Cardiovascular
Inflammation

Guest Editors: Masanori Aikawa, Ichiro Manabe,
Adrian Chester, and Elena Aikawa




Cardiovascular Inflammation



Cardiovascular Inflammation

Guest Editors: Masanori Aikawa, Ichiro Manabe, Adrian Chester,
and Elena Aikawa



Copyright © 2012 Hindawi Publishing Corporation. All rights reserved.

This is a special issue published in “International Journal of Inflammation.” All articles are open access articles distributed under the
Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.



Editorial Board

Jonathan Steven Alexander, USA
Madhav Bhatia, New Zealand
Istvan Boldogh, USA

Jean-Marc Cavaillon, France
Kris Chadee, Canada

Andrew Stewart Day, New Zealand

Christoph Gasche, Austria
David A. Hart, Canada

Sarah Howie, UK

K. Hu, USA

Kamyar Kalantar-Zadeh, USA

Juan Carlos Kaski, UK
Norbert Leitinger, USA
Jian-Dong Li, USA
Howard Maibach, USA
Han Moshage, The Netherlands
Yuji Naito, Japan
Kazuo Ohuchi, Japan
Morikazu Onji, Japan
Irfan Rahman, Ireland
Ram Reifen, Israel

G. Rogler, Switzerland

Ricardo Saban, USA

D. Salvemini, USA

Rosario Scalia, USA

P. Sirois, Canada

B. L. Slomiany, USA

Cai Song, Canada

Neil C. Thomson, UK
Stephen G. Ward, UK
Michael J. Wargovich, USA
Marla R. Wolfson, USA




Contents

Cardiovascular Inflammation, Masanori Aikawa, Ichiro Manabe, Adrian Chester, and Elena Aikawa
Volume 2012, Article ID 904608, 2 pages

The Interface between Inflammation and Coagulation in Cardiovascular Disease, Gabriele Demetz and
Ilka Ott
Volume 2012, Article ID 860301, 8 pages

Roles of TGF-p Signals in Endothelial-Mesenchymal Transition during Cardiac Fibrosis,
Yasuhiro Yoshimatsu and Tetsuro Watabe
Volume 2011, Article ID 724080, 8 pages

Atherosclerotic Plaque Stability Is Affected by the Chemokine CXCL10 in Both Mice and Humans,

Dolf Segers, Jonathan A. Lipton, Pieter ]. M. Leenen, Caroline Cheng, Dennie Tempel, Gerard Pasterkamp,
Frans L. Moll, Rini de Crom, and Rob Krams

Volume 2011, Article ID 936109, 9 pages

Lipid Chaperones and Metabolic Inflammation, Masato Furuhashi, Shutaro Ishimura, Hideki Ota,
and Tetsuji Miura
Volume 2011, Article ID 642612, 12 pages

Toll-Like Receptors and Myocardial Inflammation, Yan Feng and Wei Chao
Volume 2011, Article ID 170352, 21 pages

Cellular Interplay between Cardiomyocytes and Nonmyocytes in Cardiac Remodeling, Norifumi Takeda
and Ichiro Manabe
Volume 2011, Article ID 535241, 13 pages

Adiponectin in Cardiovascular Inflammation and Obesity, Tamar R. Aprahamian and Flora Sam
Volume 2011, Article ID 376909, 8 pages

Gene Profiling of Aortic Valve Interstitial Cells under Elevated Pressure Conditions: Modulation of
Inflammatory Gene Networks, James N. Warnock, Bindu Nanduri, Carol A. Pregonero Gamez, Juliet Tang,
Daniel Koback, William M. Muir, and Shane C. Burgess

Volume 2011, Article ID 176412, 10 pages

Oxidative Stress and Inflammation in Heart Disease: Do Antioxidants Have a Role in Treatment and/or
Prevention?, Fredric J. Pashkow
Volume 2011, Article ID 514623, 9 pages

Inflammatory Concepts of Obesity, Viviane Zorzanelli Rocha and Eduardo J. Folco
Volume 2011, Article ID 529061, 14 pages

Animal Models of Calcific Aortic Valve Disease, Krista L. Sider, Mark C. Blaser, and Craig A. Simmons
Volume 2011, Article ID 364310, 18 pages

Inflammatory Regulation of Valvular Remodeling: The Good(?), the Bad, and the Ugly,
Gretchen J. Mahler and Jonathan T. Butcher
Volume 2011, Article ID 721419, 13 pages




Inflammation in Cardiovascular Tissue Engineering: The Challenge to a Promise: A Minireview,
Agneta Simionescu, Jason B. Schulte, George Fercana, and Dan T. Simionescu
Volume 2011, Article ID 958247, 11 pages

Adipose Tissue Remodeling as Homeostatic Inflammation, Michiko Itoh, Takayoshi Suganami,
Rumi Hachiya, and Yoshihiro Ogawa
Volume 2011, Article ID 720926, 8 pages

Hemodynamics and Mechanobiology of Aortic Valve Inflammation and Calcification,
Kartik Balachandran, Philippe Sucosky, and Ajit P. Yoganathan
Volume 2011, Article ID 263870, 15 pages

Oxidative Stress in Cardiovascular Inflammation: Its Involvement in Autoimmune Responses,
Elisabetta Profumo, Brigitta Buttari, and Rachele Rigano
Volume 2011, Article ID 295705, 6 pages

Endoplasmic Reticulum Stress-Related Inflammation and Cardiovascular Diseases, Tomomi Gotoh,

Motoyoshi Endo, and Yuichi Oike
Volume 2011, Article ID 259462, 8 pages



Hindawi Publishing Corporation
International Journal of Inflammation
Volume 2012, Article ID 904608, 2 pages
doi:10.1155/2012/904608

Editorial
Cardiovascular Inflammation

Masanori Aikawa,! Ichiro Manabe,? Adrian Chester,> and Elena Aikawa!

I'Cardiovascular Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston, MA 02115, USA
2 Department of Cardiovascular Medicine, The University of Tokyo, Tokyo 113-8655, Japan
3 Heart Science Centre, Imperial College London, London 4B9 64H, UK

Correspondence should be addressed to Elena Aikawa, eaikawa@partners.org

Received 28 December 2011; Accepted 28 December 2011

Copyright © 2012 Masanori Aikawa et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly

cited.

1. Introduction

Westernized countries face a growing burden of cardiovas-
cular diseases including acute complications of coronary
atherosclerosis. Cardiovascular diseases often associate with
metabolic disorders such as insulin resistance and obesity.
Emerging clinical and experimental studies suggest that
inflammation is central to the development of these car-
diometabolic disorders. A proinflammatory subset of mono-
cytes/macrophages may importantly contribute to patholog-
ical processes in cardiometabolic organs. Crosstalks between
cardiometabolic organs may enhance systemic and local
inflammatory milieu. In addition, accumulating evidence
supports a key role for inflammation in the pathogenesis of
vascular mineral deposition and calcific aortic valve stenosis.
The goal of this special issue is to highlight what is known
concerning the inflammatory nature of cardiovascular dis-
eases, such as atherosclerosis and aortic valve calcification,
and their association with metabolic disorders. Armed
with this understanding, it is hoped that novel therapeutic
strategies will aid in the prevention and management of the
cardiometabolic syndrome and its complications, and benefit
the patients afflicted with calcific aortic valve disease.

2. Inflammation and Metabolic Diseases

Obesity, particularly visceral obesity, increases the clinical
risk of metabolic and cardiovascular diseases. In addition
to its function as a reservoir of lipids, adipose tissue is
now known to be an active endocrine organ that produces
a variety of “adipokines” and controls energy homeostasis.
It has been suggested that the dysregulated production of
proinflammatory mediators relative to the production of

anti-inflammatory adipokines (e.g., adiponectin) is an
important contributor to adverse metabolic and cardiovas-
cular consequences. Recent studies have also demonstrated
that the increased secretion of inflammatory mediators
seen in obese visceral fat reflects the ongoing chronic
inflammation of the adipose tissue, itself. The paper by V. Z.
Rocha and E.J. Folco and M. Itoh et al. deal with the molec-
ular mechanisms controlling adipose inflammation and the
systemic effects of adipose inflammation on metabolic and
cardiovascular diseases. The paper by T. R. Aprahamian and
F. Sam focused on adiponectin. M. Furuhashi et al. reviewed
the functional involvement of fatty acid-binding proteins
in various cells in chronic diseases. These reviews provided
molecular insights into development of inflammation in
adipose tissue and its propagation to distant tissues that leads
to the development of cardiovascular and metabolic diseases.

3. Inflammation in Atherosclerosis

Inflammation contributes critically to all stages of athero-
genesis. Metabolic disorders such as dyslipidemia promote
activation of circulating monocytes and endothelial cells
and adhesion of these cell types, leading to accumulation
of macrophages. Macrophages then undergo activation and
produce proinflammatory cytokines and reactive oxygen
species. Oxidative stress activates neighboring cells including
endothelial cells and further promotes monocyte recruit-
ment. Such an uncontrolled amplification mechanism rep-
resents inflammatory aspects of atherosclerosis. Naturally,
many studies have thus addressed whether antioxidants can
prevent development of atherosclerosis and its complications
and provided unsatisfactory results. In this special issue, E. J.
Pashkow overviewed this interesting controversy. Accelerated



atherogenesis in patients with autoimmune disease has
long been recognized. E. Profumo et al. demonstrated that
oxidative stress links these two disorders. Accumulating
evidence suggested the causal role of endoplasmic reticulum
(ER) stress in apoptosis. But ER stress may also cause
various inflammatory disorders including atherosclerosis
and metabolic syndrome. T. Gotoh et al. discussed biology of
the ER stress pathway in atherogenesis and ischemic cardiac
injury. Inflammation not only promotes atherogenesis but
also may trigger acute onset of its clinical complication such
as coronary thrombosis by reducing mechanical stability of
the plaque. D. Segers et al. demonstrated the role of the
chemokine CXCL10 in decreased plaque stability as gauged
by collagen loss in mouse and human atherosclerotic lesions.

