Hep G2. FFAs activate a tran-
scription factor that binds to the sequence 5�-TG(G/C)1-2CTG-
3� that is repeated four times in the PAI-1 promoter between
bases �528 and �599. This sequence is nearly identical to the
DNA-binding site for the gene regulatory protein Sp1. Also, the
transcription factor PPAR� might be involved in PAI-1 regula-
tion and PPARs might participate in vascular diseases (16).

Phorbol esters. The transcription factors c-Jun/c-Fos are also
important in the induction of PAI-1 transcriptional activation.
Phorbol 12-myristate 13-acetate (PMA) induction leads first to
an increase in c-Jun/c-Fos mRNA levels and only secondarily
to transcriptional activation of PAI-1. Two PMA-responsive ele-
ments (at �79 to �72 and �58 to �50) were identified with two
distinct binding complexes that both contain c-Jun. The heli-
case-like transcription factor that binds to the so-called B-box
(�82 to �65) seems not to be involved in the PMA-induced but
rather in the basal PAI-1 transcriptional activation via interac-
tion with Sp1 and Sp3.

p53 and the cell cycle. It is disputed whether PAI-1 transcrip-
tional regulation in cancer and metastasis can be negatively
correlated to the regulation of u-PA and t-PA. A binding site for
p53 in the region (�160 to �139) of the PAI-1 promoter was
identified (13) that is responsible for stimulation of the PAI-1
transcription by binding of p53. The same transcription factor
can repress u-PA and t-PA transcription, which would in turn
lead to active regulation of several factors that are responsible
for proteolytic degradation of the extracellular matrix and
thereby promote local invasiveness and metastasis. Also, a cell
cycle-dependent regulation of PAI-1 seems to exist. PAI-1 is
known to be cell cycle regulated with increased expression
during growth activation (G0 to G1 transition), and PAI-1 could
therefore resemble an indirect proliferation marker.

PAI-1 in disease states

PAI-1 in vascular diseases. Increased plasma levels of PAI-1
are positively correlated with the risk of developing coronary
artery disease as well as the extent of coronary sclerosis,
restenosis, myocardial infarction, and deep vein thrombosis.
Increased local expression of PAI-1 is observed in restenosis
and in atherosclerotic plaques. Therefore PAI-1 seems to be a
key molecule in thrombotic vascular diseases (12). PAI-1
expression in atherosclerosis is correlated with the cellular
replicative senescence of vascular SMC in vitro (3). Late pas-

sage SMC express high PAI-1 levels and upregulate PAI-1 syn-
thesis in human umbilical vein endothelial cells through a
secreted soluble factor, thereby leading to a feedforward mech-
anism rendering the vessel wall antifibrinolytic. This PAI-1
overexpression might resemble a teleologically useful mecha-
nism to limit cell proliferation by, for example, inhibiting pro-
teolytic activation of latent TGF-�. Early passages of SMC and
fibroblasts, however, downregulate endothelial PAI-1 synthesis
instead. This negative feedback mechanism that limits and
localizes cell proliferation and migration is in agreement with
published data on PAI-1 knockout mice, which exhibit an
increase of neointima formation in response to injury (2).
Increased levels of PAI-1, seen by several groups (12) during
the progression of atherosclerosis and restenosis, might repre-
sent an indirect marker for an ongoing proliferative tissue
repair process, possibly indicating progression of atherosclero-
sis and development of restenosis after percutaneous coronary
interventions.

PAI-1 in metabolic disorders. Plasma PAI-1 is closely corre-
lated to serum triacylglycerol concentrations and insulin resis-
tance. Therefore, PAI-1 might represent a link between insulin
resistance and coronary artery disease. FFAs, triacylglycerol,
and insulin, the plasma levels of which are all elevated in
insulin resistance and diabetes mellitus type 2 (11), could be
the mediators of PAI-1 elevation. (Pro)insulin, VLDL-triacyl-
glycerol, and FFA stimulate PAI-1 production in hepatocytes,
whereas VLDL and FFA enhance PAI-1 expression in cultured
human endothelial cells. Although insulin infusion induces an
increase in PAI-1 in rabbits, no elevation of plasma PAI-1 was
observed on infusion of insulin in humans. In a recent study,
combined hyperinsulinemia, hyperglycemia, and hypertriglyc-
eridemia resulted in a rise of plasma PAI-1 in healthy humans.

PAI-1 and other disease states. To examine the importance of
the balance between the PAs on the one hand and PAI-1 on the
other, several lines of genetically altered mice have been gen-
erated that either overexpress or completely lack PAI-1. In con-
trast to patients with low or absent PAI-1 levels, PAI-1-deficient
mice did not reveal spontaneous or delayed rebleeding, even
after trauma (1). On the other hand, transgenic mice with a
high PAI-1 level in blood due to PAI-1 expression under the
control of the murine metallothionein promoter developed
venous thrombi and lesions in the tail, hindquarters, and feet
within the first week after birth (6).

Besides hemostatic disorders, a high PAI-1 level in blood
also correlates with obesity. Clinical studies demonstrated that
weight loss due to surgical treatment or diet significantly
reduced blood PAI-1 levels in obese humans. PAI-1 mRNA can
be found in adipose tissues from human subjects.

PAI-1 also has an important role in acute and chronic
inflammatory lung disorders. In adult respiratory distress syn-
drome, idiopathic pulmonary fibrosis, hyperoxide lung injury,
and bronchopulmonary dysplasia, we find intra-alveolar fibrin
disposition and pulmonary fibrosis. In fact, all of these disease
states are characterized by high levels of PAI-1 found in the
bronchoalveolar lavage fluids.

PAI-1 also seems to play a role in renal diseases. It has been
reported that elevated PAI-1 levels are associated with
nephritic syndrome and the hemolytic uremic syndrome. In
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patients with hemolytic uremic syndrome, glomerular fibrin
deposition is found. Clinical studies suggest that PAI-1 is the
circulating inhibitor of fibrinolysis in this syndrome and that
the normalization of elevated PAI-1 activity correlates with
improvement in renal function.

PAI-1 also seems to play an important role in several malig-
nant processes, such as tumor cell invasion, metastasis, and
neovascularization. It has been shown that high PAI-1 levels
are associated with a poor prognosis in several different tumors
(7). Tumors in PAI-1 knockout mice displayed lower prolifera-
tive and higher apoptotic indices and exhibited different neo-
vascular morphology compared with wild-type mice. These
results are consistent with the decreased growth rates of tumor
in these PAI-1 knockout mice (9).

Conclusion

The SERPIN PAI-1 is the major plasminogen activator
inhibitor in humans. Its physiological function is, however, not
only inhibition of intravascular fibrinolysis but it is also
involved in regulation of cell adhesion, migration, and inva-
sion. PAI-1 activity itself is regulated on the transcriptional,
mRNA, and protein stability levels; conversion between an
active and a latent state of PAI-1 is unique for that SERPIN.
Pathologies related to variations in PAI-1 levels include vascu-
lar occlusive diseases, fibrin deposition in lungs and kidneys,
and malignancies; PAI-1 plasma levels are also influenced by
metabolic and inflammatory diseases. Intervention with PAI-1
function might be an important future tool for additional ther-
apeutic strategies in such diseases.

Reprint requests and other correspondence should be addressed to B. R.
Binder (bernd.binder@univie.ac.at).
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