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Alterations in thrombosis and fibrinolysis comprise important parts of stroke
pathophysiology. A key step in the fibrinolytic process includes the tissue-type plasminogen
activator (tPA)-mediated conversion of the proenzyme plasminogen into the active protease
plasmin, which in turn degrades the fibrin structure of intravascular thrombi. There are a
number of review articles well summarizing molecular mechanisms of the fibrinolytic
system.12 Inhibition of the fibrinolytic system may occur at the level of plasminogen
activation, mainly by a direct inhibition of tPA by plasminogen activator inhibitor 1 (PAI-1)
or indirectly by thrombin-activatable fibrinolysis inhibitor and, at the level of plasmin, by
a-antiplasmin. The roles of these 3 inhibitors are complementary in thrombolysis.3

PAI-1 has become recognized as a central molecule linking pathogenesis and progression of
thrombotic vascular events including stroke. As a main endogenous inhibitor of tPA, PAI-1
might be related to reperfusion efficacy and hemorrhagic risk of tPA thrombolytic therapy.
Moreover, a clear association has been observed between elevated PAI-1 plasma levels and
prothrombotic disease conditions such as hypertension, obesity, insulin resistance, and
diabetes.*~" Clinical and experimental studies show that PAI-1 deficiencies cause
accelerated fibrinolysis and bleeding, whereas elevated PAI-1 plasma levels are associated
with vascular thrombosis.8 Concentrations of active PAI-1 in newly formed thrombi can be
several thousandfold greater than active PAI-1 concentrations in normal plasma® and thus
high enough to inhibit doses of tPA used for clinical thrombolysis. Furthermore, beyond its
effects in modulating the activity of tPA and the functionally related urokinase-type
plasminogen activator, which predominantly catalyzes plasmin formation in the
extravascular space, PAI-1 also plays diverse roles in metabolic and vascular disease and
may participate in the evolution of brain damage and recovery after stroke.*19:11 |n this
translational review, we briefly survey the molecular mechanisms of PAI-1 and propose that
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it may serve as a critical crosstalk molecule, potential biomarker, and target that links risk
factors to stroke mechanisms and response to thrombolytic and neuroprotective strategies.

Mechanisms, Regulation, and Sources of PAI-1

PAI-1 is a member of the serine protease inhibitor (serpin) superfamily.1? It is always
synthesized in an active configuration but spontaneously converts into an inactive state with
a half-life of approximately 1 to 2 hours in physiological environments.13 In plasma, the
active form of PAI-1 is stabilized by binding to vitronectin, thereby increasing its half-life
severalfold. The rate of inactivation is also dramatically reduced at lower pH such as in the
ischemic tissues, thus potentially increasing the capacity to inhibit fibrinolysis further.
Under some in vitro conditions, inactive PAI-1 can be reactivated by denaturants such as
sodium dodecyl sulfate, guanidine HCI, and urea.1* Whether reactivation of PAI-1 takes
place in vivo is uncertain, although it has been suggested that negatively charged
phospholipids exposed on the surface of activated platelets could reactivate PAI-1.1°
Binding and inactivation of tPA by PAI-1 is very fast with a second-order rate constant
between 108 and 10’m~1 « s71 and the approximately 110 kDa tPA-PAI-1 complex is stable
under physiological conditions.18

PAI-1 has 3 potential sites for N-linked glycosylation— N232, N288, andN352—and
different states of glycosylation may affect the stability of active PAI-1.17 Furthermore,
glycosylated PAI-1 may have a stronger inhibitory activity on tPA and urokinase-type
plasminogen activator than nonglycosylated PAI-1.18 It is therefore necessary to further
study the biological importance of glycosylation by evaluating the pattern and degree of
PAI-1 glycosylation in various cell types and tissues in different conditions.

