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Role of the Plasminogen Activation System in 
Liver Injury and Repair: Knowns and  
Known Unknowns
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ABSTRACT: The plasminogen activation system (PAS) is primarily responsible for the degradation of fibrin clots as well as extracellular 
matrix remodeling. Many components of the PAS are produced by the liver, and the expression of these proteins is altered during 
liver disease. Liver is a primary site for the synthesis of proteins in the PAS, including plasminogen, tPA (tissue-type plasminogen 
activator), and uPA (urokinase-type plasminogen activator), as well as several modulators of plasmin activation. Clinical studies 
have shown that liver injury profoundly changes levels of PAS components and fibrinolytic activity in plasma. Likewise, there is 
strong experimental evidence to suggest that components of the PAS play an important role in determining the severity of hepatic 
injury and, paradoxically, also contribute to repair and regeneration of the injured liver. Here, we review the dynamic connections 
between the PAS and liver injury/disease, including changes in PAS expression and function accompanying liver disease in 
patients and mechanism-centered studies in animal models. We focus on established models of acute hepatic injury, chronic liver 
disease, and repair/regeneration, and review the effect of gain or loss of function of PAS components on the liver. The review 
seeks to cover not only field-driving discoveries but also spotlights unexplained dichotomies, challenges with interpretation, and 
the need for further exploration of mechanisms using leading-edge tools. Critical gaps in our understanding of how the PAS 
contributes to liver pathophysiology, and vice versa, are identified, and future directions are considered.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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The coagulation cascade is activated in response to 
tissue injury. Activation of coagulation leads to an 
amplified series of proteolytic reactions, ultimately 

generating the serine protease thrombin. Thrombin 
cleaves circulating fibrinogen to form fibrin, which depos-
its at sites of vascular injury and tissue damage. Fibrin 
formation is counterbalanced by fibrin degradation, a pro-
cess termed fibrinolysis. The primary fibrinolytic protease, 
plasmin, is generated from its zymogen, plasminogen, 
which circulates in plasma. The plasminogen activators, 
tPA (tissue-type plasminogen activator) and uPA (uroki-
nase-type plasminogen activator), proteolytically convert 

plasminogen to its active form.1 Plasmin generation and 
activity are regulated by multiple mechanisms. tPA and 
uPA activity are inhibited by the PAI (plasminogen activa-
tor inhibitor)-1 and PAI-2. uPAR (urokinase-type plasmin-
ogen activator receptor) also regulates the plasminogen 
activation system (PAS) by binding uPA at the cell sur-
face.2 In addition, TAFI (thrombin-activatable fibrinolysis 
inhibitor, carboxypeptidase B2) inhibits plasmin-mediated 
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fibrinolysis by cleaving plasmin binding sites on fibrin.1,3 
Plasmin is also inhibited by α2-AP (α2-antiplasmin), which 
directly binds to plasmin, forming an irreversible PAP 
(plasmin-α2-antiplasmin) complex, preventing plasmin 
from interacting with fibrin. α2-AP is crosslinked to fibrin 
by coagulation factor XIII, disrupting local fibrinolysis and 
stabilizing fibrin. Importantly, precise regulation of plasmin 
activity ensures proper timing of fibrin clot clearance and 
avoids improper accelerated removal of fibrin clots.

Because the liver is the site of synthesis of multiple 
key components of the hemostatic system, patients with 
hepatic dysfunction develop significant alterations in 
coagulation and fibrinolysis, as well as regulation of plate-
let functions.4–7 Strong evidence suggests that the PAS 
and fibrinolysis are also altered in patients with acute liver 
injury and chronic liver disease.4,8 These alterations may 
further complicate the clinical management of hemo-
static and thrombotic dysregulation in patients with liver 
disease. Likewise, components of the PAS have been 
linked to the pathogenesis of liver disease itself, including 
mechanisms independent of traditional plasmin-directed 
fibrinolytic activity, such as activation of proinflammatory 
pathways.3 These interactions make for a complex recip-
rocal interface between the PAS and liver damage and 
dysfunction. Here, we review clinical and experimental 
evidence bidirectionally linking hepatic injury and dysfunc-
tion to changes in systemic fibrinolysis and elucidating 
mechanisms whereby primary PAS components contrib-
ute to liver damage, repair, and regeneration. Where rel-
evant, we highlight connections to clinical observations, 
gaps in the literature, and note where context-dependent 

contributions of components of the PAS to liver injury 
leave unresolved dichotomies evident in the literature.

