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Abstract: Plasminogen activator inhibitor-1 (PAI-1) is the main physiological inhibitor of plasminogen
activators (PAs) and is therefore an important inhibitor of the plasminogen/plasmin system. Being
the fast-acting inhibitor of tissue-type PA (tPA), PAI-1 primarily attenuates fibrinolysis. Through
inhibition of urokinase-type PA (uPA) and interaction with biological ligands such as vitronectin and
cell-surface receptors, the function of PAI-1 extends to pericellular proteolysis, tissue remodeling and
other processes including cell migration. This review aims at providing a general overview of the
properties of PAI-1 and the role it plays in many biological processes and touches upon the possible
use of PAI-1 inhibitors as therapeutics.

Keywords: plasminogen activator inhibitor-1; PAI-1; fibrinolysis; cardiovascular disease; cancer;
inflammation; fibrosis; aging

1. Introduction

Plasminogen activator inhibitor-1 (PAI-1) belongs to the family of serine protease
inhibitors (serpins) and is an important regulator of the plasminogen/plasmin system
(Figure 1) [1]. This system revolves around the conversion of the zymogen plasmino-
gen into the active enzyme plasmin through proteolytic cleavage that is mediated by
plasminogen activators (PAs). When mediated by tissue-type PA (tPA), plasmin is primar-
ily involved in fibrinolysis as it degrades the insoluble fibrin meshwork that constitutes
blood clots. Through urokinase-type PA (uPA)-mediated plasminogen activation, the
function of the plasminogen/plasmin system extends to pericellular proteolysis associated
with processes including tissue remodeling and cell migration. Since its discovery, the
(patho)physiological role of PAI-1 has been extensively studied in humans as well as in
diverse disease models in animals. A link has been demonstrated between PAI-1 and
various diseases including cardiovascular disease (CVD), metabolic disturbances, aging,
cancer, tissue fibrosis, inflammation, and neurodegenerative disease. As a consequence,
several PAI-1 inhibitors have been developed to further study the role of PAI-1 in disease
models and to explore their potential applications in a therapeutic setting. This narrative
review aims at providing a general overview of the properties of PAI-1 and the role it
plays in many biological processes and touches upon the possible use of PAI-1 inhibitors as
therapeutics.
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Figure 1. Schematic overview of the regulatory role of plasminogen activator inhibitor-1 (PAI-1) in the plasminogen
activator/plasmin system. Upon vascular injury, the coagulation process ultimately generates thrombin which acts upon
fibrinogen to form an insoluble fibrin clot. This coagulatory response is balanced by the fibrinolytic system. Plasminogen
activators (PAs) tissue-type PA (tPA) and urokinase-type PA (uPA) convert plasminogen to proteolytically active plasmin.
Plasmin, the key enzyme of the fibrinolytic system, degrades the fibrin clot into soluble fibrin degradation products. Through
uPA-mediated plasminogen activation, the function of plasmin extends to pericellular proteolytic processes, involving
activation of matrix metalloproteinases (MMPs), tissue remodeling, cell migration and adhesion, and inflammation. PAI-1 is
an important regulator of the plasminogen activator/plasmin system as it interferes with plasminogen activation by directly
inhibiting tPA and uPA.