4. Inflammation in Cardiac Remodeling

Regardless of the origin, injury to the heart evokes a diverse
and complex array of cellular responses involving both
cardiomyocytes and nonmuscle cells that initiate and sustain
a process of structural remodeling of the myocardium.
Remodeling of the myocardium is a key determinant of
the clinical course of heart failure. Many of the processes
underlying cardiac remodeling have features in common
with chronic inflammatory processes. In this issue, the
paper by N. Takeda and I. Manabe and Y. Yoshimatsu
and T. Watabe reviewed cellular and molecular processes
underlying cardiac fibrosis and remodeling. The former
paper focuses on the involvement of noncardiomyocytes,
highlighting the dynamic cellular interplays in cardiac
remodeling. The latter deals with endothelial-mesenchymal
transition (EMT), suggesting the endothelial origin of a
subset of cardiac fibroblasts. The paper by Y. Feng and W.
Chao reviewed the involvement of Toll-like receptors (TLRs)
in myocardial responses to infarction and sepsis. TLRs are
the major pattern recognition receptors that detect not only
the pathogen-associated molecular patterns (PAMPs), but
also the damage-associated molecular patterns (DAMPs),
including a variety of endogenous molecules. As reviewed in
M. Ttoh et al., TLRs have also been shown to be important
for activation of inflammatory processes in metabolic tissues.
These paper provide some of the key ideas in the emerging
field of cardiac biology.

5. Cardiac Valve Inflammation

It is now widely accepted that inflammatory mechanisms
also play a role in development of aortic stenosis. Aortic
stenosis shares some risk factors and characteristics with
those of atherosclerosis, but remains relatively less amenable
to pharmacological intervention. Differences in the aetiology
of the different disease process may be a reflection of the
unique mechanical environment in which the aortic valve
resides. The papers in this special issue that focus on heart
valves illustrate the important role inflammatory mediators
play in the development, tissue remodeling, and repair of the
valve, as well as the initiation and progression of the disease
process. The paper by G. J. Mahler and J. T. Butcher examined
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the role of inflammatory mediators from development to
disease. Their paper illustrated how mediators such as TGF-
B, TNF-a, and BMPs play an important role in the self-
repair and tissue-remodeling properties that help maintain
the durability and strength of the valve. The role of changes
in the different types of mechanical force to which the aortic
valve is exposed is discussed by K. Balachandran et al. and,
more specifically, J. N. Warnock et al. presented new data on
the influence of increased levels of pressure in inflammatory
gene networks.

We will only then be able to identify targets that might be
amenable to molecular or pharmacological modulation after
we have gained a comprehensive understanding of the genes
expressed, the molecules released, and the signaling pathways
activated during the onset and progression of aortic stenosis.
While work with animal and human cells and tissue is an
important step in this process, development of robust animal
models that recapitulates the human disease process will be
fundamental to assaying the efficacy of new interventions.
In this regard, K. L. Sider and colleagues provided a
comprehensive summary of the currently available animal
models of aortic stenosis.

6. Conclusion

The cardiometabolic syndrome represents a global health
burden. An emerging concept suggests that inflammation
participates in the pathogenesis of cardiometabolic disorders
including atherosclerosis, obesity, insulin resistance, and
aortic valve disease. Thus, controlling proinflammatory
molecules or pathways may attenuate such diseases. The goal
of this thematic series is to highlight what is known con-
cerning the role inflammation plays in the cardiometabolic
syndrome and what the therapeutic options are. We believe
that this issue will offer updated concepts and help readers
develop ideas leading to future investigations and new drug
development.

Masanori Aikawa
Ichiro Manabe
Adrian Chester
Elena Aikawa



Hindawi Publishing Corporation
International Journal of Inflammation
Volume 2012, Article ID 860301, 8 pages
doi:10.1155/2012/860301

Review Article

The Interface between Inflammation and Coagulation in

Cardiovascular Disease

Gabriele Demetz and Ilka Ott
Deutsches Herzzentrum Technische Universitit Miinchen, Lazarettstrafie 36, 80636 Miinchen, Germany
Correspondence should be addressed to Ilka Ott, ott@dhm.mhn.de

Received 13 April 2011; Revised 2 November 2011; Accepted 6 December 2011
Academic Editor: Masanori Aikawa

Copyright © 2012 G. Demetz and I. Ott. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

The intimate connection between coagulation and inflammation in the pathogenesis of vascular disease has moved more and more
into focus of clinical research. This paper focuses on the essential components of this interplay in the settings of cardiovascular
disease and acute coronary syndrome. Tissue factor, the main initiator of the extrinsic coagulation pathway, plays a central role via
causing a proinflammatory response through activation of coagulation factors and thereby initiating coagulation and downstream
cellular signalling pathways. Regarding activated clotting factors II, X, and VII, protease-activated receptors provide the molecular
link between coagulation and inflammation. Hereby, PAR-1 displays deleterious as well as beneficial properties. Unravelling these
interrelations may help developing new strategies to ameliorate the detrimental reciprocal aggravation of inflammation and

coagulation.

1. Introduction

Systemic and local proinflammatory changes are in focus
when investigating the pathophysiology of arteriosclerosis
and acute coronary syndromes. In acute myocardial infarc-
tion (AMI), proinflammatory markers such as C-reactive
protein (CRP), interleukins, or monocyte-chemoattractant
protein (MCP)-1 are elevated [1-3] and their increase is of
prognostic relevance for future cardiovascular events [4—6]
and mortality [7-9]. Moreover, in healthy persons elevated
proinflammatory markers are associated with an increase
in cardiovascular risk [10-12]. Patients with increased
circulating proinflammatory markers in AMI present with
decreased myocardial salvage after coronary reperfusion
therapy [13]. Similarly, in experimental studies, high levels
of CRP deteriorate infarct size [14].

Sources of inflammatory response are vascular cells such
as activated endothelial cells, which release proinflammatory
cytokines such as interleukin (IL)-8 [15]. IL-8 is a CXC
cytokine that acts as a chemoattractant and agonist for
neutrophils, lymphocytes, and monocytes and is found in
macrophage-rich atherosclerotic plaques [16]. Under flow
conditions, IL-8 facilitates the arrest of monocytes on

endothelium [16], which is necessary for migration into the
intima in evolution of arteriosclerosis. Reperfusion injury
after AMI as well as systemic inflammatory response syn-
drome can be associated to increased levels of IL-8 [17]. In
experimental setting, murine IL-8 receptor knock-out mice
display smaller arteriosclerotic lesions with less macrophages
[18]. Apart from their contribution to arteriosclerosis, CXC
cytokines are also produced by malignant cells and can
promote tumor progression of a large variety of malignancies
[19].

Besides IL-8, many other cytokines such as IL-6 take part
in inflammatory responses by inducing B-cell differentiation,
T-cell activation, and synthesis of acute phase proteins [20],
but also contributing to proliferation of vascular smooth
muscle cells (SMCs) [21]. Moreover THI activation was
observed in acute coronary syndromes [22].

The pathogenesis of proinflammatory changes in acute
coronary syndromes as well as the interplay between coag-
ulation and inflammation is poorly understood and is
subject to intense research. The mechanisms by which the
coagulation system is altered by inflammatory interactions
comprise enhanced synthesis and activation of coagulant



proteins, decreased synthesis of anticoagulants, and suppres-
sion of fibrinolysis [23]. However, not only inflammation
activates coagulation but coagulation in turn perpetuates
inflammatory response [24]. Accordingly, increased levels of
prothrombin fragment F1+42, fibrinopeptide A and D-Dimer,
reflecting activation of the coagulation cascade, are also
associated with an unfavorable outcome in acute coronary
syndromes [25-27].

In this paper we focus on possible mechanisms of the
interplay between coagulation and inflammation in acute
coronary syndromes.

2. Tissue Factor

A strict separation between the intrinsic and extrinsic coagu-
lation cascade surely fails to reflect physiologic conditions.
Nevertheless, in the setting of arteriosclerosis and acute
coronary syndromes the extrinsic pathway of coagulation is
of particular significance.

Tissue Factor (TF) is the most important initiator of the
extrinsic coagulation cascade. TF, a 47 kDa transmembrane
glycoprotein and member of the class II cytokine receptor
family, is the cofactor for the activated plasma clotting factor
VII (FVIIa). The TF-FVIIa complex catalyzes the activation
of factor X and IX, which leads to the generation of thrombin
and thus finally of a fibrin clot. Under physiologic conditions
TF is abundantly expressed only in the adventitia and is
induced by several inflammatory mediators such as IL-
6, IL-8, and MCP-1 [28, 29]. After vascular injury, TF is
rapidly augmented in SMC of the media and accumulates
in the SMC of the developing neointima [30]. Consequently,
TF is highly expressed within atherosclerotic lesions and
displays high procoagulant activity suggesting a role in
determining plaque thrombogenicity [30]. In atherosclerotic
carotid lesions disruption of plaques exposes TF-positive
cells within the plaque to plasma clotting factors and initiates
local thrombosis with subsequent occlusion of the vessel
[31].