The PAI-1 promoter contains a common —675 4G/5G polymorphism that may affect both
basal and inducible PAI-1 expression. However, clinical studies have shown divergent
results.1920 In vivo, elevated plasma PAI-1 antigen and activity levels are associated with
increased body mass index and with features of the insulin resistance syndrome like obesity,
hyperlipidemia, and hyperinsulinemia.® 721 Lipoproteins, insulin, and glucose have been
shown to increase PAI-1 synthesis in several cell types in vitro.22 Moreover, PAI-1 is well
recognized as an acute-phase reactant and its expression can increase rapidly in response to
inflammatory cytokines, transforming growth factor-p,2324 angiotensin 11,25 and hypoxia.2
There is also a pronounced circadian variation in PAI-1 plasma levels with the highest
concentration present in the morning and lowest in the late afternoon.2’

Under normal conditions, PAI-1 is present in plasma at low concentrations (5-20 ng/mL). It
is cleared by the liver with a half-life of approximately 5 minutes, indicating a high
biosynthetic rate. The concentration of PAI-1 can change rapidly in response to a number of
stimuli, demonstrating a dynamic regulation. However, the origin of circulating PAI-1,
ultimately responsible for the hemostatic—fibrinolytic balance in blood, remains to be fully
defined.

The largest pool of PAI-1 in blood is present in platelet a granules, which contain
approximately 90% of the circulating PAI-1, and platelet count is correlated with plasma
PAI-1 concentrations.28 Nevertheless, the platelet contribution to PAI-1 plasma levels is
controversial, because the majority of PAI-1 in platelets has been reported to be inactive
compared with plasma PAI-1, which is mainly active. However, this observation could be
due to preparation artifacts, and the majority of platelet PAI-1 may be active.29 Additionally,
emerging data suggest that there is a constitutive de novo synthesis of active PAI-1 in
platelets and the synthesis rate in vitro is approximately 35-fold greater than that required to
maintain steady-state plasma levels.30 Interestingly, the glycosylation fingerprint of plasma
PAI-1 implies a platelet origin.31
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PAI-1 can be produced by many cell types in culture and is widely distributed in many
tissues in vivo. In addition to platelets, liver, endothelial cells, macrophages, and adipocytes
may all contribute to plasma PAI-1 in humans. Under pathological conditions such as
vascular disease, sepsis, inflammation, and metabolic disorders such as obesity and diabetes,
PAI-1 may be differentially regulated in all these various cell types. Because PAI-1 may
display cell type-specific glycosylation and activity, the glycosylation patterns of PAI-1 may
serve as potential biomarkers to predict cellular dysfunction and thrombotic risk in
humans.3!

Human Plasma PAI-1 Levels and Assessments

The concentration of PAI-1 in human plasma varies in relation to a large number of factors.
In a young healthy population, the levels range from a few nanograms per milliliter up to
>100 ng/mL in an obese diabetic population. Lifestyle variables and age influence the PAI-1
level but the strongest affecting factor is insulin resistance.” Analysis of PAI-1 requires
some important considerations. Like with any other protein released from activated platelets,
careful sampling is a prerequisite for correct assessment. Evidently this is particularly
important for blood sampling in conditions with hyperreactive platelets such as in diabetes.
Furthermore, in view of the circadian variation in plasma PAI-1 levels,2’ the timing of
sampling is critical.

Due to the conformational changes of the PAI-1 molecule depending on its state, detection
and quantification of PAI-1 is intricate and care should be taken when choosing
immunochemical assays. Evaluated enzyme-linked immunosorbent assays detecting all
molecular forms with similar affinity have to be used for PAI-1 antigen determination. The
standard used in the enzyme-linked immunosorbent assay is crucial for correct assessment
of absolute concentrations and should preferably originate from the same source to ensure
identical detection.1732

Analyzing PAI-1 activity also requires some considerations. Due to the thermodynamic
instability of the active molecule and the short half-life, it is crucial that the molecule is
captured in its active form and that spontaneous inactivation during the preparatory
procedure is prevented for correct assessment. Plasma PAI-1 is generally stabilized by
lowering the pH using acid citrate. However, analysis of intracellular PAI-1 or PAI-1
released in cell culture is more intricate. Common methods for cell lysis (sonication,
freezing—thawing, and Triton X-100) without immediate capture of the active molecule may
cause inactivation.2® Furthermore, multicenter evaluations have shown the difficulties in
assessing PAI-1 activity and the majority of assays failed to correctly determine the true
activity of prepared samples.33 For clinical studies, standardization of sampling and
assessment protocols is necessary.

