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Abstract
The deposition and removal of fibrin has been the primary role of coagulation and fibrinolysis, respectively. There is also little doubt 
that these 2 enzyme cascades influence each other given they share the same serine protease family ancestry and changes to 1 arm 
of the hemostatic pathway would influence the other. The fibrinolytic system in particular has also been known for its capacity to clear 
various non-fibrin proteins and to activate other enzyme systems, including complement and the contact pathway. Furthermore, it 
can also convert a number of growth factors into their mature, active forms. More recent findings have extended the reach of this 
system even further. Here we will review some of these developments and also provide an account of the influence of individual 
players of the fibrinolytic (plasminogen activating) pathway in relation to physiological and pathophysiological events, including aging 
and metabolism.

Introduction

“Fibrinolysis” literally refers to the proteolytic removal of 
fibrin. That fibrin was the first recognized target for this pro-
cess, gave credence to its name, and drove scientists to under-
stand how this enzymatic process worked. After all, if the fibrin 
destroying protease(s) could be identified and harnessed, there 
would be clinical opportunities to bolster this process for ther-
apeutic advantage. The main components of this system were 
slowly identified yet additional modifiers of the system continue 
to be revealed in more recent times (below).

The fibrinolytic system is now appreciated for being a highly 
orchestrated, purpose-built process that ultimately results in the 
conversion of the abundant plasma zymogenic protein, plasmin-
ogen, into its active proteolytic form plasmin.1 The 2 classical 
enzymes engaged with the task of converting plasminogen into 
plasmin are tissue-type and urokinase-type plasminogen activa-
tor (tPA and uPA, respectively). Other proteases can also per-
form this function (ie, kallikrein2), but not as well as tPA or uPA. 
These enzymes, and plasmin itself, are members of the serine 
protease family. These enzymes are all subject to tight modula-
tion, an important and necessary feature to limit the magnitude 
and duration of plasmin’s activity. Indeed when all checkpoints 
are in place (ie, under normal conditions), the plasma half-life 
of plasmin was reported to be between 25 and 50 milliseconds.3

The primary inhibitors of tPA and uPA, as well as the main 
inhibitor of plasmin itself, are also grouped into a family of 
serine-protease inhibitors (the “SERPINS”). Key among these 
are plasminogen activator inhibitor (PAI)-1 and PAI-2 that act 

on both tPA and uPA while alpha2-antiplasmin has the crucial 
job of controlling plasmin.1 This regulatory effect does not stop 
with these serpins, as the fibrinolytic system has additional lay-
ers of regulation that influence the ability of these proteins to 
bind to their target substrates. Thrombin activatable fibrino-
lytic inhibitor (TAFI) is a prime example of this and plays an 
important role in limiting the ability of plasminogen to assem-
ble itself on the fibrin surface.4,5 Fibrin contains exposed lysine 
residues that provide important docking sites for plasminogen 
that conveniently harbors 4 lysine binding sites within its krin-
gle domains.6 TAFI, a carboxypeptidase, is able to remove the 
exposed lysine residues from the fibrin surface, thereby discour-
aging plasminogen away from fibrin, and sparing fibrin from 
proteolysis. While the fibrinolytic system can also be primed by 
other co-factors and inducers (eg, heparin, DNA, histones7,8), 
plasminogen can also be targeted to cell-surface receptors (of 
which there are at least 129). Most of these receptors also con-
tain exposed lysine residues (akin to fibrin). Once plasminogen 
is bound to the surface of a given cell, plasmin can be formed 
locally. In this scenario however, the plasmin formed is not nec-
essarily looking for fibrin to cleave; instead it has additional 
functions, ranging from the promotion of cell migration10 to the 
initiation of intracellular signaling and cytokine release.11

Here we will review the current use or manipulation of the 
fibrinolytic system in clinical medicine, then outline other pro-
cesses that are impacted by the same process, which is beginning 
to raise speculation as to whether the current indications for 
the use of pro- or anti-fibrinolytic agents can be reconsidered. 
This review will also provide an overview of how the individ-
ual regulatory molecules of the fibrinolytic system can perform 
additional functions, some of which are now being subjected to 
therapeutic targeting for purposes unrelated to fibrin removal.

Clinical medicine and fibrinolysis: current use and 
recent developments

For decades, the fibrinolytic system has been modulated 
for therapeutic benefit. This is well-cemented in medicine. 
Thrombolysis for example, is still mainstream in patients with LWW
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thromboembolic conditions (ischemic stroke, pulmonary embo-
lism, myocardial infarction and even ischemic limbs) albeit 
under strict guidelines. On the other hand, anti-fibrinolytic 
agents, most commonly the lysine analogue, tranexamic acid 
(TXA), are in widespread use to stop bleeding by protecting 
fibrin-rich blood clots from premature removal by plasmin.

Thrombolysis
Streptokinase, derived from the broth of hemolytic strepto-

cocci, was the first fibrinolytic agent evaluated in humans in 
the 1940s.12 This was prior to the discovery and development 
of either tPA or uPA that were both subject to clinical develop-
ment initially in the 1950s, but became prominent in the 1980s 
when recombinant DNA technology permitted large scale pro-
tein production. Thrombolysis was initially used for patients 
with myocardial infarction, but in the mid-1990s, tPA was spe-
cifically approved for patients with acute ischemic stroke, albeit 
with limitations.13 tPA is still the more widely used thrombo-
lytic due to the fact that it, unlike uPA, binds preferentially to 
fibrin, and markedly potentiates (~500-fold) the ability of tPA 
to activate plasminogen.14 Fibrin therefore initiates its own 
demise15; an essential requirement given that it is only formed 
as a temporary matrix. Even today, thrombolysis using tPA 
(alteplase) remains the front-line treatment for patients with 
acute ischemic stroke, despite the advent of endovascular clot 
retrieval (ECR).16