Furthermore, increased TF expression can be noticed on
circulating monocytes and microparticles in acute coronary
syndromes and may, thereby, contribute to activation of
coagulation [32-34]. A soluble form of TF within the cir-
culating blood may also support coronary thrombosis [35].
It has been shown that cytokines can induce expression of
soluble TF [36], which on the other hand has been shown to
accumulate in developing thrombi [37]. However, the clinical
significance and individual contributions of microparticle-
derived and soluble TF remain a matter of debate. Several
studies have demonstrated increased levels of circulating TF
in patients with unstable Angina pectoris (uAP) and acute
myocardial infarction (AMI) [32, 38—45]. Therefore, it has
long been speculated that, in cases with no plaque rupture or
only fractional superficial erosion, thrombus formation may
mainly depend on circulating levels of TFE. Consistent with
this idea, several studies suggest that the levels of circulating
TF and other haemostatic biomarkers may correlate to
adverse cardiovascular events and mortality in patients with
acute coronary syndrome [46—48].
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Stimulation of the TF-thrombin pathway does not
only occur at the site of the plaque but also within the
ischemic myocardium where activated coagulation factors
may enhance inflammatory responses and increase infarct
size [49]. TF contributes to inflammation, cell migration,
and remodelling after vascular injury [50]. Furthermore, TF
expression has been reported in a number of cancers, such
as glioma, pancreatic cancer, non-small-cell lung cancer, col-
orectal cancer, ovarian cancer, prostate cancer, hepatocellular
cancer, and breast cancer [51]. TF expression in tumors not
only correlates with the incidence of thrombosis [52] but also
promotes metastasis [53], tumor progression, and tumor
angiogenesis [54].

TF-mediated intracellular signal transduction has not
been completely elucidated so far. On one hand TF allows
docking and activation of FVII and, therefore, promotes the
generation of downstream coagulation factors and activation
of protease-activated receptors (PARs) which themselves
possibly induce intracellular signal transduction. On the
other hand there is evidence for direct signalling through
the cytoplasmic domain of TF following TF-FVIIa complex
formation [55, 56].

3. Tissue Factor Pathway Inhibitor

The endogenous Kunitz-type inhibitor Tissue Factor Path-
way Inhibitor-1 (TFPI) inhibits initiation of TF-induced
blood coagulation and is mainly expressed on vascular
endothelial cells. TFPI binds and inactivates FXa. The TFPI-
FXa complex then binds and inactivates FVIIa. Increased
levels of the TFPI-FXa complex may reflect both increased
FXa generation and increased TFPI concentrations [57]. In
addition to the full length TFPI most of the plasma TFPI
circulates in truncated forms that are bound to plasma
lipoproteins. These truncated forms lack their C-terminal
domains and exhibit reduced affinity for vascular wall
proteolysis. Additionally, it has been shown that endogenous
proteases [58] and elastase released by neutrophils degrade
TFPI, resulting in enhanced local coagulation that con-
tributes to prevent pathogen dissemination during infection
[59]. Conversely, infusion of a mutant TFPI protein resistant
to proteolysis by elastase strongly impaired host defence
against systemic infection.

4. Protease-Activated Receptors

Important players in the interaction between coagulation
and inflammation are protease-activated receptors (PARs).
PARs are G-protein coupled receptors that mediate various
cellular reactions as cytokine release, expression of adhesion
molecules, cell migration, or proliferation. Unlike other
receptors, PARs are not activated by a soluble, external
ligand. Proteases, such as activated coagulation factors,
detach a defined part of the NH2-terminal chain of the
receptor, thereby inducing a conformational change of the
receptor. This change causes a self-activation by a “tethered
ligand.” This activating sequence comprises only few amino
acids. PARs can also be activated by synthetic peptides
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consisting of the sequence of amino acids representing the
tethered ligand.

In contrast to other receptors, the activation of PARs by
enzymatic cleavage is irreversible. After proteolytic activation
the receptor must be internalized, degraded, and resynthe-
sized. PARs are mainly expressed in vascular cells, but also
in many different other cell types such as gastrointestinal
and bronchial epithelial cells. Four different PARs are known:
PAR-1, -3, and -4 show responsible for thrombin signaling
whereas PAR-2 is activated by trypsin-like serine proteases,
FVIla, and matriptase but not by thrombin. PAR-1 and PAR-
2 are expressed on smooth muscle cells and endothelial cells,
whereas mainly PAR-1 is expressed on monocytes.

PAR-1 agonists or thrombin induce IL-8 and IL-6 in
SMC, EC, and mononuclear cells (MNCs) [60] therefore
emphasizing the role of PAR-1 in inflammatory processes
in vascular cells and confirming data about PAR-1-mediated
cytokine release in EC and monocytes [61]. In smooth
muscle cells PAR-1 and PAR-2 agonists induce cytokine
release to a similar extent which underlines the relevance
of both PARs [60]. In addition to coagulation factors
other serine proteases, for example, matriptase secreted by
monocytes stimulate proinflammatory cytokine release in
endothelial cells via PAR-2 activation [62]. Increased PAR-
2 expression in atherosclerotic lesions suggests a role for this
proinflammatory pathway (Figure 1) [63].

In addition, PARs can also be cleaved downstream of
the tethered ligand, resulting in receptor inactivation by
preventing further proteolytic activation [64]. PAR-1 sig-
nalling not only induces inflammatory responses but also
causes antiapoptotic and vasculoprotective reactions [65].
Since the anticoagulant protease-activated protein C can
activate PAR1 when in complex with the endothelial cell
protein C receptor (EPCR), which may account for much
of the protective effects conferred by activated protein C
(APC) in severe sepsis [66]. Different contributions of these
two pathways may prevail. First, APC acts via PAR-1 when
attached to EPCR [65], resulting in cellular responses distinct
from thrombin signalling [64] by a mechanism dependent in
trans-activation of the sphingosine 1 phosphate receptor 1.
In mouse models with strongly reduced EPCR expression
or PAR-1 deficiency, the loss of EPCR/APC signalling via
PAR-1 resulted in increased endotoxemia-induced lethality
[67]. Concordantly, APC mutants have been shown to
contribute to protective effects during sepsis by pathways
independent from anticoagulant properties [67, 68]. The
second pathway described is independent from EPCR. In this
case, the availability of the integrin CD11b/CD18 has been
shown to be crucial for PAR-1 mediated APC signaling on
macrophages, thereby exhibiting anti-inflammatory effects
and reducing endotoxin-induced lethality [69]. Thus the
strength of PAR1 and PAR2 activation by thrombin, factor
Xa, and activated protein C can either promote or protect
against changes in vascular permeability depending on the
status of the endothelium.

Platelet activation with subsequent thrombus generation
plays a major role in the development of acute coronary
syndromes. At low concentrations thrombin activates PAR-1
on platelets through a hirudin-like site and at high concen-

trations additional PAR-4. This induces shape change, P-
selectin, and CD40L mobilization to the platelet membrane
and promotes the release of platelet agonists ADP, thrombox-
ane A2, chemokines, and growth factors [70] and, thereby,
enhances proinflammatory changes. Thus, inhibition of
PARs by thrombin of FXa inhibitors may prove beneficial
in reducing not only thrombotic but also proinflammatory
responses.

5.FXa

Binding of the serine protease FVII to TF results in
generation of the coagulation protease FXa (FXa) and
subsequently thrombin both known to induce cell signal-
ing. FXa shows dose-dependent induction of intracellular
calcium transients in endothelial cells that is active-site-
dependent, and independent of thrombin [71]. Potential
pathophysiological responses to FXa include stimulation of
proliferation, production of proinflammatory cytokines, and
prothrombotic TF [72].

Elevated TFPI-FXa and prothrombin fragments F1+2
plasma levels indicate activation of the coagulation cascade in
acute coronary syndromes. Under physiological conditions
an inverse relationship between TFPI-FXa and F1+2 suggests
that TFPI-FXa regulates prothrombinase activity in vivo
[73]. Under conditions associated with activation of the
coagulation cascade, however, increased TFPI-Xa plasma
levels occur [57, 74]. Activation of coagulation as measured
by TFPI-FXa but not by F1+2 is associated with plasma con-
centrations of the proinflammatory cytokine IL-8 in acute
coronary syndromes [60]. Furthermore, subsequent elevated
IL-6 levels in the course of acute coronary syndromes are
associated with initial TFPI-FXa concentrations [60]. These
results argue for a proinflammatory role of FXa in acute coro-
nary syndromes that is independent of thrombin. Although
thrombin provokes similar proinflammatory effects as FXa
in vitro the effects of thrombin may be diminished after
heparin treatment in vivo. Several trials of unfractionated
heparin (UFH) [75], direct thrombin inhibitors [76], and
enoxaparin [77] have thus far failed to demonstrate mortality
reductions in acute coronary syndromes. Yet, the OASIS-
6 trial suggests a reduction in reinfarction and mortality
without excess bleeding in patients not undergoing PCI
[78]. Therapeutic inhibition of the proinflammatory effects
of Factor Xa may, therefore, prove additional benefits as
compared to thrombin inhibition in the clinical course in
acute coronary syndromes. This is currently investigated
in the ATLAS-ACS2 TIMI 51 trial that is testing the
hypothesis that anticoagulation with the oral factor Xa
inhibitor rivaroxaban reduces cardiovascular death, MI, and
stroke among patients with ACS treated with guideline-based
therapies for ACS [79].

In vitro experiments revealed that FXa stimulates IL-8
and MCP-1 transcription in endothelial cells and mononu-
clear leukocytes [60]. Genetic studies and receptor desensiti-
zation experiments indicate that signaling by FXa is mediated
by PAR-1 and PAR-2 [80, 81].

According to the expression of PAR-1 and PAR-2, PAR-1
and PAR-2 agonists induce IL-8 and MCP-1 release in
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endothelial cells, whereas, only PAR-1 agonists stimulated
cytokine release in mononuclear cells [60].

6. FVIIa

Several studies suggest a signaling mechanism of the
TF-FVIIa complex via PAR-2 [82]. In this model, TF-bound
FVIIa proteolytically activates PAR-2 and, to a lesser extent,
PAR-1, and thereby evokes intracellular signaling cascades
[83].

