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Abstract. Obesity and diabetes once considered ‘rich man's 
diseases’ are one of the biggest public health challenges of the 
21st century. Obesity being a gateway to diabetes is a global 
problem. The supporting statistics are alarming since diabetes is 
reaching pandemic proportion all over the world. Eighty percent 
of all patients with diabetes live in developing countries. In this 
review we describe the role of plasminogen activator inhibitor 
type one (PAI-1) in the pathology of obesity and diabetes and 
its potential to be a target in therapy. PAI-1 is the fast acting 
and specific inhibitor of tissue plasminogen activator (tPA) 
and urokinase (uPA), the activators of plasminogen and conse-
quently of fibrinolysis. In obesity and diabetes it has been linked 
to the increased incidence of thrombosis. However, PAI-1 is also 
involved in the regulation of other proteins engaged in hemo-
stasis. These molecules include transforming growth factor β 
(TGF-β), tumor necrosis factor α (TNF-α), angiotensin II and 
interleukin 6 (IL-6), all of which up-regulate PAI-1 in various 
cell types or can be up-regulated by PAI-1. Thus, PAI-1 plays a 
critical role in the insulin resistance syndrome, which leads to 
type 2 diabetes mellitus, and is associated with its side effects 
such as an increased risk of diabetic nephropathy, atherosclerotic 
cardiovascular disease and others. Thus inactivating of PAI-1 or 
increasing its clearance can alleviate the burden of obesity and 
diabetes.
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1. Introduction

According to the International Diabetes Foundation, diabetes 
and obesity are the biggest public health challenges of the 21st 
century. Diabetes once considered a ‘rich man's disease’ is now 
a global problem. The supporting statistics are alarming since 
diabetes is reaching pandemic proportions all over the world. 
Eighty percent of all patients with diabetes live in developing 
countries. The highest prevalence of this disease is in the 
Micronesian island of Nauru, where 31% of its population has 
diabetes. The other countries with the highest rates of diabetes 
are: Bahrain, Egypt, Kuwait, Oman, Saudi Arabia and the 
United Arab Emirates reaching 27% of the entire population in 
some of these countries. In comparison, the diabetes rate is over 
10% of the adults in the USA, Switzerland and Austria (1-4). It 
is estimated by epidemiologists that during the first thirty years 
of the 21st century diabetes cases will increase up to 2.5 times 
in Asia, India, Latin America, the Middle East and Sub-Saharan 
Africa, with less increase in the economically advanced coun-
tries that experienced a rise in diabetes in the 20th century (4). 
It is estimated that the pandemic of diabetes is caused by the 
growing prevalence of obesity. However that can depend on the 
geographical location and it can be slightly less common in men 
that in women (4).

In this review we concentrate on the role of plasminogen 
activator inhibitor type one (PAI-1) and the plasminogen acti-
vation system (PAS) in the pathology of diabetes and obesity. 
PAI-1 plays a critical role in the insulin resistance syndrome, 
which leads to type 2 diabetes mellitus, and is associated with 
its side effects such as an increased risk of diabetic nephropathy, 
atherosclerotic cardiovascular disease and others (5).

2. Plasminogen activation system

Proteolysis is defined as a degradation of proteins by the 
proteolytic enzymes. Proteolysis plays a pivotal role in the 
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physiological and pathological functions of an organism. It 
is tightly controlled at the level of expression, activation and 
inhibition. The PAS is involved in many of the biological 
processes and depending on disease its overexpression or 
underexpression can sometimes lead to surprising outcomes 
(6-9).

