
Introduction

In many countries, overweight and obesity pose an
increasing threat to population health[1]. Clinical and ep⁃
idemiological studies have shown that obesity is associ⁃
ated with an increased risk of developing cardiovascu⁃
lar disease, insulin resistance, and type 2 diabetes
(T2D) [2-3]. Most T2D patients are obese or overweight.
Many longitudinal studies have linked obesity with in⁃
sulin resistance, which is a common precursor of diabe⁃
tes. As a major endocrine and secretory organ, adipose
tissue releases a number of cytokines and hormones,
such as free fatty acids (FFA), tumor necrosis factor
(TNF-α), interleukin 6 (IL-6), plasminogen activator

inhibitor (PAI-1), leptin, adiponectin, and resistin [4-5].
The inflammatory process is activated in the early stag⁃
es of fat. During the occurrence and development of
chronic obesity, the immune system is permanently in⁃
clined to a pro-inflammatory phenotype, so this article
begins to describe the interaction between obesity and
inflammation. Diet-induced obesity causes Adipose
Tissue Macrophage(ATM) in lean animals to switch
from M2 activated or "replacement activated" macro⁃
phage polarization state, thereby protecting fat cells
from inflammation to M1 or "regularly activated" mac⁃
rophage state, leading to insulin resistance. The in⁃
creased anti-inflammatory cytokine IL-10 in the ATM
of lean mice protects adipocytes from TNF-α-induced
insulin resistance[6]. The discovery of islet inflammation
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【Abstract】 Plasminogen activator inhibitor-1 (PAI-1) is a member of the evolutionarily conserved serine pro⁃
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This article reviews the possible role of PAI-1, as one of the SASP markers, and speculates the potential role of
PAI-1 in adipose tissue senescence and inflammatory macrophage infiltration in obesity.
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and its involvement in T2D cell dysfunction further em⁃
phasizes the importance of inflammation in metabolic
diseases. M1 polarized macrophages recruit more in⁃
flammatory phenotypes and secrete cytokines such as
TNF-α [6-7]. Macrophages are the effectors of the com⁃
plex immune program induced by obesity. It is well
known that macrophages play an essential role in insu⁃
lin secretion and insulin-sensitive tissues.

PAI-1, encoded by the SERPINE1 gene, is the
primary inhibitor of endogenous plasminogen activator
and is synthesized in the liver and adipose tissue. Many
studies have shown that the increase in PAI-1 is relat⁃
ed to thrombosis，fibrosis，obesity and insulin resis⁃
tance [6,8]. The expression of PAI-1 mRNA and PAI-1
protein in normal adipose tissue indicates that adipose
tissue may be the active site of PAI-1[9-10]. In obesity,
adipose tissue is the primary source of circulating
PAI-1[4-5] and usually causes obesity complications.
PAI-1 derived from adipocytes is mainly expressed in
visceral fat [11-12], released into the circulation parallel
with the increased fat mass. The endogenous TNF-α
produced by adipose tissue may play an essential role
in PAI-1. The expression of PAI-1 in human adipose
tissue causes insulin resistance, which may be the clini⁃
cal link between insulin resistance syndrome and ele⁃
vated plasma levels of PAI-1[10].

This review will focus on the potential connection
between obesity-induced adipose tissue inflammation
and adipose tissue aging to reveal the role of PAI-1 as
an aging-related secreted protein in this process dur⁃
ing obesity.

PAI-1-LRP1 signaling in insulin re⁃
sistance

PAI-1 may play a variety of obesity roles to affect
insulin signal transduction indirectly, thereby affecting
adipocyte differentiation and regulating the recruitment
of inflammatory cells in adipose tissue[13]. The produc⁃
tion of inflammatory reactions increases oxidative
stress and inflammatory cytokines. Oxidative stress
causes high expression of PAI-1 in various tissues, in⁃

cluding adipose tissue, especially in aged mice[14].
Low-density lipoprotein receptor-related protein 1

（LRP1）is a critical signal protein belonging to the LDL
receptor (LDLR) superfamily that is widely expressed
in multiple cell types[15]. PAI-1 can interact with LRP1
on adipocytes. LRP1 receptor controls adipogenesis
and is up-regulated in obese adipose tissue[16]. However,
the pharmacological PAI-1 inhibition has no effects on
visceral white adipose tissue LRP1 content[17].

