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Abstract

Plasminogen activator inhibitor 1 (PAI-1), a SERPIN inhibitor, is primarily known for its regulation of
fibrinolysis. However, it is now known that this inhibitor functions and contributes to many
(patho)physiological processes including inflammation, wound healing, cell adhesion, and tumor
progression. This review discusses the past, present, and future roles of PAI-1, with a particular focus on
the discovery of this inhibitor in the 1970s and subsequent characterization in health and disease.
Throughout the past few decades diverse functions of this serpin have unraveled and it is now
considered an important player in many disease processes. PAI-1 is expressed by numerous cell types,
including megakaryocytes and platelets, adipocytes, endothelial cells, hepatocytes, and smooth muscle
cells. In the circulation PAI-1 exists in two pools, within plasma itself and in platelet a-granules. Platelet
PAI-1 is secreted following activation with retention of the inhibitor on the activated platelet membrane.
Furthermore, these anucleate cells contain PAI-1 messenger ribonucleic acid to allow de novo
synthesis. Outside of the traditional role of PAI-1 in fibrinolysis, this serpin has also been identified to
play important roles in metabolic syndrome, obesity, diabetes, and most recently, acute respiratory
distress syndrome, including coronavirus disease 2019 disease. This review highlights the
complexity of PAI-1 and the requirement to ascertain a better understanding on how this
complexserpin functions in (patho)physiological processes.
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Plasminogen activator inhibitor 1 (PAI-1) belongs to the serine protease family (SERPIN), originally recognized for its role
in regulating the fibrinolytic system. However, it is now known to play important roles in many other (patho) physiological
processes including inflammation, wound healing, cell adhesion, and tumor progression. PAI-1 regulates the fibrinolytic
system via inhibition of tissue-type plasminogen activator (tPA) and urokinase-type plasminogen activator (uPA) thereby
attenuating plasminogen activation and subsequent fibrin degradation.

The crucial role for PAI-1 in hemostasis is underscored by the fact that a homozygous deficiency in this serpin gives rise to
a mild-moderate bleeding diathesis.! Conversely, increased levels of PAI-1 are associated with thrombotic com-
plications.2™® A strong relationship between PAI-1 obesity, diabetes, and metabolic syndrome has identified a key role for
this serpin in these pathophysiological processes.” This review will focus on the discovery of PAI-1 and its emerging
recognition as a potential biomarker and predictor of thrombosis and acute respiratory distress syndrome (ARDS).
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Fig. 1 Timeline of plasminogen activator inhibitor 1 (PAI-1) discovery. Briefly, a fibrinolysis inhibitor not directed to plasmin was first identified in
1963 in pregnant women. Reports of a specific plasminogen activator (PA) inhibitor followed, but its function and origin remained elusive. In
1982 a plasma-derived PA inhibitor and in 1983 an endothelial-derived PA inhibitor were found to decrease PA activity. In 1985, the nomenclature
was updated and endothelial type PA inhibitor became PAI-1, and the placental type PA inhibitor, PAI-2. In the same year, the main source of plasma
PAI-1 was identified within platelets and found to be released upon platelet activation. In 1986, a correlation between plasma PAI-1 levels, body
weight, and insulin levels was revealed. A few years later (1988) vitronectin (Vn) was identified to stabilize PAI-1 in its active form and became
known as PAI-1’s cofactor. In 1993, a 4G/5G polymorphism in the PAI-1 gene was discovered that influenced PAI-1 plasma levels. Five years later
(1998), adipose tissue was found to be a major source of PAI-1 and in the millennium, it was shown that PAI-1 binds to fibrin via Vn. In 2004,
studies revealed that platelets contain PAI-1 messenger ribonucleic acid (mRNA) and in 2019 we showed that PAI-1 is retained on the surface of
activated platelets. During the coronavirus disease 2019 (COVID-19) pandemic, PAI-1 was identified as

a key driver of the hypofibrinolytic state observed in patients with severe COVID-19.

Discovery

Reports of a specific plasminogen activator (PA) inhibitor were first reported in 1963, when Brakman and
Astrup identified a fibrinolytic inhibitor in pregnant women that did not directly inhibit plasmin but instead
seemed specific for urokinase® (Fig. 1). Additional reports of a specific PA inhibitor present in human plasma
followed®19; however, there was uncertainty as to whether specific PA inhibitors had any necessary function,® as
the abundance of circulating az>-antiplasmin, the inhibitor of plasmin, was thought to be sufficient for regulation
of the fibrinolytic system.'1"13 Kinetic data to support the notion of PA inhibition was lacking and the then
current dogma was that activity was regulated by release from the vessel wall, hepatic clearance, specific
interactions with fibrin, or proteolytic activation.

The existence and importance of specific PA inhibitors in plasma was revealed in 1982 when it was found that
addition of tPA to plasma significantly attenuated its functional activity#° (Fig. 1). Subsequently, synthesis of a
highly stable PA inhibitor of M: 55,000 was described to be released from bovine aortic endothelial cells.'® In
1985, our mentors and predecessors at the University of Aberdeen, Professors’ Booth and Bennett, identified a
PA inhibitor housed within platelets that was present in negligible amounts in platelet-free plasma.!” This
inhibitor was secreted following platelet activation and formed a 1:1 complex with tPA.”

These observations collectively led to the classification of PA inhibitors by the Subcommittee on Fibrinolysis at
the International Committee on Thrombosis and Haemostasis in Jerusalem, Israel in 1985.!% They initially
identified three groups: the endothelial type PA inhibitor, the placental type PA inhibitor, and protease nexin.'8 The
ensuing advancement in laboratory techniques permitted differentiation between PA and plasmin inhibitors,
purification of PAI-1,° development of specific antisera to PAI-1, and cloning of PAI-1 deoxyribonucleic
acid.2%21 This allowed demonstration that this serpin was the principal physiological inhibitor of tPA and uPA
that is capable of inhibiting cell-associated proteolysis as well as intravascular fibrinolysis.??



Mechanism of Action

Like other members of the SERPIN superfamily, PAI-1 inhibits its target serine proteases, tPA and uPA, by
mimicking the substrate of the target protease on the exposed reactive center loop (RCL) to which the

enzyme binds forming a reversible Michaelis—-Menten complex.?372°> The RCL is cleaved by PA, allowing PAI-1
to “trap” its substrate in a stable covalent acyl-enzyme complex.2® Cleavage is coupled with rapid insertion of
the RCL into the PAI-1 B-sheet A,?” translocating the PA to the opposite side of PAI-1 molecule, thereby resulting
in distortion and inactivation.28:22 PAI-1 is a more potent inhibitor of tPA than uPA, as demonstrated by their
second-order rate constants which differ by an order of magnitude (12.6 x 107 M-is! vs. 4.8 x 106 M-1s-1),30
These differences arise due to an increased contact area between tPA and PAI-1.23:31

Circulating PAI-1 exists largely in complex with tPA.32 The complex is cleared from the circulation by the low-
density lipoprotein receptor family leading to endocytosis and deg- radation.33 In an uncomplexed state PAI-1 can

exist in either an active or latent state.3473® The latent form of PAI-1 occurs due to spontaneous insertion of its RCL
in to the central body of the PAI-1 molecule, producing an additional strand of B- sheet A.3> The active form of
PAI-1 is very unstable, with a short half-life of < 10 minutes, before it is rapidly converted to its inactive, latent

form.3%37 PAI-1 is stabilized in its active form by binding to its cofactor, the adhesive glycoprotein vitronectin
(Vn),38-40 which delays conversion of PAI-1 to its latent conformation and endows capacity to bind to fibrin.