PAI-1in the Brain

When dissecting the role and function of PAI-1 in stroke pathophysiology, it is important to
keep in mind that in the brain, the roles of tPA and PAI-1 extend beyond that of regulating
vascular patency. In the central nervous system, PAI-1 is mainly expressed by astrocytes,
whereas the expression of tPA is more widely distributed.343% Besides the clearly beneficial
role of tPA as a thrombolytic molecule in ischemic stroke, tPA may also play detrimental
roles at the blood-brain interface, where it can mediate blood—brain barrier leakage, edema,
and hemorrhagic transformation.36

Conversely, PAI-1, derived from astrocytes, can reduce excitotoxicity and neuronal cell
death by limiting excessive tPA activity in the brain parenchyma. Transforming growth
factor-B may enhance this neuroprotective effect by upregulating astrocytic PAI-1
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expression.3” In experimental models of permanent middle cerebral artery occlusion, in
which the inhibitory role of PAI-1 in intravascular fibrinolysis is precluded, a reduced
infarct volume is observed after overexpression or intracranial injection of PAI-1,38:39
whereas mice deficient in PAI-1 display exacerbated brain damage.*? PAI-1 may positively
regulate blood—brain barrier function by directly enhancing endothelial tight junction
properties.*! Moreover, PAI-1 has been shown to have an antiapoptotic role in neurons
independent of its protease inhibitor properties.#2 However, the involvement of PAI-1 in the
late recovery phase after stroke remains unknown.

Interestingly, the PAI-1-675 4G/5G polymorphism has been shown to affect PAI-1
transcriptional activity in human astrocytes under both basal and transforming growth
factor-B-stimulated conditions.*3 A recent meta-analysis suggests that the PAI-1 4G high
expression allele may have a protective effect in ischemic stroke, whereas the same allele
may be associated with an increased risk of myocardial infarction.22 While lending further
support for a neuroprotective role of PAI-1 in the central nervous system, these findings
clearly point to a more complex role for tPA and PAI-1 in stroke pathophysiology compared
with other thrombotic diseases, thus making the design of PAI-1-targeted treatments more
challenging.

Pathogenic Factors in Cerebrovascular Disease

Perturbations in PAI-1 and impairment of the fibrinolytic cascade are associated with a wide
range of thrombotic conditions and risk factors.8 However, because many cardiovascular
risk factors are known to influence plasma PAI-1, the predictive ability of PAI-1 in these
epidemiological studies is strongly reduced after adjusting for other risk factors, especially
the markers of the metabolic syndrome (body mass index, triglycerides, high-density
lipoprotein cholesterol, hyperglycemia, and hyperinsulinemia).5:844 This suggests that the
metabolic syndrome might be a required pathological condition for the increased plasma
PAI-1 levels in patients at risk of vascular thrombosis. Thus, the pathophysiological
mechanisms underlying development and progression of vascular thrombotic disease and the
role of PAI-1 in these processes need to be further elucidated.

PAI-1 in Atherosclerosis

PAI-1, as the principal inhibitor of fibrinolysis, may play an important role in
cerebrovascular diseases by promoting vascular atherosclerosis and thrombosis.#> The
presence of increased PAI-1 expression in atherosclerotic lesions and atheroma strongly
suggests a critical role in atherogenesis. For example, at 3 months after the first transient
ischemic attack or stroke caused by an intracranial atherostenosis, high blood levels of C-
reactive protein and PAI-1 were identified as significant predictors of intracranial large
artery atherosclerosis progression and risk of recurrent ischemic strokes.*6 However,
experimental studies have shown both beneficial and deleterious properties of PAI-1, which
makes its role and causal effects on the atherogenic process controversial. The complex
vascular functions of PAI-1 may depend on the vascular bed, type of lesion, the
experimental/clinical conditions, and its interactions with different molecules. For instance,
when vascular injury is associated with activation of the coagulation system and fibrin
formation, PAI-1 may have atherogenic properties by stabilizing fibrin.4’ In the absence of
fibrin, PAI-1 may inhibit cell migration within the vascular wall, thus inhibiting formation
of intimal hyperplasia.*8 Although many unresolved issues remain, PAI-1 may be a
significant contributor to the mechanisms of atherosclerosis.
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PAI-1 in Obesity