RECIPROCAL CONNECTIONS BETWEEN 
ACUTE LIVER INJURY AND THE PAS
Impact of Acute Hepatic Injury on Fibrinolysis
The liver consists of both parenchymal cells (ie, hepa-
tocytes) and several different nonparenchymal cells, 
including specialized sinusoidal endothelial cells, resi-
dent liver macrophages (ie, Kupffer cells), and hepatic 
stellate cells. Acute liver injury or failure (ALI/ALF), 
including hepatocyte damage and dysfunction, is driven 
by multiple causes, including autoimmune hepatitis and 
drug toxicity.9 ALI/ALF is characterized by a sudden and 
rapid decline of hepatic function, which may be second-
ary to a chronic liver condition or caused by pathogenic 
infection, toxin exposure, or an adverse drug reaction. 
Prior studies have examined the impact of ALI/ALF 
on systemic levels and activation of PAS components. 
Compared with healthy controls, plasma levels of plas-
minogen, TAFI, and α2-AP are significantly decreased 
in patients with ALI/ALF.4 This change may be a conse-
quence of decreased expression of these proteins by the 
injured liver or consumption of existing factors. Indeed, 
plasma levels of PAP complexes, a biomarker of plasmin 
production, increase in patients with ALI/ALF.10 Nota-
bly, plasma tPA and PAI-1 levels increase in the plasma 
of patients with ALI/ALF.4 When functional assays are 
used to understand the net effect of these changes on 
fibrinolysis, plasma clots from patients with hepatic injury 
display marked changes. For example, prolonged ex vivo 
clot lysis time was observed in patients with ALI/ALF.4,11 
These studies highlight how combined disruption of the 
synthesis of PAS components alongside injury-induced 
plasmin generation can contribute to substantial altera-
tions in systemic fibrinolysis. Although higher plasma 
clot lysis time was associated with increased disease 
severity, notably, there was no association between ex 
vivo clot lysis time and transplant-free survival in patients 

Nonstandard Abbreviations and Acronyms

α2-AP	 α2-antiplasmin
ALI/ALF	 acute liver injury or failure
APAP	 acetaminophen/paracetamol
CCl4	 carbon tetrachloride
HCC	 hepatocellular carcinoma
HGF	 hepatocyte growth factor
MASH	� metabolic dysfunction–associated 

steatohepatitis
MASLD	� metabolic dysfunction–associated 

steatotic liver disease
PAI	 plasminogen activator inhibitor
PAP	 plasmin-α2-antiplasmin
PAS	 plasminogen activation
PHx	 partial hepatectomy
Plg	 plasminogen gene
TAFI	 thrombin-activatable fibrinolysis inhibitor
tPA	 tissue-type plasminogen activator
uPA	 urokinase-type plasminogen activator
uPAR	� urokinase-type plasminogen activator 

receptor

Highlights

•	 Current experimental and clinical studies highlight 
the importance of the plasminogen activation system 
in acute and chronic liver disease, as patients with 
hepatic dysfunction develop significant changes in 
coagulation and fibrinolysis.

•	 Cause of liver damage and phase of injury/repair 
seem to influence the impact of the plasminogen 
activation system on the liver.

•	 The complex, bidirectional relationship between liver 
dysfunction and fibrinolysis highlights the need for 
more mechanistic studies and new approaches, 
including emerging in vivo tools.
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with ALF.11 Whereas the capacity to generate plasmin 
and lyse clots suggested by ex vivo experiments is not 
connected to an outcome of transplant-free survival in 
patients, it is unclear whether plasmin generated in the 
liver in vivo is connected to the outcome by contributing 
to injury progression or resolution.

