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Nuclear factor of activated T cells (NFAT) is a transcription factor with a multidirectional

regulatory function, that is widely expressed in immune cells, including cells in the

cardiovascular system, and non-immune cells. A large number of studies have confirmed

that calcineurin/NFAT signal transduction is very important in the development of

vascular system and cardiovascular system during embryonic development, and plays

some role in the occurrence of vascular diseases such as atherosclerosis, vascular

calcification, and hypertension. Recent in vitro and in vivo studies have shown that NFAT

proteins and their activation in the nucleus and binding to DNA-related sites can easily

induce the expression of downstream target genes that participate in the proliferation,

migration, angiogenesis, and vascular inflammation of vascular wall related cells in

various pathophysiological states. NFAT expression is regulated by various signaling

pathways, including CD137-CD137L, and OX40-OX40L pathways. As a functionally

diverse transcription factor, NFAT interacts with a large number of signaling molecules

to modulate intracellular and extracellular signaling pathways. These NFAT-centered

signaling pathways play important regulatory roles in the progression of atherosclerosis,

such as in vascular smooth muscle cell phenotypic transition and migration, endothelial

cell injury, macrophage-derived foam cell formation, and plaque calcification. NFAT and

related signaling pathways provide new therapeutic targets for vascular diseases such

as atherosclerosis. Hence, further studies of the mechanism of NFAT in the occurrence

and evolution of atherosclerosis remain crucial.

Keywords: NFAT, atherosclerosis, vascular calcification, diabetes, targeted therapy

INTRODUCTION

Diabetes and atherosclerosis are global public health concerns with an increasing incidence.
Atherosclerosis is the leading cause of morbidity and disability death in patients with type 1 and
type 2 diabetes. The risk of atherosclerosis in patients with diabetes is also significantly higher than
in non-diabetic patients, seriously affecting the lives of patients with diabetes. It also places a huge
social, financial and health burden on communities worldwide. According to statistics, there are 488
million people with diabetes in 2019. However, as the leading cause of disability and even death in
diabetics, the mechanism of atherosclerosis is very complicated. A large number of molecules and
signaling pathways mediate the occurrence and development of atherosclerosis. Nuclear factor-
activated T cell 1(NFATc1) is one of five members of the NFAT family, and is widely expressed in
cells including various tissues and organs of the vascular wall. In recent years, a growing number
of studies have reported key roles for NFATc1 and related signaling pathways in the development
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FIGURE 1 | NFAT structure and NFAT related signaling pathways in various human diseases. NFAT (NFATc1-c4) proteins contain two adjacent and highly conserved

regions: the NFAT homologous region (NFAT homology region, NHR) and DNA-binding domain (DBD), and the TADs are highly variable regions. NFATc5 is lack of

NHR. The inactive highly phosphorylated NFAT protein that is originally located in the cytoplasm interacts with the already activated calcineurin to undergo

dephosphorylation and nuclear translocation, inducing NFAT-mediated gene expression, are closely related to associated with many diseases such as Alzheimer’s

disease, pulmonary hypertension, osteoporosis, inflammatory enteritis, myocarditis, tumors, and diabetes mellitus and its complications. CD137-CD137L signals also

alter the expression of NFATc1 through TRAF6/JNK/AP-1 pathways, and OX40-OX40L interaction regulated the expression of lymphocyte NFATc1.

of diabetes and initiation of atherosclerosis, such as the
phenotypic transformation and migration of vascular smooth
muscle cells, endothelial cell injury, macrophage-derived foam
cell formation, and plaque calcification. In addition, NFATc3
in NFAT family members also play a role in these processes.
NFAT and related signaling pathways represent new therapeutic
targets for vascular diseases such as atherosclerosis, providing
new hope for the treatment of atherosclerosis and improving
the quality of life and survival rate of patients with diabetes.
Therefore, the function of NFAT as an important regulator
of atherosclerosis and the interventions targeting NFAT and
related pathways to prevent atherosclerosis are reviewed and
their prospects are discussed.

OVERVIEW OF NUCLEAR FACTOR OF
ACTIVATED T CELLS

NFAT Family
NFAT is a transcription factor with multiple regulatory
functions that was initially identified by Shaw et al. in nuclear
extracts of activated T cells; NFAT binds to the interleukin
2 promoter, initiating the transcription of genes involved in
the immune response and promoting the activation of T

cells (1). The molecule is expressed in a variety of other
immune and non-immune cells, such as B cells, NK cells, mast
cells, mononuclear macrophages and eosinophils, chondrocytes,
adipocytes, cardiomyocytes, etc. The NFAT family contains
five members: NFAT1 (NFATc2), NFAT2 (NFATc1), NFAT3
(NFATc3), NFAT4 (NFATc4), NFAT5 (NFATc5) (2, 3). The
relationship between NFATc1 and the development of diabetic
atherosclerosis is closer than to other members of the family.
Therefore, the focus of our study is NFATc1, namely, NFAT2
mentioned above. Furthermore, some studies of NFATc3 are
described in this section (Figure 1).

NFAT Structure
NFAT proteins contain two adjacent and highly conserved
regions: the NFAT homologous region (NFAT homology region,
NHR) and DNA-binding domain (DBD). The DBD is highly
conserved with the Rel family protein nuclear factor κB (NF-
κB). The Rel homologous regions of NF-κB have similar amino
acid sequences, NHR at NFAT amino acid ends, calcineurin,
and calcineurin (CaN) binding sites, CaN activates NHR
dephosphorylation, exposing the nuclear localization sequence
(nuclear localization sequence, NLS) of NFAT and causing its
nuclear translocation and activation. The lack of NHR, in NFAT5
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is noteworthy, as it is the only family member that is not
regulated by the CaN signal. However, calmodulin and NFAT5
have been shown to interact to some extent, and the specific
mechanism bywhich they affect the activity of NFAT5 is currently
unclear. NHRs have multiple serine/threonine motifs and are
phosphorylated by multiple kinases. NHR rephosphorylation
exposes nuclear export signals to the NES to conceal the NLS,
and NFAT migrates from the nucleus to the cytoplasm. This
reversible phosphorylation controls NFAT shuttling between
the nucleus and the cytoplasm and changes its transcriptional
activity. Although NFAT members share conserved domains, the
TADs are highly variable regions (4, 5).

NFAT-Related Signaling Pathways and
Diseases
Of themanyNFAT regulated signaling pathways, the calcineurin-
NFAT signaling pathway is the most well-studied. The inactive
highly phosphorylated NFAT protein that is originally located in
the cytoplasm interacts with the already activated calcineurin to
undergo dephosphorylation and nuclear translocation, thereby
affecting the expression of subsequent related genes, i.e., inducing
NFAT-mediated gene expression, which triggers a series of
biological effects of NFAT, such as bone formation, chondrocyte
proliferation, cartilage catabolism, vascular formation, and
neuropeptide response, T cells activation, expression of cellular
inflammatory factors, and angiogenesis. As a result, NFAT levels
are closely associated with many diseases such as Alzheimer’s
disease, pulmonary hypertension, osteoporosis, inflammatory
enteritis, myocarditis, tumors, and diabetes mellitus and its
complications (5–9). In summary, the association between NFAT
and diseases is mainly attributed to its roles in the activation of
T cells, immune cell function, the expression of specific genes
and promoting the inflammatory response. Emphasis is placed
on the relationship between NFAT and diabetes and the initiation
of atherosclerosis.