In contrast to FXa, FVIIa does not elicit a proinflamma-
tory response in endothelial cells or mononuclear cells [82].
The TF-FVIIa-PAR-2 signalling was only observed in SMC
[82] since they express both TF and PAR-2 and both of them
seem to be a prerequisite for FVIIa action. EC expressing
PAR-2 but lacking TF will not permit FVIIa docking, whereas
MNC displaying TF but only low PAR-2 expression, probably
allow FVIIa binding but do not express sufficient PAR-2
molecules being subsequently activated. However, PAR-2 and
TF are induced by cytokine stimulation [28, 84]. Thus, FVIIa
may still have an important impact in atherosclerotic vessels
[31] and acute coronary syndromes [29].

In recent studies [85], it has been demonstrated that
FVII is synthesized by different cancer cells (liver, ovary,
prostate, lung, gastric, thyroid, and breast). Considering that
these tumor cells also synthesize TF it is conceivable that
supraphysiologic concentrations of FVIIa after binding of
FVII to TF occur. On tumor cells, the TF-FVIIa binary com-
plex mediates activation of PAR-2 [86]. Therefore TF-FVIIa-
PAR-2 interaction with subsequent cytokine release may
be relevant within a tumor environment. TF/FVIIa/PAR2
signalling has been shown to promote proliferation and
metastasis of tumor cells [87, 88]. Consistently, TF/FVIIa-
specific upregulation of IL-8 expression in breast cancer cells
has been shown to be mediated by PAR-2 and to increase cell
migration [83]. Whether TF-FVIIa-PAR-2 interaction may
also contribute to local thrombus formation and progression
of atherosclerotic disease remains to be elucidated.

7. Conclusion

The interplay between coagulation and inflammation is a
matter of intense research. Proinflammatory changes in acute
coronary syndromes may substantially influence prognosis
[6]. Experimental evidence suggests that this interplay may
contribute to the development of vascular remodeling or
support plaque disruption of the artery. However transfer of
these data to the clinical settings remains controversial since
additional optimized medical and interventional treatments
interfere. Therefore, understanding the causes of inflamma-
tion facilitate the development of new therapeutic strategies.
To analyse whether these new therapies translate to improved
clinical outcome needs to be studied in appropriate clinical
trials.

While inhibiting proinflammatory cytokines such as
Tumor-Necrosis Factor-a (TNF) has been shown to effec-
tively improve survival in several animal models of sepsis
[89-91], anti-TNF therapy in septic humans failed to
ameliorate or even worsened clinical outcome [92-95]. In
chronic inflammatory diseases however, anti-inflammatory
treatment has become clinical routine. For example, inhi-
bition of IL-6 by the first anti-IL-6 antibody, tocilizumab,
has been shown to completely block TE-dependent thrombin
generation in experimental endotoxemia [23, 96], and
tocilizumab will be of special future interest as it has been
approved for rheumatoid arthritis.

Inhibiting coagulation could depict a more promis-
ing mechanism in fighting overwhelming inflammatory
response. Experimental studies that have shown that
anticoagulant treatment not only diminishes activation of
coagulation but also inhibits inflammation, underline the
cross-talk between activation of coagulation and cytokine
release in vivo [49, 97, 98]. In acute inflammatory disorders
such as severe sepsis, administration of recombinant APC
significantly improves survival and long-term outcome. In
future, APC mutants that lack anticoagulant properties but
still enable sphingosine 1 phosphate receptor 1 dependent
activation of PAR-1 will be of special clinical interest as they
have been shown to reduce sepsis-induced in mice but do not
predispose to bleeding complications.
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So far, anti-inflammatory treatments displayed no
explicit benefit in patients with acute coronary syndromes
[99]. However, there is evidence that FXa inhibitors prove
to be superior to thrombin inhibitors [100]. Particularly,
treatment with low molecular weight heparins, that include
additional anti-FXa activity as compared to unfractionated
heparin, has been shown to decrease inflammatory changes
in vitro and in vivo [101, 102].

Yet the question remains if and what anticoagulant
therapies will prove beneficial to alter systemic inflammatory
responses.
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Most cardiac diseases caused by inflammation are associated with fibrosis in the heart. Fibrosis is characterized by the accumulation
of fibroblasts and excess deposition of extracellular matrix (ECM), which results in the distorted organ architecture and function.
Recent studies revealed that cardiac fibroblasts are heterogeneous with multiple origins. Endothelial-mesenchymal transition
(EndMT) plays important roles in the formation of cardiac fibroblasts during pathological settings. EndMT is regulated by signal-
ing pathways mediated by cytokines including transforming growth factor (TGF)-f. Better understanding of the mechanisms of
the formation of cardiac fibroblasts via EndMT may provide an opportunity to develop therapeutic strategies to cure heart diseases.

1. Introduction

Many of heart injuries end up in a common final pathway of
pathologic tissue remodeling and fibrosis (defined by depo-
sition of collagens, elastin, tenascin, and other matrix pro-
teins), leading to the development of heart failure. Myocar-
dial fibrosis induced by cardiac fibroblasts plays a dual role in
cardiac remodeling after injury. While fibrosis plays impor-
tant roles in wound healing, it also contributes to ventricular
stiffening and heart failure progression. Recent reports
have revealed that cardiac fibroblasts originate through the
mesenchymal transition of endothelial cells (ECs) [1], which
is termed “endothelial-mesenchymal transition (EndMT).”
Here, after updating current views on the sources of cardiac
fibroblasts, we will review epithelial mesenchymal transition
(EMT), in which epithelial cells acquire mesenchymal phe-
notype, since this process has many similarities with EndMT
and lays the groundwork for understanding EndMT. We
will then review the roles of EndMT in physiological and
pathological settings and address its potential mechanisms.

2. Source of Fibroblasts during Cardiac Fibrosis

Several lines of evidence suggest that cardiac fibroblasts are a
heterogeneous population and derive from various distinct

tissue niches in physiological and pathological conditions.
During embryonic heart development, cardiac fibroblasts
are differentiated from epicardium or endocardium of the
heart [2-6]. In a healthy adult heart, cardiac fibroblasts
reside in the interstitial tissue within the myocardium. Some
reports have shown that heart-resident cardiac fibroblasts are
the major source of tissue fibrosis associated with ischemic
heart failure and hypertrophy [7, 8]. In addition, fibroblasts
originated from bone marrow-derived cells including CD45-
positive hematopoietic stem cells (HSCs) have also been
shown to significantly contribute to remodeling of the
injured heart [9-13]. Finally, emerging evidence suggests
that a subset of cardiac fibroblasts is originated from ECs
in a mouse model of pressure overload [1]. This endothelial
mesenchymal transition has common features with epithelial
mesenchymal transition. Taken together, cardiac fibroblasts
are thought to be derived from resident fibroblasts, bone
marrow-derived cells, and ECs.

3. Epithelial-Mesenchymal Transition (EMT)

EMT is a process in which epithelial cells lose their polarity
and cell-to-cell contacts and undergo a dramatic remodeling
of the cytoskeleton (Figure 1(a)) [14, 15]. During EMT,
there is a marked decrease in the expression of epithelial
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FIGURE 1: Schematic representation of mesenchymal transition of epithelial (a) and endothelial (b) cells.

markers including E-cadherin, claudin, zona occludens-1
(ZO-1), and cytokeratin-18, and concurrent increase in the
expression of mesenchymal markers including smooth mus-
cle a-actin (SMA), fibroblast-specific protein 1 (FSP1; also
known as S100A4), fibronectin, and collagens. Furthermore,
the mesenchymal cells manifest migratory and proliferative
phenotypes. EMT has been implicated in many critical
steps during embryonic development including gastrulation
and formation of various tissues or cell clusters (neural
crest, musculoskeletal system, cranial facial structures, and
peripheral nervous system).

Emerging evidence suggests that EMT is also involved
in tissue injury leading to tissue fibrosis [16]. For example,
EMT is associated with progressive fibrosis in kidney disease.
While fibroblasts are not particularly abundant in the normal
kidney, there is a marked increase in the number of fibrob-
lasts at the onset of fibrogenesis [17]. Furthermore, EMT also
contributes to the fibrotic responses observed in several lung
pathologies, such as rejecting lung allografts, silica-induced
lung carcinogenesis, and in idiopathic pulmonary fibrosis
[18].

4. Signaling Pathways Mediated by TGF-f8
Family Members

Although EMT has been implicated in many pathological
processes described above, our knowledge of the molecu-
lar events that govern EMT remains relatively undefined.
Transforming growth factor-f (TGF-p) is a multifunctional
cytokine that plays many aspects of cell development, dif-
ferentiation, and homeostasis, and suppresses their uncon-
trolled proliferation and transformation.

TGEF-f3 belongs to the TGF-f3 superfamily, which includes
33 members in mammals; these include TGF-fs, bone mor-
phogenetic proteins (BMPs), activins and inhibins, Nodal,
myostatin, and Miillerian-inhibiting substance (MIS, also
known as anti-Miillerian hormone) [19]. Members of the
TGEF-p family bind to two different types of serine/threonine

kinase receptors (Figure 2). Upon ligand binding, the consti-
tutively active type Il receptor kinase phosphorylates the type
I receptor which, in turn, activates the downstream signal
transduction cascades, including Smad pathways. TGEF-fs,
activin, and Nodal signal through type I receptors are known
as activin receptor-like kinase (ALK)-4, -5, and -7, respec-
tively. The activated type I receptors phosphorylate receptor-
regulated Smad proteins (R-Smads). Smad2 and 3 transduce
signals for TGF-fs and activins, while Smadl, 5, and 8 are
specific for signaling of BMPs [20]. As an exception, ALK-
1, preferentially expressed in ECs, binds TGF-f and activates
Smad1/5 pathways [21]. Recently, BMP-9 and BMP-10 were
reported to bind to ALK-1 [22, 23]. Once activated, R-Smads
complex with the common mediator Smad4 (co-Smad) and
translocate to the nucleus, where Smad complexes regulate
transcription of target genes through their interaction with
various transcription factors.