There is a strong correlation between PAI-1 and body mass index and clinical studies have
demonstrated an association of obesity with impaired fibrinolysis. Because obesity is
considered a low-grade inflammatory state, elevated inflammatory cytokines could induce
the increased PAI-1 expression.449 In both nutritionally induced and ot/ ob mice, infarct
size after focal stroke was significantly larger compared with lean wild-type controls. In
both models, obesity was associated with markedly elevated circulating PAI-1 levels. This
study suggests that PAI-1 may contribute to the deleterious effect of obesity in stroke risk
and outcome.* Nevertheless, uncertainties remain about whether observed associations
between elevated levels of PAI-1 and prothrombotic, metabolic and inflammatory
parameters are correlative or causative. Contributions of platelet activation to the link
between PAI-1 and thrombosis will have to be carefully assessed in obese individuals.
Additionally, it would be clinically important to determine whether measuring PAI-1 level/
activity has a role in diagnostic or therapeutic decision-making for obese and nonobese
individuals with or without evidence of atherosclerotic disease.

PAI-1 in the Metabolic Syndrome and Type 2 Diabetes

Elevated plasma PAI-1 is a common feature of patients with metabolic syndrome and
diabetes.”-21:50 Results from a large cohort of healthy nondiabetic subjects showed that
increased levels of PAI-1 at baseline were predictive of incident diabetes over 5 years of
follow-up.®! Subsequently, elevated PAI-1 levels during diabetes may increase the
likelihood of developing atherosclerotic lesions and occlusive intravascular thrombi. For
example, approximately 30% of patients with stroke have diabetes.”-52 Emerging evidence
suggests that a decreased fibrinolytic activity or increased PAI-1 levels could play a critical
role in the development of vascular diseases in patients with diabetes, because enforced
weight loss and decreased plasma concentration of PAI-1 may lower the risk of thrombosis
in patients with insulin resistance and a manifested cluster of risk factors for vascular
diseases.® Reducing glucose or the incidence of diabetes through an insulin-sensitizing
strategy also reduces circulating PAI-1 and lowers progression of diabetes development,
suggesting that PAI-1 inhibition might reduce progression to diabetes and related vascular
complications in high-risk populations.53

PAI-1 in Hypertension

Hypertension is a major risk factor of thrombotic vascular diseases including ischemic
stroke.>* Accelerated atherosclerosis and incidence of plaque rupture may increase the risk
of ischemic events in hypertension, but it is becoming increasingly apparent that
hypertension may also tilt the hemostatic balance toward a prothrombotic or
hypercoagulable state.® Increased PAI-1 and decreased tPA activity in plasma and
endothelium have been found in patients with hypertension, but the underlying mechanisms
have not yet been clarified. One potential pathway is the renin—angiotensin system, which
plays an important role in controlling fibrinolytic function in the vasculature.5® Independent
of its hemodynamic biological effects, angiotensin 11 can inhibit fibrinolysis by causing a
release of PAI-1, whereas bradykinin may promote fibrinolysis by inducing tPA release.
More investigations are needed to define whether these effects of angiotensin Il may directly
and indirectly contribute to the pathogenesis and progression of fibrinolysis impairment in
hypertensive patients. Finding ways to synergistically lower blood pressure and normalize
fibrinolytic balance may provide optimal targets for hypertension and stroke.

PAI-1in Antiplatelet Therapy

Since the 1970s, antiplatelet therapy with aspirin has greatly benefited patients who are at
high risk of occlusive vascular events. However, the effectiveness of currently available
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antiplatelet agents is variable.>® Clinical evidence showed that for patients with a prior
ischemic attack or stroke, the incidence of aspirin resistance was significantly higher and
aspirin nonresponders had a 10-fold increase in the risk of recurrent vascular events as
compared with aspirin-sensitive patients.>” Therefore, finding ways to optimize antiplatelet
therapy has become one of the highest priorities in the prevention of thrombotic vascular
complications.