The PAS includes: i) Plasminogen, a pro-enzyme activated 
by cleavage by urokinase (uPA) or tissue plasminogen acti-
vator (tPA) that in its active form is called plasmin. Plasmin 
digests proteins of connective tissue and basement membranes 
and is able to activate other latent proteolytic enzymes such 
as pro-collagenase and others. Plasmin is responsible for 
proteolysis in tissue remodeling, tumor invasion, development 
of distant metastasis, angiogenesis and fibrinolysis (10). ii) 
Activators - uPA and tPA. These enzymes are weak proteases 
that activate plasminogen by proteolytic cleavage; uPA is 
responsible for activation of pericellular proteolysis during 
cell migration, wound healing, and tissue remodeling while 
tPA mainly mediates intravascular thrombolysis (11-13). iii) 
The binding site of uPA, the uPA receptor (uPAR). This is 
a glycoprotein that binds uPA to the cell surface while uPA 
retains its ability to activate plasminogen (14-16). Urokinase 
can activate plasminogen to plasmin in the extracellular space 
as well as while it is receptor-bound. This is similar to the 
observations during the inactivation by PAI-1, however when 
the uPA/PAI-1/uPAR complex is formed it is internalized by 
endocytosis, uPA and PAI-1 are degraded in lysosomes but 
uPAR is recycled to the surface of cells (17-19). iv) Inhibitors 
of plasminogen activators. Four proteins have been identified 
as inhibitors of uPA or tPA, including PAI-1, PAI-2, PAI-3 and 
a protein called nexin. Most relevant seems to be PAI-1, which 
exists in three different forms, the active, the non-active/latent 
and the cleaved form (8,20). PAI-1 is not a stable molecule and 
converts itself into the latent form (t½=1-2 h). During conver-
sion the reactive loop (P10-P4') of PAI-1 is inserted into the 
central β-sheet of the protein molecule and the P1-P1' site is 
not accessible for reaction with tPA or uPA.

Numerous mutations have been observed/introduced into 
the PAI-1 gene. Some increase the t½ of PAI-1 while others 
inactivate it or slow down its secretion into the plasma. It has 
been found that the 4G/5G polymorphism at position 675 of 
the PAI-1 gene promoter increases concentration or PAI-1 
activity in the plasma of humans without changing its t½ 
(8,21,22). The other mutations reduce the concentration or the 
activity of PAI-1 in plasma. It has been found or postulated 
that Ala15Thr or Val17Ile SNP is related to the lower secre-
tory dynamics of PAI-1 secretion and the subsequent extended 
bleeding episodes (8,23,24). The complete PAI-1 deficiency 
caused by a frame-shift mutation in exon 4 of the PAI-1 gene 
has been reported for a child with abnormal bleeding and in 
some members of its extend family (25,26).

Recombinant PAI-1 with mutation in amino acids 369 
(P1) and 370 (P1') can have altered affinity to its substrates 
or be inactive. For example, the Arg369Ala substitution in 
active site of PAI-1 results in nonactive PAI-1 (7,8,27). Several 
mutants with extended half-life have been produced in the 
past (t½, 6-170 h) (8,17,20,28-30). Historically, the first mutant 
with extended t½ was reported by Tucker et al (31) (6 h) while 
one of the longest ones was produced by Berkenpas et al (20) 
(up to 170 h). The most recently deposited structure PDB ID: 

3q02 contains only one mutation Trp198Phe and has stability 
superior over those listed above (t½, 400 h). We have developed 
7 other mutants with t½ from 4 to >700 h by replacing amino 
acids with cysteines to form one, two or three disulfide bridges 
(Cys31-Cys97, Cys192-Cys347, Cys197-Cys355). Most stable 
is the mutant Cys197-Cys355 called VLHL PAI-1 (28,32,33).

PAI-1 possesses other functions that are not related to 
proteolysis. It was reported that cancer cells treated in vitro 
with PAI-1 induced detachment of cancer cells from the vessel 
surface (8,18,34). It was postulated that disruption of PAI-1 
vitronectin and integrin complexes causes cell detachment 
(18,34). Our own study of this effect showed that treatment 
of cancer cells with active and highly stable VLHL PAI-1 
down-regulates nucleophosmin, while active and latent forms 
of PAI-1 down-regulated fortilin (34). These two proteins are 
implicated in cell growth, cell cycle and malignant transforma-
tion of cells (35,36). Collectively the data suggest that PAI-1, 
in addition to its well-known proteolytic properties, plays 
an important role in cell signaling as well (18,34-36). These 
processes are driven by unknown mechanism(s) and in all prob-
ability involve a conserved part of the PAI-1 molecule (34).