NFAT has been shown to play an important role in the
pathogenesis of diabetes and the development of vascular
complications. In β cells that secrete insulin, an increase
in the cytosolic Ca2+ concentration directly stimulates the
exocytosis of insulin-containing vesicles. However, calcium also
activates multiple signaling pathways, including NFAT, which has
important implications for many key cellular processes in β cells.
For example, Ca2+ mediates insulin transcription through NFAT
-dependent pathways and promote the long-term activation
of these pathways in cells to impair their normal function
and may lead to the onset of type 2 diabetes. Using confocal
imaging of immunofluorescence staining, NFAT was shown to
be expressed in retinal microvascular endothelial cells, and was
readily activated by high sugar. Moreover, in vivo inhibition
of NFAT decreased the retinal vascular expression of OPN
and ICAM-1, prevented diabetes-induced retinal downregulation
of the anti-inflammatory cytokine IL-10, and eliminated the
phenomenon of increased vascular permeability in diabetic mice.
In a diabetic nephrotic model (db/db mice), the ATF3-NFAT axis
induced podocyte damage, and ATF3 (activating transcription
factor 3) directly regulated NFATc1 gene promoter activity to

modify the expression of Wnt6 and Fzd9, which are direct target
genes of NFATc1 signals; NFAT also induced podocyte damage
through these receptors (10–12). The characteristics of diabetic
plaques and the role of NFAT in the mechanism of plaque
progression are described below.

CHARACTERISTICS OF DIABETES
COMPLICATED WITH ATHEROSCLEROSIS

Epidemiological Characteristics
Diabetes, a group of metabolic diseases characterized by
hyperglycemia, has become a serious global health burden and
will become an increasingly serious challenge (13). Trends in
the prevalence of increased fasting blood glucose levels and
diabetes have more than doubled in the three decades since its
initial report in 1980 to 2008. A systematic analysis of health
screening surveys and epidemiological studies of 370 countries
and 2.7million participants shows that more than 40% of patients
with diabetes reside in China and India, and, as expected, the
most populous countries, have the largest number of patients
with diabetes (14, 15). According to the global diabetes map
from the National Diabetes Federation, ∼366 million patients
with diabetes were identified worldwide in 2011. Based on this
information, Whiting et al. predicted that the number will
increase to 552 million by 2030. In 2013, ∼382 million people
worldwide suffered from diabetes, and by 2035, this number
will increase to 590 million. In 2015, 415 million patients with
diabetes aged 20–79 years were estimated worldwide, and by
2040, this number will increase to 642million (16). In 2017,∼451
million patients with diabetes (18–99 years old) were identified
worldwide. By 2045, these figures are expected to increase to
693 million (17). In 2019, ∼463 million people worldwide had
diabetes. By 2045, the number of patients with diabetes is
expected to reach 700.2 million (18). The results presented above
show a further increase in the global trend of the number of
patients with diabetes. Diabetes is getting worse, patients with
diabetes are spending increasing amounts on care worldwide, and
diabetes has imposed huge social, financial, and health system
burdens worldwide. For patients with diabetes, the control of
blood glucose levels and, more importantly, the prevention of
the complications of diabetes, especially atherosclerosis, which is
one of the most dangerous vascular complications of diabetes,
are the main goals. Atherosclerosis is characterized by the
formation of congee tumors or fibrous plaques in the vascular
intima and results in stiffening of the wall, narrowing of the
lumen and weakening elasticity; it is the most common disease
of the cardiovascular system that causes ischemic changes in
the corresponding organ. Atherosclerosis is the main cause of
coronary heart disease, cerebral infarction and peripheral artery
disease. Fowke et al. systematically reviewed the literature on the
prevalence of peripheral artery disease from 1997 to 2010, Based
on the results, 202 million people worldwide had peripheral
artery disease in 2010, and diabetes is one of the most important
risk factors after smoking, Epidemiological evidence shows that
diabetes and other risk factors continue to be significantly related
to peripheral artery disease (19). Song et al. showed that the global
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prevalence of peripheral artery disease among people aged 25
and over is 5.56% (95% CI 3.79–8.55) in 2015, the equivalent
of 236.62 million people worldwide. Additionally, a meta-
analysis confirmed that diabetes and peripheral artery disease are
positively correlated (20). Song et al. conducted a meta-analysis
of the main risk factors for CAS in Chinese adults, clarifying
that diabetes is an important risk factor for atherosclerosis
(21). Gedebjerg et al. found in their nationwide DD2 study
cohort study that one-third of newly diagnosed patients with
T2D were also diagnosed with microvascular and macrovascular
complications in the hospital before and after the diabetes
diagnosis (22). Ibebuogu et al. reported a higher prevalence of
single and multiple vascular diseases in patients with diabetes
than in non-diabetic patients (23). Song et al. showed that∼28%
of the general population aged 30–79 had abnormal carotid
intima-media thickness in 2020, representing more than 1 billion
people. In addition, ∼21% of people aged 30–79 (816 million)
had carotid plaques and 1.5% (58 million) had carotid stenosis.
Smoking, diabetes, and hypertension are common risk factors for
an increased carotid intima-media thickness and carotid plaques,
and early detection and treatment of diabetes and hypertension
may help slow the progression of atherosclerotic complications
(24). In summary, diabetes and atherosclerosis are diseases that
are present in a very large number of people worldwide, and
the number of patients increases annually. These diseases may
be interconnected or independent. Diabetes is a risk factor for
atherosclerosis. Atherosclerosis is also a dangerous and common
vascular complication of diabetes. For the foreseeable future, as
the diabetes incidence increases, more cases of atherosclerosis,
such as peripheral artery disease and carotid plaques, will occur,
and more epidemiological research and attention to diabetes
and atherosclerosis will improve the quality of life of patients
with diabetes.

Mechanisms of Atherosclerosis in
Diabetes Mellitus
Atherosclerosis refers to the deposition of the lipids cholesterol
and cholesterol ester in the intima and intima of the artery and
its branches, accompanied by the proliferation and migration
of smooth muscle cells in the middle layer to the subintima,
causing the thickening of the intima and the formation of
yellow or grayish yellow plaques resembling porridge tumor-
like substances. Atherosclerotic cardiovascular disease is the
main cause of death and disability in patients with diabetes,
and the risk of atherosclerotic lesions in patients with diabetes
is significantly higher than in non-diabetic patients. A large
number of clinical and basic studies have confirmed the close
relationship between the two diseases. Recent studies have
suggested that the mechanism of atherosclerosis in patients with
diabetes may involve hyperglycemia, insulin resistance, vascular
calcification, oxidative stress, endothelial dysfunction, and the
inflammatory response.