In this context of antiplatelet agents in stroke, PAI-1 should be considered a target molecule
that deserves more attention. Elevated PAI-1 is associated with most prethrombotic disease
conditions and is also directly associated with thrombotic risk.8 Importantly, platelets may
serve as a major source of circulating PAI-1,2230 and it is likely that the majority of the
PAI-1 in thrombi is released from activated platelets. In line with this, clinical data suggest
that long-term antiplatelet therapy, for example, with aspirin and/or clopidogrel, is basically
effective to reduce plasma PAI-1 levels.?® In platelet-rich arterial thrombi, the release of
PAI-1 from activated platelets completely outweighs the PAI-1 levels in plasma. Proper
platelet inhibition and direct PAI-1 inhibition approaches are thus likely to reduce the
inhibitory effect of PAI-1 on fibrinolysis and might be able to enhance thrombolytic efficacy
if combined with thrombolytics for reperfusion therapy. However, associations between
PAI-1 levels and long-term prevention efficacy of different anti-platelet therapies have not
been established. It would be clinically important to seek potential approaches in terms of
optimizing antiplatelet therapies that protect against platelet-mediated atherothrombosis.
Thus, plasma PAI-1 levels and activity might be usable biomarkers to help identify patients
and select antiplatelet medications that potentially can lower plasma PAI-1 levels for better
effects in stroke prevention.

PAI-1 in Stroke Pathophysiology

The evolution of cerebral injury after focal ischemia involves a dynamic interplay of
vascular thrombosis, ischemic brain damage, vascular and cellular inflammation, tissue
recovery, and remodeling. Many of these pathways can be influenced by PAI-1 activity and
signaling in different cell types. After focal cerebral ischemia induced by mechanical
occlusions, infarction volumes in PAI-1 overexpressing transgenic mice were smaller than
wild-type controls. However, if focal ischemia was induced through thrombosis, infarctions
in PAI-1 overexpressing mice were larger than wild-types.38 This study indicates the
complexity of PAI-1 in the cerebral ischemia intravascularly and inside the brain. In the
vascular compartment, PAI-1 may be detrimental because it can augment persistence and
formation of occlusive thrombi after vascular injury. In contrast, PAI-1 expressed in brain
cells may be protective by ameliorating tPA-induced excitotoxicity and neuronal apoptosis.
However, the true roles of PAI-1 in human stroke are controversial given the rarity of
PAI-1-deficient humans and the inconclusiveness of PAI-1 polymorphism studies.8 Further
studies are required to rigorously dissect the roles of PAI-1 in multiple cell types within the
entire neurovascular unit.

PAI-1in tPA Thrombolytic Therapy

Biologically, PAI-1, as the main and potent endogenous tPA inhibitor, is supposed to
interfere with the exogenously administered tPA and affect its therapeutic outcomes.
Concentrations of active PAI-1 in newly formed thrombi can be several thousandfold greater
than active PAI-1 concentrations in normal plasma.® These concentrations are high enough
to inhibit doses of tPA used for clinical thrombolysis. However, clinical investigation is
largely lacking. A few studies have investigated the association between admission plasma
PAI-1 levels and the PAI-1 to 675 4G/5G polymorphism with symptomatic hemorrhagic
transformation, recanalization resistance, and brain vessel reocclusion in patients with stroke
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treated with tPA reperfusion therapy.10-59.60 The results of these studies were indicative of a
link between PAI-1 and tPA stroke therapy outcome, but further investigations are
warranted to confirm and define this potential association and the underlying molecular
mechanisms. Furthermore, the relationship with other mediators such as thrombin-
activatable fibrinolysis inhibitor, antiplasmin, and perhaps even other forms of PAI also
requires more investigation.

The potential influence of PAI-1 may be considered after antiplatelet therapies as well. In a
clinical study in which 30% of patients with acute stroke had pretreatment with antiplatelet
agents, which may lower plasma PAI-1 levels, no association was observed between
antiplatelet therapy and increased risk of tPA-induced hemorrhage. This suggests that prior
antiplatelet treatment might not be considered a contraindication to tPA stroke
thrombolysis.f1 Because metabolic syndrome is associated with the increased plasma PAI-1
levels in patients at risk of atherothrombosis, the predictive ability of PAI-1 has to be
readjusted and carefully interpreted with other risk factors of atherothrombosis and the
preexisting vascular comorbidities in most patients with stroke.52 Taken together, the roles
and mechanisms of circulating PAI-1 to the variable reperfusion efficacy and hemorrhagic
transformation risk after tPA thrombolytic stroke therapy remain to be further elucidated.