3. PAI-1 in obesity

Obesity is a major risk factor for type 2 diabetes mellitus that 
is associated with chronic inflammation resulting in the acti-
vation of the innate immune system. This activation results in 
release of pro-inflammatory cytokines, such as tumor necrosis 
factor α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 
(IL-6) (37-39). These trigger the production of C-reactive 
protein, serum amyloid-A, haptoglobin and PAI-1 (37). Under 
normal physiological conditions PAI-1 secreted bidirectionally 
by endothelial cells, acts as the primary regulator of fibrino-
lysis and as a modulator of extracellular matrix proteolysis 
(40). However in obesity it was postulated that macrophages 
are more abundant in adipose tissue of obese people than in 
the individuals of normal weight and are producing various 
circulating factors including PAI-1. It seems that nutritional 
factors regulate PAI-1 expression by macrophages. Increased 
concentrations of free fatty acids in the blood of non-diabetic, 
overweight people increase the expression of the PAI-1 gene 
in adipose tissue and raise the concentrations of circulating 
PAI-1 in blood. Free fatty acids also increase PAI-1 gene 
expression in adipose macrophages and consequently PAI-1 
protein production (41).

Furthermore, Venugopal et al  (42) showed that adipose 
tissue evolved into a major source of PAI-1 production by 
gaining capacity during adipocyte differentiation in response 
to inducers of PAI-1 transcription. Skurk and Hauner  (43) 
reported that the greater the fat cell size and the adipose tissue 
mass, the greater is the contribution of adipose production to 
circulating PAI-1. They also showed that visceral adipose tissue 
has a greater capacity to produce PAI-1 than subcutaneous 
adipose tissue. It was also suggested that PAI-1 synthesis is 
up-regulated by insulin, glucocorticoids, angiotensin II, some 
fatty acids and, most potently, by cytokines such as TNF-α and 
transforming growth factor β (TGF-β). PAI-1 overexpression 
is reversible as it has been noted that comprehensive lifestyle 
modification and weight loss is effective in lowering PAI-1 
plasma levels (43).
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Increased PAI-1 levels have been reported to be the result 
of obesity by Ma et al (44) who investigated the interrelation-
ships of PAI-1 and obesity in a high-fat/high-carbohydrate 
diet-induced obesity in wild-type (WT) and PAI-1 deficient 
mice (PAI-1-/-). Unexpectedly they found that obesity and 
insulin resistance development in WT mice on a high-fat/
high-carbohydrate diet were completely prevented in mice 
lacking PAI-1 (44). Treatment of WT mice on a high-fat/
high-carbohydrate diet with an angiotensin type 1 receptor 
antagonist to down-regulate PAI-1, inhibited PAI-1 production 
and reduced obesity induced by diet.

Hoffstedt et al (45) examined whether the PAI-1 gene may 
cause obesity. They investigated the frequency of a -675 4G/5G 
promoter polymorphism in the PAI-1 gene in 188 lean, 70 
overweight and 247 obese, but otherwise healthy, Scandinavian 
people. A deletion/insertion polymorphism within the PAI-1 
locus (4G/5G) affected the expression of this gene. The deletion 
of 4G was associated with significantly higher concentrations 
of PAI-1 than the 4G/5G insertion. Concentrations of PAI-1 
in homozygous 4G individuals are ~25% higher than that 
observed in 5G homozygotes. Homozygosity for 4G was more 
common among obese people, whereas homozygosity for 5G 
was more frequent among lean people. It was concluded that 
the -675 4G/5G polymorphism in the PAI-1 gene is strongly 
linked to obesity in the 4G allele in its homozygous form.

A higher concentration or activity of PAI-1 increases the 
risk of venous thromboembolism (VTE). Indeed an analysis 
at the National Hospital Discharge Survey database showed 
compelling evidence that obesity is in fact a risk factor for 
VTE and its recurrence (46).