Acetaminophen Overdose–Induced Acute Liver 
Injury
A leading cause of ALI/ALF is acetaminophen/
paracetamol (APAP) overdose.12,13 Interestingly, 1 study 
suggests a decrease in circulating plasminogen concen-
tration in individuals susceptible to APAP-induced liver 
injury, even at therapeutic doses of APAP.14 In addition 
to several studies linking hepatic injury to altered fibri-
nolysis in patients, experimental studies suggest poten-
tial mechanistic links between fibrinolysis and acute liver 
damage. APAP overdose in mice provides a robust and 
reproducible experimental setting of acute liver injury 
for which the associated mechanisms and liver pathol-
ogy resemble those observed in cultured primary human 
hepatocytes and in patients.15,16 Although the kinet-
ics of APAP metabolism and injury development vary, 
and sex differences with known mechanistic origins 
are known,17 this versatile model, paired with studies in 
human hepatocytes, has formed the basis for our under-
standing of APAP hepatotoxicity. APAP is metabolized 
to a reactive metabolite, N-acetyl-p-benzoquinone imine, 
which, if generated in excess, triggers intracellular oxi-
dative stress, mitochondrial dysfunction, and cell signal-
ing pathways that prompt hepatocyte injury.18 Damage 
to hepatocytes induced by APAP occurs in concert with 
multiple extrahepatocellular pathways that contribute 
to the progression of hepatocellular necrosis in this 
model.19 Hepatic plasmin activity is reported to increase 
in mice after APAP overdose, corresponding temporally 
with expression of tPA.20 Likewise, in vivo plasmin gen-
eration is indicated by PAP complex formation in APAP-
challenged mice, an observation reflected by increased 
plasma PAP complexes in patients.10 Several studies 
suggest plasmin contributes to some aspect of APAP-
induced liver injury in mice, but there are important dif-
ferences in these studies that are worth noting. Two 
separate studies suggest APAP-induced hepatocyte 
damage, marked by changes in hepatocellular necrosis 
and liver enzymes, is reduced in genetic plasminogen 
knockout (Plg−/−) mice.10,20,21 Another similar experiment 
identified a reduction in sinusoidal endothelial cell injury/
vascular dysfunction in Plg−/− mice, but hepatocyte injury 
was not substantially impacted.20 The precise basis for 
these discrepancies is not known, but Plg−/− mice display 
baseline phenotypes including hepatic fibrin deposition, 
which could vary in severity in individual colonies, poten-
tially impacting outcomes in liver injury models. Aligning 
with that result, peak hepatotoxicity is minimally reduced 
by tranexamic acid in APAP-challenged mice.21

Prior studies suggest that excess plasmin activity dur-
ing the development of hepatotoxicity drives vascular 
injury and hepatic congestion, an impairment of blood 
drainage from the liver, after APAP overdose.20 Within 
6 hours of APAP challenge, hepatic PAI-1 mRNA and 
plasma PAI-1 levels increased.22 Importantly, the cellular 
source of PAI-1 in APAP-challenged mice has not been 
identified, although recent single-cell RNA sequencing 
documents robust Serpine1 (PAI-1) expression by hepatic 
stellate cells.23 PAI-1 deficiency dramatically increased 
hepatic congestion and hepatocyte injury in APAP-
challenged mice.21,24 Exaggerated hepatic congestion in 
APAP-challenged PAI-1−/− mice was largely mitigated 
by the concurrent absence of tPA.21 Separately, admin-
istration of exogenous recombinant PAI-1-insensitive 
tPA (ie, tenecteplase) to APAP-challenged wild-type 
mice produced a histological picture resembling massive 
intrahepatic congestion reminiscent of APAP-challenged 
PAI-1−/− mice.21 However, a single deficiency in tPA did 
not impact APAP-induced liver injury.25

The impact of deficiency in components of the PAS 
may be perceived to have opposing roles, depending 
on the time point examined. For example, TAFI defi-
ciency reduces early APAP hepatotoxicity, but as injury 
progresses, hepatic necrosis is exaggerated in APAP-
challenged TAFI−/− mice.26 Moreover, missing from 
mechanistic studies is a complete understanding of the 
plasmin targets that drive hepatic congestion (and liver 
damage). Whereas Occam’s razor would suggest that 
degradation of fibrin would be a frontline mechanism, 
multiple studies suggest that fibrin(ogen) plays a hep-
atoprotective role in APAP-induced liver injury (by pro-
viding structure and engaging leukocytes27) at least at 
doses associated with acute injury and repair.28 Indeed, 
at larger doses that produce ALF-like features, biomark-
ers of fibrinolysis are markedly exaggerated.29 Moreover, 
there is at least 1 example where a fibrin(ogen) mutation 
drives hepatic injury by enhancing fibrinolysis.30