Fig. 2 Plasminogen activator inhibitor 1 (PAI-1) is secreted from activated platelets and colocalizes on platelet-associated fibrin fibers to stabilize
the thrombus from premature degradation. Platelet-rich plasma (PRP) clots (30%) were formed in the presence of annexin V-fluorescein
isothiocyanate (FITC) to label platelets (green), a DyLight 550 fluorescently labeled antibody to PAI-1 (yellow) and Alexa Fluor 647 labeled
fibrin(ogen) (red). Clotting was initiated with 0.125 U/mL thrombin and clots were formed at 37°C for 2 hours. Clots were imaged using a Zeiss
LSM710 confocal microscope.

Scale bar represents 10 um. Figures from Morrow et al, 2019."48

Source of PAI-1

Plasma PAI-1 is present at a low concentration of 5 to 20 ng/mL*! (0.4 nM*!) and is an important
determinant of fibrinolytic potential in plasma.*? It is cleared by the liver with a half-life of approximately 5
minutes indicating a high basal rate of synthesis. The major circulating pool of PAI-1, accounting for
approximately 90%, is located within platelet a-granules.3®4344 Our work has shown that following de-
granulation of platelets a proportion of the inhibitor remains associated with the activated platelet membrane
and is associated with platelet-bound fibrin, as well as forming part of the secretome (Fig. 2).%> PAI-1 is known



to be synthesized and packaged into a-granules within megakaryocytes, the precursor cells that produce and
release plate- lets into the circulation.4®

However, other studies indicate de novo synthesis of functional PAI-1 within platelets,*”~4° from translationally
active messenger ribonucleic acid (mRNA).4” The synthesis of PAI-1 increased when platelets were activated
with thrombin, suggesting that de novo PAI-1 synthesis could be a mechanism for platelets to contribute to
thrombus stabilization.4” Other cell types, including hepatocytes, adipocytes, endothelial, and smooth muscle
cells, also produce PAI-1.3620-52 Circulating PAI-1 levels are under genetic control that is directly related to an
insertion/deletion (5G/ 4G) polymorphism at position -675 of the promoter.>3 The 4G/5G polymorphism in PAI-
1 differs according to the ethnic group and has a direct impact on circulating levels of the serpin, with the 4G
allele giving rise to elevated plasma PAI-1.°#758 Furthermore, levels of PAI-1 vary according to gender and show
a positive correlation with increasing age.>® The cellular origin of plasma PAI-1 remains unknown,®® as the
forms of PAI-1 secreted by various cells do not differ structurally or via glycosylation. Studies have suggested
that the liver may be the primary plasma source of PAI-1, as PAI-1 gene expression is upregulated by endotoxins
and several inflammatory mediators, namely, tumor necrosis factor al- pha (TNF-a) and transforming growth
factor beta (TGF-B).%17%3 PAI-1 is highly expressed in the vasculature, within endothelial cells and smooth
muscle cells®#®> and while the contribution of these cells to the circulating pool is unclear, its synthesis is
clearly driven by cytokine regulation.®® PAI-1 is also synthesized by adipocytes with increased expression in
adipose tissue derived from obese humans and mice.®” Several human ex vivo studies have shown that PAI-1
repleased from visceral adipose tissues contribute to plasma PAI-1 levels.*3:68:69 However, the relationship is
complex, as an increase in adipocyte PAI-1 mRNA does not always translate to an increase in the plasma
concentration. For example, PAI-1 gene expression in subcutaneous adipose tissue was increased in obese
patients on a low-calorie diet, while plasma PAI-1 levels decreased.”®

PAI-1 as a Risk Factor for Thrombosis

Inhibition of fibrinolysis by PAI-1 promotes a prothrombotic state by reducing fibrin degradation. PAI-1 is a key
protein in the progression of vascular events and is linked to both arterial (myocardial infarction [MI],23°
stroke*) and venous thrombosis (deep vein thrombosis [DVT]® and microvascular thrombosis’). Plasma PAI-1
concentration has been shown to increase prior to MI®> with levels persistently elevated in survivors.?
Additionally, plasma PAI-1 levels are associated with heart failure, death, and a strong independent predictor of
mortality at 30 days in patients with acute ST-elevated MI (STEMI).”? Hypofibrinolysis has recently been
recognized as a risk factor for patients with STEMI and our recent work has shown that shear-induced platelet
reactivity was associated with an increased rate of thrombin generation and is correlated with reduced
endogenous fibrinolysis.”> As platelets harbor high concentrations of PAI-1, it is hypothesized that platelet-
derived PAI-1 is driving hypofibrinolysis in STEMI patients. Following acute MI, the renin-angiotensin II system
(RAS) is strongly activated, triggering PAI-1 synthesis via angiotensin II.74 PAI-1 displays circadian rhythm with
a peak in early morning, that coincides with the time of onset of MI.”> Both the clock system and RAS have
been linked to circadian variation of PAI-1 with the angiotensin type 1 receptor linked to tissue-specific
circadian oscillations in this inhibitor. To this degree it has been suggested that angiotensin-converting enzyme
inhibitors targeted to the RAS system may decrease PAI-1 levels and reduce the risk of “early morning” MI.76

Increased serum levels of PAI-1 are evident in patients with atherosclerotic disease, including coronary artery
disease’’ and stroke.”® Dysregulation of the fibrinolytic system in atherosclerotic plaque development has been
attributed to reduced vascular smooth muscle cell migration, via inhibition of Vn binding to the integrin avps.”® A
large meta-analysis has indicated that PAI-1 is implicated in the pathogenesis of atherosclerotic disease® with
elevated levels of PAI-1 detected within atherosclerotic plaques.8183 Schneiderman et al found significantly
elevated levels of PAI-1 mRNA in severely dis- eased arteries in patients undergoing aortic occlusion surgery
compared to normal vessles.8! Further analysis revealed that PAI-1 mRNAwas abundant in the base of the plaque,
within the intima of the atherosclerotic arteries, and in cells contained within the necrotic core and in endothelial
cells of the adventitial vessels.8! PAI-1 may also contribute to the developing atherosclerotic plaque by exerting
a stabilizing effect on the surrounding fibrin matrix and allowing fibrin to act as a scaffold for migrating
cells.84



A higher incidence of DVT®> and venous thrombosis®® has been noted in Asian Indian patients harboring the