4. Nutrition, PAI-1 and obesity

It was reported that in visceral and subcutaneous adipose tissue 
PAI-1 mRNA expression is positively correlated with body 
mass index (BMI). It has also been found that PAI-1 activity/
antigen in plasma are positively and moderately associated 
with BMI. Moreover weight reduction substantially reduces 
plasma PAI-1 in obese people (47,48). It has been shown that 
inhibitors of PAI-1 reduce dietary fat-induced obesity in 
C57BL/6 mice. Specifically, the authors demonstrated in vivo 
a dose-dependent effect of PAI-1 inhibition on the reduction of 
body weight, adipocyte volume, and circulating active PAI-1 
in plasma (47,49). Loktionov et al (50) found that tea caused a 
significant decrease of PAI-1 activity, but only in the subjects 
with an E2/E3 genotype (mean placebo 7.21 U/ml vs. mean 
for tea users 5.88 U/ml, P=0.007) ApoE has six common 
isoforms: E2/E2, E2/E3, E2/E4, E3/E3, E3/E4 and E4/E4. 
We have discovered that some theaflavins of black tea inhibit 
PAI-1 which may provide some explanation for the lower 
PAI-1 activity in tea lovers (27,51).

There is no clear explanation how inhibitions of PAI-1 
can reduce body weight. However, Crandall et al (49) have 
suggested three possibilities. First, PAI-1 may affect fat tissue 
growth by changing receptor-dependent transport of lipids 
into the lipocytes. Alternatively, PAI-1 inhibition may block 
angiogenesis that will weaken vascularization and conse-
quently growth of the adipose tissue. Finally, inactivation of 
PAI-1 may stimulate migration of preadipocytes that would 
prevent their full differentiation into mature fat cells.

5. Risk of diabetes and life style

In a large population of people screened, protective features 
related to type 2 diabetes have been identified which include: 
moderate alcohol consumption, caffeine, brown rice instead 
of white rice consumption, healthy eating and exercise habits. 
Contributory features have been identified as well and these 
include a high calorie diet, low physical inactivity, aging, 
sleep deprivation, maternal malnutrition, obesity, chronic 
physiological stress (52-59). It is not clear if either alcohol 
or caffeine is indeed responsible for the protective feature or 
if there is a genetic setup that makes individuals be alcohol 
or coffee lowers and at the same time protects them form 
diabetes. Very recently, Cornelis et al  (60) reported the a 
genome-wide association study of habitual caffeine intake on 
large number (>47,000) individuals within the United States. 
They found two loci: 7p21 (P=2.4x10-19), near AHR, and 15q24 
(P=5.2x10-14), between CYP1A1 and CYP1A2 associated with 
high daily caffeine intake. Both the AHR and CYP1A2 genes 
are plausible candidates as CYP1A2 metabolizes caffeine and 
AHR regulates CYP1A2. Lane (61) further elaborated this 
phenomenon. He found that moderate coffee intake increases 
glucose level, while heavy drinkers that consume 5-7 cups 
a day can reduce risk of development of type 2 diabetes to 
50%. Also he cited a study with a large number of participants 
(450,000) where daily consumption of coffee was associated 
with 7% reduction of type 2 diabetes for each cup drank 
regardless of glucose increase in moderate coffee drinkers. 
The exact mechanism remains unclear. He also reported that 
consumption of sugar-sweetened soft drinks twice a day such 
as iced tea, fruit drinks, energy drinks increases the risk of 
type 2 diabetes by 26% (61).

6. Diabetes and PAI-1

PAI-1 levels are elevated in type 2 diabetes, and this elevation 
correlates with complications of diabetes, although the link 
between insulin and the up-regulation of PAI-1 is unclear (62). 
Complicating factor is the ambiguous definition of up-regu-
lation that is described differently by different authors which 
were using different methods of measuring it (8). Nevertheless 
Festa et al  (63) studied the relation between the incidence 
of diabetes to the dynamic changes of PAI-1 and fibrinogen. 
Their study lasted over 5 years and diabetes developed in 140 
of 843 individuals. In this study based on a demographically 
and smoking-adjusted model, the increase of PAI-1 level was 
related to the incidence of diabetes while correlation with the 
change in fibrinogen was not significant. Progression of PAI-1 
levels over time was associated with rising glucose levels and 
the development of type 2 diabetes.

Also, Ho and Jap (62) demonstrated that overexpression of 
Forkhead-related transcription factor FoxO3a enhanced the 
ability of insulin to activate the PAI-1 promoter. Using small 
interfering RNA to specifically deplete the Fox transcription 
factors examined, they demonstrated that reduction of FoxO3a 
inhibits insulin-increased PAI-1 expression (62,64).