LRP1 deficient adipocytes are more likely to be in⁃
flamed and more likely to cause mononuclear macro⁃
phage infiltration and high expression of inflammatory
cytokines[18]. The migration of macrophages depends on
the adhesion/exfoliation between the macrophage sur⁃
face components and the extracellular matrix and the
role of many inflammatory diseases. PAI-1 affects mac⁃
rophage motility through a different effect from its clas⁃
sical regulation of the plasmin-based fibrinolytic pro⁃
cess. Studies have shown that PAI-1 promotes mono⁃
cyte/macrophage recruitment and M2 polarization
through other domains. Its LRP1 interaction domain
regulates macrophage migration, and its c-terminal
uPA interaction domain activates p38MAPK and
NF-κB, induces the autocrine IL-6/STAT3 activation
pathway, and promotes M2 macrophage polariza⁃
tion[19-20]. The small molecule PAI-1 inhibitors, as a new
class of anti-inflammatory drugs, can target macrophage
migration by inhibiting the interaction of PAI-1 and
low-density lipoprotein receptor-related proteins[21].

Both insulin receptor (IR) and insulin-like growth
factor 1 receptor (IGF1R) are expressed in adipo⁃
cytes[22-23]. Previous in vitro and in vivo studies showed
that PAI-1 is implicated in adipose tissue development
and the control of insulin signaling in adipocytes[24-25].
PAI-1 deficiency enhanced basal and insulin-stimulat⁃
ed glucose uptake in adipose cells in vitro[26]. PAI-1 in⁃
hibitor prevented high-fat diet (HFD)-induced system⁃
ic insulin resistance and restored HFD-induced im⁃
paired JNK and Akt phosphorylation, suggesting that
inhibition of PAI-1 prevents the insulin resistance of
adipocytes[27]. These findings indicate that PAI-1 plays
an essential role in the control of insulin resistance in
adipose tissue.
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Role of PAI-1 in ATMs

PAI-1 is involved in adipose tissue inflammation[24].
Obesity is a chronic, systemic inflammatory disease[27-29],
leading to insulin resistance[26]. Chronic inflammation is
related to various pathological conditions. The produc⁃
tion of inflammation increases oxidative stress and in⁃
flammatory cytokines. Studies have shown that PAI-1
gene deletion or pharmacological PAI-1 inhibition (in⁃
hibitor PAI-039) can promote the transformation of
macrophages from M1 to M2 phenotype, characterized
by the decrease of pro-inflammatory factors CD11c,
IL-6 and MCP-1, and the increase of anti-inflammato⁃
ry factors CD206 and IL-10[11,24]. TNF-α has previously
been involved in adipose tissue inflammation and insu⁃
lin resistance during obesity[30]. We observed a signifi⁃
cant reduction in the level of TNF-α mRNA in the
white adipose tissue (WAT) of PAI-1 deficiency or
PAI-039 treated high fat diet-fed mice[24]. Interesting⁃
ly, drugs such as thiazolidinediones, metformin and re⁃
ceptor antagonists have been found to reduce PAI-1 ex⁃
pression in fat[31]. However, the specific molecular regu⁃
latory details and mechanisms of PAI-1 in adipose tis⁃
sue need to be further studied.

Adipose tissue is the primary source of inflamma⁃
tory mediators related to diabetes and other chronic dis⁃
eases[32-33]. There are abundant pre-adipocytes in the in⁃
terstitial blood vessels of adipose tissue, closely related
to macrophages. Pro-inflammatory cytokines act in an
autocrine and paracrine manner to interfere with insu⁃
lin signaling in peripheral tissues or induce β-cell dys⁃
function and subsequent insulin deficiency[33].

The study of pathway triggers can provide effec⁃
tive methods to inhibit inflammatory pathways and
have important clinical significance for treating obesity
and its complications. In stromal cells, ATM plays a
crucial role in the pathogenesis of inflammation and
metabolic complications caused by obesity. The altered
environment and inflammatory phenomena coordinate
the polarization pattern of macrophages, which is gener⁃
ally conducive to obtaining a metabolically activated
state. As an inflammatory factor of adipose tissue,
PAI-1 can respond to obesity and insulin resistance, re⁃
duce insulin sensitivity, and participate in aging-relat⁃

ed adipose tissue inflammation and its complications.
We summarized the relationship between PAI-1 and
macrophage infiltration and insulin resistance in adi⁃
pose tissues from this perspective. These latest findings
highlight the relationship between PAI-1 and adipose
tissue mediate insulin resistance and metabolic syn⁃
drome (Figure 1).