One of the short-comings of tPA is its short plasma half-life 
of ~5 minutes.17 This posed a drug delivery challenge in emer-
gency departments as a 100% bolus administration of tPA 
would not last long enough to perform its lytic function. In 
order to maintain a lytic condition for long enough to remove 
any offending blood clot, tPA needs to be delivered as a 10% 
bolus followed by a 1 hour infusion. It was realized early on 
that a thrombolytic with an extended plasma half-life would 
be far more practical, particularly when dealing with such time 
sensitive conditions as an acute ischemic stroke where the ear-
lier the administration of thrombolysis, the better. This practi-
cal consideration was the driving force behind the development 
of third-generation thrombolytic agents.18 These variants were 
engineered to create a tPA-like molecule with a longer plasma 
half-life without compromising any of its other beneficial fea-
tures. tPA is a complicated multi-domain molecule that contains 
2 kringle domains, an epidermal growth factor domain and a 
finger domain, in addition to its critically important protease 
domain.19 These other domains provide the means for tPA to 
participate in a myriad of “extra-curricular” functions20 (and 
see below). However, in the context of conventional fibrinolysis 
and thrombolysis, the key feature to preserve was its remark-
able ability to selectively bind to fibrin and less so to fibrinogen. 
The most successful of these variants generated was tenecteplase 
(TNK), developed in 1994.21 TNK has only 6 amino acids dif-
ferent from tPA and shares 97% amino acid identity with tPA. 
Nonetheless, these substitutions empowered TNK with an 
increase in plasma half-life to 30 minutes, a simple change that 
has been warmly welcomed in the clinical arena. Fibrin selec-
tivity was not only maintained in TNK, but actually enhanced 
(8-fold), thereby providing a longer lasting tPA-like molecule 
with even more preference for fibrin.21

While ECR has certainly made its impact on clinical man-
agement and outcome for patients with ischemic stroke, it is 
restricted to patients with large vessel occlusions and requires 
sophisticated infrastructure. Also, ECR usually occurs in con-
junction with thrombolysis rather than instead of it. Although 
it is hard to imagine that there will ever be a more potent fibri-
nolytic enzyme than plasmin itself, more ingenious approaches 
might be forthcoming that are more efficient at generating plas-
min, producing it in a more targeted manner, ideally only at the 
clot surface.

Natural variation in fibrinolytic capacity
Notwithstanding the above discussion about the current use 

of thrombolytics, there is an assumption that administration of 
a given thrombolytic will result in a comparable ability to gener-
ate plasmin in any individual. Challenging this notion is a study 
from 1992 by Tait et al,22 who compared the capacity of plasma 
from over 9000 apparently healthy individuals to generate plas-
min ex vivo after the addition of a fibrinolytic agent (in this 
case streptokinase). The approach was simply to use the plas-
min sensitive substrate S2251 to measure the rate of plasmin 
generation in plasma after the addition of streptokinase. It was 
revealed in this study that the rate of plasmin generation varied 
over an 8-fold range, and was further influenced by age, sex, and 
use of the contraceptive pill.22 This is a very important finding 
when considering the fact that the use of thrombolytic agents 
in patients with acute ischemic stroke fails to improve outcome 
in >60% of cases.23 While this has been attributed to clot bur-
den or stroke severity, it is possible that the degree of plasmin 
generation following thrombolysis is simply not the same in all 
patients and may contribute to this high fail rate.24 Some indi-
viduals may simply be less capable of responding to tPA to the 
extent required for thrombolysis.

Anti-fibrinolytics
The anti-fibrinolytic agent TXA was developed in Japan in 

the early 1960s25 and is still used widely to reduce bleeding in 
various conditions, including trauma, post-partum hemorrhage, 
hemophilia, and also prophylactically in some surgeries. Being a 
lysine analogue and not a direct plasmin inhibitor (ie, like apro-
tinin), only lysine-dependent plasmin generation will be blocked 
by TXA, while plasmin formed through lysine-independent 
means will be spared from inhibition. This may be one reason 
why TXA is a safe drug since it cannot completely inhibit plas-
min formation. Nonetheless, some have argued that TXA might 
indirectly promote thrombosis, given that it shuts down the 
fibrinolytic process, which is lysine-dependent. However, most 
large scale clinical trials and other meta-analyses have not raised 
any safety concerns.26 On the other hand, the recent “Effects 
of a high-dose 24-hour infusion of tranexamic acid on death 
and thromboembolic events in patients with acute gastrointes-
tinal bleeding” trial that evaluated TXA in patients with upper 
and lower gastrointestinal bleeding showed that thrombosis 
occurred more frequently in TXA-treated patients.27 The reason 
for why TXA increased thrombotic events in these particular 
patients is not clear.

What lies ahead?

The common use of the term “fibrinolysis” does little for 
the imagination in considering that this system performs any-
thing else other than fibrin removal. The classical view of fibri-
nolysis is certainly very important and it is not the purpose 
of this review to downplay this, but rather to highlight the 
fact that the end-product of this enzymatic cascade, plasmin, 
has important additional roles in physiology. This functional 
diversity is not solely related to the pleiotropic effects of plas-
min itself (although this is substantial), but that all key mod-
ulators of the plasminogen activating pathway, including tPA, 
uPA, PAI-1, antiplasmin and PAI-2, participate in many other 
areas of physiology. Some of these processes are independent 
and unrelated to the activation or inhibition of plasmin. When 
considering these variables, the clinical manipulation of fibri-
nolysis takes on a new light where it can no longer be assumed 
that administration of a thrombolytic agent like tPA for exam-
ple, only activates plasminogen while the administration of 
TXA only protects fibrin.
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Diversity in function: plasmin
The enzymatic activity initially found in some strains of strep-

tococci that caused fibrin breakdown were first named “fibrino-
lysin” to reflect fibrin as the substrate. However, after further 
studies in the 1940s, it was revealed that this moiety did not 
only cleave fibrin, but also gelatin and casein.28 So even back in 
the 1940s, there was direct evidence that the key fibrin-busting 
enzyme had other targets. It was because of this non-specificity 
that the term “fibrinolysin” was renamed “plasmin”, reflecting 
its activation from its zymogenic precursor, plasminogen, rather 
than focusing its substrate specificity solely to fibrin.