Other Experimental Models of Acute Liver 
Injury
Contributions of the PAS to liver injury have also been 
examined in other experimental settings. Collectively, 
these studies demonstrate that experimental context 
matters and that the basis of the hepatic insult can 
dictate involvement of the PAS. Administration of the 
solvent carbon tetrachloride (CCl4) is among the most 
widely used models of chemical-induced acute liver dam-
age and fibrosis, either alone as a hepatotoxic challenge 
or paired with overnutrition to magnify hepatic fibrosis 
in the context of steatohepatitis.31,32 Like APAP, CCl4 
challenge produces centrilobular hepatic necrosis, but 
through mechanisms involving free radical formation 
and marked lipid peroxidation.33 PAI-1 deficiency exacer-
bates hepatic injury in CCl4-challenged mice,34 implying 
that plasmin activity may worsen hepatic injury. Despite 
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this observation, tPA deficiency does not impact CCl4-
induced hepatotoxicity.35 Likewise, Plg−/− mice are simi-
larly sensitive to CCl4-induced liver damage,36 a notable 
dichotomy from APAP-induced liver injury, where several 
studies suggest hepatic congestion or hepatic injury is 
reduced in Plg−/− mice.

Robust PAI-1 induction is observed in rodents chal-
lenged with lipopolysaccharide, and in models where 
low-dose lipopolysaccharide is administered to potenti-
ate the hepatotoxicity of another chemical.37 In this case, 
PAI-1 deficiency may reduce hepatic injury by mecha-
nisms beyond fibrinolysis, as PAI-1−/− mice had reduced 
plasma concentrations of several cytokines, suggesting 
a proinflammatory, nonfibrinolytic role of PAI-1.38 PAI-1 
has also been examined in settings of cholestatic liver 
injury, a subtype of acute liver injury in which bile flow 
is disrupted. Several studies have investigated the role 
of plasminogen activation and inhibition in cholestatic 
liver injury, with a particular focus on PAI-1 knockout 
mice.39–42 Interestingly, PAI-1 deficiency dramatically 
reduced hepatic injury in mice after experimental bile 
duct ligation.39 PAI-1−/− mice with bile duct ligation dis-
played reduced hepatic injury and inflammation and a 
commensurate reduction in extracellular matrix depo-
sition.39,42 This suggests that PAI-1 deficiency reduces 
hepatic injury in the context of obstructive cholestasis. 
Conversely, tPA-deficient mice displayed increased 
hepatocyte death, increased neutrophil infiltration, and 
larger bile infarcts.40 Notably, although there is a clear 
impact of tPA or PAI-1 deficiency in mice after bile duct 
ligation, the precise role of fibrinogen and fibrinolysis has 
not been examined, leaving the precise mechanisms not 
fully understood.

FIBRINOLYSIS IN LIVER REPAIR AND 
REGENERATION
Plasmin generation plays a key role in the clearance of 
provisional fibrin matrix deposited at sites of tissue dam-
age and is thus closely linked to wound healing. Although 
tight control of plasmin production is critical during early 
liver injury, there is also strong evidence that components 
of the PAS play a key role in liver repair and resolution 
of hepatic necrosis. For example, whereas deficiency in 
uPA or plasminogen does not impact acute CCl4 hepa-
totoxicity,43 there is a dramatic delay in the clearance of 
necrotic material from the injured liver in the absence of 
plasminogen,44 with centrilobular lesions still present 30 
days after injury. Similar observations have been made in 
APAP-challenged mice. For example, delayed adminis-
tration of tranexamic acid (ie, near peak hepatotoxicity) 
delayed repair of the APAP-injured liver, despite limited 
to no effect of tranexamic acid on peak APAP hepato-
toxicity.45 This study highlights how the role of plasmin 
may evolve over time after a hepatotoxic challenge. 

Notably, the precise mechanism whereby plasmin(ogen) 
drives liver repair is not known. Fibrin(ogen) accumula-
tion in the injured liver is exaggerated in the absence 
of plasminogen, and a failure to clear the fibrin matrix 
could impair injury resolution. However, superimposing 
fibrinogen deficiency did not impact injury resolution 
in CCl4-challenged plasminogen-deficient mice.36 This 
observation led others to propose the hypothesis that 
clearance of nonfibrin matrix or an alternative mecha-
nism is central to plasmin-directed liver repair.36,46 Indeed, 
the activation of signaling pathways promoting prorepair 
macrophage activation may also participate.45,47