Elevated levels of very low density lipoproteins (VLDL) 
and triglycerides are biochemical markers of diabetes and 
other diseases. It was reported that VLDL from diabetic 
patients increased the generation of PAI-1 from cultured 
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vascular endothelial cells. The authors postulated that heat 
shock factor-1 (HSF1) is responsible for the transcriptional 
regulation of PAI-1 in cultured vascular EC or fibroblasts (65).

An elevated plasma level of PAI-1 mediates diabetic 
vascular complications and suggests diabetic nephropathy to be 
the major implication of PAI-1 high levels (66,67). The PAI-1 
4G/5G polymorphism is a cause of high plasma PAI-1 levels in 
4G/4G allele carriers suggesting that the PAI-1 4G/5G poly-
morphism is a genetic risk factor for diabetes. Meigs et al (67) 
tested this hypothesis among 2169 participants. They concluded 
that elevated PAI-1 levels may be associated with an increased 
risk for diabetes and endothelial dysfunction.

The best evidence for a causative role of PAI-1 in diabetes 
has been provided by Nagi et al (68). They investigated Pima 
Indians with a very high rate of obesity, insulin-resistance and 
hyperinsulinemia, which have high rates of diabetes but a low 
risk of ischemic heart disease and other diabetes complica-
tions. In contrast to other ethnic groups, PAI-1 activity is 
similar between non-diabetic and diabetic Pima Indians (68). 
Also in a different ethnic group (62) PAI-1 activity was not 
affected by the increase of glucose, cholesterol, and plasma 
insulin. They showed that PAI activity in Chinese diabetics 
was not affected by the common pathological changes found 
in other populations with diabetes. It was suggested that this 
is one of the reasons why fibrinolytic activity is not impaired 
in Chinese diabetics (62). Collectively this suggest that expres-
sion of PAI-1 and the complications of diabetes may vary 
among different population groups and may depend on dietary 
habits (for example habitually high tea consumption).

7. Diabetic nephropathy and PAI-1

It has been suggested that PAI-1 mediates diabetic nephro
pathy which is characterized by excessive accumulation of 
extracellular matrix (ECM) in the kidney. Normal human 

kidney does not express PAI-1, however, PAI-1 is overex-
pressed in pathological conditions associated with renal 
fibrosis, including diabetic nephropathy. Tissue plasminogen, 
urokinase and PAI-1 in kidneys play important roles in ECM 
remodeling in the kidney. High glucose and the resulting 
up-regulation of TGF-β1 mediate PAI-1 overexpression 
in renal cells. Park et al (69) examined the effect of PAI-1 
antisense oligodeoxynucleotide on fibronectin up-regulation 
and plasmin/MMP suppression in primary mesangial cells 
cultured with high glucose or TGF-β1, which are the major 
mediators of diabetic renal ECM accumulation. They found 
that high glucose and TGF-β1 significantly increased PAI-1 
and fibronectin protein expression and also decreased plasmin 
and MMP-2 activity.

Studies by Lee et al (70) using PAI-1-/- mice suggest that 
PAI-1 induces ECM deposition in diabetic kidney through 
increased ECM synthesis by TGF-β1 up-regulation and 
through reduced ECM degradation by suppression of plasmin 
and MMP-2 activity. Decreased ECM degradation and 
increased ECM synthesis plays a critical function in ECM 
remodeling that promotes tissue fibrosis in mouse.

It has been shown that PAI-1 can regulate TGF-β expression 
by binding to uPAR and activating the extracellular-regulated 
signal kinase (ERK)/MAPK pathway. Thus, PAI-1 may 
contribute to diabetic nephropathy by regulating TGF-β and 
renal ECM production. Since TGF-β1 is well known to stimu-
late the PAI-1 promoter, it has been suggested that TGF-β1 
and PAI-1 together constitute a positive feedback loop in the 
development of renal fibrosis in diabetes (71,72). Consequently, 
it has been proposed that PAI-1 may be a therapeutic target 
in diabetic nephropathy (71). Lassila et al (73) reported that 
disruption of the PAI-1 gene protects mice against diabetic 
nephropathy. PAI-1-/- mice escape obesity and insulin resis-
tance. Different studies assessed the effects of PAI-1 deficiency 
on the renal disease in experimental diabetes in the mouse. 