Plasmin is well known to cleave numerous substrates. But, 
why produce plasminogen activators that are themselves rela-
tively specific for plasminogen, while the resulting end-product 
(plasmin) has such broad specificity? Perhaps the key to under-
standing this (at least in part) stems from our understanding of 
the process that initiates plasmin generation on the fibrin sur-
face: namely the critical role of lysine residues and how these 
residues initiate the entire process thereby providing a form of 
“specificity”. Once lysine residues become visible to plasmino-
gen, plasminogen binds to fibrin and plasmin is formed exactly 
at the site needed. However, could the broad specificity of plas-
min allow similarly targeted proteolysis to occur on different 
substrates? In this context, it is important to mention that plas-
minogen was found to bind to dead cells ~100-fold more than 
to live cells.29 Samson et al30 subsequently showed that protein 
aggregates/necrotic tissue formed in necrotic cells provided a 
non-fibrin cofactor for plasminogen activation that resulted in 
removal of these aggregates/necrotic material. What was import-
ant here was that plasminogen was also recognizing lysine res-
idues formed in these structures as this process was blocked by 
the lysine analogue TXA. In other words, the removal of both 
fibrin and misfolded/aggregate proteins were being initiated by 
the exact same process: the presence of exposed lysine residues 
that attracts plasminogen to the fibrin or necrotic cell surfaces, 
where plasmin can be generated to remove the protein in ques-
tion. Hence, the in vivo function of the fibrinolytic system also 
includes the removal of misfolded proteins and is therefore 
important in maintaining protein homeostasis. While it has been 
well known that plasminogen-deficient mice display increased 
fibrin deposition, these mice also have increased levels of mis-
folded proteins after traumatic brain injury.31 Adding further 
intrigue to this effect, plasmin formation not only facilitated the 
proteolytic removal of these proteins, but also enhanced phago-
cytosis of macrophages and dendritic cells,32,33 while at the same 
time suppressing the immune response.32 This immunosuppres-
sive effect was speculated to minimize self-reactivity that might 
occur to misfolded proteins.

The number of substrates that plasmin acts upon is quite 
extensive with many linked with hemostasis including von 
Willebrand factor,34 and many of the coagulation factors (F), 
including FV, FVII, FIX, FX (see Ref. 35, 36), protease activated 
receptor (PAR)-2,37 as well as the contact pathway components 
(FXII and pre-kallikrein; see Ref. 38). Plasmin has also been 
reported to convert FX from a coagulation zymogen into a fibri-
nolysis cofactor.39

What is also worth mentioning is that plasmin also acts to ini-
tiate other enzymatic or biological processes. Key among these 
include plasmin’s ability to activate a number of the matrix 
metalloproteinases (MMPs40), brain-derived neurotropic factor41  
and transforming growth factor β, and key complement pro-
teins (C3 and C542) into their respective mature forms. Plasmin 
can also activate signaling pathways downstream of any one of 
the 12 plasminogen receptors that exist on various leukocytes.9

Plasmin formation, mostly in response to tPA, has also been 
shown to be involved in wound healing,43 and with many func-
tions in the brain including memory formation44 and in the addic-
tive response to alcohol,45 morphine,46 methamphetamine,47 
cocaine,48 and nicotine.49 These effects are most likely related 

to the capacity of tPA/plasmin to engage in synaptic plasticity 
that in some way enhances the addictive response. Consistent 
with this, overexpression of tPA in the nucleus accumbens (the 
area of the central nervous system [CNS] important in the 
addictive response) potentiated sensitivity to many of these 
addictive agents.50 Although this was not formally shown to be 
plasmin-mediated, the fact that plasminogen-deficient mice also 
displayed resistance to some of these additive agents makes this 
highly likely.

Diversity of function of the other key components of the 
fibrinolytic cascade

It comes without surprise that the major components of the 
fibrinolytic system also participate in processes unrelated to 
plasminogen activation, and also result in plasmin generation 
for purposes other than fibrin removal. The following sections 
will present some examples of the non-canonical functions of 
these proteins.

Tissue-type plasminogen activator
The importance of tPA in activating plasminogen is without 

doubt. However, tPA does cleave other substrates and has the 
capacity to bind to cell surface receptors and to promote cell 
signaling. One example of a non-plasminogen substrate for tPA 
was revealed by a Swedish group in the mid-2000s, where tPA 
was shown to directly activate (ie, independent of plasmino-
gen) the platelet-derived growth factor (PDGF)-CC molecule.51 
This in turn allowed PDGF-CC to bind to its cognate receptor 
(PDGFRα) and to initiate a protein tyrosine kinase-dependent 
intracellular signaling event. Indeed, activation of this path-
way resulted in opening of the blood-brain barrier (BBB) that 
occurred following tPA treatment in a mouse model of ischemic 
stroke. Moreover, this BBB opening event was blocked using the 
tyrosine kinase inhibitor, imatinib.52 It is of immense interest 
that imatinib is currently being evaluated in a randomized clini-
cal trial of patients with acute ischemic stroke to see if it reduces 
the deleterious effect of tPA at promoting symptomatic intracra-
nial hemorrhage.53

tPA can also interact with cell surface receptors, including the 
low-density lipoprotein receptors, notably low density lipopro-
tein receptor-related protein 1 (LRP-1)54,55. tPA has also been 
reported to promote various effects in the CNS (see Ref. 56 for 
review). Many of these studies did not determine whether the 
said effect was a direct effect of tPA or required plasmin forma-
tion. There are, however, some clear examples where some of 
the CNS effects of tPA are direct. Indeed, tPA was also reported 
to activate microglial cells and to initiate cytokine release 
in a manner not only independent of plasmin formation, but 
entirely independent of its proteolytic activity. In this case, tPA 
was essentially acting as a ligand and was actually referred to 
as being a cytokine.57 This was also revealed in a later study 
where an inactive tPA variant, also referred to as a “cytokine”, 
was able to induce MMP-9 expression in kidney fibroblasts in 
a manner dependent on binding to LRP-1.58 It was also during 
this period that tPA was shown to be neurotoxic,59 an important 
yet worrying finding given the use of tPA for thrombolysis in 
patients with ischemic stroke. This process was dependent on 
the catalytic activity of tPA which also relied on plasmin genera-
tion since the damaging effect was lost in plasminogen-deficient 
mice.60 This example is included because other reports suggested 
that tPA was promoting neurotoxicity by directly cleaving the 
NR1 subunit of the glutamate (N-methyl-D-aspartate) recep-
tor.61 This was a point of much controversy62 and could not 
be replicated by others.63,64 Some reports indicated that NR1 
cleavage was secondary to plasmin formation,62,65 while others 
reported that tPA was able to directly stimulate neurons without 
any NR1 cleavage but required other cell surface receptors in 
this process.65
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Urokinase
uPA is the other major plasminogen activator in mammalian 

plasma. uPA is more often linked to plasmin-mediated prote-
olysis in the extravascular compartment whereas tPA is more 
associated with conventional fibrinolysis (as well as its other 
attributes). uPA is often inextricably linked to a unique uPA cell 
surface receptor (uPAR66) where it can perform various func-
tions, some linked to cell-surface plasminogen activation and 
others to intracellular signaling,67 particularly in the context 
of malignancy as recently reviewed.68 uPA and uPAR have also 
been associated with cell adhesion,69,70 neointimal formation, 
and atherosclerosis.71