In addition, TGF-f has been shown to activate diverse
non-Smad parallel downstream pathways, such as extra-
cellular signal-regulated kinase (ERK), c-Jun NH2-terminal
kinase (JNK), and p38 MAP kinase [24] (Figure 3). Further-
more, TGF-f activates the RhoA during EMT [25]. The Rho
family of small GTPases is comprised of RhoA, Racl, and
Cdc42 and regulate the formation of stress fibers, lamel-
lipodia, and filopodia, respectively [26]. Moreover, RhoA
activation is also essential for TGF-f stimulation of SMA
expression in renal epithelial cells undergoing EMT [27].
Taken together, these studies point to the overall importance
of noncanonical TGF-f signaling as well as canonical TGF-
B/Smad signaling to induce EMT in epithelial cells.

5. Other Signaling Pathways and Transcription
Factors Involved in EMT

Several transcription factors, such as Snail, Slug, §EF1, SIP1,
and Twist, have been implicated in EMT [28]. Snail, a zinc-
finger containing transcription factor, represses E-cadherin



International Journal of Inflammation

Activin, Nodal

o
o -
ActR-IT Q

ActR-I
(ALK-4,7)

o (ot
Smadl, 5, 8
/ |

BMP-9, 10

BMP-2,4,6,7

TF complex

/

TF complex

=/

&

TGEF-

€

A

f/\

N ¢ ¢
Actin remodelmg Rho B TF complex
- w

Cofactor
Target genes

FIGURE 3: Non-Smad signal transduction pathways mediated by TGF-f family members.

expression and induces EMT when overexpressed in epithe-
lial cells [29, 30]. Knockout mice deficient for Snail gene die
at gastrulation as they fail to undergo a complete EMT pro-
cess, forming an abnormal mesodermal layer that maintains
E-cadherin expression [31]. While TGF-f signals have been
shown to induce the expression of Snail, SIP1, and EF1 dur-
ing EMT of mammary epithelial cells [32, 33], the causal rela-
tionship between TGF-f-induced Snail expression and EMT
has not yet been fully elucidated. In inflammatory conditions

in which fibrosis is accelerated, the effect of inflammatory
cytokines such as TNF-« cannot be disregarded. Stability of
Snail protein was found to be increased by TNF-« in most
cancer cell lines, which results in the elevated migration and
invasion [34]. TNF-« also imparts breast cancer cells with
a stem cell-like phenotype by inducing Slug expression via
NF«B [35], amajor transcription factor that functions down-
stream of TNF-a. Furthermore, several lines of evidence sug-
gest that TGF- and TNF-« synergistically induce the EMT



of lung carcinoma cells [36, 37], suggesting that TGF-f5 and
other inflammatory signals collaborate to induce the mes-
enchymal transition of epithelial cells via regulation of EMT-
related transcription factors. It is of our great interest that
EMT-related transcription factors may also be involved in
EndMT. Therefore, we will later discuss recent works on the
involvement of EMT-related transcription factors in EndMT.

6. Endothelial-Mesenchymal
Transition (EndMT)

Blood vessels are lined by ECs and, except for capillaries, sur-
rounded by mural cells (pericytes or smooth muscle cells).
ECs exhibit a wide range of phenotypic variability depending
on local physiological requirement throughout the vascular
network [38]. Furthermore, in pathologic conditions, the
endothelium can be affected in a number of ways. One of
the most remarkable ways is an extreme form of endothelial
plasticity known as EndMT. During EndMT, resident ECs
delaminate from a polarized cell layer and invade the
underlying tissue (Figure 1(b)). This so-called mesenchymal
phenotype can be characterised by loss of cell-cell junctions,
acquisition of invasive and migratory properties, loss of EC
markers, such as VE-cadherin and platelet endothelial cell
adhesion molecule-1 (PECAM-1, also known as CD31), and
gain of mesenchymal markers, such as SMA and FSP1 [1, 39—
43]. Several lines of evidence have suggested that EndMT
is involved not only in pathological [1, 43-45] but also in
physiological conditions, such as the development of heart
[46].

7. EndMT during Heart Development

During heart development, heart tube consists of two layers,
an inner endocardium and an outer myocardium, which are
separated by an acellular layer of extracellular matrix, so-
called the cardiac jelly. Endocardial cells acquire endothelial
cell markers, such as VE-cadherin and PECAM1. After the
formation of cardiac cushion, signals from the outflow tract
and atrioventricular (AV) myocardium stimulate transfor-
mation of the endocardial cells around the AV cushion
and outflow tract into mesenchymal cells through EndMT
to generate the primordia of the valves and membranous
septa [47, 48]. This notion that valvular fibroblasts in the
heart originate from endocardium was clearly confirmed
by lineage analysis. In order to study cell fates in mice,
Zeisberg and colleagues made use of the R26Rosa-lox-STOP-
lox-LacZ; Tie2-Cre (Rosa26-Tie2) double-transgenic reporter
mice [1]. In Rosa26-Tie2 mice, EC-specific Cre recombinase
removes the floxed STOP cassette, and the LacZ reporter gene
is constitutively expressed under the control of ubiquitous
R26R promoter. Therefore, all endothelial cells and their
derivatives in this transgenic mouse will be irreversibly
labeled with LacZ (B-galactosidase). Through this fate map-
ping studies, Zeisberg and colleagues found that EndMT
occurs only in heart valves in physiological condition.

Slug, a well-known TGEF-p target gene, especially, in the
context of EMT, is a direct target of Notch and is required for
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initiation of cardiac EndMT [46]. Slug (—/—) embryos had
significant fewer mesenchymal cells than wild-type control,
indicating Slug is required for cardiac EndMT. Slug, but
not Snail, is directly upregulated by Notch in ECs and
is required for Notch-mediated repression of VE-cadherin
expression. They also observed that CD31 expression is
downregulated in ECs overexpressing Notch or Slug. These
results suggest that Slug is involved in repressing EC markers
although upregulation of mesenchymal markers depends
on other transcription factors. Slug may be involved in
only repressing EC markers during EndMT. Slug-deficient
embryos increased Snail expression and knockdown of Snail
expression in Slug (—/—) embryos significantly reduced AV
canals, indicating that Snail expression can compensate for
Slug deficiency and the redundant role of these Snail family
members for cardiac cushion formation during cardiac
EndMT.

8. Roles of TGF-f Family Signals in the EndMT
during Heart Development

In vitro studies using tissue explants cultures in three-
dimensional collagen gels have revealed the roles of TGF-
p family members in cushion formation. More recently,
analyses of knockout mice deficient in various signaling
components have also shown that in addition to TGF-f
family signals, multiple signaling pathways are involved in
directing EndMT during cushion formation [49, 50].

Both in vitro and in vivo studies have shown that TGF-
B2 plays central roles in endocardial EndMT. Among three
members of TGF-f family (TGF-f1, 2, and 3), only TGF-
B2 is expressed and required for endocardial cushion cell
transformation in the mouse [51] since TGF-f2-deficient
mice have multiple defects in the formation of AV cushion
[52]. However, in the absence of endoglin, TGF-f32 was not
able to induce AV cushion transformation, suggesting that
this coreceptor plays an essential role in EndMT. Addition-
ally, loss of the ALK-5, a type I TGF-§ receptor, or the
coreceptor endoglin decreased the number of mesenchymal
cells in AV explant cultures [53]. To our interest, although
endothelial-specific deletion of the TGF-f type II receptor
(TPRII) prevented EMT in in vitro cultures, there were no
EMT defects observed in the developing mouse embryo [54],
suggesting a compensatory mechanism by other members of
the TGF-f superfamily.

We previously reported that TGF-f plays important
roles during mesenchymal differentiation of mouse embry-
onic stem cell-derived endothelial cells (MESECs). TGE-f2
induced the differentiation of MESECs into mural cells with
decrease in expression of an endothelial marker, claudin-5,
and increase in that of mural markers, SMA, SM22«, and
calponin [55]. We also showed that TGF-f-induced Snail
expression is necessary for the EndMT of MESEC, suggesting
that EndMT and EMT share a common signal-transcription
network to induce the changes in the expression of endothe-
lial/epithelial and mesenchymal markers.

Multiple reports have shown that BMP2 released from
the myocardium acts as an inductive signal initiating the
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onset of EndMT [56, 57]. This myocardial signal leads to
increased TGF-f3 synthesis in the endocardial cells, and this
autocrine TGF-f induces EndMT [40]. While BMP signals
induce EndMT in explant cultures [56], only limited genetic
evidence has been obtained due to the early lethality of mice
deficient in several BMP components. BMPs signal through
specific type I receptors including ALK-2, 3, and 6. The
ALK-2 deficiency in the endothelium resulted in the defective
AV canal formation [58], and endothelial-specific deletion of
ALK-3 [59] showed that ALK-3 is also required for EndMT
of the heart. Additionally, cardiac muscle lacking ALK-3
expression is also deficient in TGF-f32 [60], supporting a two-
step model for EndMT. Analyzing double-mutant embryos
of the homeobox transcription factors Msx1 and Msx2,
downstream effectors, and upstream regulators of BMP
signaling revealed reduced number of SMA-positive cells
in the AV cushions [61]. Smad4, a common downstream
mediator of both TGF-f8 and BMP signals, is crucial for heart
development. Smad4-deficient endocardial cells fail to pro-
liferate and do not undergo EndMT, retaining morphological
features of ventricular endocardium and decreased 1d2 gene
expression. Smad4 and GATA-4 interact in endocardium
to induce Id2 expression cooperatively. In accordance with
these findings, human GATA-4 mutations by which GATA-4
cannot bind to Smad4 cause atrioventricular septal defects
due to loss of 1d2 expression [62]. Taken together, TGE-f3
and BMP signals play essential roles in the EndMT-mediated
formation of the valves and septa of the developing heart,
providing a source of mesenchymal cells to form the valves
and septa.