2. PAI-1 Synthesis and Distribution

PAI-1 is the primary physiological inhibitor of plasminogen activators tPA and uPA.
It was first detected almost four decades ago as an inhibitor of the fibrinolytic system
produced by cultured bovine endothelial cells [2], but can be expressed by several other cell
types in various tissues [3–5]. The expression and release of PAI-1 is strongly regulated by
various factors, including growth factors, inflammatory cytokines, hormones, glucose, and
endotoxins [6,7]. PAI-1 is synthesized as a 45-kDa single-chain glycoprotein comprising
379 or 381 amino acids depending on alternative cleavage sites for signal peptidases [8].
Three potential glycosylation sites have been identified based on the amino-acid sequence,
of which Asn209 and Asn265 display a tissue-type specific glycosylation pattern [9]. In
the blood, PAI-1 circulates in two distinct pools, free in plasma or retained in platelets [10].
Even though plasma PAI-1 circulates at relatively low levels (5–50 ng/mL), it mainly adopts
the active conformation. In contrast, the main blood pool of PAI-1 is retained in platelets
(up to approximately 300 ng/mL) and was found to be only 2–5% functionally active upon
lysis of platelets [11,12]. However, more recent studies demonstrated that upon platelet
activation platelet-derived PAI-1 may be present in the active conformation at significantly
higher levels [13,14], presumably due to de novo PA-1 synthesis through translationally
active PAI-1 messenger RNA of which the synthesis rate is importantly upregulated by
platelet activation [13]. Furthermore, platelet activation results in the release of PAI-1
followed by partial retention of PAI-1 on the platelet membrane, thereby contributing to
thrombolysis resistance of the clot [14–16].

3. PAI-1 Structure and Function
3.1. PAI-1 Is an Inhibitory Serpin

As a member of the serpin superfamily, PAI-1 displays their common highly ordered
structure that is characterized by three β-sheets (A, B, and C) and nine α-helices (hA
through hI) [17,18]. PAI-1 is synthesized in a metastable active conformation, exposing
a flexible reactive center loop (RCL) at the top of the molecule. The RCL comprises
26 residues (designated P16 to P10′), including a bait peptide bond that mimics the normal
substrate of the PAs (designated P1-P1′).
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Upon interaction, the PA binds to PAI-1 through the P1-P1′ reactive center and several
exosite regions adjacent to the RCL to form a noncovalent Michaelis complex. Subsequently,
the PA active site serine (tPA-Ser478 or uPA-Ser195) attacks the P1-P1′ bond to form a
tetrahedral intermediate with PAI-1. Successful cleavage of this bond yields the acyl-
enzyme intermediate in which the PA is covalently linked to the P1 residue in PAI-1. The
PAI-1/PA reaction then follows a branched pathway mechanism in which PAI-1 either acts
as an inhibitor or a substrate towards the PA.

In the inhibitory pathway, the acyl-enzyme intermediate is converted to an irreversible
inhibitory complex by full insertion of the N-terminal part of the RCL (P16-P1) as strand 4
into the central PAI-1 β-sheet A. Simultaneously, the PA is translocated to the opposite side
of the PAI-1 molecule where a large part of the PA is deformed by compression against
the body of PAI-1 [19,20]. Deformation of the PA and especially its active site prevents
hydrolysis of the acyl-enzyme intermediate and traps the PA as a stable PAI-1/PA complex.

In contrast, the substrate pathway is characterized by hydrolysis of the acyl-enzyme
intermediate prior to PA distortion, resulting in the release of regenerated PA from cleaved
PAI-1 [21,22]. Substrate behavior of PAI-1 has been associated with either the existence
of a conformational distinct substrate-like subset of PAI-1 [23,24], or can be induced by
changing the kinetic parameters that underlie the branched pathway mechanism in favor
of the substrate pathway [25,26].

3.2. PAI-1 Stability

PAI-1 is unique among serpins as active PAI-1 spontaneously converts into a thermo-
dynamically stable latent form by slowly self-inserting the N-terminal part of the RCL into
the core of the PAI-1 molecule. As a result, the P1-P1′ reactive center becomes inaccessible
for PAs [27]. Whereas this transition occurs with a functional half-life of approximately
two hours at 37 ◦C in vitro, the active form of PAI-1 is stabilized at least two-fold in vivo
by the association with vitronectin in plasma and the extracellular matrix [28,29]. Further-
more, external conditions (ionic strength [29,30], pH [29], metal ions [31], arginine [32,33]),
binding to other proteins (α1-acid glycoprotein [34], antibodies [35]), and mutagenesis [36]
have been shown to also affect the stability of PAI-1 (reviewed elsewhere [37]).

3.3. Interactions with Non-Proteinase Ligands

Apart from binding and inactivating PAs, PAI-1 can also interact with non-proteinase lig-
ands including vitronectin and members of the low-density lipoprotein receptor (LDLR) family.
Through these interactions, the functions of PAI-1 extend to various (patho)physiological
processes not relying on its anti-protease activity.