Characteristics of Diabetic Plaques
The incidence of atherosclerosis in patients with diabetes is
significantly higher than in patients without diabetes. Relevant
studies have shown that advanced glycation end products are

important to factors that promote inflammation, oxidative stress,
apoptosis, and the formation of microcalcification foci in the
atherosclerotic lesion area of patients with diabetes. Advanced
glycation end products promote the transition of plaques from
the stable to vulnerable type, eventually leading to rupture and
thrombosis that promote the development of acute coronary
syndrome and other acute cardiovascular and cerebrovascular
events. In addition to advanced glycation end products,
fluctuations in blood glucose abnormalities, especially blood
glucose levels, are closely associated with atherosclerotic factors
such as oxidative stress, inflammation, endothelial dysfunction,
and angiogenesis, which also stimulate plaque progression. These
mechanisms may be closely related to the morphology and
composition of diabetic atherosclerotic plaques. The macrophage
plaque area and T cell infiltration in patients with diabetes are
significantly higher than in non-diabetic patients (25). Burke
et al. observed higher average necrotic core and total plaque
and distal plaque loads in patients with type 2 diabetes than
in non-diabetic patients, and the size of the necrotic core was
positively correlated with the diabetes status. This association
may be related to the increase in the number of smooth muscle
cells and macrophages expressing RAGE in the plaques of
patients with diabetes (26). Jing et al. found a larger plaque
lipid core in patients with diabetes, while the fiber cap thickness
was relatively thin, which increased plaque instability (27). In
addition, diabetes affects related signaling pathways in vascular
tissue, leading to vasomotor dysfunction, and the potential
acceleration of atherosclerosis (28). The proportion of calcified
plaques andmixed plaques in the coronary artery of patients with
diabetes was higher than in non-diabetic patients. The increase
in the proportion of mixed plaques may partially explain the
increase in the coronary heart disease -related mortality rate in
patients with diabetes (29). Comparedwith non-diabetic patients,
symptomatic Chinese patients with diabetes are more likely to
develop carotid plaque calcification and lipid necrotic cores,
more lipid-rich plaques, and calcification. Thus, patients with
diabetes may develop more severe atherosclerotic diseases (30).
Atherosclerotic plaques occur at sites of intimal calcification,
but the more common type of calcification in patients with
diabetes is medial calcification. This type of calcification is closely
related to the occurrence of cardiovascular adverse events in
patients with diabetes (31). Taken together, compared with non-
diabetic patients, the vasculature of patients with diabetes is
rich in smooth muscle cells and macrophages expressing high
levels of RAGE. Vascular endothelial function is affected by long-
term hyperglycemia, and the balance between arterial contraction
and relaxation is lost. Plaques exhibit more inflammatory cell
infiltration, increased inflammatory cell activity and larger lipid
necrotic centers, which increases the vulnerability and instability
of atherosclerotic plaques.

Mechanism of Plaque Formation and Progression
Atherosclerosis is a complex process involving the
transformation of multiple cell types and important intercellular
interactions. Finally, a series of stages from the initial lipid
striation stage to the formation of complex atherosclerotic
plaques and secondary lesions increase the chance of
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cardiovascular adverse events. The exact origin of plaque
formation is unclear; however, a large number of clinical
and basic studies have shown that endothelial dysfunction is
one of the important early contributing factor. Endothelial
cells, which form a semipermeable barrier between blood and
vascular smooth muscle cells, are essential to maintain vascular
homeostasis. By releasing vasoconstrictor and vasodilator
substances, the endothelial cell structural integrity ensures
permeability and adhesion. Acute hyperglycemia in patients
with diabetes may reduce vascular endothelial cell function,
reduce the bioavailability of NO, a major vasodilator substances
induce the release of inflammatory factors and growth factors,
and increase monocyte and leukocyte adhesion to partially
mediate oxidative stress and the inflammatory response. The
inflammatory mechanism accompanies the whole process of
AS development. Although endothelial injury initiates the
inflammatory response, chronic inflammation may also lead
to or aggravate endothelial cell damage. Upon the stimulation
of vascular inflammation, a large number of monocytes attach
to the damaged endothelium through a process mediated
by inflammatory factor chemotaxis and activation, and then
infiltrate into the intima. Finally, with the migration and
transformation of middle membrane smooth muscle cells
in response to various factors, these cells participate in the
formation of complex plaques. Immature neovascularization in
plaques may also aggravate lipid deposition and inflammatory
cell aggregation, lead to plaque bleeding, make plaques unstable,
and increase the incidence of adverse cardiovascular events.

Therefore, with the increase in the number of patients with
diabetes and atherosclerotic cardiovascular disease worldwide,
studies of the mechanism of atherosclerosis have received
increasing attention, including the exploration of genes involved
in the molecular mechanism. The NFAT molecule is involved
in many pathological processes of atherosclerosis, including
foam cell formation, vascular inflammation, VSMC migration,
proliferation, phenotypic transformation, vascular calcification,
and plaque formation. Shiny et al. reported that the atherogenic
effect of hyperinsulinemia on vascular smooth muscle cell
migration and proliferation is mediated by mitochondrial
dysfunction and the aggregation of oxidative stress signals.
Later, increased mRNA expression was observed in monocytes
isolated from patients with type 2 diabetes, which was
positively correlated with insulin resistance and blood glucose
load, indicating that studies of the role of NFAT in the
formation of diabetic atherosclerotic plaques have important
clinical significance.

ROLE OF NFAT IN DIABETIC PLAQUE
FORMATION AND EVOLUTION

AS is a chronic inflammatory vascular disease, as mentioned
above, and its pathological process involves many aspects,
including endothelial cell dysfunction, the proliferation, and
migration of vascular smooth muscle cells, foam cell formation,
vascular inflammation. A large number of studies have shown
that NFAT molecules play an important role in promoting the

formation and evolution of atherosclerosis. The NFATc1 level
is significantly higher in patients with coronary heart disease
patients than in the control group, and the NFATc1 level in the
unstable plaque group is higher than in the stable plaque group.
Thus, human NFATc1 is an active index of unstable plaques
that can be used to evaluate the risk of coronary heart disease
and further predict the occurrence of acute coronary events
(32). Therefore, molecules in NFAT-related pathways may also
provide the basis for targeted therapy of atherosclerosis and
predict the risk of acute cardiovascular events to improve the
survival rate and quality of life of patients with diabetes. NFAT
is a transcription factor with multiple regulatory functions that is
involved in many pathological processes of AS development and
is discussed from several perspectives, as listed below.

