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Hypofibrinolysis is a key abnormality in diabetes and contributes to the adverse vascular outcome in this population.

Plasminogen activator inhibitor (PAI)-1 is an important regulator of the fibrinolytic process and levels of this antifibrinolytic

protein are elevated in diabetes and insulin resistant states. This review describes both the physiological and pathological

role of PAI-1 in health and disease, focusing on the mechanism of action as well as protein abnormalities in vascular

disease with special focus on diabetes. Attempts at inhibiting protein function, using different techniques, are also

discussed including direct and indirect interference with production as well as inhibition of protein function. Developing

PAI-1 inhibitors represents an alternative approach to managing hypofibrinolysis by targeting the pathological abnormality

rather than current practice that relies on profound inhibition of the cellular and/or acellular arms of coagulation, and which

can be associated with increased bleeding events. The review offers up-to-date knowledge on the mechanisms of action

of PAI-1 together with the role of altering protein function to improve hypofirbinolysis. Developing PAI-1 inhibitors may form

for the basis of future new class of antithrombotic agents that reduce vascular complications in diabetes.
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1. Indirect Modulation of PAI-1 Production or Function

1.1. A. Non-Pharmacological Intervention to Lower PAI-1 Levels

Weight Loss (Healthy Diet and Physical Exercise)

Weight loss is one of the best methods to improve obesity-related fibrinolytic impairment , partly related to a marked

decrease in PAI-1 production, which has been demonstrated in a number of studies . It has also been shown that not

only weight loss but also increased physical activity are linked to decreased PAI-1 levels . Importantly, the decrease in

PAI-1 levels is associated with improved clinical parameters; Killewich et al.  found that patients with intermittent

claudication, due to peripheral artery disease, had improvement in their symptoms after a programme of physical

exercise, which was associated with decreased PAI-1 activity and enhanced fibrinolytic activity. Interestingly, those with

higher baseline PAI-1 levels gained the most clinical benefit from the intervention, directly implicating protein levels in

disease presentation .

1.2. Pharmacological Interventions to Lower PAI-1 Levels

Renin-Angiotensin System Blockers

The activation of the renin–angiotensin system is closely related to PAI-1 . Angiotensin II (also produced by adipose

tissue) is a biologically active angiotensinogen processing agent and has been shown to stimulate PAI-1 expression at the

transcriptional level in human adipocytes . The effects of angiotensin-converting enzyme (ACE) inhibitors on cardio

protection appear to be mediated by pathways that are partially independent of the reduction in blood pressure. Vaughan

et al. reported that one proposed mechanism is related to modulation of PAI-1 concentrations . However, others failed to

show an effect of ACE inhibitors on PAI-1 levels . Therefore, this remains an unresolved area and future work is required

to understand the role of ACE inhibitors on fibrinolysis in general and PAI-1 activity/levels in particular .

Statins

Anti-hyperlipidaemic agents, in particular statins, have been shown to modulate the prothrombotic environment and affect

the fibrinolytic system . Statins inhibit the expression of PAI-1 and their use is associated with reduction in PAI-1 levels,

which may explain improved t-PA activity in those treated with these agents .
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Fibrates can decrease the in vitro production of PAI-1 independently of the triglyceride reducing effect . In vivo use of

fibrates also decreases PAI-1 levels and reduces protein expression in human arterial smooth muscle cells (SMC) .

Different fibrates showed different potencies to suppress PAI-1 synthesis, but these effects are generally mild and the

clinical role of these observations remain unclear .

Insulin-Sensitising Agents

Insulin-sensitising agents, such as metformin and thiazolidinediones have been shown to have beneficial effects on the

fibrinolytic system, mediated, at least in part, by a reduction in PAI-1 levels . Glucagon-like peptide-1 receptor agonists

inhibit TNF-α stimulated PAI-1 production in vitro , while metformin reduces PAI-1 levels in vivo, an effect believed to be

related to enhanced insulin sensitivity and/or reduction in proinsulin production .