As mentioned, active PAI-1 is importantly stabilized through allosteric modulation by
its high-affinity interaction with the aminoterminal somatomedin B (SMB) domain of the
glycoprotein vitronectin. Vitronectin is abundantly present in plasma (~300 µg/mL) and
the extracellular matrix and plays a pivotal role in tissue remodeling, cell differentiation
and migration, and inflammation. These effects are mediated by binding of the SMB
domain or the neighboring Arg-Gly-Asp (RGD) motif [38,39] of vitronectin to cell surface-
associated proteins including integrins and transmembrane receptors such as the uPA
receptor (uPAR), which initiates intracellular signaling events. Due to the proximity of the
binding sites for PAI-1, integrins, and uPAR, PAI-1 can interfere with vitronectin function
as it competes with integrins and uPAR for binding to vitronectin.

Adjacent to the vitronectin binding site, PAI-1 also displays a high-affinity binding
site for receptors of the LDLR family, such as LDLR-related protein 1 (LRP1) and the
very-low-density lipoprotein receptor [40]. Whereas cleaved, latent, and native PAI-1
depend on LRP1 for cellular clearance, clearance of the PAI-1/uPA complex is greatly
enhanced by the involvement of uPAR. By interacting with uPA, which is in turn associated
with the cell surface uPAR, PAI-1 is localized to the cell-surface, thereby facilitating the
interaction between the PAI-1 moiety within the PAI-1/uPA/uPAR complex and LRP1.
Subsequently, internalization of the complex through endocytosis results in the degradation
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of the PAI-1/uPA complex and recycling of free uPAR to the cell surface. Since both the
uPAR and LDLR receptors are important for intracellular signaling as well, binding of
PAI-1 or the PAI-1/uPA complex can either indirectly affect signaling activity by regulating
receptor levels on the cell surface, or directly by inducing receptor activity through a direct
binding interaction.

4. Role of PAI-1 in Diverse Pathologies

The role of PAI-1 in diverse (patho)physiological processes has been extensively
studied in humans, in mice being genetically or functionally deficient for PAI-1, or in
transgenic mice overexpressing PAI-1. A link has been demonstrated between PAI-1 and
various diseases including cardiovascular disease (CVD), metabolic disturbances, aging,
cancer, tissue fibrosis, inflammation, and neurodegenerative disease.

4.1. PAI-1 in Cardiovascular Disease

Hemostasis is an important physiological process for maintaining vascular integrity
and securing a sufficient blood flow throughout the circulatory system. Therefore, it re-
quires a dynamic interplay between the vascular system, blood platelets, the coagulatory
system, and the fibrinolytic system. As PAI-1 is a major inhibitor of the fibrinolytic system,
elevated PAI-1 levels create a hypofibrinolytic or prothrombotic state that may contribute
to the development of CVD. The recent 2018 report issued by the World Health Orga-
nization [41] once more underscores the high mortality rate for cardiovascular diseases,
accounting for an estimated 17.8 million deaths worldwide in 2016. An important fraction,
i.e., 87% of the deaths caused by CVD, can be contributed to ischemic heart disease (IHD)
and stroke. Both IHD and stroke occur when the blood supply to either the heart or
the brain is insufficient due to blockage of the blood vessels supplying the organ. This
blockage is often caused by the formation of a blood clot (thrombosis) or a buildup of
plaque (atherosclerosis), two processes that often coincide with increased plasma PAI-1
levels. Transgenic mice overexpressing wild-type or a stabilized active mutant of hu-
man PAI-1 were shown to develop either transient venous thrombosis or age-dependent
coronary arterial thrombosis and myocardial infarction, respectively [42,43]. Myocardial
infarction is often caused by occlusive thrombus formation that is triggered by the ex-
posure of a procoagulatory surface following disruption of an atherosclerotic plaque in
the coronary arteries [44]. Several cell types associated with atherosclerotic plaques in
human coronary arteries have been shown to overexpress PAI-1, with the highest levels
found in the vulnerable part of the plaque [45–48]. Through local inhibition of plasmin
generation, PAI-1 can reduce tissue remodeling and potentially stabilize the fibrin matrix
of the developing plaque. Furthermore, studies on the effects of pharmacological PAI-1
inhibition on atherogenesis in mice with obesity and metabolic syndrome also suggested a
role for PAI-1 in adipose tissue inflammation, macrophage accumulation, and inducing
senescence of smooth muscle cells through its interaction with LRP1 [49]. Whereas several
studies demonstrated substantial evidence for PAI-1 as an independent risk factor for CVD
including myocardial infarction and stroke [50–52], coronary heart disease [53], venous
thrombosis [54], and atherosclerosis [45,55], other studies could not confirm these associa-
tions or the significance for the link was lost after adjusting for other risk factors, such as
age, sex, and metabolic abnormities [52,56–58].