Figure 1. WT PAI-1 (A) quickly converts into the latent form (B) otherwise it is bound to vitronectin (C) which extends its half-life. While the inactive 
PAI-1R (E) double mutant (Thr356Arg, Ala358Arg) is structurally identical to the active form of PAI-1 when present in excess amount it predominantly binds 
vitronectin. Thus most of WT PAI-1 (D) would convert into the latent form. Color scheme: yellow WT PAI-1, magenta somatomedin B (SMB) domain of vit-
ronectin, blue PAI-1R, red surface of P1 Arg 369 on reactive loop, red ribbon reactive loop inserted between the A3 and A5 strands in the latent form of PAI-1.
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Diabetes was induced by injection of streptozotocin in 6-week-
old PAI-1-deficient mice, and transgenic mice overproducing 
PAI-1 in comparison with WT mice. PAI-1 message was higher 
in kidneys from genetically normal mice with diabetes and 
in non-diabetic PAI-1 transgenic mice. Diabetes-associated 
glomerular injury, albuminuria and renal α-smooth muscle 
actin production, were ameliorated in diabetic PAI-deficient 
mice in comparison with diabetic transgenic and WT mice. It 
was concluded that endogenous PAI-1 deficiency protects mice 
from glomerular injury (73).

A PAI-1 inhibitor may thus prove therapeutic not only as 
an anti-thrombotic agent but also in other clinical conditions, 
such as obesity, diabetes and possibly fibrotic diseases (71,74). 
Unfortunately, only a few PAI-1 inhibitors have been identified 
so far and their clinical potential is yet to be evaluated (74).

A very interesting approach to PAI-1-induced diabetic 
nephropathy was proposed by Huang et al (75). Short term 
administration of a PAI-1 mutant that has no proteinase-inhib-
itory activity, but otherwise remains in an active conformation 
(PAI-1R) slows down the progression of glomerulosclerosis in 
the db/db mouse [the db/db mouse is a model of obesity and 
diabetes homozygous for a point mutation in the leptin receptor 
gene (76)], in which mesangial matrix accumulation is evident 
by 140 days of age. They observed that PAI-1R increases 
glomerular plasmin generation, reverses PAI-1 inhibition of 
matrix degradation, and consequently reduces symptoms of 
disease in experimental glomerulonephritis. Used as a control, 
non-treated db/db mice developed progressive albuminuria 
and mesangial matrix expansion evident between days 140 
and 154. PAI-1 in the plasma binds to vitronectin that extends 
its half life. The authors suggest that PAI-1R interferes with 
WT-PAI-1/vitronectin binding by saturating vitronectin with 
PAI-1R. Consequently WT-PAI-1 not complexed with vitro-
nectin converts quickly to the latent form and the anti-protease 
activity of PAI-1 is diminished (Fig. 1). They conclude that 
the ability of PAI-1 to inhibit ECM degradation is dependent 
both on maintaining an active conformation and on its antipro-
teinase activity which PAI-1R does not have (75,77).

8. Diabetic vascular disease and PAI-1

PAI-1 is a major anti-fibrinolytic glycoprotein thought to 
promote vascular diseases in general and in diabetes in 
particular (78,79). A hypercoagulable state due to overactive 
PAI-1 as indicated by decreased fibrinolysis and increased 
coagulability is one of the factors responsible for the devel-
opment of cardiovascular complications of diabetes mellitus 
(78). One of the health risks that overwhelm the person with 
diabetes is cardiovascular disease and especially coronary 
heart disease, cerebrovascular and peripheral vascular disease 
which represent the heaviest burden (80). Keen et al  (80) 
reported that the survey in diabetic individuals revealed the 
elevated levels of PAI-1 among others (von Willebrand factor, 
fibrinogen, factor VII) as being responsible for cardiovascular 
disease in diabetic patients.