Expression of NFAT
Recently, an increasing number of studies have investigated the
effect of NFAT on atherosclerosis, and the expression of NFAT-
related factors is very important for its corresponding role. The
study found that CD137-CD137L interaction can regulate the
expression of activated T cells and factors in apolipoprotein
E knockout mice (33). CD137 molecules regulate NFATc1
expression through miRNA-145a-5p (34). CD137 signaling
affects NFATc1 expression in mouse VSMCs through NF-kB
p65 (35). The CD137—–CD137L receptor ligand signaling axis
is negatively regulated by micro RNA-124-2, thereby affecting
NFATc1 expression, Based on these results, mi R-124-2 forms
complementary base pairing with the NFATc1m RNA to induce
its degradation. On the other hand, the stability of m RNA
translation is affected by its interaction with the NFATc1 3

′

untranslated region (36). CD137-CD137L signals also alter the
expression of NFATc1 through TRAF6/JNK/AP-1 pathways,
and the expression of CD137-CD137L signaling molecules
regulates NFATc1 by triggering the TRAF6/JNK/AP-1 pathway
(37). CD137 affects NFATc1 expression in vascular smooth
muscle through the above signals, then affect gene expression
through NFATc1, participates in the phenotypic regulation
of vascular smooth muscle cells, and promotes angiogenesis
in atherosclerotic plaques (38). A previous study of an Apo
E−/− mouse model of atherosclerotic plaques identified a
positive correlation between NFATc1 and OX40 and OX40L
expression in cervical and splenic lymphocytes; the OX40-OX40L
interaction regulated the expression of lymphocyte NFATc1 in
Apo E−/− mice (39). Subsequent studies have confirmed that
OX40-OX40L signaling regulates NFATc1 expression and affects
atherosclerotic plaque formation in mice. However, the specific
mechanism needs to be studied (40). Based on these findings,
the interaction of CD137L and CD137 plays an important
role in the development of atherosclerotic plaques, The OX40-
OX40L signaling cascade, which promotes the development of
plaques and increases the instability of atherosclerotic plaques,
is related to the expression of NFAT in vascular smooth muscle
cells and lymphocytes. Hyperglycemia stimulation activates
vascular smooth muscle cells NFAT activation (41). Therefore,
the study of NFAT especially the specific mechanism by which
NFATc1 induces atherosclerosis development, is very important
for a better elaboration the mechanism of by which CD137
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FIGURE 2 | NFAT plays important regulatory role in the progression of diabetic atherosclerosis. NFAT plays important regulatory role in the progression of diabetic

atherosclerosis: (1) NFAT and diabetic endothelial dysfunction. ① NFATc1 and NFATc2 participate in mediating VEGF-induced Egr-3 expression in endothelial cells.

② NFATc1 is necessary for thrombin -mediated IL-33 expression. ③ The potential NFAT-dependent regulation of OPN plays an important role in vascular endothelial

dysfunction. (2) NFAT promotes VSMC proliferation, migration and phenotypic transformation in patients with diabetes. The activation of CD137 signaling decreased

the expression of the contractile markers SM-MHC and α-SMA, but increased the expression of the synthetic phenotypic marker vimentin in vivo and in vitro. (3) NFAT

transcription factors promote macrophage infiltration, foam cell formation.

and OX40-related signals promote AS progression and the
mechanism of atherosclerosis caused by diabetes (Figure 2).

NFAT Transcription Factors and Diabetic
Endothelial Dysfunction
The earliest pathological manifestation of atherosclerosis
is endothelial cell dysfunction, which is characterized by
the production or increased bioavailability of nitric oxide
(NO), leading to greater vasoconstriction, inflammation, and
thrombosis and an increased susceptibility to atherosclerosis
and other microvascular lesions. Therefore, endothelial cell
activation and dysfunction are the basis of many vascular
diseases and play an important role in AS development.
In recent years, impaired endothelial function has been
increasingly recognized as an early and harmful marker
of various vascular complications of diabetes, including
macrovascular complications such as atherosclerosis and
microvascular complications such as diabetic nephropathy
and retinopathy (42, 43). Many scholars propose that many

mechanisms are potentially involved in the pathophysiological
process of vascular endothelial cell dysfunction in patients with
a long history of diabetes. For example, Meza et al. found that
hyperglycemia and T2D are strong stimulators of NOX1- and
NOX2 -dependent endothelial dysfunction, but an increasing
number of mechanisms and signaling pathways remain to be
studied (44). Diabetic hyperglycemia is an effective stimulant
that activates calcium (Ca2+)/calcineurin-sensitive transcription
factors to subsequently activate nuclear factors of activated T
cells (NFAT) in arterioles and moderate resistance arteries. NFAT
blockade eliminates the exacerbation of atherosclerosis caused
by diabetes (45). Therefore, NFAT and vascular endothelial
dysfunction may represent targets and a basis for the study of
other diabetes related vascular diseases.

NFAT Involvement in VEGF-Mediated Induction of

Endothelial Egr-3 Expression
Suehiro et al. found that the early human growth-reactive
protein (early growth response protein 3, Egr-3) is a key
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determinant of endothelial cell activation and suggested that
Egr-3 may be a new target for vascular disease (46). While
vascular endothelial growth factor (VEGF) induces Egr-3
expression in human primary endothelial cells through a
process mediated by transcription factors such as NFAT, relevant
experiments show that VEGF causes the nuclear localization
of NFATc1, NFATc2, and other family members within 15min.
Moreover, VEGF stimulation of Egr-3 expression is significantly
reduced by cyclosporine A, a calcineurin/NFAT inhibitor.
These results strongly suggest a role for NFATc1 and NFATc2
in mediating VEGF-induced Egr-3 expression in endothelial
cells. Overexpression of NFATc1 and NFATc2 causes Egr-3
upregulation and the excessive activation of endothelial cells,
which might lead to vascular disease, such as pathological
angiogenesis, inflammation, and atherosclerosis. NFAT plays
a role in mediating the positive effects of VEGF on EGR-
3 expression in endothelial cells. Specifically, two NFAT/NF-B
elements in the Egr-3 upstream promoter sequence are necessary
for their transcriptional activation, NFATc1 and NFATc2 bind to
the region, namely, NFATc mediates the catalytic activation of
NFAT/NF-κB elements. Therefore, NFAT is involved in VEGF
induced Egr-3 expression in endothelial cells and regulates cell
growth, migration, neovascularization, the hemostatic balance,
and leukocyte adhesion. These findings provide new insights
into the molecular mechanism of endothelial cell activation and
dysfunction, and the results suggest that NFAT and Egr-3 may be
therapeutic targets in pathological endothelial cell activation- and
dysfunction- related diseases.

IL-33 Expression Mediated by NFAT and Thrombin
An increase in IL-33 expression was observed in atherosclerotic
plaques, and thrombin-induced interleukin-33 expression plays
a role in endothelial dysfunction, stimulates vascular endothelial
damage, is involved in regulating HASMC proliferation and
migration, and promotes vascular wall remodeling. Govatati et al.
(47) found that thrombin-induced IL-33 expression requires
LMCD1 -enhanced combined activation of NFATc1 and E2F1;
from another perspective, NFAT factors are associated with
endothelial cell dysfunction. Since the IL-33 promoter region
from nt−183 to nt 98 contains only one potential NFAT binding
site at nt 100, the authors generated a site mutation, and tested
its reactivity to thrombin. The destruction of the NFAT binding
site at −100 nt significantly attenuated thrombin-induced IL-33
promoter activity, and NFATc1 was also detected in thrombin-
induced protein- DNA complexes. These results suggest that
NFATc1 is necessary for thrombin -mediated IL-33 expression.
IL-33 has also been identified as another target of NFATc1 that
mediates endothelial dysfunction and vascular wall remodeling,
providing a new direction for the study of NFAT-related targeted
therapy for atherosclerosis.