4.2. PAI-1 in Metabolic Disturbances

Several epidemiological studies have demonstrated that elevated circulating PAI-1
levels and PAI-1 activity are an important feature of or even a marker for the develop-
ment of metabolic disturbances including obesity, type 2 diabetes, and metabolic syn-
drome [59–61]. Metabolic syndrome is a multifactorial disease characterized by a cluster of
co-occurring metabolic abnormalities that include central obesity, impaired glucose toler-
ance, hyperinsulinemia, dyslipidemia, and hypertension. Furthermore, these symptoms
are all well-documented risk factors for cardiovascular disease and diabetes [62] and it has
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been shown that individuals with the metabolic syndrome are at higher risk for developing
these comorbidities [63]. Importantly, elevated levels of glucose [64] and insulin [65,66] and
its precursors [67], and free fatty acids [66,68] have been shown to induce PAI-1 expression
or to reduce the rate of PAI-1 mRNA degradation [69]. Moreover, it was demonstrated
in obese mice [70] and later confirmed in human adipose tissue [71] that adipocytes are
an important source of PAI-1, underscoring the contribution of enlarged adipose tissue
to circulating PAI-1 levels. On the other hand, obesity, type 2 diabetes, and metabolic
syndrome are often associated with a chronic state of inflammation that is characterized
by overexpression of inflammatory adipokines, such as interleukin-6 (IL-6) and tumor
necrosis factor-α (TNF-α) [72], which induce PAI-1 expression in adipose tissue [73,74].
These increased PAI-1 levels further contribute to the development of inflammation in
adipose tissue by increasing the number of inflammatory macrophages that infiltrate in the
tissue [75]. Apart from the positive correlation between inflammatory markers and PAI-1
levels, a link has also been observed between PAI-1 and lipid metabolism in obesity [76,77].
In this respect, higher PAI-1 levels coincide with a decreased mean low-density lipoprotein
(LDL) size and higher amounts of small-dense LDL lipoprotein fraction, which importantly
contribute to the atherogenic lipid profile and increased cardiovascular risk in obesity [76].
Of note, several studies have shown that PAI-1 deficiency [78–80], pharmacological inhibi-
tion of PAI-1 [81], and a reduction in plasma PAI-1 levels through dietary restrictions [82]
are protective against the development of obesity and metabolic disorders.