2. Direct Modulation of PAI-1 Production or Activity

Many research groups have invested in the development of PAI-1 inhibitors over the past three decades  either through

inhibiting PAI-1 synthesis or interfering with serpin-proteinase interaction (Figure 5). Despite large volume of research in

this area, no PAI-1 inhibitor is yet available for routine clinical use.

Figure 5. Overview of direct modulation of PAI-1 production or activity by (A) inhibition of PAI-1 synthesis or (B) interfering

with serpin–proteinase interaction.

2.1. Inhibition of PAI-1 Synthesis

Reduction in PAI-1 synthesis represents an attractive approach to enhancing fibrinolysis and reducing thrombosis risk.

However, this needs to be undertaken in a controlled manner as full inhibition of PAI-1 synthesis predisposes to mild-

severe bleeding events, supported by evidence from individuals with complete PAI-1 deficiency . Therefore, ideally

agents suppressing PAI-1 production should reduce excess PAI-1 levels to attain normal levels and restore normal

haemostasis .

In vitro studies have shown that TGF-β-stimulated PAI-1 production in cultured endothelial cells is attenuated by a

butadiene derivative, T-686. Furthermore, T-686 also diminished the rise in PAI-1 activity in aortic atherosclerotic lesions

of rabbits. This was accompanied by decreased aortic PAI-1 mRNA expression, associated with a reduction in the

development of atherosclerotic lesions . Pawlowska et al.  showed that an oligonucleotide antisense to PAI-1 mRNA

(MPO-16R) decreased PAI-1 concentration in rat plasma and platelets, while MPO-16R induced a large delay in occlusion

time in an experimental model of rat arterial thrombosis. Therefore, reducing PAI-1 production is possible and preliminary

evidence suggests this strategy can alter the atherothrombotic process. However, findings from these studies have not

been translated into work in man and the clinical future of this antithrombotic strategy is uncertain.

2.2. Interfering with Serpin-Proteinase Interaction

Although the available evidence is very preliminary, studies have shown that inhibition of PAI-1 enhances endogenous

fibrinolytic activity without directly affecting blood coagulation or platelet function . Several PAI-1 inhibitors have been

studied in vitro and in vivo and have shown variable antithrombotic efficacy.
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A variety of monoclonal antibodies against human PAI-1 has been developed to modulate protein activity . These can

be subdivided into at least three different categories. First, monoclonal antibodies may prevent the formation of the initial

Michaelis complex formed between PAI-1 and its target protease. It was found that monoclonal antibodies against PAI-1,

including ESPI-12, MAI-12, MA-42A2F6, MA-44E4 and MA-56A7C10, with their epitopes located near the RCL of PAI-1,

interfere directly with the PAI-1/protease interaction . MAI-12, one of the PAI-1 binding antibodies that inhibit complex

formation with the target, has been studied extensively in vitro and in an in vivo venous thrombosis model . MAI-12

inhibited human and rabbit PAI-1 in vitro and significantly enhanced endogenous thrombolysis in a rabbit model of jugular

vein thrombosis and partially prevented thrombus extension .

A second category of PAI-1 inhibiting antibodies are the so-called “switching antibodies”, which inhibit PAI-1 activity by

cleaving and inactivating the protein. These antibodies include MA-33H1F7, MA-55F4C12 , Mab2 , CLB-2C8  and

MA-MP2D2 . The murine monoclonal antihuman PAI-1 antibody CLB-2C8 showed great promise as it inhibited protein

activity in different species , while in vivo administration significantly enhanced endogenous thrombolysis, and reduced

thrombus growth in a rabbit jugular vein thrombosis model . Despite the early promise, CLB-2C8 was not followed up

with human studies for reasons that are unclear.

