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1. Introduction

The pathophysiology of pulmonary artery hypertension (PAH) in-
volves a sequence of impairment of pulmonary artery endothelial cells
caused by various stresses, pulmonary artery spasm, adhesion and mi-
gration of inflammatory cells to the pulmonary artery wall, adventitial
fibrosis, intimal occlusive fibrosis, and fibrinoid necrosis leading to
plexiform lesion formation. PAH therefore represents a complex yet
fascinating interplay of conditions that results in pulmonary vascular
remodeling. A clinical classification was established in order to in-
dividualize different categories of precapillary pulmonary hypertension
(PH) that were identified: PAH(Group 1); PH due to chronic lung dis-
ease and/or hypoxia(Group 3); chronic thromboembolic PH(Group 4);
some of PH due to unclear multifactorial mechanisms(Group 5), sharing
similar pathological findings, similar hemodynamics characteristics [1].
In recent years, greater attention has focused on the frequently-ob-
served perivascular inflammation in patients with all forms of PAH,
from idiopathic PAH to PAH associated with systemic autoimmune
diseases [2]. Endothelial cells regulate the coagulation-fibrinolysis
system, blood vessel permeability, and migration of inflammatory cells,
a role that is particularly important to vasoconstriction and expansion.
We propose a highly integrated concept of ‘vascular failure’ that in-
cludes a broad spectrum of vascular diseases such as atherosclerosis,
vascular endothelial and smooth muscle dysfunction, and metabolic
abnormalities of the vessel wall, including inflammation, oxidative
stress and alterations in neurohormonal balance [3]. We consider the
concept of a ‘vascular failure’ process may also be applicable to the
pulmonary artery, especially in regard to endothelial function and in-
flammation. Persistent pulmonary vascular endothelial injury and
apoptosis is followed by a progressive proliferative phase of phenoty-
pically abnormal endothelium cells, coupled with vascular smooth
muscle hypertrophy and vasoconstriction. These pathological changes
significantly increase pulmonary vascular resistance and cause pul-
monary artery hypertension. Vascular inflammation plays an important
role in this process by influencing the pathophysiological mechanisms
involved in pulmonary artery hypertension. There is considerable evi-
dence that the levels of circulating inflammatory cytokines such as in-
terleukin (IL)-1α and IL-6 [2] are increased in PAH. More specifically,

cellular inflammation results in increases in the number of perivascular
macrophages (CD68+), macrophages/monocytes (CD14+), mast cells,
dendritic cells (CD209+), T cells (CD3+), cytotoxic T cells (CD8+),
and helper T cells (CD4+) in the plexiform lesions of PAH vessels [4].
Regulatory T cell (Treg) controls pulmonary artery endothelial function
and possibly inhibits pulmonary vascular remodeling. Increased num-
bers of circulating Treg cells have been reported in patients with idio-
pathic PAH [5], whereas reduced numbers of Treg in lung tissue pos-
sibly reflect decreased tissue recruitment of these cells. A loss of Treg-
mediated self-tolerance leads not only to a loss of T cell tolerance, but
also to a breakdown in B cell tolerance. As a result, diminished negative
regulation of other active immune cells may trigger or amplify pul-
monary vascular remodeling and PAH [6].

Another factor that has emerged as a determinant of the severity of
PAH is mutations in bone morphogenesis protein receptor 2 (BMPR2)
[7]. Mutations in this receptor have been observed in approximately
70% of subjects with one or more affected relative in a family of pa-
tients with heritable PAH and in up to 25% of patients with sporadic
idiopathic PAH [8]. A previous study reported that BMPR2 deficiency
promoted an exaggerated inflammatory response induced by lipopoly-
saccharide and initiated the development of PAH, suggesting a potential
link between the BMPR2 pathway and inflammation [9]. It is therefore
apparent that inflammation is caused in part by a hereditary factor,
BMPR2, in patients with PAH.

In the current issue of Vascular Pharmacology, Wang et al. [10] fo-
cused on the pathophysiological role in PAH of BMPR2 and also high
mobility group box 1 (HMGB1), a non-histone nuclear protein that acts
as an alarmin to drive the pathogenesis of inflammatory and auto-
immune diseases. They showed in a rat model of hypoxia-induced PAH
that expression of HMGB1 and toll-like receptor 4 (TLR4) in pulmonary
arteries was markedly up-regulated, while expression of BMPR2 sig-
naling was down-regulated. Using cultured primary pulmonary arterial
smooth muscle cells, they showed that incubation with HMGB1 sig-
nificantly promoted the proliferation and migration of pulmonary ar-
terial smooth muscle cells. This effect could be abrogated by HMGB1
and TLR4 inhibitors. Treatment with these inhibitors also significantly
attenuated the development of PAH in rats by normalising hemody-
namic parameters, pulmonary vascular remodeling and the BMPR2
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signaling pathway. These results suggest that HMGB1/TLR4 signaling
promotes hypoxia-induced pulmonary hypertension by suppressing the
BMPR2 signaling pathway. Prior to Wang et al.'s report Bauer et al. [11]
showed that HMGB1 contributed to the pathogenesis of hypoxia-in-
duced PAH by demonstrating extranuclear HMGB1 in pulmonary vas-
cular lesions and increased serum HMGB1 in patients with idiopathic
PAH. The increase in circulating HMGB1 correlated with mean pul-
monary artery pressure. Genetic deletion of the pattern recognition
receptor TLR4 attenuated chronic hypoxia-induced PAH in a mouse
model. In addition, treatment with recombinant human HMGB1 ex-
acerbated PAH in wild-type (WT) but not TLR4−/−mice. Taken to-
gether, these data suggest that HMGB1-mediated activation of TLR4
promotes experimental PAH and identifies HMGB1/TLR4 as a potential
therapeutic target in the treatment of PAH (Fig. 1).