Figure 1. Schematic illustration of PAI-1 in adipose
tissue inflammation and metabolic syndrome

GLUT4, glucose transporter 4; GSV, GLUT4 storage
vesicle; IR, insulin receptor; LRP1, LDL receptor associat⁃
ed protein 1; WAT, white adipose tissue

PAI-1 is a key mediator of adipose tis⁃
sue senescence

Cellular senescence is a continuous cell cycle exit
state[34], and its molecular driving factors mainly in⁃
clude telomere shortening, oxidative stress, oncogene
activation, and DNA damage[35]. Senescence-associated
secretory phenotype (SASP) is associated with the
chronic inflammation caused by the increased PAI-1
as a part of SASP[36-37]. Elimination of senescent cells
through senolytic treatment could alleviate obesity re⁃
lated metabolic complications[38]. However, the role of
SASP, especially PAI-1, in the human lifespan is un⁃
certain.

SASP could promote the pro-inflammatory pro⁃
cess of adipose tissue, inhibit differentiation, and in⁃
duce the infiltration of immune cells[39-40]. PAI-1 is a
critical downstream target for p53 to induce replicative
senescence and directly promote cell senescence[41-42].
Recent genetic studies have shown that PAI-1 is a cru⁃
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cial component of the senescence-related secretion
group and a direct mediator of cell senescence and
lifespan[43]. PAI-1 is a crucial senescence mediator and
a potential therapeutic target for preventing and improv⁃
ing vascular aging and aging-related diseases caused
by hyperhomocysteinemia[44]. Accelerated aging in⁃
duced by time and stress is related to cellular aging
and is accompanied by a significant increase in the ex⁃
pression of PAI-1 in tissues. Interestingly, the flow cy⁃
tometry analysis of PAI-1 positive cells found a signifi⁃
cant positive correlation between the increase of PAI-1
level and aging-related β-galactosidase (SA-β-gal)
positive cells. It is verified that PAI-1 is a substantial
sign of endothelial cell senescence[45]. In adipose tissue,
PAI-1 is significantly higher than nonsenescent in
p16INK4a-positive senescent cells, which clearly
shows a correlation with the expression of senes⁃
cence-associated galactosidase SA-β-gal is up-regu⁃
lated in preadipocytes under the condition of inflamma⁃
tory macrophage culture medium and is positively relat⁃
ed with the expression of PAI-1, CC chemokine ligand
2 (CCL2) and IL-6[33]. Here, we review that PAI-1, as
one of the significant factors of SASP in adipose tissue,
is a marker of cellular senescence and a key mediator
of cell-level senescence, and a substantial contributor
to physiological senescence. We discuss recent studies
suggesting that the role of PAI-1 as a critical aging me⁃
diator, such as genetic defects or pharmacological inhi⁃
bition of PAI-1, is sufficient to prevent cellular replica⁃
tive aging in mammals, preventing age-related patholo⁃
gy and morbidity (Figure 2).

Figure 2. Synergistic effects of adipose tissue dys⁃
function cellular senescence, and pro-inflammatory state
leads to insulin resistance and metabolic syndrome
SASP, senescence-associated secretory phenotype.

Conclusion

PAI-1 can be used as a marker for disease activi⁃
ty and targeted clinical drug development. The plastici⁃
ty mechanism, polarization activation, and molecular
recognition mechanisms of macrophages provide the ba⁃
sis for diagnosis and treatment strategies centered on
macrophages. In summary, understanding how obesity
changes ATMs function and the molecular mechanisms
that support inflammation may provide new treatment
strategies for preventing or treating obesity caused by
inflammation. We hope that the targeting of PAI-1 in
adipose tissues can provide a new and reasonable meth⁃
od for controlling adipose tissue inflammation, cell ag⁃
ing and age-related pathologies，including obesity, dia⁃
betes, thrombosis, organ fibrosis and metabolic syn⁃
drome.
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