4.3. PAI-1 in Inflammation and Infectious Disease

Acute phase proteins, such as PAI-1, play an important role in inflammatory and
immune responses following infectious and/or noninfectious injuries. Several studies
have shown that PAI-1 is a critical mediator of the early host defense response that is
necessary for the eradication of various pathogens [83–85]. In contrast, uncontrolled
inflammation is an essential component of several diseases including respiratory diseases,
such as acute respiratory distress syndrome (ARDS) caused by bacterial or viral infections
or sepsis [86]. Two characteristic features of ARDS, namely the formation of intravascular
micro-thrombi and fibrin deposits in the alveolar space, are often the combined result
of tissue factor generated by inflammatory cells (procoagulatory) and PAI-1 produced
by endothelial cells (antifibrinolytic) [87]. Recently, it was shown that, in patients with
severe coronavirus disease 2019 (COVID-19), plasma PAI-1 levels were as highly elevated
as compared to patients with bacterial sepsis or ARDS [88]. As mentioned, expression of
PAI-1 can be induced by a wide range of pro-inflammatory mediators including IL-6 and
TNF-α, which are known as components of the cytokine release syndrome that is observed
in many patients with severe COVID-19 [89]. Another study revealed that elevated levels
of the PAI-1/tPA complex were related with disease severity and could be considered an
independent risk factor for death in patients with COVID-19 [90]. By affecting multiple
organs, including the lung as the predominant target, the formation of microthrombi
in these organs may lead to multiorgan failure [91]. In this respect, the efficacy, i.e., an
improved clinical outcome, a lower degree of organ failure, decreased PAI-1 levels, and
ventilator free days, as well as the safety of a small molecule PAI-1 inhibitor, TM5614, are
currently investigated in a phase 1/2 clinical trial for high-risk patients hospitalized with
severe COVID-19 (ClinicalTrials.gov: NCT04634799).

4.4. PAI-1 in Cancer

Since motile cells focalize uPA on the cell surface through association with uPAR,
which is highly expressed on tumor cells, uPA has been considered as the critical trig-
ger for plasmin formation during tumor cell invasion and metastasis. Importantly, by
having binding sites other than for uPA, uPAR interacts with vitronectin, integrins, and
transmembrane receptors to facilitate intracellular signaling by effector molecules that are
involved in cell migration [92]. By binding to vitronectin, PAI-1 prevents the interaction
between vitronectin and two cell surface-associated proteins, namely uPAR and αvβ3

ClinicalTrials.gov
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integrin, and as a result represses cell migration on vitronectin in the extracellular matrix
(ECM). Apart from directly inhibiting uPA-mediated plasmin formation, PAI-1 also inhibits
the activity of the uPA/uPAR complex by promoting its endocytosis via LRP1, followed by
the degradation of uPA and recycling of uPAR. Furthermore, it causes the cell to detach
from the ECM. PAI-1 was thus expected to have an anti-tumor effect. Interestingly, ample
evidence has been provided for a paradoxical pro-tumorigenic function of PAI-1, being
both pro-angiogenic [93] and anti-apoptotic [94], documented to be dependent on the stage
of cancer progression, the cell type, the source (i.e., host or tumor) and on the relative
concentration of PAI-1 [93,95–98]. By blocking αvβ3-mediated endothelial cell migration
on vitronectin in the extracellular matrix, PAI-1 was shown to promote angiogenesis by
stimulating integrin α5β1-mediated endothelial cell migration toward fibronectin inside
tumor tissue [99]. Apart from its interaction with vitronectin, PAI-1 can modulate cell
migration by binding to surface receptor LRP1 that triggers intracellular signaling.

Indeed, uPA and PAI-1 are among the most highly induced proteins in several migra-
tory or invasive tumor cell types. Even though some studies failed to show a correlation
between elevated levels of PAI-1 and poor clinical prognosis [100–102], PAI-1 has been
established as one of the most reliable biomarkers and prognostic markers in many cancer
types, including breast [103–106], ovarian [107], bladder [108,109], colon [110], renal [111]
and non-small cell lung cancers [112].

4.5. PAI-1 in Fibrosis

The plasminogen activator/plasmin system is also important for tissue remodeling
and promoting wound healing, which is characterized by inflammation, cellular migration
to the wound area, and the activation and differentiation of fibroblasts, and the synthesis of
ECM proteins to heal the wound [113]. As PAI-1 inhibits PA-mediated plasmin formation
and thus protects ECM proteins from degradation, it facilitates wound healing. However,
excessive and sustained PAI-1 activity promotes excess fibrin accumulation and leads to
low ECM degradation which results in excessive collagen accumulation. Several studies
showed that PAI-1 contributes to tissue fibrosis which can affect multiple organs including
the skin [114,115], lungs [116,117], kidneys [118], and liver [119]. In agreement with these
reports, pharmacological inhibition of PAI-1 or deficiency of host PAI-1 accelerate wound
healing [120] and attenuate fibrosis [121–125]. In contrast, complete PAI-1 deficiency in
mice leads to spontaneous development of cardiac fibrosis in older animals. The observed
accelerated fibrosis has been shown to be the result of an increased vascular permeability,
local inflammation, and excessive ECM remodeling, caused by the lack of PAI-1-mediated
regulation of integrin αvβ3 and a consequently increased signaling of transforming growth
factor-β, a potent profibrotic molecule [126,127].