In addition to a critical role in resolving hepatocellu-
lar necrosis caused by toxicants and hepatotoxic drugs, 
components of the fibrinolytic system are also linked to 
the regeneration of the liver. Coordinated proliferation 
of liver cells via complex cellular crosstalk and signaling 
pathways48 is required to restore liver mass after liver sur-
gery and in the context of liver transplantation. Partial liver 
resection (ie, partial hepatectomy, PHx) is a routine surgi-
cal procedure used to treat various liver diseases, includ-
ing resection of liver tumors.49 Strong clinical evidence 
indicates alterations in fibrinolysis after PHx, and there 
is experimental evidence linking components of the fibri-
nolytic system to liver regeneration. Mechanisms driving 
liver regeneration have been uncovered using standard 
70% (two-thirds) PHx in both rats and mice.50 Removal 
of liver mass using this experimental approach is followed 
swiftly by liver parenchymal proliferation, restoration of 
nonparenchymal cell architecture and angiogenesis, and 
tissue matrix remodeling, ultimately restoring liver mass 
on a predictable timeline (ie, ≈2 weeks post-PHx).51

Notably, activation of the fibrinolytic system is often 
highlighted as one of the earliest molecular events in the 
remnant liver in both experimental two-thirds PHx and 
in patients.52–55 Increased hepatic uPA activity occurred 
within minutes after two-thirds PHx in rats, and multiple 
studies document reduced hepatocyte proliferation and 
delayed restoration of liver mass in uPA−/− mice.56,57 One 
of the proposed mechanisms whereby uPA drives liver 
regeneration is through activation of HGF (hepatocyte 
growth factor), an essential mitogen for hepatocyte prolif-
eration.58 Prior studies suggest this regulation is recipro-
cal, as HGF also increases uPA production.59,60 Notably, 
the proposed mechanism whereby uPA activates HGF 
to promote liver regeneration is a combined impression 
of in vitro observations and the observed impact of uPA 
deficiency on PHx-induced liver regeneration in mice. 
The precise mechanisms whereby uPA contributes to 
liver regeneration are not known, and there is no direct 
evidence that uPA promotes liver regeneration through 
activation of HGF. Because uPA activates plasminogen, 
another longstanding hypothesis emphasizes the role of 
plasminogen in facilitating liver regeneration. Plasminogen 
deficiency has been associated with impaired hepatocyte 
proliferation and liver regeneration after PHx.61,62 Key 
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questions remain as to the precise role of the fibrinolytic 
system in liver regeneration. Moreover, there is a need to 
resolve several paradoxical observations that seem coun-
tercurrent to a simple mechanism whereby uPA directly 
or indirectly drives liver regeneration. For example, PAI-1 
deficiency, which would be anticipated to increase uPA 
activity, attenuates hepatocyte proliferation after PHx in 
mice, as does treatment with small molecule antagonists 
of fibrin-integrin engagement.63 Likewise, the hypothesis 
that plasminogen is a key driver of liver damage is at odds 
with the observation that hepatic fibrin(ogen) deposits 
seem to drive liver regeneration.64 Indeed, intraopera-
tive hepatic fibrin(ogen) deposition is reported to fail in 
patients who develop posthepatectomy liver failure, a 
major complication of failed liver regeneration in patients 
undergoing partial liver resection.50 Overall, multiple para-
doxical aspects of known connections between fibri-
nolytic enzymes (and fibrinogen) and liver regeneration 
highlight the need to uncover the precise mechanisms 
linking uPA and plasminogen to liver regeneration.

FIBRINOLYSIS IN CHRONIC LIVER 
DISEASE
The primary drivers of chronic liver disease are wide-
ranging and include hepatitis, autoimmunity, genetic 
disorders, alcohol consumption, and metabolic dysfunc-
tion–associated steatohepatitis (MASH). The latter 2 
are major causes of liver disease, given the advent of 
new treatments for hepatitis C. Chronic liver disease of 
any cause poses a significant disease burden, with an 
estimated 1.5 billion people with these conditions glob-
ally.65 Regardless of cause, unchecked liver disease not 
counterbalanced by liver repair can put patients at risk 
of developing hepatic fibrosis. Chronic liver damage 
drives phenotypic conversion of hepatic stellate cells to 
a myofibroblast-like phenotype, and these cells deposit 
excess matrix proteins (eg, collagen), leading to fibrosis 
of the liver.66 In patients with severe chronic liver disease, 
functional liver mass is reduced because of scarring. A 
common misconception is that hepatic dysfunction in 
patients with severe liver disease uniformly predisposes 
patients to bleeding. This view has been replaced by 
evidence of a delicately rebalanced hemostatic state 
in patients with cirrhosis, reviewed elsewhere in detail.6 
Because the liver plays a key role in the synthesis of mul-
tiple components of the plasminogen activator system, 
including plasminogen, the plasminogen activators, and 
other proteins, including TAFI, α2-AP, and PAI-1, cirrhotic 
patients often display altered plasma levels of these com-
ponents and either hypofibrinolysis or hyperfibrinolysis.8 
Beyond alterations in systemic fibrinolysis, these changes 
may also contribute to the pathogenesis of liver disease 
by influencing inflammatory processes and cellular effec-
tor functions. This section briefly covers the interplay 

between the plasminogen activating system and chronic 
liver disease, focusing primarily on evidence linking 
changes in fibrinolytic enzymes to disease pathogenesis.