Ca2/NFAT Is Involved in Serum-Induced Endothelial

Dysfunction and the Inflammatory Response in

Patients With KD
Kawasaki disease (KD) also known as cutaneous and mucosal
lymph node syndrome, causes endothelial dysfunction and
inflammation, and is the most common systemic vasculitis

syndrome in children. The expression levels of NFATc1, NFATc3,
and inflammatory molecules (e.g., E- selectins, VCAM-1, TF,
and MCP-1) were increased in their endothelial cells treated
with patient serum. In addition, a genetic analysis identified, 16
mutations in the key genes of the Ca2/NFAT signaling pathway
in children with KD, and these mutations are closely associated
with KD-related vasculitis. These results further suggest that
Ca2/NFAT is involved in serum-induced endothelial dysfunction
and the inflammatory response in patients with KD, and thus
participates in the pathogenesis of KD-related vasculitis. The
inflammatory response induced by cyclosporine (CsA) mediated
Ca2+/NFAT inhibition reduces endothelial dysfunction. CsA
inhibits inflammation and reduces the dysfunction of coronary
endothelial cells by regulating Ca2+/NFAT, it exerts an important
cytoprotective effect. Wang et al. postulated that NFAT may
represent a new marker for the clinical prediction of KD, and
NFAT inhibitors are also expected to provide new insights
into and drugs for the clinical treatment of KD. Many KD
drugs targeting the Ca2+/NFAT signaling pathways have been
reported, such as cyclosporine A (CsA) and FK506, which
are NFAT targeting drugs (48). Thus, we suggest that the
vascular complications observed in patients with diabetic may
be similar to the mechanisms described above. Certain serum
components (possibly VEGF or other inflammatory molecules)
in patients with diabetes induce Ca2+/NFAT activation in
endothelial cells and endothelial cell dysfunction, which may
be one of the causes of vascular complications. Considering
this hypothesis, we can apply drugs targeting the Ca2+/NFAT
signaling pathway to the treatment and maintenance of
diabetic atherosclerotic complications accompanied by arterial
endothelial cell dysfunction or disorder.

NFAT-Dependent Regulation of OPN and Vascular

Endothelial Dysfunction
As shown in the study by Zetterqvist et al., the level of
osteopontin (OPN) in the aorta of diabetic mice was increased
compared with the control group. After inhibiting NFAT for
4 weeks, the expression levels of OPN and ICAM-1 in the
retinal vascular basement were decreased, and inhibition of
NFAT in vivo eliminated the increase in vascular permeability
induced by diabetes. During the experiment, NFAT inhibition
decreased OPN mRNA levels in retinal vessels, regardless of
diabetes. More directly, hyperglycemia induced the production
of the proinflammatory cytokine OPN in the mouse aorta by
promoting the direct binding of nfatc3 to the OPN promoter
(11). Therefore, it is a reasonable hypothesis is that the potential
NFAT-dependent regulation of OPN plays an important role in
vascular endothelial dysfunction, leading to increased vascular
permeability in patients with diabetes.

In fact, in vivo studies have shown that hyperglycemia-
induced NFAT activation is associated with microcirculatory
endothelial dysfunction, and that therapeutics blocking NFAT
significantly improves microcirculatory endothelial function in
subjects with diabetes (49). Therefore, further exploration of
NFAT inhibitors in the treatment of diabetic vascular dysfunction
has certain potential.
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NFAT Promotes VSMC Proliferation,
Migration, and Phenotypic Transformation
in Patients With Diabetes
The proliferation and migration of VSMCs are an important
processes involved in AS development. When blood vessels
are damaged, endothelial cells release growth factors and
inflammatory factors to stimulate the transition of middle
membrane VSMCs from a static state to a proliferative
state. The proliferative state is characterized by accelerated
migration, proliferation, and production of extracellular matrix
components. When VSMCs migrate from the middle membrane
to the intima, they increase the thickness of the intima and
aggravate the vascular intimal hyperplasia reaction in the
AS lesion. Many studies have shown a VSMC phenotypic
transformation in individuals with diabetes, and DM2 induces
the phenotypic transformation of vascular smooth muscle cells,
which is related to hyperglycemia, hyperinsulinemia, and higher
levels of advanced glycation end products in vivo (50). At
the cell level, the activation of platelets and their interaction
after endothelial cellular injury are involved in the phenotypic
transformation of vascular smooth muscle cells in individuals
with diabetes (51). Therefore, studies exploring the effect of
NFAT transcription factor activation on VSMCs to elucidate
the role of NFAT in the development of diabetic atherosclerosis
are very important. NFATc1 is the subtype with the highest
expression in smooth muscle cells, along with a small amount
of NFATc3, but western blotting does not detect NFATc2; thus
studies mainly analyze-NFATc1.

Mancarella et al. found that Ca2+-sensing stromal interaction
molecule (STIM)-regulated Ca2+ homeostasis is essential for
NFAT-mediated transcriptional control of SMC proliferation,
development and growth in response to injury. STIM1 is required
for store-dependent Ca2+ influx and the refilling of intracellular
Ca2+ stores in proliferating SMCs. The continuous increase in
Ca2+ concentrations activated the nuclear translocation of NFAT
through a process mediated by calcineurin, thus inducing the
proliferation of smooth muscle cells (52).

Experimental data reported by Zhong et al. show that CD137
regulates the phenotype of vascular smooth muscle cells and
that NFATc1 knockout inhibits the increase in CD137 induced
migration of vascular smooth muscle cells, suggesting that
NFATc1 plays an important role in the phenotypic regulation
of vascular smooth muscle cells induced by the CD137-CD137L
interaction (53). The activation of CD137 signaling decreased
the expression of the contractile markers SM-MHC and α-
SMA, but increased the expression of the synthetic phenotypic
marker vimentin in vivo and in vitro. Therefore, the role of
CD137 in atherosclerosis may be related to vascular smooth
muscle cell phenotype. Moreover, immunofluorescence staining
showed that CD137 not only upregulated the expression of
the NFATc1 protein but also promoted nuclear translocation of
NFATc1. NFATc1 overexpression in vascular smooth muscle cells
significantly affects the cell phenotype. Orr and other studies
have found that calcineurin/NFAT signaling regulates VCAM-
1 expression induced by atherosclerotic monomers. Vascular
cell adhesion molecule-1 (VCAM-1) expression is necessary

for smooth muscle cell migration and proliferation, and is
also involved in the phenotypic transformation of smooth
muscle cells, playing an important role in the progression of
atherosclerosis (54). According to Cheng et al., Klf-5 is an
important regulator of phenotypic transformation, but they only
confirmed the effect of this factor on α-SMA expression. In
their study, NFATc1 affected α-SMA expression and significantly
altered the expression of SM-MHC and vimentin, the levels
of these phenotypic markers may be an independent key
regulator of the phenotypic regulation (55). NFATc1 increased
and decreased the expression of VSMC differentiation marker
genes through direct or indirect effects, which increased the
migration of these cells, eventually forming neointimal lesions.
Activated CD137 signaling regulates the expression of NFATc1
and its downstream factors in vascular smooth muscle cells
through TRAF6/NF-kB p65 pathways, providing a new target for
atherosclerosis therapy (56).