Others have reported that diabetes mellitus is accompa-
nied by volatility of the blood's fluid-coagulating equilibrium, 
which contributes to the initiation and development of the 
micro- and macro-vascular complications (81). Elevated PAI-1 
activity most likely plays a critical role in the pathogenesis 

of macrovascular diseases in patients with diabetes (82). 
Disturbances in the hemostatic system promote the develop-
ment of vascular damage and the occlusion events in coronary 
heart disease. Juhan-Vague et  al  (83) have suggested that 
increased concentration of factor VII, von Willebrand factor, 
fibrinogen, PAI-1 and tPA are risk factors for coronary heart 
disease. After reviewing recent experiments from animal 
models of thrombosis, it becomes obvious that a pathogenic 
decreased fibrinolytic activity or increased PAI-1 levels could 
play a critical role in the development of vascular disease in 
patients with type 2 diabetes.

Lopes et al (84) analyzed genetic contributions of PAI-1 
mutations to the diabetes and to its complications for over 1,000 
unrelated individuals of a French Caucasian cohort, selected 
for diabetes and obesity. They were looking for an associa-
tion between PAI-1 polymorphisms and phenotypes related to 
diabetes. The authors found five SNP variants of which two 
promoter polymorphisms were associated with higher fasting 
glucose concentrations (P=0.006 and P=0.0004, for -765 
4G/5G and -844 A>G, respectively) and insulin (P=0.05 and 
P=0.008, for -765 4G/5G and -844 A>G, respectively) (84). 
They suggest that PAI-1 polymorphisms probably induce a 
more severe insulin-resistant metabolic profile in diabetes, and 
further increase the risk for coronary heart disease in diabetic 
patients (84).

Increased PAI-1 leads to decreased tPA activities and 
impairs fibrinolysis, which is critical in cardiovascular disease. 
Umpaichitra et al (85) studied hemostatic factors in 12 type 2 
diabetics and 17 non-diabetic obese adolescents. They analyzed 
plasma PAI-1, tPA, glucose, serum C-peptide, insulin and 
others. Fasting PAI-1 activities were significantly greater in 
diabetics than in control subjects (23.4±2.6 vs. 12.9±2.0 U/ml; 
P<0.004), while fasting tPA activities were significantly lower 
(0.8±0.3 vs. 6.5±2.7 U/ml; P<0.001). They concluded that 
elevated PAI-1 and lower tPA activities suppress fibrinolysis 
in adolescents with type 2 diabetes adding the risk factor for 
cardiovascular disease. Trost et al (86) reported that patients 
with insulin resistance and a manifested cluster of risk factors 
for cardiovascular disease may lower the risk of cardiovascular 
complications by enforcing weight loss and decreasing concen-
trations of PAI-1.