4G poly-morphism.85:8% Similar studies in white Caucasian populations have described association of the 4G
polymorphism with idiopathic DVT and inherited thrombophilia.8” Generally, perioperative DVT has been linked
to increased levels of circulating PAI-1° and interestingly preoperative plasma PAI- 1 levels have been identified as
an independent risk factor for the onset of DVT in patients undergoing total hip arthroplasty.® Furthermore,
elevated levels of plasma PAI-1 were identified as an independent risk factor for venous thrombosis in a study

comparing the clot lysis times of 770 thrombosis with 743 healthy controls.8°

PAI-1 as a Biomarker for Obesity, Diabetes, and Metabolic Syndrome

Plasma PAI-1 is associated with obesity and significantly correlates with a variety of adiposity measures,
including body mass index (BMI), waist-to-hip ratio, total fat mass, and visceral and subcutaneous adipose

tissue.?0-92 The Insulin Resistance Atherosclerosis Study was the first to report that PAI-1 antigen and activity

positively correlate with BMI (r ¥4 0.314/0.425, respectively).?3

Adipocytes from obese humans harbor twice as much PAI-1 mRNA resulting in an approximate sixfold increase
in secretion of PAI-1 and plasma PAI-1 activity compared to lean individuals.>* Weight loss in obese subjects

reduces plasma PAI-,%194:95 indicating that circulating levels are directly related to the degree of adipose
tissue. In line with this, pharmacological inhibition of plasma PAI-1 in animal models results in weight loss, as

well as a reduction in adipose tissue and adipocyte volume,62:67:96,97

Metabolic syndrome encompasses several conditions that considerably elevate the risk of cardiovascular
disease (CVD) and type 2 diabetes mellitus (T2DM). Diagnosis of metabolic syndrome includes at least three of
the following criteria®®°°: abdominal obesity, dyslipidemia, hypertension, hyperglycemia, or insulin resistance.

A correlation between metabolic syndrome and PAI-1 levels was established in the late 1980s.1%0 Elevated levels
of PAI-1 in individuals with metabolic syndrome has been demonstrated using criteria defined by both the World

Health Organisation%! and the National Cholesterol Education Program Expert Panel on Detection, Evaluation
and Treatment of High Blood Cholesterol in Adults.'92 Elevated levels of PAI-1 in humans predicted the
incidence of metabolic syndrome in two prospective studies.103:104 It js well established that PAI-1 correlates
with risk of CVD'%% and onset of T2DM. 196 Together, these data have led to the interpretation that PAI-1 is a true
component of metabolic syndrome®” and could be an important clinical criterion for development of future
CvD.108

There is accumulating evidence implicating PAI-1 in the development of hypertension,® and plasma PAI-1 is
associated with several risk factors for hypertension, including obesity,11%111 insulin resistance,11/112 and
inflammation.!3 Studies reveal a direct correlation between plasma PAI-1 and hypertension as well as its
associated conditions, 147120 namely, arterial stiffness!?! and atherosclerosis.!?? Interestingly, the 4G allele for

PAI-1 is associated with increased systolic, diastolic, and mean arterial blood pressure,!23 disclosing a direct link
between plasma PAI-1 and blood pressure. Despite plasma PAI-1 correctly predicting the risk of hypertension in
human studies, it did not provide a significant advantage over conventional risk factors, such as fasting glucose,

alcohol consumption, BMI, cigarette smoking, or C-reactive protein (CRP).124

PAI-1 as a Biomarker for Respiratory Disease

ARDS develops due to the increased alveolar-capillary permeability associated with the secretion of a fluid rich in
cells and plasma proteins that results in the recruitment of inflammatory leukocytes and platelets which elevate
the local inflammatory response.!25126 Elevated PAI-1 has previously been associated with ARDS, including in
severe acute respiratory syndrome coronavirus (SARS-CoV) and acute lung injury (ALI).127:128 In ARDS, CRP
promotes local release of PAI-1 from endothelial cells,'2%130 and infiltration of platelets and subsequent
activation may result in local release. Attenuation of the plasminogen activation system leads to abnormal
turnover of fibrin in the alveolar space. In ALI, a significant increase in PAI-1 antigen and activity levels in plasma
and edema fluid have been reported, with plasma PAI-1 identified as an independent risk factor for poor

prognosis and mortality.1?°=135> One study concluded that PAI-1 levels > 640 ng/mL in edema were a 100%
positive predictor of mortality.12°

Thrombosis, both venous and arterial, is associated with severe coronavirus disease 2019 (COVID-19).136-
140 | arge vessel thrombi are present in almost half of critically ill COVID-19 patients and microthrombi are



observed in more than 80% of cases.!*! These thrombotic complications are observed despite prophylactic and
full-dose anticoagulation.!3® Importantly, a hypofibrinolytic state and elevated PAI-1 was previously observed in
the SARS-CoV epidemic in 2002 and 2003.'%7 Studies have shown that fibrin persistence was mediated by
overexpression of PAI-1 which inhibits local uPA and tPA.12” SARS-CoV infected cells contain high levels of TGF-B1,
which in turn stimulates expression of extracellular matrix protease inhibitors, including PAI-1.142 Our recent
work has shown that a hypofibrinolytic state driven by elevated PAI-1 is also present in COVID-19.143

Several studies align with observations of increased PAI-1 in COVID-19, which is associated with platelet
activation, thereby exacerbating the hypercoagulable and hypofibrinolytic state in severely ill patients.#3714> An
increase in Vn, the stabilizing cofactor of PAI-1, and its substrate, tPA, have also been observed.143-145
Interestingly, inflammatory cytokines, including interleukin 6 (IL-6), IL-8, TGF-B, and TNF-a, were significantly
increased and strongly correlated with PAI-1 antigen and activity levels in COVID-19 patients.14314¢ The source of
plasma PAI-1 in COVID-19 is currently unknown but it has been suggested to correlate with obesity in severely
ill patients.14”

These studies illustrate a clear role for PAI-1 in the etiology of ARDS and suggest this inhibitor is a key driver
in the abnormal turnover of fibrin in the alveolar space.

Conclusion and Perspectives

Since the early discovery of an alternative fibrinolytic inhibitor in the 1960s® and subsequent elucidation of PAI-1
synthesis, secretion, and function in the 1980s,1%1517 the understanding of this complex serpin has significantly
evolved. It is now evident that PAI-1 harbors many additional functions, peripheral to its role in fibrinolysis, of
which our understanding is still in its infancy. The source of plasma PAI-1 remains an enigma, as are the effector
molecules and inflammatory stimulus that may influence the source and the pathophysiological function of this
serpin. A large number of factors are proposed to interact and modify PAI-1 function, including, Vn, fibrin, and
heparin. Further study of these interactions will develop a better understanding of their importance and how they
alter the pathophysiology of thrombosis, ARDS, and metabolic syndrome and its associated pathologies, in which
PAI-1 is now understood to play a crucial role.

Authors’ Contributions
G.B.M. researched, wrote, and edited the manuscript. N.J.
M. conceived the idea and wrote/edited the manuscript.