9. Roles of EndMT in Cardiac Fibrosis

Using the Rosa26-Tie2 reporter mouse described above,
Zeisberg and colleagues performed fate mapping to trace
the origin of the fibroblasts in cardiac fibrosis. Cardiac
fibrosis was induced in these mice by exposing the heart to
pressure overload for 5 days via aortic banding. Analysis of
the fibrotic lesions revealed the presence of cells expressing
both -galactosidase (LacZ) and FSP1, a fibroblast marker.
Analyzing fibrotic hearts of transgenic mice expressing green
fluorescent protein (GFP) under the control of the FSP1 pro-
moter showed the presence of GFP and PECAM-1 double-
positive cells. These studies demonstrated that endothelial
cells undergo EndMT and contributed to the total pool of
cardiac fibroblasts, as observed during formation of the AV
cushion in developing heart. Interestingly, in the fibrotic
heart, approximately one-third of all fibroblasts were found
to be originated from endothelial cells.

Two other groups have described the roles of EndMT
in cardiac fibrosis. They used coimmunostaining method of
endothelial and mesenchymal markers, instead of the irre-
versible fate mapping method to identify EndMT. Widyan-
toro and colleagues showed that endothelial cell-derived
Endothelin-1(ET-1) promotes cardiac fibrosis via EndMT in
streptozotocin-induced diabetic mouse model [44]. Cardiac
function is decreased and perivascular fibrosis is enhanced in
diabetic mice. Diabetes upregulated the production of ET-1
and TGF-p. Fibrosis markers, S100A4/FSP-1, Vimentin, and

collagen la are regulated in CD31-positive cells, and an EC
marker, VE-cadherin, is downregulated in diabetic mice. EC-
specific deletion of ET-1 ameliorates these EndMT-related
gene expression changes. They also addressed the mechanism
by which ET-1 induces EndMT in cultured EC. They showed
that ET-1 induces the TGF-$ expression and claimed that
TGEF--Akt-Snail-axis is involved in this EndMT.

Ghosh and colleagues found deletion of plasmino-
gen activator inhibitor-1 (PAI-1) results in constitutive
active TGF-f signaling in aged mice [45]. Expression of
Collagen1Al, TGF-f2, MMP-2, FGF-2, and its receptor,
FGFR?2, is also upregulated in aged mice. Importantly, in
resemblance to EndMT, FGF signals play important roles
in producing activated fibroblasts during EMT [63, 64].
The number of Mac-3-positive cells increased in the PAI-
1 null heart, indicating that inflammation occurred and
infiltrating macrophage may contribute to the pathogenesis
and progression of cardiac fibrosis in PAI-1-deficient mice.
Phosphorylation of Smad2 and ERK1/2 is also enhanced
in the PAI-1 null heart, indicating upregulation of TGF-
B signals. In their in vitro analysis, expression of CD31
decreases in concomitant with upregulation of FSP-1 and
SMA in the PAI-1 null EC.

All of the works listed above suggested that TGF-3 signal
plays a critical role in cardiac fibrosis. It is of great interest
whether EndMT-mediated cardiac fibrosis is regulated by
other components of TGF-f signals and TGF-f-induced
EMT-related transcription factors.

10. Roles of TGF- Family Signals in the Cardiac
Fibrosis That Does Not Involve EndMT

TGF-p is one of the critical regulators of cardiac fibrosis.
Therefore, some groups have recently reported the roles of
TGF-f family signals in cardiac fibrosis in which EndMT is
not involved.

GDF15 (also known as MIC-1), a secreted member
of the TGF-f superfamily, was identified as an antihy-
pertrophic regulatory factor in the heart [65]. GDF15 is
not expressed in the normal adult heart but is induced
in response to conditions that promote hypertrophy and
dilated cardiomyopathy. GDF15 transgenic mice were nor-
mal but were partially resistant to pressure overload-
induced hypertrophy. Conversely, GDF15 knockout mice
showed enhanced cardiac hypertrophic growth following
pressure overload stimulation. GDF15 knockout mice also
demonstrated a pronounced loss in ventricular performance.
GDF15 stimulation promoted phosphorylation of Smad2/3
in an in vitro analysis. Overexpression of Smad2 attenuated
cardiomyocyte hypertrophy similar to GDF15 treatment,
whereas overexpression of the inhibitory Smad proteins,
Smad6/7, reversed the antihypertrophic effects of GDF15.
Therefore, GDF15 is an autocrine/endocrine factor that
antagonizes the hypertrophic response and loss of ventricular
performance and may be a candidate molecule for treating
cardiac hypertrophy clinically.

TGEF-B-ALK-5 signals are involved in GATA-6-mediated
angiogenic function and survival in ECs [66]. Knockdown



of GATA-6 decreased proliferation, migration, and tube
formation of ECs. This effect was partially rescued by
TGEF-B-neutralizing antibody or ALK-5 inhibitor. GATA-6
suppresses TGF-f expression in EC, which results in down-
regulation of phosphorylation of Smad2 without affecting
phosphorylation of Smadl, suggesting that GATA-6 sup-
presses only TGF--ALK-5 signals but not TGF--ALK-1
signals for exerting angiogenic function.

Sarcomere protein mutation (a-MHC R719W) causes
hypertrophic cardiomyopathy, a disorder characterized by
myocyte enlargement, fibrosis, and impaired ventricular
relaxation. This mutation activates proliferative and profi-
brotic signals in nonmyocyte cells to produce TGF-f, and
its responsive genes such as periostin. In treatment of
TGEF-B-neutralizing antibody or Losartan, an AT1 blocker
abrogates nonmyocyte proliferation and fibrosis probably by
blocking both TGF-f signals but through unknown precise
mechanism [67]. Once again, TGF-$ is one of the main
causes of fibrosis here and can also be an efficient target for
ameliorating fibrotic microenvironments in the heart.

11. Future Perspective and Concluding Remarks

The recent findings that EndMT is involved in different dis-
eases suggest that modulating EndMT may serve a promising
new therapeutic strategy for heart diseases and cancer. The
endothelium is a promising target for drug delivery because
it lies in direct contact with the bloodstream. Possible treat-
ment strategies may target the TGF- signaling pathways.
We found that inhibition of endogenously activated TGF-
B signals in ECs [68] by a small molecule that inhibits
kinases of receptors for TGF-f led to a decrease in EndMT,
suggesting that inhibition of TGF-f signals may suppress
EndMT. Interestingly, Zeisberg and colleagues demonstrated
that systemic administration of recombinant human BMP-
7 (thBMP-7) significantly reduced EndMT during cardiac
fibrosis [1]. Additional studies are needed to identify the
precise molecular mechanisms by which BMP-7 inhibits the
EndMT.

Furthermore, accumulating evidence suggests that
EndMT not only induces the formation of fibroblasts in
cardiac fibrosis but also in other fibrotic disorders in-
cluding intestinal fibrosis [69] and kidney fibrosis [70].
In conclusion, EndMT is expected to be a target for the
development of new therapies for multiple fibrotic disorders.
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Background. The chemokine CXCL10 is specifically upregulated during experimental development of plaque with an unstable
phenotype. In this study we evaluated the functional consequences of these findings in mice and humans. Methods and Results. In
ApoE ™ mice, we induced unstable plaque with using a flow-altering device around the carotid artery. From week 1 to 4, mice
were injected with a neutralizing CXCL10 antibody. After 9 weeks, CXCL10 inhibition resulted in a more stable plaque phenotype:
collagen increased by 58% (P = 0.002), smooth muscle cell content increased 2-fold (P = 0.03), while macrophage MHC class
II expression decreased by 50% (P = 0.005). Also, the size of necrotic cores decreased by 41% (P = 0.01). In 106 human carotid
endarterectomy specimens we found that increasing concentrations of CXCL10 strongly associate with an increase in atheromatous
plaque phenotype (ANOVA, P = 0.003), with high macrophage, low smooth muscle cell, and low collagen content. Conclusions.
In the present study we showed that CXCLI10 is associated with the development of vulnerable plaque in human and mice. We

conclude that CXCL10 might provide a new lead towards plaque-stabilizing therapy.

1. Introduction

Atherosclerosis is a progressive inflammatory disease of the
arterial vasculature with lesions that may turn unstable,
which may lead to lesion rupture. The high mortality of these
ruptures has been associated with atherosclerotic plaques
that display a specific histological phenotype, characterized
by a large pool of lipids and necrotic cell debris covered by
a thin fibrous cap and the presence of inflammatory cells in
the plaque shoulders [1].

Previously, we developed an experimental animal model
in which plaques with stable and unstable characteristics are
simultaneously induced in a single straight arterial segment
[2]. We subsequently identified specific expression profiles of
various chemokine genes in vulnerable plaque development
[3]. In these, the chemokine CXCLI0 was specifically
upregulated during the early phase in the development of the
vulnerable plaque segment.

CXCLI10 is a member of the CXC family of chemok-
ines. Upon stimulation with interferon-gamma (IFN-y) it
is expressed by many cell types, for example, monocytes/
macrophages, endothelial cells, fibroblasts, and natural killer
cells [4, 5]. Effects of CXCL10 are mediated by the G-
protein coupled receptor CXCR3, which is known to be
expressed by resting and activated T cells, NK cells, and a
subset of peripheral blood monocytes [5-7]. Furthermore,
CXCLI10 plays a variety of roles in inflammatory diseases,
like in the initiation and maintenance of T-helper-1- (Th1-)
polarized immune responses [8, 9], migration of activated T
cells [10], but also of natural killer cells [11], of monocytes
[12, 13] and of smooth muscle cells (SMC) [14].