9. Inactivators of PAI-1

PAI-1 can be inhibited by antibody or small molecule 
inhibitors. The monoclonal antibodies can inactivate PAI-1 
by different mechanisms: a) by preventing formation of the 
Michaelis complex between the substrate and PAI-1; b) by 
accelerating the transition from the active to the latent form; 
or c) by inducing turnover of the PAI-1 protease complex as 
a substrate (87-89). Several small molecule inhibitors have 
been found to inhibit PAI-1 via varying mechanisms. For 
example AR-H029953XX (90) and PAI-039 (91,92) inhibitors 
bind to the hydrophobic cleft region around α-helices D and 
E and β-strand 1A (Fig. 2A). This part of PAI-1 molecule is 
known to act as a flexible joint while β-sheet A opens and the 
reactive center loop of PAI-1 is inserted as β-strand 4A. The 
authors hypothesize that inhibition of PAI-1 happens not by 
prevention of the interaction between PAI-1 and the substrate, 
but by inhibiting the formation of a stable covalent complex, 
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that has to be formed to act on uPA or tPA. This site is in the 
proximity of the vitronectin biding region and when PAI-1 is 
preincubated with vitronectin some of these organochemicals 
loose their inhibitory activity (87,90). Moreover, preincubation 
of PAI-1 with PAI-039 blocks binding of PAI-1 to vitronectin 
supporting this hypothesis. However, it does not exclude a 
possibility that PAI-039 binds to different secondary sites 
(87,90,93-95). A broader binding site has been proposed for 
the S35225 PAI-1 inhibitor. It was postulated that this inhibitor 
binds to the PAI-1 fibrin binding area that encompasses amino 
acid residues 110-145 (96). This includes the vitronectin 
binding site and since PAI-1 binds to fibrin via vitronectin 
(97) it is possible that authors mistakenly named the vitro-
nectin binding site as fibrin binding site. A similar binding 
site was proposed for the XR5118 PAI-1 inactivator (98). A 
different binding site was postulated by Gardell et al (99). The 
PAI-749 small molecule inhibitor could block formation of 
the initial, reversible Michaelis complex between PAI-1 and 
its target protease; this indicates that binding in the proximity 
of Arg369 in the reactive center loop (RCL) of PAI-1 (100) or 
alerting the RCL conformation to disable the insertion of Arg 
into the specificity pocket of uPA or tPA. Izuhara et al (95) 
using molecular modeling methods proposed different binding 
sites for PAI-1 inhibitors. Taking advantage of the known 
structure of cleaved PAI-1 (101) with polypeptide (1a7c) they 
docked several small chemicals into the gap between A3 and 
A5 β-sheet A (Fig. 2B). They found several organochemicals 
that bind to this gap. One of these chemicals was PAI-039 
supporting the assumption of two binding sites of this molecule 
into PAI-1. These novel chemicals were later found to inhibit 
PAI-1. It must be underscored that modeling was done for inac-
tive, cleaved PAI-1, but it is assumed that these inhibitors open 
strands sA3 and sA5 and bind between them in the active form 
of PAI-1. However, the PAI-1 activity neutralizing mechanism 

in this case remains illusive and difficult to comprehend. These 
examples do not include all known inhibitors but rather were 
intended to illustrate the complexity of PAI-1 inactivation.

10. Conclusion

Increased circulating PAI-1 concentrations and activity are 
a hallmark of obesity and type 2 diabetes. PAI-1 is mostly 
synthesized in adipose tissue, and circulating PAI-1 levels and 
activity correlate with body mass index, markers for insulin 
resistance and complications of diabetes in human studies. 
TGF-β1 stimulates the expression of PAI-1 in obesity which is 
further stimulated by glucose, insulin and VLDL. Also, PAI-1 
can stimulate TGF-β1 expression creating a positive feedback 
loop. Furthermore, some studies suggest that the converse is to 
be true, specifically, that PAI-1 contributes to the development 
of obesity and diabetes and its complications (102-104). The 
therapeutic potential of PAI-1 inhibitors in obesity and diabetes 
can be utilized by blocking PAI-1 activity or by increasing its 
clearance from the circulation by inactive PAI-1. However, 
future development of PAI-1-based therapeutics requires 
clarification that remedial activity is indeed related to media-
tion of proteolytic activity or that it possibly interferes with 
other functions of PAI-1. Critical for the further advancement 
of knowledge will be the determination of binding site(s) of 
these chemicals to PAI-1 and understanding their mechanism 
of action.

Acknowledgements

This study was supported in part by a grant from the Stranahan 
Endowment Fund for Oncological Research. We thank Dr R. 
Hart (President, PharmaIP LLC, Greenwich, CT, USA) for 
helpful remarks, discussions and a long term support.

Figure 2. (A) Ribbon model of active PAI-1 (3R4L), Arg369 of the active site is shown as spheres colored by atom type (carbon, green; nitrogen, blue; oxygen, 
red); amino acids 110-145 postulated by Rupin et al (96) as an inhibitor binding site shown in green; residues critical for the primary binding site of vitronectin 
are shown in orange (Arg126, Met133, Gln146); residues critical for the secondary binding site of vitronectin (Lys92, Arg99, Tyr102, Lys103, Arg138, Arg141, 
Trp198) are shown in red (103). Helices (hD, hE) and a strand (s1A) are partially obstructed by amino acids shown as spheres. (B) Cleaved PAI-1 (1A7C) with 
polypeptide shown as spheres colored by atom type (101). PAI-1 inhibitors were docked below this peptide between sA3 and sA5.
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