The PAIs
The 2 major PAIs (PAI-1 and PAI-2) have also been implicated 

in other processes. PAI-2 has an additional anomaly being pre-
dominantly located intracellularly, although some is secreted and 
does influence the conventional fibrinolytic process in both throm-
bus resolution72 and cancer metastasis.73 PAI-2 is still viewed as 
being enigmatic74 with suggested influence on apoptosis,75 human 
immunodeficiency virus replication,76 monocyte proliferation 
and differentiation,77 and more recently, to block tumor growth.78 
It is also impressively upregulated in response to inflammatory 
cytokines, including tumor necrosis factor (TNF).79 Early reports 
indicated that PAI-2 levels can increase over 1000-fold in some 
cells in response to TNF in combination with the phosphatase 
inhibitor, okadaic acid.80 PAI-2 is also highly regulated by aryl 
hydrocarbon receptor ligands and by implication, with the pro-
cess of carcinogenesis as recently reviewed.81

PAI-1 on the other hand, shares little in common with PAI-2 
apart from the fact they both inhibit tPA and uPA. PAI-1 is a 
particularly interesting serpin and has also been associated with 
numerous other processes (see Ref. 82). As it has the ability to 
interact with matrix proteins, including vitronectin,83 PAI-1 is 
linked to tissue remodeling, cell migration, and intracellular sig-
naling, with implications in the development of fibrosis,84 obe-
sity,85,86 and quite curiously, the process of cellular senescence.87 
Concerning the latter, a null mutation in the PAI-1 (SerpinE1) 
gene was reported to increase aging in humans.88 This was 
revealed in an Amish community in the United States that carried 
a null mutation in the PAI-1 gene. These individuals had “longer 
telomere length”, a more favorable metabolic profile with lower 
prevalence of diabetes. Exactly how PAI-1 imposes these effects 
on these parameters is not clear but of immense interest.  PAI-1 
can also modulate Notch signaling with subsequent effects on 
endocardial proliferation and maturation.89 These associations 
have led investigators to develop specific PAI-1 inhibitors90–93 
for some indications (ie, fibrosis, obesity, metabolic disorders 
among others; see 94) and results are eagerly awaited. It is also 
notable that antibodies against TAFI are also being explored,95 
but more in relation to conventional fibrinolysis.

Alpha2-antiplasmin
Antiplasmin has received relatively little attention compared 

to most other members of the fibrinolytic system, but there has 
been a resurgence of interest in recent years. Deficiency of anti-
plasmin resulted in the resolution of venous thrombus96 and this 
prompted efforts to therapeutically target antiplasmin in order 
to increase endogenous fibrinolytic activity.97 This approach was 
successful in a model of pulmonary embolism97 and ischemic 
stroke.98 Indeed, antibodies specific to antiplasmin removed pul-
monary emboli in a manner similar to exogenous tPA.97

Antiplasmin expression has also been detected in the brain 
hippocampus. Injection of neutralizing antibodies against anti-
plasmin was reported to increase hippocampal neurogenesis 
and spatial memory in mice.99 Similarly, antiplasmin-deficient 
mice display impaired motor and cognitive function and show 
anxiety and depression-like behavior.100 Whether this is due 
to uncontrolled plasmin activity is not clear but likely. Other 

reports have indicated additional functions for this serpin that 
appear to be unrelated to plasmin inhibition. For example, early 
studies suggested that antiplasmin promoted myofibroblast dif-
ferentiation independent of plasmin inhibition.101

A schematic representation of the various functions of the 
fibrinolytic system and the individual components is presented 
in Figure 1.

Unanticipated effects of antifibrinolytic agents
As the broadening role of plasmin has become evident, it is 

easy to imagine that the use of antifibrinolytic agents might have 
outcomes unrelated to their intended use, which is simply to stop 
bleeding. For example, administration of TXA to non-diabetic 
patients undergoing cardiac surgery resulted in a significant 
reduction in surgical site infection rates that was independent 
of its haemostatic effect.102 That this was not seen in diabetic 
patients underscores the confounding effect of diabetes on the 
fibrinolytic process. TXA was also reported to reduce peripros-
thetic joint infection after primary arthroplasty103 and revision 
arthroplasty,104 although in the 2 examples related to arthro-
plasty, immune parameters were not evaluated and this effect 
was attributed to reduction in blood transfusion requirements.

More recent preclinical studies have yielded some surpris-
ing effects of TXA in other contexts. For example, TXA was 
reported to increase life span of immune-compromised mice 
that coincided with reduced levels of TNF, interleukin-6 and 
MMP-9.105 The same group also reported that long term (2 year) 
treatment of normal mice with TXA or aprotinin improved cog-
nition and lowered brain amyloid levels.106 Whether these longer 
term effects of TXA are actually related to plasmin inhibition or 
some other effect remains to be seen.

Conclusions and future “fibrinolytic” 
prospects

There is now a growing sentiment that is calling for a reap-
praisal of “fibrinolysis”. Indeed, there is a lot more to this 
process than the removal of fibrin, and this is slowly gaining 
traction in the broader scientific community. Recent reviews 
have highlighted this very issue.107

For decades, fibrinolysis has been largely ignored in compari-
son to the interest in the parallel coagulation cascade. Minimizing 
thrombosis risk is effectively tackled using various approaches 
to slow down the coagulation cascade either by blocking the 
vitamin K–dependent coagulation enzymes in a general sense 
(warfarin), accelerating thrombin inactivation (heparin), or by 
more directly targeting factor X or thrombin (various direct oral 
anticoagulants). Only when thrombosis really gets out of hand 
is a direct fibrinolytic approach considered (ie, thrombolysis) 
and even then, within strict guidelines.