As discussed earlier, PAI-1 in experimental models may be protective against ischemia and
tPA-mediated neurotoxicity. However, whether PAI-1 functions in a similar manner in
human stroke like in the mouse brain remain largely unexplored. Because tPA can penetrate
into the brain parenchyma by crossing the blood- brain barrier, a better understanding of
how PAI-1 is expressed inside the brain, how its expression is altered, its role in the
development of ischemic brain damage, and its response to exogenous tPA administration
would be important for improving tPA stroke therapy.

Targeting PAI-1 for Potential Therapies

Clinically, increased understanding of the pathobiology of thrombotic and vascular disorders
has helped researchers to target novel pathways. Most of these studies for potential
modifiers of the fibrinolytic process have used PAI-1 as a marker of primary interest in the
evaluation of the success or failure of the proposed interventions.®2 In this context,
numerous drugs exhibited effects of indirectly increasing fibrinolytic activity by reducing
plasma PAI-1 levels, including hypoglycemic agents, angiotensin-converting enzyme
inhibitors, hypolipidemizing drugs, insulin-sensitizing agents, and hormone replacement
therapy in women.53-66 Because stroke risk is not homogeneous and varies with associated
morbidities and different risk factors, plasma PAI-1 levels reflect a complex of genetic
factors, hormonal, metabolic, and inflammatory stimuli, and body mass, and all have to be
categorized into classes based on a combination of risk factors of vascular
thrombosis.6367.68

Although available data are very preliminary, a few studies have shown that the
antithrombotic effects of PAI-1 inhibition are achieved by enhancing endogenous
fibrinolytic activity without directly affecting blood coagulation and platelet function.69.70
Prevention or treatment of thrombotic vascular diseases is considered the most predictable
application for PAI-1 antagonists. In view of the potential causal link between PAI-1 and
development of obesity as well as Type 2 diabetes, a wider application of PAI-1 inhibitors in
selected risk populations may also be beneficial.83 PAI-1 deficiency in both humans and
mice suggests manifestations of PAI-1 deficiency are generally restricted to abnormal
bleeding, but they may have a spectrum of bleeding including intracranial and joint bleeding
after mild trauma and delayed surgical bleeding. Therefore, PAI-1 antagonists should be
constrained to reducing PAI-1 excess rather than to completely eliminating PAI-1 activity to
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avoid severe bleeding and other potential side effects.53 Novel PAI-1 inhibitors in
development as a new class of antithrombotic drugs might have a wider therapeutic index
and overcome some of the limitations associated with conventional antiplatelet and
anticoagulant agents. However, both efficacy and safety need to be carefully evaluated in
preclinical studies.52:63.71 |n addition, when aiming at targeting PAI-1, we need to keep in
mind that the roles of PAI-1 in the intravascular space differ from its role in the brain
parenchyma under both physiological and pathological conditions.2 Thus, an ideal PAI-1
antagonist for long-term intervention should only target intravascular PAI-1 without
crossing the blood- brain barrier to avoid potential inhibition of PAI-1 activity in the brain
parenchyma.

Conclusions

Most of our knowledge and therapies in stroke are now based on the plasminogen activator
system. However, plasminogen activators do not work alone. Biologically, there is a
dynamic balance and homeostasis between plasminogen activators and their endogenous
inhibitors. In this context, PAI-1 may be a critical crosstalk molecule that links mechanisms
to outcomes (Figure). PAI-1 signaling can be affected by a wide range of stroke risk factors,
including hypertension, diabetes, obesity, metabolic disease, and vascular inflammation.
PAI-1 may affect stroke mechanisms in multiple ways by affecting the risk of stroke, acute
tissue injury during cerebral ischemia, and the subsequent response to thrombolytic
therapies. Further translational studies are warranted to investigate the clinical roles for
PAI-1 as a biomarker for stroke risk, biomarker for differentiating responders and
nonresponders to reperfusion therapies, and potential target for stroke prevention and acute
combination treatments.
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A schematic overview of plasminogen activator inhibitor 1 (PAI-1) as a molecular link that
connects major stroke risk factors to vascular and cerebral mechanisms that influence

outcomes after stroke.
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