Funding

G.B.M. was supported by Swedish Orphan Biovitrum AB, National Institute for Health Research. N.J.M. and G.B.M.
were supported by CVG-1721-20. N.J.M. was supported by NHS Grampian Endowment (COV19-004 and
20/021), Friends of Anchor (RS 2019 003), and British Heart Foundation (PG/15/82/31721;
PG/20/17/35050).

Conflict of Interest

G.B.M. and N.J.M. have no relevant conflict of interest to declare in relation to the material discussed in this
manuscript. N.J.M. reports personal fees from STAGO, grants and personal fees from LFB, grants from Alveron,
from null, outside the submitted work.

References

1.  Fay WP, Parker AC, Condrey LR, Shapiro AD. Human plasminogen activator inhibitor-1 (PAI-1) deficiency: characterization of a large
kindred with a null mutation in the PAI-1 gene. Blood 1997; 90(01):204-208

2. Hamsten A, Wiman B, de Faire U, Blombick M. Increased plasma levels of a rapid inhibitor of tissue plasminogen activator in
young survivors of myocardial infarction. N Engl J Med 1985;313 (25):1557-1563

3. Hamsten A, de Faire U, Walldius G, et al. Plasminogen activator inhibitor in plasma: risk factor for recurrent myocardial infarction.
Lancet 1987:2(8549):3-9

4. Nagai N, Suzuki Y, Van Hoef B, Lijnen HR, Collen D. Effects of plasminogen activator inhibitor-1 on ischemic brain injury
in permanent and thrombotic middle cerebral artery occlusion models in mice. J Thromb Haemost 2005;3(07):1379-1384

5.  Juhan-Vague I, Pyke SD, Alessi MC, dJespersen J, Haverkate F, Thompson SG. Fibrinolytic factors and the risk of
myocardial infarction or sudden death in patients with angina pectoris. ECAT Study Group. European Concerted Action on
Thrombosis and Disabilities. Circulation 1996;94(09):2057-2063



10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.
28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

Wiman B. Plasminogen activator inhibitor 1 (PAI-1) in plasma: its role in thrombotic disease. Thromb Haemost 1995;74(01):
71-76

Alessi MC, Juhan-Vague I. PAI-1 and the metabolic syndrome: links, causes, and consequences. Arterioscler Thromb Vasc Biol
2006;26(10):2200-2207

Brakman P, Astrup T. Selective inhibition in human pregnancy blood of urokinase induced fibrinolysis. Scand J Clin Lab Invest
1963: 15; 603-609

Hedner U. Inhibitor(s) of plasminogen activation distinct from the other plasma protease inhibitors- a review.
Physiological inhibitors of coagulation and fibrinolysis 1979:189

Gallimore MdJ. Inhibitors of plasminogen activation present in human plasma. Physiological inhibitors of coagulation and
fibrinolysis 1979:199

Collen D. Identification and some properties of a new fast-reacting plasmin inhibitor in human plasma. Eur ] Biochem 1976:
69(01):209-216

Moroi M, Aoki N. Isolation and characterization of alpha2-plasmin inhibitor from human plasma. A novel proteinase
inhibitor which inhibits activator-induced clot lysis. J Biol Chem 1976;251(19):5956-5965

Miillertz S, Clemmensen I. The primary inhibitor of plasmin in human plasma. Biochem J 1976;159(03):545-553

Kruithof EK, Tran-Thang C, Ransijn A, Bachmann F. Demonstration of a fast-acting inhibitor of plasminogen activators in human
plasma. Blood 1984;64(04):907-913

?hr)nielewska J, Ranby M, Wiman B. Evidence for a rapid inhibitor to tissue plasminogen activator in plasma. Thromb Res 1983;31
03):427-436

Loskutoff DJ, van Mourik JA, Erickson LA, Lawrence D. Detection of an unusually stable fibrinolytic inhibitor produced by bovine
endothelial cells. Proc Natl Acad Sci U S A 1983;80(10): 2956-2960

Booth NA, Anderson JA, Bennett B. Platelet release protein which inhibits plasminogen activators. J Clin Pathol 1985;38(07):
825-830

Collen D. Report of the Meeting of the Subcommittee-on-Fibrinolysis, San-Diego, Ca, USA, July 13, 1985. Thromb Haemost
1985:54(04):893-893

van Mourik JA, Lawrence DA, Loskutoff DJ. Purification of an inhibitor of plasminogen activator (antiactivator) synthesized by
endothelial cells. J Biol Chem 1984;259(23):14914-14921

Ginsburg D, Zeheb R, Yang AY, et al. cDNA cloning of human plasminogen activator-inhibitor from endothelial cells. J Clin Invest
1986;78(06):1673-1680

Ny T, Sawdey M, Lawrence D, Millan JL, Loskutoff DdJ. Cloning and sequence of a cDNA coding for the human beta-migrating endothelial-
cell-type plasminogen activator inhibitor. Proc Natl Acad Sci U S A 1986;83(18):6776-6780

Binder BR, Christ G, Gruber F, et al. Plasminogen activator inhibitor 1: physiological and pathophysiological roles. News Physiol
Sci 2002;17:56-61

Gong L, Liu M, Zeng T, et al. Crystal structure of the Michaelis complex between tissue-type plasminogen activator and plasminogen
activators inhibitor-1. J Biol Chem 2015;290(43): 25795-25804

Croucher DR, Saunders DN, Lobov S, Ranson M. Revisiting the biological roles of PAI2 (SERPINB2) in cancer. Nat Rev Cancer
2008;8(07):535-545

Dupont DM, Madsen JB, Kristensen T, et al. Biochemical properties of plasminogen activator inhibitor-1. Front Biosci 2009;14
(04):1337-1361

Elliott PR, Lomas DA, Carrell RW, Abrahams JP. Inhibitory conformation of the reactive loop of alpha 1-antitrypsin. Nat Struct Biol
1996:3(08):676-681

Wright HT, Scarsdale JN. Structural basis for serpin inhibitor activity. Proteins 1995;22(03):210-225

Huntington JA, Read RdJ, Carrell RW. Structure of a serpin-protease complex shows inhibition by deformation. Nature 2000407
(6806):923-926

Na YR, Im H. The length of the reactive center loop modulates the latency transition of plasminogen activator inhibitor-1. Protein Sci
2005;14(01):55-63

Keijer J, Linders M, van Zonneveld AdJ, Ehrlich HJ, de Boer JP, Pannekoek H. The interaction of plasminogen activator inhibitor 1
with plasminogen activators (tissue-type and urokinase-type) and fibrin: localization of interaction sites and physiologic relevance.
Blood 1991;78(02):401-409

Lin Z, Jiang L, Yuan C, et al. Structural basis for recognition of urokinase-type plasminogen activator by plasminogen activator
inhibitor-1. J Biol Chem 2011;286(09):7027-7032