The intrigue of scientists towards coagulation also resulted in 
advanced laboratory approaches to measure almost every step of 
the cascade used for diagnostic purposes. Individuals with defi-
ciencies or modifications of any one of the numerous enzymes 
and regulatory proteins of the coagulation system were revealed 
permitting targeted, personalized treatment. Uncertainties can 
remain and the underlying thrombophilic tendencies in some 
individuals remains a mystery.

It is not beyond the realms of possibility that a defect in the 
fibrinolytic pathway may impact on other processes even in the 
absence of a coagulation anomaly. On the other hand, if there 
was a deficiency in plasminogen, or if its potential to be activated 
is impaired, then individuals with either low or dysfunctional 
plasminogen would be expected to present with a thrombotic 
phenotype. However, conditions associated with plasminogen 
deficiency—despite their ultra-rarity (1.6 per million108)—do 
not present with thrombosis, but rather the accumulation of 
fibrin deposits elsewhere, most commonly on the inner eyelid 
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causing ligneous conjunctivitis. It should be remembered that 
plasminogen levels in these individuals are low, but not zero so it 
is possible that the remaining plasminogen was enough to pro-
vide sufficient fibrinolytic activity in blood vessels.

The fibrinolytic system is continuing to deliver surprises and has 
come a long way since its initial association with fibrin removal. 
Although this is arguably still the most relevant role for this sys-
tem, particularly in the context of thrombosis and bleeding, its 
looming role in various non-canonical areas cannot be ignored.

Disclosures

The authors have no conflicts of interest to disclose.

Sources of funding

RLM receives grant support from the National Health and Medical 
Research Council (NHMRC) of Australia, grant ID 1156506.

References

1. Cesarman-Maus G, Hajjar KA. Molecular mechanisms of fibrinolysis. 
Br J Haematol. 2005;129:307–321.

2. Jörg M, Binder BR. Kinetic analysis of plasminogen activation by puri-
fied plasma kallikrein. Thromb Res. 1985;39:323–331.

3. Wiman B, Collen D. On the kinetics of the reaction between human 
antiplasmin and plasmin. Eur J Biochem. 1978;84:573–578.

4. Bajzar L, Manuel R, Nesheim ME. Purification and characteriza-
tion of TAFI, a thrombin-activable fibrinolysis inhibitor. J Biol Chem. 
1995;270:14477–14484.

5. Schatteman K, Goossens F, Leurs J, et al. Carboxypeptidase U at 
the interface between coagulation and fibrinolysis. Clin Appl Thromb 
Hemost. 2001;7:93–101.

6. Law RH, Caradoc-Davies T, Cowieson N, et al. The X-ray crys-
tal structure of full-length human plasminogen. Cell Rep. 
2012;1:185–190.

7. Komorowicz E, Kolev K, Machovich R. Fibrinolysis with des-kringle 
derivatives of plasmin and its modulation by plasma protease inhibi-
tors. Biochemistry. 1998;37:9112–9118.

8. Varjú I, Longstaff C, Szabó L, et al. DNA, histones and neutrophil 
extracellular traps exert anti-fibrinolytic effects in a plasma environ-
ment. Thromb Haemost. 2015;113:1289–1298.

9. Miles LA, Plow EF, Waisman DM, et al. Plasminogen receptors. J 
Biomed Biotechnol. 2012;2012:130735.

10. Ossowski L, Quigiey JP, Reich E. Plasminogen, a necessary fac-
tor for cell migration in vitro. In: Reich E, Rifkin DB, Shaw E, eds. 
Proteases and Biological Control. Vol 2. New York: Cold Spring Harbor 
Laboratory; 1975:901–913.

Figure 1. Schematic representation of the fibrinolytic system and the broad effects of its component parts. Plasminogen is activated to plasmin by 
either tPA or uPA and can be inhibited by PAI-1 or PAI-2. Activation can also be endogenously inhibited by TAFI or therapeutically by TXA. Antiplasmin blocks 
plasmin activity. Additional effects of the individual components of this system are also indicated. Many additional effects of uPA are mediated by its interaction 
with its receptor, uPAR. Note, this list is not exhaustive. BBB = blood-brain barrier; CNS = central nervous system; HIV = human immunodeficiency virus; LDLR = low-density lipopro-
tein receptor; MMP = matrix metalloproteinase, PAI = plasminogen activator inhibitor; PDGFCC = platelet derived growth factor-CC; plg = plasminogen; TAFI = thrombin activatable fibrinolysis 
inhibitor; tPA = tissue type plasminogen activator; TXA = tranexamic acid; uPA = urokinase type plasminogen activator; uPAR = uPA cell surface receptor; vWF = von Willebrand factor.



6

Medcalf and Keragala Fibrinolysis: Mysteries and Opportunities

11. Li Q, Laumonnier Y, Syrovets T, et al. Plasmin triggers cytokine induc-
tion in human monocyte-derived macrophages. Arterioscler Thromb 
Vasc Biol. 2007;27:1383–1389.

12. Tillett WS, Sherry S. The effect in patients of streptococcal fibrinoly-
sin and streptococcal desoxyribonuclease on fibrinous, purulent, and 
sanguinous pleural exudations. J Clin Invest. 1949;28:173–190.

13. NINDS. Tissue plasminogen activator for acute ischemic stroke. The 
National Institute of Neurological Disorders and Stroke rt-PA Stroke 
Study Group. N Engl J Med. 1995;333:1581–1587.

14. Hoylaerts M, Rijken DC, Lijnen HR, et al. Kinetics of the activation of 
plasminogen by human tissue plasminogen activator. Role of fibrin. J 
Biol Chem. 1982;257:2912–2919.

15. Gaffney PJ, Edgell TA, Whitton CM. The haemostatic balance – astrup 
revisited. Haemostasis. 1999;29:58–71.

16. Campbell BC. Thrombolysis and thrombectomy for acute ischemic stroke: 
strengths and synergies. Semin Thromb Hemost. 2017;43:185–190.

17. Chandler WL, Alessi MC, Aillaud MF, et al. Clearance of tissue plas-
minogen activator (TPA) and TPA/plasminogen activator inhibitor type 
1 (PAI-1) complex: relationship to elevated TPA antigen in patients 
with high PAI-1 activity levels. Circulation. 1997;96:761–768.