Despite these compelling findings described in the lit-
erature, in atherosclerosis CXCL10 has been less com-
pletely characterized. In human atherosclerosis, but not in
healthy arteries, endothelial cells, smooth muscle cells, and



macrophages express CXCL10 [15]. Functional observations
in CXCLI10 gene knockout mice indicated that CXCL10
exerts pro-atherogenic effects, probably related to the specific
recruitment and retention of activated Th1 cells and down-
regulation of a regulatory T-cell response [16]. While these
findings indicate that CXCL10 plays a role in atherogenesis,
its effect on plaque composition is unclear. Based on our
previous observations on gene expression in the mouse
model, we hypothesized that CXCL10 mediates development
of vulnerable atherosclerotic plaque. Hence, we assessed
whether CXCL10 plays a critical role in unstable plaque
development by evaluating the effect of antibody-mediated
functional inhibition of CXCL10 on lesion phenotype in
our vulnerable plaque mouse model. To provide evidence
that the findings in the mouse bear relevance for human
atherosclerosis, we also investigated the association between
CXCL10 concentrations and plaque composition in human
carotid endarterectomy lesions.

2. Materials and Methods

2.1. Animals and Surgical Procedures. Apolipoprotein-E defi-
cient mice, 15-20 weeks of age, were obtained from the
Jackson Laboratories (Bar Harbor, ME, USA). They were fed
a high fat, high cholesterol diet consisting of 15% (wt/wt)
cocoa butter and 0.25% cholesterol (wt/wt) (Diet W, Hope
Farms, Woerden, The Netherlands). Two weeks after this diet
was initiated, the mice were instrumented with a shear stress-
altering device around the right common carotid artery
under 2% isoflurane anesthesia, as described previously [2].
Briefly, this device gradually narrows the vessel lumen to
~70% of its original diameter. As a consequence, shear stress
is lowered upstream of the device, gradually increases inside
the device, and is oscillating just downstream of the device
[17]. After surgery, the mice were kept on the high fat,
high cholesterol diet for the remainder of the experiment.
The device remained in situ for 9 weeks. Intervention and
control groups consisted of at least 10 animals per group.
All animal experiments were approved by the institutional
animal ethical committee and performed in compliance with
institutional and national guidelines.

2.2. CXCLIO Inhibition. Mice were intravenously injected
three times a week in week 2—4 after surgery with an anti-
mouse bioactivity-neutralizing monoclonal CXCL10 anti-
body (MAB466, R&D Systems, Abingdon, United Kingdom)
in a dose of 25ug in 0.2mL sterile PBS. Untreated cast-
instrumented mice served as control.

2.3. Isolation and Analysis of Murine Tissues. Following
sacrifice, blood was collected and mice were flushed sys-
temically with PBS. Next, the common carotid artery
was isolated, embedded in OCT compound (Tissue-Tek,
Sakura, Japan), and snap-frozen in liquid nitrogen. For
histology, 8 um cryosections were cut and stained for routine
histology (Hematoxylin-Eosin, HE), lipids (Oil Red O),
collagen (Picrosirius Red), macrophages (anti-CD68, AbD
Serotec, Oxford, UK), macrophage activation (anti-Major
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Histocompatibility Complex (MHC) class II, clone M5/114,
ATCC TIB-120), and smooth muscle cells (anti-SMC a-
actin, Sigma-Aldrich, The Netherlands). Subsequently, high-
resolution images were taken using an Olympus BX-40
microscope or a Zeiss LSM5 Meta confocal microscope
(Zeiss Jena, Germany). Collagen stainings were assessed
using crossed circular polarization filters. To calculate lesion
size and cellular content relative to the plaque area, all
images were analyzed after digitalization by automated
image analysis software (Clemex Technologies Inc, Canada)
applying thresholding of the stained areas. Necrotic cores
(defined as hypocellular plaque cavities devoid of collagen,
containing cholesterol clefts) were assessed based on HE and
Picrosirius Red stained sections and measured relative to the
lesion area. Total cholesterol levels were measured in serum
samples by an enzymatic colorimetric method (Cholesterol
E, Wako Diagnostics, USA).

2.4. Endarterectomy Procedures. All patients in this study
were participants of a prospective study aimed at investigat-
ing the predictive value of plaque characteristics for long-
term outcome (Athero-Express), of which the study methods
have been described extensively before [18]. In short, all
patients underwent carotid endarterectomy, during which
arterial wall tissue was obtained. Next, the culprit lesion,
defined as the segment with the largest plaque burden,
was processed for histological examination. In addition to
HE staining, sections were stained for collagen (Picrosirius
Red), SMC (a-actin), and macrophage (CD68) content.
Histological assessment was performed in a semiquantitative
fashion (none, minor, moderate, heavy), on basis of two
independent observers. When results contradicted, a third
independent observer was consulted. Subsequently, plaques
were designated as fibrous (lipids constitute <10% of lesion
surface area), fibroatheromatous (10—40% lipids), or athero-
matous (>40% lipids) based on collagen and HE stainings.
Besides, plaques were also designated as SMC dominant
or macrophage dominant based on the prevailing cell type
obtained from the specific stainings.

A 5mm segment directly adjacent to the culprit lesion
was crushed in liquid nitrogen, and subsequently total pro-
tein was extracted using 1 mL of TriPure Isolation Reagent
(Boehringer Mannheim, Germany), according to the manu-
facturer’s protocol. Then, CXCL10 concentration was mea-
sured by Enzyme-Linked Immuno Sorbent Assay (ELISA)
according to manufacturers instructions (Quantikine human
CXCL10 immunoassay, R&D Systems, Abingdon, United
Kingdom) and blinded from histological and clinical data.

2.5. Statistical Analysis. SPSS (version 15.0, SPSS Inc., USA)
was used for all analyses. To test the differences between
the treated and the control mice at 9 weeks of cast place-
ment, a student’s t-test was used. When these data had
a non-Gaussian distribution, a nonparametric t-test was
used. For the endarterectomy samples, to compare CXCL10
levels between categorical baseline and plaque morphology
variables, Kruskal-Wallis and Mann-Whitney tests for non-
Gaussian distributed data were used. To investigate the dif-
ferences between continuous baseline variables and CXCL10,
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patients were categorized into quartiles, named 1 through 4
based on increasing CXCL10 concentration. Subsequently,
these quartiles were used to sort all other variables. One-
way ANOVA was used to compare continuous variables. The
quartiles were also used to visualize the relationship between
CXCL10 concentration and plaque morphology. Data are
described as mean + SD or median (Inter Quartile Range) as
appropriate. A P value of <0.05 was considered statistically
significant.

The authors had full access to the data and take
responsibility for its integrity. All authors have read and agree
to the manuscript as written.

3. Results

3.1. Suppression of CXCLI10 Bioactivity Inhibits Experimental
Vulnerable Plaque Formation. As we previously found that
CXCLI10 is expressed specifically in developing unstable
lesions [3], we investigated if CXCL10 is also functionally
involved in the development of plaque vulnerability using a
mouse model that we developed before [2]. ApoE-deficient
mice, in which a shear stress-altering device was applied,
were injected with a bioactivity-neutralizing antibody during
the onset of plaque formation. As expected, serum total
cholesterol levels did not differ between treated and control
mice (30.13 + 4.6 versus 29.92 = 6.7 mmol/L, P = 0.92).
Short-term inhibition of CXCL10 did not influence the
extent of plaque development, since we found no difference
in lesion size between the treated and the control mice after
9 weeks of shear stress alteration. Because macrophage foam
cells are characteristic of atherosclerosis, we measured both
plaque lipid (31.3 = 8.0% treated versus 29.5 = 7.0% control)
and macrophage content (31.7 + 7.6% treated versus 27.8 +
7.0 control; Figure 1(a)), where both remained unchanged
upon CXCL10 inhibition.

To assess plaque vulnerability, we determined the
amount of collagen in the lesions, which is the main stabil-
izing component of the plaque. Interestingly, we found a 57%
increase in the relative amount of collagen in the plaques
following CXCL10 suppression (17.8 = 6.5% versus 11.3 +
5.5%, P = 0.002; Figure 1(b)). The amount of plaque
collagen is essentially the result of a balance between collagen
deposition and breakdown. Therefore, the increase in colla-
gen may be the result of decreased breakdown predominantly
by proteinases secreted by activated macrophages. To deter-
mine the extent of immune activation, we measured MHC
class II by immunohistochemistry. The cellular morphology,
location in the plaque and spatial association of MHC class
IT staining with macrophage staining by CD68 antibodies in
adjacent sections (Figures 1(a) and 1(c)) strongly suggests
that MHCII-positive cells are the prime cells expressing this
activation marker. We found a 50% reduction in the plaque
MHC class IT levels following CXCL10 inhibition (6.3 = 3.3%
versus 12.6 = 7.4%, P = 0.005; Figure 1(c)). In addition,
the amount of SMC, which is known to produce collagen,
nearly doubled in the CXCL10-suppressed group (13.5 +
8.4% versus 6.3 = 7.0%, P = 0.03; Figure 1(d)), suggesting
that the differences in collagen content may be explained by
several factors.

The necrotic core is a hallmark component of the vul-
nerable plaque. To test whether CXCL10 inhibition reduces
necrotic core formation, we analyzed both the number of
necrotic cores in the lesions as well as their relative size.
We found that CXCL10 inhibition resulted in fewer necrotic
cores: 38.9 + 22.1% versus 57.7 + 20% of the sections
covering the entire lesion that contained a necrotic core
(P = 0.02). Moreover, also the relative size of the necrotic
cores decreased following antibody treatment from 26.4 +
11.4% to 15.6 = 6.1% of the plaque surface area (P = 0.01;
Figure 1(e)).