Al-Hamodi Z, Ismail IS, Saif-Ali R, Ahmed KA, Muniandy S. Association of plasminogen activator inhibitor-1 and tissue
plasminogen activator with type 2 diabetes and metabolic syndrome in Malaysian subjects. Cardiovasc Diabetol 2011; 10:23

Horn IR, van den Berg BM, Moestrup SK, Pannekoek H, van Zonneveld AJ. Plasminogen activator inhibitor 1 contains a cryptic
high affinity receptor binding site that is exposed upon complex formation with tissue-type plasminogen activator. Thromb Haemost
1998;80(05):822-828

Gils A, Declerck PJ. Plasminogen activator inhibitor-1. Curr Med Chem 2004;11(17):2323-2334

Hekman CM, Loskutoff DJ. Endothelial cells produce a latent inhibitor of plasminogen activators that can be activated by
denaturants. J Biol Chem 1985;260(21):11581-11587

Sprengers ED, Kluft C. Plasminogen activator inhibitors. Blood 1987;69(02):381-387

Loskutoff DJ, Curriden SA. The fibrinolytic system of the vessel wall and its role in the control of thrombosis. Ann N Y Acad Sci
1990;598:238-247

Mimuro J, Loskutoff DdJ. Binding of type 1 plasminogen activator inhibitor to the extracellular matrix of cultured bovine endothelial
cells. J Biol Chem 1989;264(09):5058-5063

Seiffert D, Loskutoff DJ. Evidence that type 1 plasminogen activator inhibitor binds to the somatomedin B domain of vitronectin. J

Biol Chem 1991;266(05):2824-2830

Declerck PJ, De Mol M, Alessi MC, et al. Purification and characterization 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(30):15454-15461

Booth NA, Simpson AdJ, Croll A, Bennett B, MacGregor IR. Plasminogen activator inhibitor (PAI-1) in plasma and platelets. Br J
Haematol 1988;70(03):327-333

Mutch NJ, Thomas L, Moore NR, Lisiak KM, Booth NA. TAFIa, PAI-1 and alpha-antiplasmin: complementary roles in regulating lysis of
thrombi and plasma clots. J Thromb Haemost 2007;5(04): 812-817

Bastard JP, Piéroni L. Plasma plasminogen activator inhibitor 1, insulin resistance and android obesity. Biomed Pharmacother
1999;53(10):455-461

Erickson LA, Ginsberg MH, Loskutoff DdJ. Detection and partial characterization of an inhibitor of plasminogen activator in human
platelets. J Clin Invest 1984;74(04):1465-1472



45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

717.

78.

79.

80.

81.

82.

Robbie LA, Bennett B, Croll AM, Brown PA, Booth NA. Proteins of the fibrinolytic system in human thrombi. Thromb Haemost
1996;75(01):127-133

Alessi MC, Chomiki N, Berthier R, Schweitzer A, Fossat C, Juhan- Vague I. Detection of plasminogen activator inhibitor-1 (PAI-1)
mRNA in human megakaryocytes by in situ hybridization. Thromb Haemost 1994;72(06):931-936

Brogren H, Karlsson L, Andersson M, Wang L, Erlinge D, Jern S. Platelets synthesize large amounts of active plasminogen activator
inhibitor 1. Blood 2004;104(13):3943-3948

Brogren H, Wallmark K, Deinum J, Karlsson L, Jern S. Platelets retain high levels of active plasminogen activator inhibitor 1. PLoS
One 2011;6(11):€26762

Nordenhem A, Wiman B. Plasminogen activator inhibitor-1 (PAI- 1) content in platelets from healthy individuals genotyped for the
4G/5G polymorphism in the PAI-1 gene. Scand J Clin Lab Invest 1997;57(05):453-461

Alessi MC, Peiretti F, Morange P, Henry M, Nalbone G, Juhan- Vague I. Production of plasminogen activator inhibitor 1 by human
adipose tissue: possible link between visceral fat accu- mulation and vascular disease. Diabetes 1997;46(05):860-867

Pieters M, Barnard SA, Loots DT, Rijken DC. The effects of residual platelets in plasma on plasminogen activator inhibitor-1 and
plasminogen activator inhibitor-1-related assays. PLoS One 2017; 12(02):e0171271

Konkle BA, Schick PK, He X, Liu RJ, Mazur EM. Plasminogen activator inhibitor-1 mRNA is expressed in platelets and mega-
karyocytes and the megakaryoblastic cell line CHRF-288. Arterioscler Thromb 1993;13(05):669-674

Kohler HP, Grant PJ. Plasminogen-activator inhibitor type 1 and coronary artery disease. N Engl J Med 2000;342(24):1792-1801
Eriksson P, Reynisdottir S, Lonngvist F, Stemme V, Hamsten A, Arner P. Adipose tissue secretion of plasminogen activator inhibitor-
1 in non-obese and obese individuals. Diabetologia 1998;41(01):65-71

Hoekstra T, Geleijnse JM, Schouten EG, Kluft C. Diurnal variation in PAI-1 activity predominantly confined to the 4G-allele of the PAI-
1 gene. Thromb Haemost 2002;88(05):794-798

van der Bom JG, Bots ML, Haverkate F, Kluft C, Grobbee DE. The 4G5G polymorphism in the gene for PAI-1 and the circadian
oscillation of plasma PAI-1. Blood 2003;101(05):1841-1844

Kathiresan S, Gabriel SB, Yang Q, et al. Comprehensive survey of common genetic variation at the plasminogen activator inhibitor-1
locus and relations to circulating plasminogen activator inhibitor-1 levels. Circulation 2005;112(12):1728-1735

Festa A, D’Agostino R Jr, Rich SS, Jenny NS, Tracy RP, Haffner SM. Promoter (4G/5G) plasminogen activator inhibitor-1 genotype and
plasminogen activator inhibitor-1 levels in blacks, Hispanics, and non-Hispanic whites: the Insulin Resistance Atherosclerosis Study.
Circulation 2003;107(19):2422-2427

Krishnamurti C, Tang DB, Barr CF, Alving BM. Plasminogen activator and plasminogen activator inhibitor activities in a reference
population. Am J Clin Pathol 1988;89(06):747-752

Huebner BR, Moore EE, Moore HB, et al. Thrombin stimulates increased plasminogen activator inhibitor-1 release from liver
compared to lung endothelium. J Surg Res 2018;225:1-5

Lucore CL, Fujii S, Wun TC, Sobel BE, Billadello JJ. Regulation of the expression of type 1 plasminogen activator inhibitor in Hep G2 cells
by epidermal growth factor. J Biol Chem 1988;263(31): 15845-15848

Sawdey MS, Loskutoff DJ. Regulation of murine type 1 plasminogen activator inhibitor gene expression in vivo. Tissue specificity and
induction by lipopolysaccharide, tumor necrosis factor- alpha, and transforming growth factor-beta. J Clin Invest 1991; 88(04):1346-
1353

Quax PH, van den Hoogen CM, Verheijen JH, et al. Endotoxin induction of plasminogen activator and plasminogen activator
inhibitor type 1 mRNA in rat tissues in vivo. J Biol Chem 1990; 265(26):15560-15563