18. Verstraete M. Third-generation thrombolytic drugs. Am J Med. 
2000;109:52–58.

19. van Zonneveld AJ, Veerman H, Pannekoek H. On the interaction of the 
finger and the kringle-2 domain of tissue-type plasminogen activator 
with fibrin. Inhibition of kringle-2 binding to fibrin by epsilon-amino 
caproic acid. J Biol Chem. 1986;261:14214–14218.

20. Draxler DF, Medcalf RL. The fibrinolytic system-more than fibrinoly-
sis? Transfus Med Rev. 2015;29:102–109.

21. Keyt BA, Paoni NF, Refino CJ, et al. A faster-acting and more potent 
form of tissue plasminogen activator. Proc Natl Acad Sci U S A. 
1994;91:3670–3674.

22. Tait RC, Walker ID, Conkie JA, et al. Plasminogen levels in healthy 
volunteers–influence of age, sex, smoking and oral contraceptives. 
Thromb Haemost. 1992;68:506–510.

23. Campbell BCV, Mitchell PJ, Churilov L, et al; EXTEND-IA TNK 
Investigators. Tenecteplase versus alteplase before thrombectomy for 
ischemic stroke. N Engl J Med. 2018;378:1573–1582.

24. Lillicrap T, Keragala CB, Draxler DF, et al. Plasmin generation potential 
and recanalization in acute ischaemic stroke; an observational cohort 
study of stroke biobank samples. Front Neurol. 2020;11:589628.

25. Okamoto SO, U. A new potent antifibrinolytic substance and its 
effects on blood of animals. Keio J Med. 1962;11:105–115.

26. Henry DA, Carless PA, Moxey AJ, et al. Anti-fibrinolytic use for mini-
mising perioperative allogeneic blood transfusion. Cochrane Database 
Syst Rev. 2011:CD001886.

27. HALT-IT Collaborators. Effects of a high-dose 24-h infusion of 
tranexamic acid on death and thromboembolic events in patients with 
acute gastrointestinal bleeding (HALT-IT): an international randomised, 
double-blind, placebo-controlled trial. Lancet. 2020;395:1927–1936.

28. Christensen LR, Macleod CM. A proteolytic enzyme of serum: char-
acterization, activation, and reaction with inhibitors. J Gen Physiol. 
1945;28:559–583.

29. O’Mullane MJ, Baker MS. Loss of cell viability dramatically ele-
vates cell surface plasminogen binding and activation. Exp Cell Res. 
1998;242:153–164.

30. Samson AL, Borg RJ, Niego B, et al. A nonfibrin macromolecular 
cofactor for tPA-mediated plasmin generation following cellular injury. 
Blood. 2009;114:1937–1946.

31. Samson AL, Knaupp AS, Sashindranath M, et al. Nucleocytoplasmic 
coagulation: an injury-induced aggregation event that disulfide 
crosslinks proteins and facilitates their removal by plasmin. Cell Rep. 
2012;2:889–901.

32. Borg RJ, Samson AL, Au AE, et al. Dendritic cell-mediated phagocy-
tosis but not immune activation is enhanced by plasmin. PLoS One. 
2015;10:e0131216.

33. Das R, Ganapathy S, Settle M, et al. Plasminogen promotes macro-
phage phagocytosis in mice. Blood. 2014;124:679–688.

34. Tersteeg C, de Maat S, De Meyer SF, et al. Plasmin cleav-
age of von Willebrand factor as an emergency bypass for 
ADAMTS13 deficiency in thrombotic microangiopathy. Circulation. 
2014;129:1320–1331.

35. Hoover-Plow J. Does plasmin have anticoagulant activity? Vasc 
Health Risk Manag. 2010;6:199–205.

36. Schmidt AE, Vadivel K, Whitelegge J, et al. Plasmin-mediated prote-
olysis of human factor IXa in the presence of calcium/phospholipid: 

conversion of procoagulant factor IXa to a fibrinolytic enhancer. J 
Thromb Haemost. 2020;18:1171–1182.

37. Dömötör E, Bartha K, Machovich R, et al. Protease-activated recep-
tor-2 (PAR-2) in brain microvascular endothelium and its regulation by 
plasmin and elastase. J Neurochem. 2002;80:746–754.

38. Maas C. Plasminflammation-an emerging pathway to bradykinin pro-
duction. Front Immunol. 2019;10:2046.

39. Pryzdial EL, Lavigne N, Dupuis N, et al. Plasmin converts factor X 
from coagulation zymogen to fibrinolysis cofactor. J Biol Chem. 
1999;274:8500–8505.

40. Lijnen HR. Plasmin and matrix metalloproteinases in vascular remod-
eling. Thromb Haemost. 2001;86:324–333.

41. Pang PT, Teng HK, Zaitsev E, et al. Cleavage of proBDNF by tPA/
plasmin is essential for long-term hippocampal plasticity. Science. 
2004;306:487–491.

42. Foley JH. Plasmin(ogen) at the nexus of fibrinolysis, inflammation, and 
complement. Semin Thromb Hemost. 2017;43:135–142.

43. Rømer J, Bugge TH, Pyke C, et al. Plasminogen and wound healing. 
Nat Med. 1996;2:725.

44. Calabresi P, Napolitano M, Centonze D, et al. Tissue plasminogen 
activator controls multiple forms of synaptic plasticity and memory. 
Eur J Neurosci. 2000;12:1002–1012.

45. Noel M, Norris EH, Strickland S. Tissue plasminogen activator is 
required for the development of fetal alcohol syndrome in mice. Proc 
Natl Acad Sci U S A. 2011;108:5069–5074.

46. Nagai T, Yamada K, Yoshimura M, et al. The tissue plasminogen 
activator-plasmin system participates in the rewarding effect of mor-
phine by regulating dopamine release. Proc Natl Acad Sci U S A. 
2004;101:3650–3655.

47. Nagai T, Noda Y, Ishikawa K, et al. The role of tissue plasminogen 
activator in methamphetamine-related reward and sensitization. J 
Neurochem. 2005;92:660–667.

48. Maiya R, Zhou Y, Norris EH, et al. Tissue plasminogen activator mod-
ulates the cellular and behavioral response to cocaine. Proc Natl Acad 
Sci U S A. 2009;106:1983–1988.

49. Nagai T, Ito M, Nakamichi N, et al. The rewards of nicotine: regulation 
by tissue plasminogen activator-plasmin system through protease 
activated receptor-1. J Neurosci. 2006;26:12374–12383.