Several studies suggest that components of the 
PAS contribute to the development of chronic liver dis-
ease. Metabolic dysfunction–associated steatotic liver 
disease (MASLD) is among the most common causes 
of chronic liver disease and is a hepatic manifestation 
of obesity. Progression of hepatic steatosis to steato-
hepatitis can ultimately lead to hepatic fibrosis, cirrho-
sis, and liver cancer. Prior studies suggest connections 
between components of the PAS and mechanisms driv-
ing the progression of MASLD. Expression of PAI-1 is 
associated with obesity and prior studies identify PAI-1 
as an adipokine, whereupon a reduction in adiposity 
reduces PAI-1 levels.67 PAI-1 deficiency or inhibition 
reduces hepatic steatosis in obese mice,68–70 although 
these effects may be transient and may not completely 
prevent progression to MASH and fibrosis.71 Notably, 
assumptions that adipocytes are the primary patho-
logical source of PAI-1 should perhaps be revisited, as 
recent studies identify hepatic stellate cells as a relevant 
source of PAI-1 expression in experimental MASLD.72 
Liver-targeted therapeutic approaches to reduce PAI-1 
expression may ultimately form the foundation for novel 
strategies to treat MASLD (or obesity). The precise 
mechanisms linking PAI-1 to obesity-associated dys-
metabolism, including MASLD/MASH, are not known. 
These mechanisms may involve direct connections to 
plasminogen—in a study of diet-induced steatohepatitis, 
plasminogen deficiency and pharmacological plasmin 
inhibition by tranexamic acid appeared to reduce hepatic 
fibrosis associated with MASH,73 although this has not 
been explored clinically. In addition, emerging evidence 
suggests important interactions between tPA, PAI-1, 
and lipoprotein metabolism—regulation of tPA and PAI-1 
and lipoproteins are closely linked, and imbalance of 
both systems is implicated in dyslipidemia and athero-
sclerotic conditions.74 Indeed, multiple components of 
the PAS may participate in the pathogenesis of chronic 
liver diseases like MASLD by mechanisms independent 
of canonical links to plasminogen, an important obser-
vation particularly when interpreting seemingly dichoto-
mous results.

In addition to MASLD, there is strong evidence link-
ing PAI-1 to the pathogenesis of alcoholic liver disease.75 
PAI-1–deficient mice displayed reduced liver pathology 
in experimental settings of alcohol-induced liver disease 
and in potentiation models in which the pathological 
effects of alcohol are exacerbated by coadministration 
of lipopolysaccharide.76,77 Like experimental MASLD, 
hepatic stellate cells may be a relevant source of PAI-1 
in the context of alcoholic liver disease.78 Unlike MASLD, 
however, there is a curious paucity of studies evaluating 
the impact of PAI-1 inhibitors on alcohol-induced liver 
pathology, despite strong protection in genetic models.
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The PAS may contribute to the development of hepatic 
fibrosis, although prior studies do not offer a unified con-
clusion on whether the role of the PAS is profibrotic or 
antifibrotic. For example, PAI-1 deficiency exacerbates 
hepatic fibrosis in experimental CCl4-induced liver fibro-
sis, but this likely represents a pathological extension of 
the exaggerated hepatotoxic effects of CCl4 in PAI-1 
knockout mice.34 Although PAI-1 deficiency would be 
anticipated to enhance tPA activity, one study found 
that tPA deficiency increased hepatic fibrosis in CCl4-
challenged mice.79 Validation of this observation led to 
the identification of potential mechanisms whereby tPA 
inhibits myofibroblast activation of hepatic stellate cells.35 
Indeed, as key players in the pathogenesis of chronic 
liver disease, stellate cells are long known to express 
components of the PAS.80 Likewise, PAI-1 deficiency 
reduces hepatic fibrosis in mice after bile duct ligation, 
an observation connected to reduced hepatic injury. 
Other studies have shown that, like CCl4-induced liver 
fibrosis, PAI-1 deficiency exacerbates bile duct fibrosis in 
mice exposed to another hepatotoxicant that selectively 
targets epithelial cells lining intrahepatic bile ducts.81 
Beyond these models of chemical-induced tissue fibro-
sis, there is a need for additional studies evaluating the 
role of the PAS in fibrosis driven by common causes, 
including MASLD. Because the PAS may contribute to 
multiple aspects of disease pathology, it may be difficult 
to differentiate effects on fibrosis from upstream impact 
on dysmetabolism.