As for the third category of PAI-1 inhibiting antibodies, these are known for accelerating conversion of active PAI-1 to its

latent conformation and include MA-H4B3, MA-159M12 and MA-33B8 antibodies . The monoclonal antibody, MA-33B8,

was reported to convert PAI-1 to latent conformation and random mutagenesis was used to identify the MA-33B8 epitope

in the PAI-1 molecule to comprehend the mechanism of action . Surface plasmon resonance showed 100-fold higher

affinity of MA-33B8 to latent PAI-1 than active protein . Additionally, structural modelling results specified the presence

of a particular intermediate structure of PAI-1 that is stabilised by MA-33B8 binding . It was suggested that this

intermediate form of PAI-1 has a partial insertion into β-sheet A of the reactive centre loop, supporting the hypothesis that

active serpins have flexible RCLs, and that this flexibility is crucial for the role of the inhibitor . As a result, the activity of

the serpin may also be blocked by synthetic peptides homologous to the RCL serpin converting PAI-1 to a shape similar to

the latent form . Moreover, Ngo et al.  reported that antibody MA-159M12 promoted the conversion of active to latent

conformation, further indicating this is a viable approach to alter PAI-1 activity. Antibody MA-H4B3 has been shown to

inactivate recombinant PAI-1 in a time-dependent way , which indicates that, in the presence of MA-H4B3,

incorporation of the RCL is accelerated, suggesting that the loss of activity is the result of the transition of latency .

Low Molecular Weight Inhibitors

Several PAI-1 low molecular weight antagonists have been discovered and characterised. The first were diketopiperazines

(XR330 and XR334) and, from that template, more potent antagonists were designed (XR1853, XR5082, XR5967,

XR1121 and XR5118) which inhibit PAI-1 by inducing the transition from active PAI-1 to non-reactive PAI-1 . XR334,

XR1853 and XR5082 effectively increased fibrinolysis in vivo by inhibiting the interaction of t-PA/u-PA and PAI-1 in a rat

carotid artery thrombosis model .

XR5118 administration improved ex vivo fibrinolysis and protected against thrombus formation in a rat electrically

stimulated carotid artery (ESCA) model . The protection in this arterial thrombosis was associated with a significant

decrease in PAI-1 activity and a significant increase in t-PA activity in plasma . Importantly, inhibition of PAI-1 by

XR5118 did not contribute to any increase in rat bleeding time, which held promise for the safety of this compound .

Furthermore, TM5007, a derivative of indole oxoacetic acid was shown to effectively inhibit PAI-1 activity . This

compound is metabolically stable, non-toxic, and has demonstrated strong oral bioavailability and in vivo efficacy in a rat

thrombosis model .

Björquist et al.  developed the flufenamic acid-based AR-H029953XX after it was reported that flufenamic acid and its

derivatives enhanced in vitro plasma clot lysis in an assay of plasmin generation .

As for PAI-039 or Tiplaxtinin, an indole derivative, seemed a very promising PAI-1 inhibitor . It has been examined in

several animal models confirming a putative value of PAI-1 inhibition for therapeutic purposes . In another study,

however, Tiplaxtinin did not inhibit the activity of PAI-1 in rat plasma 15 min after intravenous injection, which was

suggested to be due to the fact that Tiplaxtinin is unable to inhibit vitronectin bound PAI-1 because of the overlapping

epitopes of vitronectin and Tiplaxtinin on PAI-1 .

A novel class of polyphenolic PAI-1 inhibitors was identified by Cale et al. , representing an enhanced 10–1000-fold

potency over previously described PAI-1 inhibitors. This class exerted its PAI-1-inhibitor effect by blocking the initial bond

between the protein and protease. These compounds inactivate PAI-1 in the presence of vitronectin, giving them an

advantage over other PAI-1 inhibitors. Two of these compounds demonstrated efficacy in plasma and one other blocked
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PAI-1 activity in in vivo mice studies. The authors proposed that the known cardiovascular advantages of dietary

polyphenols may be due in part to PAI-1 inactivation, although this is only a hypothesis that is yet to be tested. A human

antibody, MEDI-579, has recently been shown to bind to the active form of human PAI-1 with high affinity and specificity

. Importantly, MEDI-579 effects were still evident in vitronectin bound PAI-1. Crystallography demonstrated that this

specificity is achieved due to the attachment of MEDI-579 Fab to the RCL of PAI-1 and to the same exosite used by both

t-PA and u-PA . This indicates that MEDI-579 is able to modulate the interaction of PAI-1 with t-PA and u-PA in a

manner not previously defined for a human PAI-1 inhibitor by directly competing with proteases for RCL binding.
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