Fearns C, Loskutoff DdJ. Induction of plasminogen activator inhibitor 1 gene expression in murine liver by lipopolysaccharide.
Cellular localization and role of endogenous tumor necrosis factor-alpha. Am J Pathol 1997;150(02):579-590

Simpson AJ, Booth NA, Moore NR, Bennett B. Distribution of plasminogen activator inhibitor (PAI-1) in tissues. J Clin Pathol
1991;44(02):139-143

Morrow GB, Whyte CS, Mutch NJ. A serpin with a finger in many PAIs: PAI-1’s central function in thromboinflammation and
cardiovascular disease. Front Cardiovasc Med 2021;8:653655

Loskutoff DJ, Samad F. The adipocyte and hemostatic balance in obesity: studies of PAI-1. Arterioscler Thromb Vasc Biol 1998;18
(01):1-6

Shimomura I, Funahashi T, Takahashi M, et al. Enhanced expression of PAI-1 in visceral fat: possible contributor to vascular disease in
obesity. Nat Med 1996;2(07):800-803

Morange PE, Alessi MC, Verdier M, Casanova D, Magalon G, Juhan-Vague 1. PAI-1 produced ex vivo by human adipose tissue is
relevant to PAI-1 blood level. Arterioscler Thromb Vasc Biol 1999;19(05):1361-1365

Bastard JP, Vidal H, Jardel C, et al. Subcutaneous adipose tissue expression of plasminogen activator inhibitor-1 gene during very low
calorie diet in obese subjects. Int J Obes Relat Metab Disord 2000;24(01):70-74

Yamamoto K, Saito H. A pathological role of increased expression of plasminogen activator inhibitor-1 in human or animal disorders.
Int J Hematol 1998;68(04):371-385

Collet JP, Montalescot G, Vicaut E, et al. Acute release of plasminogen activator inhibitor-1 in ST-segment elevation myocardial
infarction predicts mortality. Circulation 2003;108(04): 391-394

Kanji R, Gue YX, Farag MF, Spencer NH, Mutch NdJ, Gorog DA. Determinants of endogenous fibrinolysis in whole blood under high
shear in patients with myocardial infarction. J Am Coll Cardiol Basic Trans Science 2022; 7(11); 1070-1082

Vaughan DE, Lazos SA, Tong K. Angiotensin II regulates the expression of plasminogen activator inhibitor-1 in cultured
endothelial cells. A potential link between the reninangiotensin system and thrombosis. J Clin Invest 1995;95(03):995- 1001
Andreotti F, Davies GJ, Hackett DR, et al. Major circadian fluctuations in fibrinolytic factors and possible relevance to time of onset of
myocardial infarction, sudden cardiac death and stroke. Am J Cardiol 1988;62(09):635-637

Brown NJ, Agirbasli MA, Williams GH, Litchfield WR, Vaughan DE. Effect of activation and inhibition of the renin-angiotensin
system on plasma PAI-1. Hypertension 1998;32(06):965-971

Drinane MC, Sherman JA, Hall AE, Simons M, Mulligan-Kehoe MdJ. Plasminogen and plasmin activity in patients with coronary artery
disease. J Thromb Haemost 2006;4(06):1288-1295

de Paula Sabino A, Ribeiro DD, Domingueti CP, et al. Plasminogen activator inhibitor-1 4G/5G promoter polymorphism and PAI-1
plasma levels in young patients with ischemic stroke. Mol Biol Rep 2011;38(08):5355-5360

Stefansson S, Lawrence DA, Argraves WS. Plasminogen activator inhibitor-1 and vitronectin promote the cellular clearance of
thrombin by low density lipoprotein receptor-related proteins 1 and 2. J Biol Chem 1996;271(14):8215-8220

Liu Y, Cheng J, Guo X, et al. The roles of PAI-1 gene polymorphisms in atherosclerotic diseases: a systematic review and meta-
analysis involving 149,908 subjects. Gene 2018;673:167-173

Schneiderman J, Sawdey MS, Keeton MR, et al. Increased type 1 plasminogen activator inhibitor gene expression in atherosclerotic
human arteries. Proc Natl Acad Sci U S A 1992;89(15): 6998-7002

Lupu F, Bergonzelli GE, Heim DA, et al. Localization and production of plasminogen activator inhibitor-1 in human healthy and
atherosclerotic arteries. Arterioscler Thromb 1993;13(07): 1090-1100



83.
84.
85.
86.
817.
88.
89.
90.
91.
92.
93.

94.

95.
96.
97.
98.
100.
101.

102.
103.

104.

105.
106.

107.
108.

109.

110.

111.

112.

113.

114.

115.

116.

Raghunath PN, Tomaszewski JE, Brady ST, Caron RJ, Okada SS, Barnathan ES. Plasminogen activator system in human coronary
therosclerosis. Arterioscler Thromb Vasc Biol 1995;15(09): 1432-1443

Chomiki N, Henry M, Alessi MC, Anfosso F, Juhan-Vague I. Plasminogen activator inhibitor-1 expression in human liver and
healthy or atherosclerotic vessel walls. Thromb Haemost 1994:72(01):44-53

Akhter MS, Biswas A, Ranjan R, et al. Plasminogen activator inhibitor-1 (PAI-1) gene 4G/5G promoter polymorphism is seen in
higher frequency in the Indian patients with deep vein thrombosis. Clin Appl Thromb Hemost 2010;16(02):184-188

Prabhudesai A, Shetty S, Ghosh K, Kulkarni B. Investigation of plasminogen activator inhibitor-1 (PAI-1) 4G/5G promoter
polymorphism in Indian venous thrombosis patients: a case-control study. Eur J Haematol 2017;99(03):249-254

Sartori MT, Danesin C, Saggiorato G, et al. The PAI-1 gene 4G/5G polymorphism and deep vein thrombosis in patients with inherited
thrombophilia. Clin Appl Thromb Hemost 2003;9 (04):299-307

Tang J, Zhu W, Mei X, Zhang Z. Plasminogen activator inhibitor-1: a risk factor for deep vein thrombosis after total hip arthroplasty. J
Orthop Surg Res 2018;13(01):8

Meltzer ME, Lisman T, de Groot PG, et al. Venous thrombosis risk associated with plasma hypofibrinolysis is explained by elevated
plasma levels of TAFI and PAI-1. Blood 2010;116(01):113-121

Peverill RE, Teede HJ, Malan E, Kotsopoulos D, Smolich JJ, McGrath BP. Relationship of waist and hip circumference with
coagulation and fibrinolysis in postmenopausal women. Clin Sci (Lond) 2007;113(09):383-391

Mavri A, Stegnar M, Krebs M, Sentocnik JT, Geiger M, Binder BR. Impact of adipose tissue on plasma plasminogen activator inhibitor-
1 in dieting obese women. Arterioscler Thromb Vasc Biol 1999;19(06):1582-1587