Advanced fibrosis and cirrhosis driven by chronic liver 
diseases, such as alcoholic liver disease and MASH, as 
well as hepatitis B and C infections, are all risk factors 
for the development of hepatocellular carcinoma (HCC).82 
HCC is one of the most prevalent types of cancer world-
wide, for which both the rate of incidence and mortal-
ity continue to rise.83 Late diagnosis and treatment of 
HCC drastically reduce survival,82 highlighting the need 
to identify biomarkers for detection and develop targeted 
therapies. In HCC cells in culture, PAI-1 upregulation is 
indicative of poor prognosis and increased malignancy.84 
This is corroborated by a study in postcurative resection 
patients, in which high PAI-1 expression correlated sig-
nificantly with poor survival, and PAI-1 expression was 
significantly higher in areas of HCC tissue than adja-
cent liver tissue.85 This suggests that inhibition of plas-
minogen activation contributes to the malignancy of HCC. 
However, HCC cells in culture have been found to have 
increased uPA expression, and inhibition of uPA activation 
decreased HCC cell growth in vivo.86 The complexities of 
plasminogen activation and inhibition in HCC must be fur-
ther studied to underpin the fibrinolysis-related mecha-
nisms by which cancerous cells in the liver proliferate.

SUMMARY AND PERCEIVED NEEDS
Because the liver is a key site of synthesis of numerous 
components of the PAS, acute and chronic liver damage 
are associated with systemic changes in PAS activity 

Figure. Reciprocal role and potential mechanisms linking the plasminogen activation system (PAS) to liver injury and liver 
repair.
Graphical summary of mechanisms linking plasmin(ogen) to liver injury and disease. Asterisks indicate the primary components of the 
PAS. Strong evidence links plasmin(ogen) and related elements of the PAS to liver injury and repair. Multiple studies suggest that excess 
plasmin(ogen) activation can exacerbate acute liver damage and contribute to pathologies common to chronic liver disease. At the same time, 
several lines of experimentation document a critical role for plasmin(ogen) and the PAS in liver repair and regeneration. Critical determinants of 
the precise role of PAS may include the cause of liver damage (ie, the experimental model or disease type), time point examined, and efficacy/
specificity of the experimental interventions used to modify PAS function. ECM indicates extracellular matrix; MMP, matrix metallopeptidase; 
PAI, plasminogen activator inhibitor; tPA, tissue-type plasminogen activator; and uPA, urokinase-type plasminogen activator.
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and fibrinolysis. Liver damage itself likely contributes to 
the consumption of PAS components, which, paired with 
impaired synthesis, magnifies these changes relative to 
other pathologies in which hepatic synthesis is unaf-
fected. Moreover, the liver is increasingly recognized as 
an important source of key regulators of the PAS, such 
as PAI-1, more traditionally thought of as adipokines. As 
much as hepatic injury and disease can induce changes 
in systemic levels and activity of the PAS, components 
of PAS have been shown in multiple studies to alter the 
extent of acute liver damage and progression of chronic 
liver disease. Moreover, the PAS has been linked to liver 
repair, highlighting the complexity of the mechanisms 
linking liver disease with fibrinolysis.

A review of the literature highlights several points, as 
reinforced in the Figure and the Table. Although there 
are some similarities across models of liver damage and 
repair with respect to contributions of the PAS, the cause 
of liver damage and phase of injury/repair seem to influ-
ence the impact of the PAS on the liver. Although some 
mechanistic conclusions seem well-supported, general-
izations are challenging to form amid the literature, and 
mechanistic details are lacking. In part, this may relate 
to the balance of strengths and limitations of the tools 
used to evaluate the mechanisms connecting the PAS 
to liver disease. Several use well-established mouse 
models with germline deficiencies in Plg, uPA, or tPA. 