4.6. PAI-1 in the Central Nervous System

PAI-1 is also produced in brain tissue where it has an anti-apoptotic role in neurons
by acting as an inhibitor to tPA. Alternatively, PAI-1 protects neurons by preventing disin-
tegration of neuronal networks by maintaining or promoting neuroprotective signaling,
independent from its function as a proteinase inhibitor [128]. PAI-1 has also been shown to
promote the migration of microglial cells, which are the resident macrophages in the central
nervous system, through an LRP1-dependent mechanism, as well as to modulate their
phagocytic activity via a vitronectin-dependent mechanism [129]. However, when chroni-
cally activated, microglia also contribute to neurodegenerative diseases by maintaining
neuroinflammation. Several reports have indicated a role of PAI-1 in central nervous sys-
tem pathology, including multiple sclerosis [130,131], Alzheimer’s disease [132,133], and
Parkinson’s disease [134,135]. In demyelinated axons in inflammatory multiple sclerosis
lesions, increased PAI-1 levels impair the capacity of the tPA/plasmin system to clear fib-
rin(ogen) deposits and therefore contribute to axonal damage in multiple sclerosis [131,136].
Likewise, elevated levels of PAI-1 have been shown to interfere with the plasmin-mediated
clearance and degradation of amyloid-β (Aβ), thereby contributing to the deposition of
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Aβ into neurotoxic amyloid plaques and dementia in Alzheimer’s disease. Furthermore,
inhibition of PAI-1 in transgenic Aβ-producing mice significantly lowered plasma and
brain Aβ levels and reversed the cognitive deficits [133,137]. Recently, it was hypothesized
that the synergistic relationship between α-synuclein, aggregation and neuroinflammation
up-regulate the expression of PAI-1, suggesting a pathological amplification loop, i.e.,
increased α-synuclein aggregation results in an inflammatory response from microglia, a
subsequent increase in PAI-1 levels and thus a decrease in plasmin formation, leading to
the accumulation of α-synuclein and a further amplified inflammatory response [135].

4.7. PAI-1 in Aging

Age is the largest risk factor for most chronic diseases, including CVD, metabolic
syndrome, and type 2 diabetes. On a cellular level, senescence is a process characterized by
the loss of normal physiological function and permanent growth arrest, which accelerates
organ and systemic aging when induced by, e.g., oxidative stress. Several molecular
drivers of aging have been proposed, including shortening of the telomere length, genomic
instability, loss of proteostasis, and altered intercellular communication [138]. Senescent
cells have been shown to secrete bioactive molecules called the senescence-associated
secretory phenotype (SASP) [139]. These factors have been shown to modulate not only
the functions of the secreting cells but also those of adjacent cells. Importantly, PAI-1
levels have been reported to increase with age in various tissues and PAI-1 has been
identified as a fundamental component of the SASP, being part of the signaling circuit
that induces senescence in neighboring cells [140]. Recently, in the Berne Amish kindred,
carriers of the null SERPINE1 allele, i.e., a rare loss-of-function mutation in the SERPINE1
gene that encodes PAI-1 which is associated with a lifelong reduction in PAI-1 levels,
were shown to have a longer life span [141]. The same study identified an association
between heterozygosity of the null SERPINE1 and a longer leukocyte telomere length, a
better metabolic profile and a lower prevalence of diabetes. Therefore, PAI-1 may act not
only as a marker but also as a mediator of cellular senescence associated with aging and
aging-related pathologies [142].