In addition, Pang et al. also found that the activation
of calcineurin and the nuclear translocation of NFATc1 are
necessary for PE to induce the proliferation of vascular smooth
muscle cells. As shown in our previous study, CsA inhibits
calcineurin activity and NFATc1 nuclear translocation, partially
inhibits PE-induced vascular smooth muscle cell proliferation,
and more clearly inhibits the calcineurin-NFATc1 pathway
involved in phenylephrine induced vascular smooth muscle cell
proliferation (57). More specifically, Shiny et al. observed that
1 hyperinsulinemia increased NFATc1 expression and nuclear
translocation in vascular smooth muscle cells and insulin therapy
resulted in the increased proliferation and migration of vascular
smooth muscle cells compared with untreated controls. NFATc1
overexpression increases VSMC migration and proliferation due
to hyperinsulinemia. Treatment with 11 R-VIVIT or cyclosporine
A significantly decreased insulin-mediated migration of vascular
smooth muscle cells, increased transcription in vascular smooth
muscle cells mediated by NFAT, NOD, and hyperinsulinemia,
and NFAT inhibitors reduce hyperinsulinemia and NOD ligand-
induced inflammatory responses in vascular smooth muscle
cells (58). Therefore, hyperinsulinemia in patients with diabetes
increases the expression and activation of NFAT in vascular
smooth muscle cells, and NFAT plays a key role in mediating
the hyperinsulinemia induced proliferation and migration of
vascular smooth muscle cells. Selective NFAT inhibitors may
be an effective strategy to coordinate the inhibition of insulin-
mediated proliferation and inflammatory responses as well as
innate immune changes in vascular smooth muscle cells induced
by atherosclerosis.

NFAT Transcription Factors Promote
Macrophage Infiltration, Foam Cell
Formation, and Osteoclasto-Genesis
Blood lipid disorder and oxidative inflammation promote
monocyte accumulation and their transformation into
macrophages to phagocytose lipids under the damaged
vascular intima, resulting in the accumulation of a large number
of lipid droplets in the cell to form foam cells, which is the
central cause of plaque formation. At the same time, these
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cells secretes a large number of inflammatory mediators, causes
inflammatory reaction, affects the stability of arterial plaques, and
subsequently induce cardiovascular and cerebrovascular events.
High levels of reactive oxygen species (ROS) are detected in
patients with diabetes. Excessive ROS activates proinflammatory
transcription factors such as NF-κB and AP-1, that upregulate
the expression of pro-inflammatory chemokines/cytokines
and adhesion molecules, activate endothelial cells, and attract
monocytes. These monocytes further exacerbate inflammation,
thereby promoting macrovascular and microvascular injury
and atherosclerosis along with various vascular complications
of diabetes. Diabetes also triggers the formation of ROS in
macrophages. According to recent studies, hyperglycemia leads
to mitochondrial dysfunction in endothelial cells and monocytes
and macrophages, as well as abnormal activation of cytosolic
NADPH oxidase (NOX). Macrophages promote inflammation
by releasing proinflammatory cytokines and proteases and
aggravating vascular lesions (59). Thus, macrophages also
play an important role in the progression of diabetic
atherosclerosis, and the activation of NFAT transcription
factors may be an indispensable factor contributing to
this process.

The inhibition of NFAT expression may be an important
step in the regulation of certain bioactive substances to
ameliorate the progression of atherosclerosis. Green tea protects
against atherosclerosis (60). A major active ingredient in
green tea is epigallocatechin-3-gallate (EGCG). Krishnan
et al. suggest the antiatherosclerotic effect of EGCG may be
effect may be mediated by the inhibition of inflammation
associated with hepatic steatosis, especially the fusion of
macrophages. Compared with NF-κB, EGCG significantly
reduced the expression of NF-AT mediated by hepatic TNF-
α in hypercholesterolemic rats and the expression of cell
adhesion factors such as ICAM-1 and E- selectin, significantly
inhibited macrophage infiltration (61). Thus, EGCG may
exert a protective effect on atherosclerosis by reducing
hypercholesterolemia-induced stress and the infiltration of
macrophages induced by ICAM and E- selectin through the
NFAT dependent pathway, Mononuclear macrophages in
other parts of the body in non-hepatic areas may also be
affected, At some extent, EGCG can be used as the basis for
targeted inhibition of NFAT expression and antiatherosclerotic
drug therapy.

In addition, the mechanism by which iron hemoglobin
FHb inhibits the osteoclast differentiation of macrophages in
atherosclerotic plaques is also closely related to NFAT, Zavaczki
et al. found that FHb (rather than iron hemoglobin) reduced
bone resorption activity induced by RANKL (nuclear factor-
κ receptor activator) and inhibited osteoclast-specific gene
expression (anti-tartaric acid phosphatase, calcitonin receptor
and dendritic cell-specific transmembrane protein). Increased
osteoblasts and decreased osteoclast activities may contribute to
intimal calcification, FHb inhibits NFATc1 nuclear translocation,
and thus inhibit RANKL—induced macrophage osteoclast
differentiation, FHb plays a certain role in inhibiting the
calcification of atherosclerotic plaques (62).

NFAT Transcription Factor Activation and
Vascular Inflammation
The chronic inflammatory theory of the AS mechanism proposes
that the inflammatory mechanism is activated throughout
initiation, progression, and complications of AS lesions.
As a pathological process, chronic inflammation leads to
endothelial cell injury, endothelial cell dysfunction, secretion of
proinflammatory cytokines, promotion of monocyte adhesion
and migration to the endothelium, and phagocytosis of ox-
LDL, and other foam cells. Aggravation of local inflammatory
reactions accelerates the progression of vascular atherosclerosis.
NFAT plays an important role in T cell-mediated transcriptional
regulation of genes involved in inflammation and the immune
response, and its activation induces the expression of various
cytokines, such as IL-2, IL-4, IL-6, IL-8, IL-10, IFN-γ, TNF-α,
and CD40L, all of which have been shown to contribute to
atherosclerosis. Inflammation is closely related to diabetes.
This association exists in two aspects. On the one hand,
chronic inflammation appears to promote diabetes. On the
other hand, diabetes promotes the inflammatory response and
mediates vascular dysfunction, cardiovascular disease, and
end-organ damage. Therefore, some researchers postulate that
strategies targeting inflammation can improve blood glucose
control and reduce vascular complications in patients with
diabetes (63). Therefore, studies exploring the mechanism
of NFAT and its participation in vascular inflammation and
identifying therapeutic targets for the control and prevention
of diabetic atherosclerosis and other vascular complications
are very important. The results of a study on the upstream
signals of IL-6 inflammatory factors in Xinjiang Hazak patients
with hypertension in Xinjiang also suggest that voltage-gated
potassium channels may cause inflammatory cell release by
activating the phosphorylation/activation of NFAT signaling.
The release of inflammatory cells is closely related to the
mechanism of atherosclerosis, NFAT -related signals and
vascular inflammation-related signals (64). OX40-OX40L and
NFATc1 may play an important roles in lymphocyte proliferation
and atherosclerotic plaques. Studies by Yan et al. have found a
significant increase in the plaque surface area and lymphocyte
proliferation upon the interaction of OX40-OX40L (65), and
blocking OX40-OX40L interactions or the administration of
NTATc1 inhibitors (CsA) similarly inhibits cell proliferation and
decreases the plaque surface area. Based on these results, OX40-
OX40L and NFATc1 may play important roles in lymphocyte
proliferation and atherosclerotic plaques. This study also
supports the hypothesis that OX40-OX40L interactions can
increase the proportion of Th1 cells among lymphocytes and
that Th1 cells promote atherosclerosis. NFATc1 is one of the
downstream signaling intermediates, and OX40-OX40L may
be a good target for future atherosclerosis therapy. In addition,
the effect of the oxidative low-density lipoprotein (OXLDL)
on NFAT is mediated by oxidative stress, and oxidative stress,
which in turn activates the NFAT transcription factors in the
calcineurin signaling pathway. This effect of OXLDL and the
induction of the inflammatory response also suggest that NFAT
may be related to the inflammatory process in atherosclerotic