50. Bahi A, Dreyer JL. Overexpression of plasminogen activators in the 
nucleus accumbens enhances cocaine-, amphetamine- and mor-
phine-induced reward and behavioral sensitization. Genes Brain 
Behav. 2008;7:244–256.

51. Fredriksson L, Li H, Fieber C, et al. Tissue plasminogen activator is a 
potent activator of PDGF-CC. EMBO J. 2004;23:3793–3802.

52. Su EJ, Fredriksson L, Geyer M, et al. Activation of PDGF-CC by tis-
sue plasminogen activator impairs blood-brain barrier integrity during 
ischemic stroke. Nat Med. 2008;14:731–737.

53. Wahlgren N, Thorén M, Höjeberg B, et al. Randomized assessment of 
imatinib in patients with acute ischaemic stroke treated with intrave-
nous thrombolysis. J Intern Med. 2017;281:273–283.

54. Herz J, Strickland DK. LRP: a multifunctional scavenger and signaling 
receptor. J Clin Invest. 2001;108:779–784.

55. Hu K, Wu C, Mars WM, et al. Tissue-type plasminogen activator pro-
motes murine myofibroblast activation through LDL receptor-related pro-
tein 1-mediated integrin signaling. J Clin Invest. 2007;117:3821–3832.

56. Samson AL, Medcalf RL. Tissue-type plasminogen activator: a mul-
tifaceted modulator of neurotransmission and synaptic plasticity. 
Neuron. 2006;50:673–678.

57. Rogove AD, Siao C, Keyt B, et al. Activation of microglia reveals a 
non-proteolytic cytokine function for tissue plasminogen activator in 
the central nervous system. J Cell Sci. 1999;112 (pt 22):4007–4016.

58. Hu K, Yang J, Tanaka S, et al. Tissue-type plasminogen activator 
acts as a cytokine that triggers intracellular signal transduction and 
induces matrix metalloproteinase-9 gene expression. J Biol Chem. 
2006;281:2120–2127.

59. Tsirka SE, Rogove AD, Strickland S. Neuronal cell death and tPA. 
Nature. 1996;384:123–124.

60. Tsirka SE, Rogove AD, Bugge TH, et al. An extracellular proteolytic 
cascade promotes neuronal degeneration in the mouse hippocam-
pus. J Neurosci. 1997;17:543–552.

61. Nicole O, Docagne F, Ali C, et al. The proteolytic activity of tissue-plas-
minogen activator enhances NMDA receptor-mediated signaling. Nat 
Med. 2001;7:59–64.

62. Matys T, Strickland S. Tissue plasminogen activator and NMDA 
receptor cleavage. Nat Med. 2003;9:371–372.



7

  (2021) 5:6 www.hemaspherejournal.com

63. Kvajo M, Albrecht H, Meins M, et al. Regulation of brain proteolytic 
activity is necessary for the in vivo function of NMDA receptors. J 
Neurosci. 2004;24:9734–9743.

64. Liu D, Cheng T, Guo H, et al. Tissue plasminogen activator neuro-
vascular toxicity is controlled by activated protein C. Nat Med. 
2004;10:1379–1383.

65. Samson AL, Nevin ST, Croucher D, et al. Tissue-type plasminogen 
activator requires a co-receptor to enhance NMDA receptor function. 
J Neurochem. 2008;107:1091–1101.

66. Vassalli JD, Baccino D, Belin D. A cellular binding site for the Mr 
55,000 form of the human plasminogen activator, urokinase. J Cell 
Biol. 1985;100:86–92.

67. Blasi F, Sidenius N. The urokinase receptor: focused cell surface pro-
teolysis, cell adhesion and signaling. FEBS Lett. 2010;584:1923–1930.

68. Heissig B, Salama Y, Osada T, et al. The multifaceted role of plasmin-
ogen in cancer. Int J Mol Sci. 2021;22:2304.

69. Chapman HA. Plasminogen activators, integrins, and the coordi-
nated regulation of cell adhesion and migration. Curr Opin Cell Biol. 
1997;9:714–724.

70. Waltz DA, Natkin LR, Fujita RM, et al. Plasmin and plasminogen acti-
vator inhibitor type 1 promote cellular motility by regulating the inter-
action between the urokinase receptor and vitronectin. J Clin Invest. 
1997;100:58–67.

71. Fuhrman B. The urokinase system in the pathogenesis of atheroscle-
rosis. Atherosclerosis. 2012;222:8–14.

72. Siefert SA, Chabasse C, Mukhopadhyay S, et al. Enhanced venous 
thrombus resolution in plasminogen activator inhibitor type-2 defi-
cient mice. J Thromb Haemost. 2014;12:1706–1716.

73. Harris NLE, Vennin C, Conway JRW, et al; Australian Pancreatic Cancer 
Genome Initiative. SerpinB2 regulates stromal remodelling and local 
invasion in pancreatic cancer. Oncogene. 2017;36:4288–4298.

74. Medcalf RL. Plasminogen activator inhibitor type 2: still an enig-
matic serpin but a model for gene regulation. Methods Enzymol. 
2011;499:105–134.

75. Dickinson JL, Bates EJ, Ferrante A, et al. Plasminogen activator 
inhibitor type 2 inhibits tumor necrosis factor alpha-induced apop-
tosis. Evidence for an alternate biological function. J Biol Chem. 
1995;270:27894–27904.

76. Darnell GA, Schroder WA, Gardner J, et al. SerpinB2 is an inducible 
host factor involved in enhancing HIV-1 transcription and replication. 
J Biol Chem. 2006;281:31348–31358.

77. Yu H, Maurer F, Medcalf RL. Plasminogen activator inhibitor type 
2: a regulator of monocyte proliferation and differentiation. Blood. 
2002;99:2810–2818.

78. Westrick RJ, Røjkjaer LP, Yang AY, et al. Deficiency of plasminogen 
activator inhibitor-2 results in accelerated tumor growth. J Thromb 
Haemost. 2020;18:2968–2975.

79. Medcalf RL, Kruithof EK, Schleuning WD. Plasminogen activator 
inhibitor 1 and 2 are tumor necrosis factor/cachectin-responsive 
genes. J Exp Med. 1988;168:751–759.

80. Medcalf RL. Cell- and gene-specific interactions between signal 
transduction pathways revealed by okadaic acid. Studies on the plas-
minogen activating system. J Biol Chem. 1992;267:12220–12226.