5. Diverse Approaches to Inhibit PAI-1

From the various biological roles of PAI-1 and its contribution to a wide variety of
pathological processes it is clear that targeting PAI-1 may have significant beneficial effects.
Therefore, many efforts have been devoted to the development of selective PAI-1 inhibitors,
in particular for the prevention or treatment of cardiovascular disease. Some marketed
drugs, including insulin-sensitizing agents [143] and angiotensin-converting enzyme in-
hibitors [144], and antisense oligonucleotides have been shown to attenuate PAI-1 synthesis
or secretion [145]. In contrast, the majority of PAI-1 inhibitors currently in development
(extensively reviewed elsewhere [37,146,147] can influence PAI-1 functionality in at least
four possible ways, i.e., (I) by blocking the interaction between PAI-1 and PAs, (II) by
inducing substrate behavior of PAI-1, (III) by accelerating the active-to-latent transition or
converting active PAI-1 to an otherwise inert form, or (IV) by interfering with interactions
between PAI-1 and other biological ligands such as LRP1. These inhibitors include small
molecules, peptides, antibodies (Abs), and antibody fragments such as nanobodies. A link
between the mechanisms by which these inhibitors modulate PAI-1 functionality and their
binding site has been provided by using a broad range of biochemical and biophysical
methods, including mutagenesis studies, competitive binding experiments, computational
docking, and X-ray crystallography.

PAI-1 inhibitory peptides have been shown to either induce substrate behavior of
PAI-1 or to accelerate the conversion to an inert form of PAI-1. Synthetic peptides that
were derived from the sequence of the RCL were shown to insert into the core of the
PAI-1 protein in between strand 3 and strand 5 of the central β-sheet A. It was suggested
that, depending on their position within the cleft, i.e., occupying the same space as the
N-terminal part or the C-terminal part of the RCL in latent or cleaved PAI-1, they act by



Int. J. Mol. Sci. 2021, 22, 2721 8 of 16

inducing substrate behavior of PAI-1 or by accelerating the irreversible transition to inert
PAI-1, respectively [148]. In contrast, a peptide that was isolated from a phage-display
peptide library, paionin-4, was shown to accelerate the active-to-latent conversion by
binding to a different region in PAI-1, located at the loop between hD and s2A [149]. From
the same library, the peptide paionin-1 did not affect PAI-1 activity; however, it was able to
prevent the binding of the PAI-1/uPA complex to LRP1 by binding hD and hE in the flexible
joint region of PAI-1, which may impair the signaling function of uPA/uPAR/LRP1 [150].

Another large category of PAI-1 inhibitors includes small organochemical molecules
that are very diverse in their chemical structure. Many of these compounds have been
shown to bind a common binding pocket within the area of the flexible joint region of
PAI-1 [151–153], or to link structural elements within this region through interactions at
the PAI-1 surface [154] (Figure 2A). By interfering with the flexible joint region, these
compounds were shown to inhibit PAI-1 through a dual mechanism of action, i.e., by
inducing substrate behavior of PAI-1 and converting PAI-1 to an inert form which can be
latent or unreactive PAI-1 or PAI-1 in the capacity of polymers. By binding this otherwise
flexible region in PAI-1, these compounds can induce substrate behavior possibly by
attenuating or preventing the conformational rearrangements within this region that
are required for a successful inhibitory reaction between PAI-1 and PA’s or by affecting
regions outside the flexible joint region through allosteric modulation. In contrast to the
aforementioned compounds, compounds that bind the sheet B/sheet C (sB/sC) pocket
(Figure 2A), i.e., an interface composed of residues from the s3A/s4C loop, β-sheets B and
C, and hH, were shown to block initial PAI-1/PA Michaelis complex formation, possibly
by a reversible allosteric modulation of the RCL [155].