Although congenital plasminogen deficiency in mice 
does not affect reproduction or survival at baseline,87 
the Plg−/− model highlights the multisystemic effects of 
plasminogen deficiency. Compared with age-matched 
control mice, Plg−/− mice exhibit rectal lesions, hepatic 
lesions, and fibrin deposition in multiple tissues, including 
the liver.87 uPA deficiency can also result in fibrin deposi-
tion, with combined tPA and uPA deficiency being more 
severe.88 These phenotypic consequences, particularly 
those associated with baseline hepatic fibrin formation, 
should be included within the interpretation of results in 
models specifically focused on liver pathology. Comple-
mentary approaches, such as pharmacological inhibition 
of plasminogen, often do not produce the same impact 
as complete Plg deficiency. Although this certainly may 
relate to an incomplete inhibition of plasminogen, off-
target effects of these drugs are also worth considering. 
Emerging tools that allow substantial inducible plas-
minogen depletion in adult animals may offer another 
complementary approach. For example, small interfer-
ing RNA-induced plasminogen depletion in mice did 
not induce fibrin deposition, weight loss, or elevation in 
hepatic expression of proinflammatory markers.89

Particularly because of the complex interplay 
between liver dysfunction and fibrinolysis, it is important 
that the mechanisms linking the PAS to liver damage 
be uncovered. Unresolved dichotomy even in standard 

Table.  Impact of Experimental PAS Interventions on Acute Liver Injury, Liver Repair/Regeneration, and Chronic Liver Disease

Effects of PAS intervention in liver dysregulation

Experimental setting

PAS intervention

TXA Plg−/− mice uPA−/− mice tPA−/− mice PAI-1−/− mice TAFI−/− mice Exogenous tPA

Acute liver 
injury

APAP 
overdose

Minimal 
impact on 
hepatotoxicity21

↓ Hepatocyte 
injury,10,21 ↓ 
vascular injury20

No impact on 
hepatotoxicity25

↑ tPA-dependent 
hepatocyte 
injury and 
congestion21,24

↓ Early 
hepatotoxicity, 
↑ hepatocyte 
injury with 
progression26

↑ Hepatic 
congestion, 
↑ hepatocyte 
injury21

BDL ↑ Hepatocyte 
injury40

↓ Hepatocyte 
injury39,42

CCl₄ No impact on 
hepatotoxicity44

No impact on 
hepatotoxicity43

No impact on 
hepatotoxicity35

↑ Hepatocyte 
injury34

Liver repair/
regeneration

APAP 
overdose

Delayed repair45

CCl₄ Delayed  
repair44

Delayed  
repair43

PHx ↓ Hepatocyte 
proliferation and 
restoration of 
liver mass61,62

↓ Hepatocyte 
proliferation and 
restoration of 
liver mass56,57

↓ Hepatocyte 
proliferation63

Chronic liver 
damage

CCl₄ No impact on 
hepatotoxicity36

↑ Hepatic 
fibrosis79

↑ Hepatic 
fibrosis34

MASLD/
MASH

↓ Hepatic 
fibrosis73

↓ Hepatic 
steatosis69,70

Summary of effects of PAS interventions, particularly genetic knockout mouse models, on experimental settings of acute liver injury, liver repair/regeneration, and 
chronic liver disease. Blank boxes in the table indicate intersections for which there are no published studies included in our review. APAP indicates acetaminophen/
paracetamol; BDL, bile duct ligation; CCl4, carbon tetrachloride; MASH, metabolic dysfunction–associated steatohepatitis; MASLD, metabolic dysfunction–associated 
steatotic liver disease; PAI, plasminogen activator inhibitor; PAS, plasminogen activation system; PHx, partial hepatectomy; Plg, plasminogen gene; TAFI, thrombin-
activatable fibrinolysis inhibitor; tPA, tissue-type plasminogen activator; TXA, tranexamic acid; and uPA, urokinase-type plasminogen activator.
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models is perhaps worthy of exploration. For example, 
what is the basis for the seemingly inconsistent impact 
of Plg deficiency on hepatic injury after APAP over-
dose? For 2 toxicants damaging the same zone of the 
liver (ie, CCl4 and APAP), why is the impact of plasmino-
gen deficiency on liver damage so different? If the key 
fibrinolytic protease plasminogen is proregenerative, 
how then is its primary substrate also proregenerative? 
Although these questions may ultimately have simple 
answers, the precise role of the PAS in liver injury and 
repair/regeneration is clearly not settled, and there is 
clearly a need for additional experiments to answer 
longstanding questions, particularly as new innovative 
in vivo tools are developed.
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