Frontiers in Cardiovascular Medicine | www.frontiersin.org 9 March 2021 | Volume 8 | Article 635172

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Cai et al. NFAT in Atherosclerosis

lesions (66). Diabetes-induced hyperglycemia activates NFAT,
especially NFATc3, in vascular smooth muscle cells, leading
to increased intravascular expression of osteopontin (OPN).
OPN is a key regulator of chronic inflammatory diseases,
promotes the proliferation of vascular smooth muscle cells,
and promotes vascular inflammation and the production of
the atherogenic cytokine interleukin-6 (IL-6) (67). In the
study by Nilsson-Berglund, STZ—induced diabetes increased
OPN expression in the ascending and thoracic aorta, the
vascular segments of patients with diabetes were particularly
prone to atherosclerosis, which was prevented by using
NFAT inhibitors in vivo or by depriving mice of NFATc3
proteins. Thus, NFATc3 may be associated with diabetic
vascular dysfunction.

In addition, CD14 has been shown to activate NFAT, regulate
the life cycle of myeloid cells in a TLR4-independent manner,
transport inflammatory lipids and induce excessive activation of
phagocytes, which plays a key role in mediating inflammation,
atherosclerosis and other related diseases. Based on accumulating
evidence, CD14 not only functions as a proinflammatory
mediator, but also exerts a positive or negative effect on the
occurrence and consequences of inflammation by activating
its signaling cascade, forming an inflammatory environment
in the intima of blood vessels, and directly promoting the
formation of atherosclerotic lesions by regulating the fate of
inflammatory cells and smooth muscle cells. NFAT participates
in one of the mechanisms of atherosclerotic development,
which implies the close relationship between NFAT and vascular
inflammation (68).

NFAT Transcription Factor Activation and
Lipid Peroxidation
Oxidized low -density lipoprotein (oxLDL) plays a key role in
the occurrence and development of diabetic atherosclerosis.
Atherosclerosis may be considered an inflammatory disease,
and its pathogenesis is related to abnormal lipid metabolism.
The transcription factor NFAT (nuclear factor that activates
T cells) plays an important role in controlling the expression
of cytokine genes involved in the inflammatory response.
Mazière et al. showed that OxLDL activated NFAT, which was
mediated by increased intracellular calcium concentrations
and blocked by the calcineurin inhibitor cyclosporin A. The
effect of oxLDL on NFAT is mediated by oxidative stress,
which then activates the calcium- calmodulin phosphate
signaling pathway of NFAT. OxLDL increases the intracellular
ROS level (66). In addition, CD14 activates NFAT, and CD14
was expressed at significantly higher levels in macrophages
present in atherosclerotic lesions than in normal intima. The
amplified CD14-dependent signaling pathway accelerates
the formation of foam cells by increasing the expression
of oxidized low-density lipoprotein receptor SR-AI and
promotes the adhesion and migration of inflammatory cells
into atherosclerotic lesions (68). Based on these results,
NFAT was closely related to lipid peroxidation and other
metabolic abnormalities.

NFAT Transcription Factor Activation
Promotes Angiogenesis in Diabetic
Atherosclerotic Plaques
Intraplaque angiogenesis plays an extremely important role
in the pathophysiological mechanisms of atherosclerosis, and
NFATc1 promotes neointima formation and atherosclerosis.
Angiogenesis is a process involving endothelial cell proliferation,
migration, and vessel formation and is a characteristic
component of atherosclerosis. A study assessing the incidence
of subclinical carotid atherosclerosis showed that it is very
common in patients with diabetes (69). Carotid angiography
(CEUS) shows that a considerable part of carotid plaque in
diabetic patients contains plaque neovascularization, which may
be one of the markers of vulnerable plaque, which will lead
to an increased risk of plaque rupture. Similarly, Xiong et al.
used contrast-enhanced ultrasound to explore the relationship
between carotid plaque neovascularization and diabetes mellitus
(DM) and found that the enhancement intensity of carotid
plaques in patients with diabetes was greater than in non-
diabetic patients. Therefore, carotid plaques in patients with
diabetes may display higher levels of neovascularization and
may be more vulnerable (70). Therefore, we propose that
angiogenesis in plaques detected by carotid angiography may
develop into a target for monitoring therapeutic strategies for
stable atherosclerotic plaques. Even the control of angiogenesis
through related mechanisms may improve plaque stability.

The CD137 upregulated NFATc1, in mice and not only
induced vascular smooth muscle cell migration, but also
induced angiogenesis. The authors proposed a certain
correlation between the two mechanisms. Moreover, Weng
et al. observed increased angiogenesis in atherosclerotic plaques
from Apo E/mice treated with agonist anti- CD137 antibodies,
suggesting that activated CD137 signaling induces angiogenesis,
endothelial cell proliferation and endothelial cell migration (71).
Furthermore, the blockade of CD137 signaling with inhibitory
CD137 antibodies inhibits the activation of this pathway, and
attenuates agonist anti- CD137 antibody-induced angiogenesis.
CD137 signaling regulates Smad1/5 and NFATc1 expression in
endothelial cells, Smad1/5 silencing inhibits NFATc1 expression
and angiogenesis induced by CD137 signaling, and inhibition
of NFATc1 genes inhibits CD137 signal-induced angiogenesis.
Therefore, we identified a Smad1/5 pathway for CD137 that
induces Smad1/5 phosphorylation and p-Smad1/5 nuclear
translocation, and promotes the expression of NFATc1 and
the conclusion of transposition. In this pathway, CD137,
Smad1/5, and NFATc1 can be used potentially represent as very
promising therapeutic targets for the treatment and control of
atherosclerotic plaque stability. Activated CD137 signaling also
regulates the expression of NFATc1 and its downstream factors
in vascular smooth muscle cells through TRAF6/NF-κB p65
pathways, providing a new target for atherosclerosis treatment.