81. Brauze D. SERPINB2-its regulation and interplay with aryl hydrocar-
bon receptor. J Appl Genet. 2021;62:99–105.

82. Declerck PJ, Gils A. Three decades of research on plasminogen 
activator inhibitor-1: a multifaceted serpin. Semin Thromb Hemost. 
2013;39:356–364.

83. Declerck PJ, De Mol M, Alessi MC, et al. Purification and characteriza-
tion of a plasminogen activator inhibitor 1 binding protein from human 
plasma. Identification as a multimeric form of S protein (vitronectin). J 
Biol Chem. 1988;263:15454–15461.

84. Eitzman DT, McCoy RD, Zheng X, et al. Bleomycin-induced pul-
monary fibrosis in transgenic mice that either lack or overexpress 
the murine plasminogen activator inhibitor-1 gene. J Clin Invest. 
1996;97:232–237.

85. Juhan-Vague I, Vague P, Alessi MC, et al. Relationships between 
plasma insulin triglyceride, body mass index, and plasminogen acti-
vator inhibitor 1. Diabete Metab. 1987;13(3 pt 2):331–336.

86. Venugopal J, Hanashiro K, Yang ZZ, et al. Identification and mod-
ulation of a caveolae-dependent signal pathway that regulates 

plasminogen activator inhibitor-1 in insulin-resistant adipocytes. Proc 
Natl Acad Sci U S A. 2004;101:17120–17125.

87. Vaughan DE, Rai R, Khan SS, et al. Plasminogen activator inhibitor-1 
is a marker and a mediator of senescence. Arterioscler Thromb Vasc 
Biol. 2017;37:1446–1452.

88. Khan SS, Shah SJ, Klyachko E, et al. A null mutation in 
SERPINE1 protects against biological aging in humans. Sci Adv. 
2017;3:eaao1617.

89. Münch J, Grivas D, González-Rajal Á, et al. Notch signalling 
restricts inflammation and serpine1 expression in the dynamic 
endocardium of the regenerating zebrafish heart. Development. 
2017;144:1425–1440.

90. Sillen M, Miyata T, Vaughan DE, et al. Structural insight into the two-
step mechanism of PAI-1 inhibition by small molecule TM5484. Int J 
Mol Sci. 2021;22:1482.

91. Ghosh AK, Rai R, Park KE, et al. A small molecule inhibitor of 
PAI-1 protects against doxorubicin-induced cellular senescence. 
Oncotarget. 2016;7:72443–72457.

92. Khoukaz HB, Ji Y, Braet DJ, et al. Drug targeting of plasminogen acti-
vator inhibitor-1 inhibits metabolic dysfunction and atherosclerosis 
in a murine model of metabolic syndrome. Arterioscler Thromb Vasc 
Biol. 2020;40:1479–1490.

93. Sillen M, Weeks SD, Zhou X, et al. Molecular mechanism of two 
nanobodies that inhibit PAI-1 activity reveals a modulation at distinct 
stages of the PAI-1/plasminogen activator interaction. J Thromb 
Haemost. 2020;18:681–692.

94. Vaughan DE. PAI-1 antagonists: the promise and the peril. Trans Am 
Clin Climatol Assoc. 2011;122:312–325.

95. Zhou X, Weeks SD, Ameloot P, et al. Elucidation of the molecular 
mechanisms of two nanobodies that inhibit thrombin-activatable 
fibrinolysis inhibitor activation and activated thrombin-activatable 
fibrinolysis inhibitor activity. J Thromb Haemost. 2016;14:1629–1638.

96. Singh S, Houng AK, Reed GL. Venous stasis-induced fibrinoly-
sis prevents thrombosis in mice: role of α2-antiplasmin. Blood. 
2019;134:970–978.

97. Singh S, Houng A, Reed GL. Releasing the brakes on the fibrinolytic 
system in pulmonary emboli: unique effects of plasminogen activation 
and α2-antiplasmin inactivation. Circulation. 2017;135:1011–1020.

98. Houng AK, Wang D, Reed GL. Reversing the deleterious effects 
of α2-antiplasmin on tissue plasminogen activator therapy 
improves outcomes in experimental ischemic stroke. Exp Neurol. 
2014;255:56–62.

99. Kawashita E, Kanno Y, Asayama H, et al. Involvement of α2-anti-
plasmin in dendritic growth of hippocampal neurons. J Neurochem. 
2013;126:58–69.

100. Kawashita E, Kanno Y, Ikeda K, et al. Altered behavior in mice with 
deletion of the alpha2-antiplasmin gene. PLoS One. 2014;9:e97947.

101. Kanno Y, Kawashita E, Kokado A, et al. Alpha2-antiplasmin regulates 
the development of dermal fibrosis in mice by prostaglandin F(2α) 
synthesis through adipose triglyceride lipase/calcium-independent 
phospholipase A(2). Arthritis Rheum. 2013;65:492–502.

102. Draxler DF, Yep K, Hanafi G, et al. Tranexamic acid modulates the 
immune response and reduces postsurgical infection rates. Blood 
Adv. 2019;3:1598–1609.

103. Yazdi H, Klement MR, Hammad M, et al. Tranexamic acid is asso-
ciated with reduced periprosthetic joint infection after primary total 
joint arthroplasty. J Arthroplasty. 2020;35:840–844.

104. Klement MR, Padua FG, Li WT, et al. Tranexamic acid reduces the 
rate of periprosthetic joint infection after aseptic revision arthro-
plasty. J Bone Joint Surg Am. 2020;102:1344–1350.

105. Hiramoto K, Yamate Y, Sugiyama D, et al. Effect of tranexamic acid in 
improving the lifespan of naturally aging mice. Inflammopharmacology. 
2019;27:1319–1323.

106. Hiramoto K, Yamate Y, Matsuda K, et al. Tranexamic acid improves 
memory and learning abilities in aging mice. J Exp Pharmacol. 
2020;12:653–663.

107. Keragala CB, Medcalf RL. Plasminogen: an enigmatic zymogen. 
Blood. 2021 March 18. [Epub ahead of print].

108. Shapiro AD, Menegatti M, Palla R, et al. An international registry of 
patients with plasminogen deficiency (HISTORY). Haematologica. 
2020;105:554–561.