Sylvan A, Rutegéard JN, Janunger KG, Sjolund B, Nilsson TK. Normal plasminogen activator inhibitor levels at long-term follow-up
after jejuno-ileal bypass surgery in morbidly obese individuals. Metabolism 1992;41(12):1370-1372

Skurk T, Lee YM, Nicuta-Rolfs TO, Haastert B, Wirth A, Hauner H. Effect of the angiotensin II receptor blocker candesartan on
fibrinolysis in patients with mild hypertension. Diabetes Obes Metab 2004;6(01):56-62

Mavri A, Alessi MC, Bastelica D, et al. Subcutaneous abdominal, but not femoral fat expression of plasminogen activator inhibitor-1
(PAI-1) is related to plasma PAI-1 levels and insulin resistance and decreases after weight loss. Diabetologia 2001:44 (11):2025-
2031

Estellés A, Dalmau J, Falco C, et al. Plasma PAI-1 levels in obese children-effect of weight loss and influence of PAI-1 promoter 4G/5G
genotype. Thromb Haemost 2001;86(02):647-652

Crandall DL, Quinet EM, El Ayachi S, et al. Modulation of adipose tissue development by pharmacological inhibition of PAI-1.
Arterioscler Thromb Vasc Biol 2006;26(10):2209-2215

Wang L, Chen L, Liu Z, et al. PAI-1 exacerbates white adipose tissue dysfunction and metabolic dysregulation in high fat diet-
induced obesity. Front Pharmacol 2018;9:1087

Eckel RH, Alberti KG, Grundy SM, Zimmet PZ. The metabolic syndrome. Lancet 2010;375(9710):181-183

Saklayen MG. The global epidemic of the metabolic syndrome. Curr Hypertens Rep 2018;20(02):12

Vague P, Juhan-Vague I, Aillaud MF, et al. Correlation between blood fibrinolytic activity, plasminogen activator inhibitor level,
plasma insulin level, and relative body weight in normal and obese subjects. Metabolism 1986;35(03):250-253

Agewall S, Bokemark L, Wikstrand J, Lindahl A, Fagerberg B. Insulin sensitivity and hemostatic factors in clinically healthy 58-
year-old men. Thromb Haemost 2000;84(04):571-575

Anand SS, Yi Q, Gerstein H, et al; Study of Health Assessment and Risk in Ethnic Groups Study of Health Assessment and Risk
Evaluation in Aboriginal Peoples Investigators. Relationship of metabolic syndrome and fibrinolytic dysfunction to cardiovascular
disease. Circulation 2003;108(04):420-425

Alessi MC, Nicaud V, Scroyen I, et al; DESIR Study Group. Association of vitronectin and plasminogen activator inhibitor-1 levels
with the risk of metabolic syndrome and type 2 diabetes mellitus. Results from the D.E.S.I.R. prospective cohort. Thromb Haemost
2011;106(03):416-422

Ingelsson E, Pencina MdJ, Tofler GH, et al. Multimarker approach to evaluate the incidence of the metabolic syndrome and longitudinal
changes in metabolic risk factors: the Framingham Offspring Study. Circulation 2007;116(09):984-992

Thogersen AM, Jansson JH, Boman K, et al. High plasminogen activator inhibitor and tissue plasminogen activator levels in plasma
precede a first acute myocardial infarction in both men and women: evidence for the fibrinolytic system as an independent primary
risk factor. Circulation 1998;98(21): 2241-2247

Festa A, D’Agostino R Jr, Tracy RP, Haffner SM, Insulin Resistance Atherosclerosis SInsulin Resistance Atherosclerosis Study. Elevated
levels of acute-phase proteins and plasminogen activator inhibitor-1 predict the development of type 2 diabetes: the Insulin
Resistance Atherosclerosis Study. Diabetes 2002;51 (04):1131-1137

Juhan-Vague I, Thompson SG, Jespersen JThe ECAT Angina Pectoris Study Group. Involvement of the hemostatic system in the
insulin resistance syndrome. A study of 1500 patients with angina pectoris. Arterioscler Thromb 1993;13(12): 1865-1873

Mertens I, Verrijken A, Michiels JJ, Van der Planken M, Ruige JB, Van Gaal LF. Among inflammation and coagulation markers, PAI- 1 is a
true component of the metabolic syndrome. Int J Obes 2006;30(08):1308-1314

Mancia G, Fagard R, Narkiewicz K, et al. 2013 ESH/ESC guidelines for the management of arterial hypertension: the Task Force for the
Management of Arterial Hypertension of the European Society of Hypertension (ESH) and of the European Society of Cardiology
(ESC). Eur Heart J 2013;34(28):2159-2219

Eksteen P, Pieters M, de Lange Z, Kruger HS. The association of clot lysis time with total obesity is partly independent from the
association of PAI-1 with central obesity in African adults. Thromb Res 2015;136(02):415-421

Lali¢ K, Joti¢ A, Rajkovi¢ N, et al. Altered daytime fluctuation pattern of plasminogen activator inhibitor 1 in type 2 diabetes
patients with coronary artery disease: a strong association with persistently elevated plasma insulin, increased insulin resistance,
and abdominal obesity. Int J Endocrinol 2015; 2015:390185

Meigs JB, Mittleman MA, Nathan DM, et al. Hyperinsulinemia, hyperglycemia, and impaired hemostasis: the Framingham Off-
spring Study. JAMA 2000;283(02):221-228

Kruithof EK. Regulation of plasminogen activator inhibitor type 1 gene expression by inflammatory mediators and statins.
Thromb Haemost 2008;100(06):969-975

Gavriilaki E, Gkaliagkousi E, Nikolaidou B, Triantafyllou G, Chat- zopoulou F, Douma S. Increased thrombotic and impaired
fibrinolytic response to acute exercise in patients with essential hypertension: the effect of treatment with an angiotensin II receptor
blocker. J Hum Hypertens 2014;28(10):606-609

Poli KA, Tofler GH, Larson MG, et al. Association of blood pressure with fibrinolytic potential in the Framingham offspring population.
Circulation 2000;101(03):264-269

Eliasson M, Jansson JH, Nilsson P, Asplund K. Increased levels of tissue plasminogen activator antigen in essential hypertension. A
population-based study in Sweden. J Hypertens 1997;15(04): 349-356



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Makris T, Stavroulakis G, Papadopoulos D, et al. White coat hypertension and haemostatic/fibrinolytic balance disorders. Eur
Cytokine Netw 2006;17(02):137-141

Coban E, Ozdogan M. The plasma levels of plasminogen activator inhibitor-1 in subjects with white coat hypertension. Int J Clin Pract
2004;58(06):541-544

Tiryaki O, Buyukhatipoglu H, Usalan C. Plasma plasminogen activator inhibitor 1 (PAI-1) and P-selectin levels in urgent
hypertension: effect of single dose captopril and nifedipine on fibrinolytic activity. Clin Exp Hypertens 2010;32(06):347- 351
Armas-Hernandez MJ, Hernandez-Herndndez R, Armas-Padilla MC, et al. Fibrinolytic system in normotensive subjects and
hypertensive patients. Am J Ther 2007;14(02):177-182