NFATc1 and Calcifications of Diabetic
Atherosclerotic Plaque
Vascular calcification is an abnormal process of active calcium
deposition in the vascular wall mediated by mesenchymal cells
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that differentiated from smooth muscle cells. The phenotypes
of osteoblasts, chondrocytes and osteoclasts have been detected
in the calcified vascular wall, and even intact lamellar
bone and regenerated bone marrow have been observed.
Diabetic vascular calcification is characterized by early arterial
mesangial calcification and subsequent atherosclerotic plaque
calcification, mainly intimal calcification, in which some
mechanism of evolution may exist. The NFAT signaling pathway
has consistently been shown to be closely related to osteoclasts
and diabetic vascular calcification. More studies on the roles
of OXLDL- and NFAT- related signaling pathways in this
process have been conducted. Goettsch et al. were the first to
show that the NFAT signaling pathway is a new regulator of
OXLDL-induced differentiation of vascular smooth muscle cells
to osteoblast-like phenotype that promotes vascular calcification.
Their experiments showed that OXLDL significantly increased
NFATc1 and NFATc2 mRNA expression in mature osteoblasts.
Moreover, the inhibition of NFAT activity completely prevented
the ox LDL-induced osteogenic differentiation of HCASMCs
(coronary vascular smooth muscle cells). The authors proposed
that NFAT inhibition may be a therapeutic strategy to prevent
cellular transdifferentiation during oxidative stress-induced
vascular calcification (72). The ability of Osx (bone regulators)
to induce bone formation is enhanced by its interaction
with nuclear factors that activate T cell c1 (nfaTc1). NFATc1
is important for Osx transcriptional activity. Osx is a key
transcription factor involved in the terminal differentiation of
osteoblasts, and both activated forms are translocated to the
nucleus and may be jointly involved in the process of calcified
aortic stenosis (73). The formation of RANK (NF-κB receptor
activator)- TRAF6 (tumor necrosis factor receptor-related
factor 6) complexes activates NF-κB and AP-1, By regulating
NFATc1, these complexes promote osteoclast formation and
affect vascular calcification (74). FHb inhibits RANKL—induced
osteoclast differentiation in macrophages, suggesting that FHb
accumulation in calcified areas of atherosclerotic lesions may
delay OLC (osteoclast-like cell) formation and could impair
calcium absorption, thereby promoting vascular calcification
(62). Moreover, CD137 signals can regulate vascular calcification
through the CD137-NFATc1 axis. Excitatory CD137 signals
may mediate the bone-like phenotypic transformation and
calcification through exocrine signaling, and NFATc1 is the key
factor involved in this process (75).

NFAT-Targeted Therapy
Given the important role of calcineurin-NFAT signaling in
various physiological and immune processes, its inhibition is
considered a powerful treatment for graft rejection, autoimmune
diseases, and cardiovascular diseases. Therefore, the main idea
of NFAT research and targeted therapy is to inhibit the activity
of calcineurin. The discovery that the immunosuppressants CsA
(cyclosporine A) and FK506 (tacrolimus) disrupt calcineurin
activity and form CsA procyclin or FK506-FKBP12 complexes
also facilitated follow-up studies on various aspects of NFAT
factors11. However, these immunosuppressants inhibit and
affect all downstream signaling pathways of calcineurin, and

lead to with adverse side effects and toxicity toward non-
immune cells, limiting their clinical application. Therefore, the
development of NFAT inhibitors with greater selectivity and
less toxicity direct target NFAT functions is important. In
addition to the direct inhibition of calcineurin, another strategy
is to prevent calcineurin from interacting with NFAT proteins,
selectively inhibiting NFAT activation, by activated calcineurin
through an interaction at several docking sites before NFAT
dephosphorylation and activation. Specific disruption of the
binding of calcineurin to NFAT will effectively inactivate NFAT,
without impairing the activity of calcineurin. The selective active
peptide developed by Yu et al. (VIVIT) can significantly and
more selectively inhibits calcium/calmodulin-activated NFATc1,
NFATc2, and NFATc3 dephosphorylation and NFATc2 nuclear
translocation, indicating that it may become a promising drug
to study the exact role of the NFAT response in atherosclerosis
and subsequent targeted therapy. In addition, the effects NFAT
on AS mentioned above involve many signaling pathways;
hence, these pathways can also be used as targets to influence
NFAT activity (76). Thrombin—induced self—inhibitory factor,
critical area of Down syndrome-1 (DSCR-1), can attenuate NFAT
dependent vascular cell adhesion molecule-1 expression and
endothelial cell inflammation, suggesting that DSCR-1 mediated
inhibition of NFAT signaling may exert therapeutic effects on the
inflammatory state of atherosclerotic plaques (77). Tacrolimus
reduces the proliferation of vascular smooth muscle cells and
decreases calcineurin, NFATc4, and IL-2 expression. In addition,
the newly developed drug TES inhibits intimal hyperplasia
after stent placement through calcineurin/NFAT/IL-2 signaling,
which is one of several mechanisms for by which TES inhibits
restenosis. Calcineurin and NFAT may be important molecular
targets to prevent restenosis after stenting (78). Garcia Vaz
et al. found that treatment of diabetic mice with the NFAT
blocker a-285222 reduced the nuclear accumulation of nfatc3 and
NFAT luciferase transcription activity in skin microvessels, thus
improving microvascular function. Treatment with a-285222
increased NOS expression in the dermis and the level of NOS
in the plasma of diabetic mice. It also prevented the production
of the inflammatory cytokines interleukin-6 and osteopontin,
reduced plasma endothelin-1 levels and blood pressure, and
improved the survival rate of mice without affecting blood
glucose levels (49). Zetterqvist et al. also used the NFAT
blocker a-285222 in related experiments, indicating that the
inhibition of NFAT may exert a protective effect on the retina of
diabetic mice (11). Therefore, the inhibitory effect of a-285222
on atherosclerotic deterioration and its complications strongly
indicates that the inhibition of NFAT in vivomay represent a new
treatment method to preserve endothelial function in patients
with diabetes mellitus, but further explorations of the potential
of NFAT inhibitors as a new treatment method for diabetic
microvascular dysfunction are needed.

CONCLUSIONS AND PERSPECTIVES

In summary, NFAT and its activation play important roles in
the development of AS in patients with diabetes. Based on
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accumulating evidence, NFAT is closely related to the phenotypic
transformation and migration of vascular smooth muscle cells,
endothelial cell injury, macrophage-derived foam cell formation,
and plaque calcification, but little research has been conducted
on various aspects of NFAT-centered and NFAT-targeted therapy
for AS drug development. Therefore, future studies should
focus on determining the various aspects of mechanism by
which the NFAT signaling pathway leads to AS formation,
and which drugs can affect the expression NFAT vascular wall,
thus providing a new method for the clinical treatment of
AS-ralated diseases.
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