Figure 2. Localization of binding regions for PAI-1 inhibitors in the structure of active PAI-1. (A) Localization of the
binding regions for small molecule PAI-1 inhibitors. The binding pocket in the flexible joint region is aligned by hD, hE, hF
and strand 1 (shown in green). The sB/sC pocket is aligned by β-sheet B and C (B), localization of different epitopes of
antibodies and antibody fragments as determined by mutagenesis and X-ray crystallographic studies. The epitopes of Abs
that prevent the interaction between PAI-1 and PAs comprise residues that are indicated by yellow spheres (exosites for PAs
on PAI-1) and residues in the reactive center loop (RCL) (shown in red). The epitopes of switching Abs are indicated by
magenta spheres and comprise either residues located in hF and the loop connecting hF and s3A or residues located in the
loop connecting hI and s5A, hC and hI. The epitopes of latency-inducing Abs are indicated by cyan spheres and comprise in
hA or residues at the top part of the PAI-1 molecule in the hD-s2A loop, the s2B-s3B loop, and the s5A-RCL loop. All panels
have been generated using the structure of active PAI-1 (PDB ID 1DB2).

In contrast to inhibitory peptides and small molecules, the binding sites of antibody-
based PAI-1 inhibitors have been mapped to different regions of the PAI-1 molecule (ex-
tensively reviewed in [37]). Overall, Abs that interfere with PAI-1 activity can be divided
into three categories. The first category of Abs or antibody fragments acts by interfering
with the formation of the initial Michaelis complex. It was recently shown that PAI-1/PA
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complex formation can be prevented by destabilizing the Michaelis complex merely by
hampering exosite interactions between PAI-1 and PAs or in combination with shielding
the P1-P1′ reactive center in the RCL of PAI-1 (Figure 2B). The second category comprises
Abs and antibody fragments that switch the PAI-1/PA reaction towards the substrate
pathway. These Abs, referred to as “switching antibodies”, can bind different epitope
regions in the lower half of the PAI-1 molecule. Within this category, Abs that bind hF
or the loop connecting hF to s3A of the central PAI-1 β-sheet A (Figure 2B) were shown
to slow down the rate of cleaved RCL insertion, resulting in hydrolysis of the PAI-1/PA
complex. On the other hand, Abs that bind the loop between hI and s5A at the bottom
of the PAI-1 molecule, a region that is buried by the PA in the final inhibitory PAI-1/PA
complex, hinder full translocation of the PA and thus prevent distortion of the catalytic
triad of the PA. The third category of Abs have the ability to accelerate the active-to-latent
transition of PAI-1 and were shown to bind different epitopes that are spread more across
the PAI-1 surface (Figure 2B). In most cases, these epitopes comprise regions at the top of
the PAI-1 molecule that are less accessible in the active form of PAI-1. Binding is therefore
believed to occur to a prelatent state of PAI-1, in which the RCL is already partially inserted.
On the other hand, acceleration of the active-to-latent transition was also observed for an
Ab binding to the N-terminal part of hA in rat PAI-1. However, an Ab targeting as similar
region in human PAI-1 was shown to be non-inhibitory.

Even though several of these molecules were proven to be efficient PAI-1 inhibitors
both in vitro and in vivo, no PAI-1 inhibitor is currently approved for therapeutic use in
humans. However, it should be noted that a few PAI-1 antagonists are currently pro-
ceeding through clinical trials, which underscores the clinical interest in safe and efficient
modulators of PAI-1 activity for the treatment of PAI-1-related diseases.
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Abbreviations

Aβ Amyloid-β
Abs Antibodies
ARDS Acute respiratory distress syndrome
COVID-19 Coronavirus disease 2019
CVD Cardiovascular disease
ECM Extracellular matrix
IHD Ischemic heart disease
IL-6 Interleukin-6
LDL Low-density lipoprotein
LDLR Low-density lipoprotein receptor
LRP1 LDLR-related protein 1
MMP Matrix metalloprotease
PA Plasminogen activator
PAI-1 Plasminogen activator inhibitor-1
RCL Reactive center loop
SASP Senescence-associated secretory phenotype
SMB Somatomedin B
TNF-α Tumor necrosis factor-α [72]
tPA Tissue-type plasminogen activator
uPA Urokinase-type plasminogen activator
uPAR uPA receptor
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