TLR4 is a transmembrane protein member of the TLR family en-
coded in humans by the TLR4 gene and belongs to the pattern re-
cognition receptor family. TLRs specifically recognize pathogens asso-
ciated with molecular innate and adaptive immunity. TLRs respond to
endogenous host molecules and trigger inflammatory responses. The
majority are produced as a result of cell death and injury or by tumor
cells, and include degradation products of the extracellular matrix heat-
shock proteins and HMGB1 proteins, which act as stimulators for cell
surface TLRs. In noninfectious inflammatory diseases such as athero-
sclerosis and Alzheimer's disease, oxidized low-density lipoprotein and
amyloid-β, respectively, trigger sterile inflammation dependent on the
activity of TLR4 and TLR6 [12]. Another representative endogenous
activator of TLR4 is myeloid-related protein-8/14 (MRP-8/14), a
member of the alarmin family, which is similar to HMGB1 and also the
S100 family of calcium-modulated proteins. These proteins are ex-
pressed in myeloid origin cells, especially in monocytes and neu-
trophils, and by acting as a chemoattractant and by binding to cell

surface receptors including TLR4, they regulate myeloid cell function
via modulation of calcium signaling and cytoskeletal reorganization.
There is evidence that MRP-8/14 broadly regulates vascular in-
flammation by binding to TLR4. We demonstrated previously in pa-
tients with acute coronary syndrome that MRP-8/14 concentrations
were increased in culprit coronary artery blood associated with
thrombus formation, and co-localized with leukocytes, neutrophils, and
monocytes, leading to leukocyte activation [13]. Another important
receptor for MRP-8/14 is advanced glycation end products (RAGE). We
consider that during the inflammatory process at the site of vascular
injury such as ruptured plaques, MRP-8/14 promotes platelet-leukocyte
interactions by binding to TLR4 and RAGE (Fig. 1).

HMGB1 has also been implicated as a proinflammatory mediator in
atherosclerotic cardiovascular disease. HMGB1 activates endothelial
cells to promote expression of adhesion molecules, concomitant with
leukocyte-endothelial adhesion. HMGB1 induces expression of TLR4,
nuclear translocation of nuclear factor kappa B (NF-κB), and the
binding activity of DNA in endothelial cells. This suggests that the
HMGB1/TLR4/NF-κB pathway acts as a cascade between endothelial
dysfunction and vascular inflammation in the pathophysiology of
atherosclerosis [14]. In addition, extracellular HMGB1 binds both
RAGE and TLRs to initiate signaling that culminates in the expression of
cytokines such as interleukin (IL)-6 in inflammatory cells [15]. Extra-
cellular HMGB1 is also a key signal molecule in inflammasome acti-
vation-mediated foam cell formation. In addition, it has been reported
that inflammasome activation-induced HMGB1 activity and foam cell
formation were both achieved via RAGE [16]. Taken together, these
findings indicate that the HMGB1/TLRs and HMGB1/RAGE signaling
pathways play critical roles in the inflammatory process involved in the
progression of atherogenesis and atherosclerosis (Fig. 1).

The report by Wang et al. [10] focused on the involvement of the
BMPR2 signaling pathway in HMGB1/TLR4 regulated inflammation in
PAH. In particular, the specificity of the inhibitory action of TLR4 and
denudation toward HMGB1 suggests that it may be possible to prevent
HMGB1/TLR4 signaling to BMPR2 signaling in hypoxic PAH. However,
more specific signals may be a clinical target in order to enhance sub-
strate specificity. More investigations on these specific signaling path-
ways are therefore required.

The pulmonary circulation is a low-pressure system, whereas the
systemic circulation is a high-pressure system. Because of this differ-
ence the anatomical and structural features of the pulmonary artery are
different from those of systemic arteries. Diseases of the pulmonary
artery and systemic arteries such as peripheral artery disease or cor-
onary artery disease show different etiological and pathophysiological
features. However, the two diseases have several common or similar
pathophysiological features such as inflammation. In particular,
HMGB1/TLR4 signaling may be a very important signaling pathway in
the inflammatory process of diseases of both pulmonary and systemic
arteries. Further investigations are needed to determine common or
similar and different signaling pathways between both types of disease.
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