Lieb W, Larson MG, Benjamin EdJ, et al. Multimarker approach to evaluate correlates of vascular stiffness: the Framingham Heart
Study. Circulation 2009;119(01):37-43

Zahran M, Nasr FM, Metwaly AA, El-Sheikh N, Khalil NS, Harba T. The role of hemostatic factors in atherosclerosis in patients with
chronic renal disease. Electron Physician 2015;7(05):1270-1276

Bjorck HM, Eriksson P, Alehagen U, et al. Gender-specific association of the plasminogen activator inhibitor-1 4G/5G polymorphism
with central arterial blood pressure. Am J Hypertens 2011;24(07):802-808

Peng H, Yeh F, de Simone G, et al. Relationship between plasma plasminogen activator inhibitor-1 and hypertension in American
Indians: findings from the Strong Heart Study. J Hypertens 2017; 35(09):1787-1793

Meduri GU, Annane D, Chrousos GP, Marik PE, Sinclair SE. Activation and regulation of systemic inflammation in ARDS:
rationale for prolonged glucocorticoid therapy. Chest 2009;136 (06):1631-1643

Rocco PR, Dos Santos C, Pelosi P. Lung parenchyma remodeling in acute respiratory distress syndrome. Minerva Anestesiol 2009;
75(12):730-740

Gralinski LE, Bankhead A III, Jeng S, et al. Mechanisms of severe acute respiratory syndrome coronavirus-induced acute lung injury.
MBio 2013;4(04):¢00271-13

Bertozzi P, Astedt B, Zenzius L, et al. Depressed bronchoalveolar urokinase activity in patients with adult respiratory distress
syndrome. N Engl J Med 1990;322(13):890-897

Prabhakaran P, Ware LB, White KE, Cross MT, Matthay MA, Olman MA. Elevated levels of plasminogen activator inhibitor- 1 in
pulmonary edema fluid are associated with mortality in acute lung injury. Am J Physiol Lung Cell Mol Physiol 2003;285 (01):1.20-
L28

Ware LB, Matthay MA, Parsons PE, Thompson BT, Januzzi JL, Eisner MDNational Heart, Lung, and Blood Institute Acute
Respiratory Distress Syndrome Clinical Trials Network. Pathogenetic and prognostic significance of altered coagulation and
fibrinolysis in acute lung injury/acute respiratory distress syn- drome. Crit Care Med 2007;35(08):1821-1828

Song Y, Lynch SV, Flanagan J, et al. Increased plasminogen activator inhibitor-1 concentrations in bronchoalveolar lavage fluids
are associated with increased mortality in a cohort of patients with Pseudomonas aeruginosa. Anesthesiology 2007; 106(02):252-261
Determann RM, Millo JL, Garrard CS, Schultz MdJ. Bronchoalveolar levels of plasminogen activator inhibitor-1 and soluble tissue factor
are sensitive and specific markers of pulmonary inflammation. Intensive Care Med 2006;32(06):946-947

El Solh AA, Bhora M, Pineda L, Aquilina A, Abbetessa L, Berbary E. Alveolar plasminogen activator inhibitor-1 predicts ARDS in
aspiration pneumonitis. Intensive Care Med 2006;32(01): 110-115

Olman MA, Simmons WL, White KE, Matthay MA. Pulmonary edema fluid levels of type 1 plasminogen activator inhibitor (PAI-1)
predict a poor prognosis in clinical acute lung injury. Am J Respir Crit Care Med 2001;- - 1163

Idell S, James KK, Levin EG, et al. Local abnormalities in coagulation and fibrinolytic pathways predispose to alveolar fibrin deposition
in the adult respiratory distress syndrome. J Clin Invest 1989;84(02):695-705

Bompard F, Monnier H, Saab I, et al. Pulmonary embolism in patients with COVID-19 pneumonia. Eur Respir J 2020;56(01):
2001365

Lodigiani C, Iapichino G, Carenzo L, et al; Humanitas COVID-19 Task Force. Venous and arterial thromboembolic complications in
COVID-19 patients admitted to an academic hospital in Milan, Italy. Thromb Res 2020;191:9-14

Klok FA, Kruip MJHA, van der Meer NJM, et al. Incidence of thrombotic complications in critically ill ICU patients with COVID-19.
Thromb Res 2020;191:145-147

Llitjos JF, Leclerc M, Chochois C, et al. High incidence of venous thromboembolic events in anticoagulated severe COVID-19 patients.
J Thromb Haemost 2020;18(07):1743-1746

Kunutsor SK, Laukkanen JA. Incidence of venous and arterial thromboembolic complications in COVID-19: a systematic review and
meta-analysis. Thromb Res 2020;196:27-30

Borczuk AC, Salvatore SP, Seshan SV, et al. COVID-19 pulmonary pathology: a multi-institutional autopsy cohort from Italy and New
York City. Mod Pathol 2020;33(11):2156-2168

He L, Ding Y, Zhang Q, et al. Expression of elevated levels of pro- inflammatory cytokines in SARS-CoV-infected ACE2p cells in SARS
patients: relation to the acute lung injury and pathogenesis of SARS. J Pathol 2006;210(03):288-2977

Whyte CS, Simpson M, Morrow GB, et al. The suboptimal fibrinolytic response in COVID-19 is dictated by high PAI-1. J Thromb
Haemost 2022;20(10):2394-2406

Juneja GK, Castelo M, Yeh CH, et al; COVID-BEACONS investigators. Biomarkers of coagulation, endothelial function, and
fibrinolysis in critically ill patients with COVID-19: a single-center prospective longitudinal study. J Thromb Haemost 2021;
19(06):1546-1557

Henry BM, Cheruiyot I, Benoit JL, et al. Circulating levels of tissue plasminogen activator and plasminogen activator inhibitor-1 are
independent predictors of coronavirus disease 2019 severity: a prospective, observational study. Semin Thromb Hemost 2021;
47(04):451-455

Queiroz MAF, Neves PFMD, Lima SS, et al. Cytokine profiles associated with acute COVID-19 and long COVID-19 syndrome. Front
Cell Infect Microbiol 2022;12:922422

von Meijenfeldt FA, Havervall S, Adelmeijer J, et al. Prothrombotic changes in patients with COVID-19 are associated with disease
severity and mortality. Res Pract Thromb Haemost 2020; 5(01):132-141

Morrow GB, Whyte CS, Mutch NJ. Functional plasminogen activator inhibitor 1 is retained on the activated platelet membrane
following platelet activation. Haematologica 2020;105 (12):2824-2833



	coversheet_template
	MORROW 2023 Past present and future (AAM)
	Discovery
	Mechanism of Action
	Source of PAI-1
	PAI-1 as a Risk Factor for Thrombosis
	PAI-1 as a Biomarker for Obesity, Diabetes, and Metabolic Syndrome
	PAI-1 as a Biomarker for Respiratory Disease
	Conclusion and Perspectives