3.2. Patient Characteristics. For this study endarterectomy
specimens of 106 patients were analyzed. An overview of
the patient characteristics is provided in Table 1. Histological
examples of the lesions are shown in a previous publication
by Verhoeven et al. [18]. The CXCLI10 concentration in
the specimens ranged from undetectable to 384.8 pg/mL,
with a median (interquartile range) of 38.34 pg/mL (14—
39 pg/mL). To compare continuous CXCL10 levels to the
categorical variables, patients were categorized into quartiles
(Figure 2). The variables were then tested for changes across
the quartiles. No differences were found comparing risk
factors for atherosclerotic disease. The use of medication did
not differ significantly between the quartiles.

3.3. High CXCLI10 Concentrations Identify Patients with
a More Vulnerable Plaque Phenotype. Several significant
associations were found between plaque composition and
CXCLI10 levels. Atheromatous lesions were more prominent
at higher CXCL10 concentrations than those classified as
fibrous (Rank 53 versus 45, P = 0.003). Also, higher CXCL10
concentrations were associated with more macrophage-
dominant plaques (Rank 56 versus 41, P = 0.009), fewer
smooth muscle cells (Rank 39 versus 74, P = 0.001), and
less collagen (Rank 37 versus 63, P = 0.003).

Subsequently, we analyzed the association between
plaque composition and CXCL10 levels, by dividing patients
into quartiles based upon CXCLI10 concentration. More
atheromatous lesions were represented in the higher quar-
tiles, while fibrous lesions were more frequently present
in the lower quartiles (Figure 3(a)). Macrophage-dominant
lesions were mostly found in the top quartiles of CXCL10
content, while SMC dominance associated with lower
CXCLI10 concentrations (Figure 3(b)). However, no differ-
ences were seen in the macrophage staining between the
quartiles (Figure 4(a)). This paradox was the result of an
inverse relation between smooth muscle cell staining and
increasing CXCL10 concentrations (Figure 4(b)). Addition-
ally, more collagen staining was seen in the plaques in the
lower quartiles (Figure 4(c)).

4. Discussion

This study may be summarized by its two main findings.
First, we showed a functional role of CXCL10 in vulnerable
plaque formation in an experimental mouse model for
unstable atherosclerotic disease. We observed that inhibiting
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FIGURE 1: Anti-CXCL10 treatment in atherosclerosis susceptible mice results in a change into a more stable lesion phenotype. A flow-altering
device around the common carotid artery induced atherosclerosis in ApoE ™~ mice. From week 1 to 4 of lesion development, a bioactivity-
neutralizing anti-CXCL10 antibody was injected. After 9 weeks, lesions were compared to untreated controls by histology. The pictures show
representative histological sections of treated and control mice. All photographs have been made with the same magnification (100x). Scale
bars are provided in (e) and represent 100 ym. Data in bar diagrams are the mean values + SD of at least 8 sections from at least 10 different
animals per group. CXCL10 inhibition resulted in a more stable morphology evidenced by unchanged amounts of lesion macrophages (a),
increased amounts of collagen (b), decreased macrophage activation (c), increased numbers of SMC (d), and reduced necrotic core size (e).
*P < 0.05, **P < 0.01. MHC-II: Major Histocompatibility Complex Class II, SMC: smooth muscle cell.
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TasLE 1: Patient baseline measurements for carotid endarterectomy specimens.
Clinical Quartile of CXCL10 concentration
- Total P value*
characteristics 1 2 3 4
CXCL10 pg/mL 38.3 (14-40)1 0-11.3 11.8-18.4 19.3-37.2 37.6-382.6 0.000
Age (years)? 68.4 + 8.9 66.0 + 8.0 68.3 £ 10.2 67.7 + 8.2 71.2 £ 8.5 0.157
Male (%) 73.6 73.1 70.4 66.7 84.6 0.316
Hypertension (%) 71.7 80.0 70.4 66.7 79.2 0.764
Smoker (%) 24.5 30.8 18.5 32.0 19.2 0.476
Symptomatic disease (%) 86.8 84.6 85.2 92.6 84.6 0.762
Statin (%) 56.6 66.7 55.6 55.6 56.0 0.530
B blocker (%) 39.6 37.5 33.3 56.0 41.7 0.321
ACE inhibitor (%) 39.6 42.3 33.3 40.7 42.3 0.881
Serum values?
Total cholesterol (mmol/L) 49+1.3 4.8+ 0.9 52+1.3 4.8 + 1.7 4.6 +1.2 0.564
HDL (mmol/L) 1.2+04 1.2+04 1.4+0.3 1.1 £0.3 1.1 £04 0.156
LDL (mmol/L) 30=x1.1 2.7+0.8 33+1.0 32+14 2.7+1.0 0.392
Triglycerides (mmol/L) 1.9+09 23+1.0 1.8 +0.8 20+ 1.1 1.7+ 0.7 0.434
ApoB (mmol/L) 0.9 0.2 0.9+0.2 1.0 £ 0.2 1.0+0.3 0.9+0.3 0.787
Glucose (mmol/L) 6.6 = 1.9 58 £0.7 7.0 2.0 70+23 6.4+19 0.129
CRP (mg/mL) 3.40 3.13 2.96 4.81 4.52 0.221
(1.6-7.3) (1.4-5.8) (1.8-5.8) (1.7-9.1) (1.6-7.3)

Baseline data of 106 patients were stratified into four quartiles according to plaque CXCL10 concentration. tValues are represented as mean + SD or median
(Inter Quartile Range) as appropriate. *P values based on ANOVA test between CXCL10 quartiles for continuous variables and nonparametric Mann-

Whitney test for categorical variables.

CXCL10 with a bioactivity-neutralizing antibody resulted in
plaques with less macrophage activation, with more SMC
and a subsequent increase in collagen content compared to
controls. A decreased number and size of necrotic cores in
the lesions of the treated animals further substantiated these
findings. This resulted in a lesion phenotype with increased
intrinsic stability.

Second, we found that in human carotid plaques,
CXCL10 levels are associated with lesion morphology. This
is evidenced by an increased number of atheromatous
plaques with increasing CXCL10 concentrations, and by
the association with unstable plaque characteristics, such as
macrophage dominance and reduced presence of smooth
muscle cells and collagen.

Previous studies have shown that inhibition of CXCL10
by antibodies in an intestinal inflammation animal model
is an effective way to inhibit its function [19, 20]. The
findings in those studies have been ascribed to the reduced
amount of Th1 cells that were recruited to the diseased sites
and either reduced production of inflammatory cytokines
[19] or resulted in inflammatory disease exacerbation [20],
depending on the role of T cells in the pathogenesis of the
disease.

The lesion-stabilizing effect we observed by inhibiting
CXCL10 might be explained by a similar mechanism as
described above, as it has been shown before that inhibition
of the CXCL10-CXCR3 pathway decreases the amount of
lesional T cells [16, 21]. Veillard et al. reported that genetic
deletion of CXCR3 in ApoE knockout mice reduced early
lesion formation, which correlated with an increase in

lesional FoxP3-positive regulatory T cells [21]. Recently,
it has been reported that genetic deletion of CXCL10 in
atherosclerosis susceptible mice also resulted in smaller
lesions, which contained fewer CD4+ T cells [16]. Sur-
prisingly, despite the decrease in overall T-cell presence in
the lesions, a higher expression of FoxP3 as well as of the
anti-inflammatory cytokines IL-10 and TGF- mRNA was
found. This suggests a more prominent role for regulatory
T cells in this model. A similar increase in FoxP3 and TGF-f3
expression was found in a study using a peptide antagonizing
CXCR3 in LDL receptor knockout mice, resulting in smaller
lesions in the aortic root and the aorta [22].

A general limitation of our experimental mouse model
is that there are few T cells in the induced lesions after
9 weeks of cast placement, approximately 2—4 per lesion
cross section [3]. As a consequence, we have been unable
to find a difference in T-cell numbers following CXCL10
inhibition (data not shown). Nevertheless, the reduction in T
cells might have taken place during the early phase of actual
inhibition. We performed measurements at only one time
point, while the presence of T cells in a lesion changes over
time [23]. Also, the effect of small numbers of T cells might
prove to be very strong [24].

The small numbers of T cells do not allow to produce
sufficiently reliable data to enable making a comparison
with the situation in mice that are deficient in CXCL 10 by
gene targeting. This cannot be solved by mRNA analyses,
as there was no RNA available from the endarterectomy
samples that have been used. Besides facilitating recruitment
of leukocytes, CXCL10 also induces and sustains a dominant
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FIGURE 2: Distribution of CXCL10 measurements from each patient
across quartiles. Atherosclerotic plaques were obtained from 106
patients during carotid endarterectomy. In the plaque segment
directly adjacent to the culprit lesion, the content of the chemokine
CXCL10 was measured by ELISA. Based on these measurements,
patients were divided into one of four quartiles according to the
CXCL10 concentration. Quartile 1 represents the lesions with the
lowest CXCL10 values, whereas quartile 4 contains the highest. This
figure shows the individual measurements for all patients and the
distribution across each quartile of plaque CXCL10. Horizontal bars
represent the median concentration of each quartile.

Thl-type response by increasing the production of IFN-y,
providing a positive feedback loop [25]. Neutralization of
CXCL10 might therefore result in a decreased concentration
of IFN-y in the lesions, which is considered a key cytokine
in disease progression [26] and macrophage activation [27].
This notion is in agreement with our findings regarding
macrophage activation status as measured by MHC class 11
expression [27], SMC presence [27], and collagen accumula-
tion [28].

An alternative or additional mechanism of plaque mod-
ification by CXCL10 inhibition might be operative as well.
Not only Thl and NK cells, as major IFN-y producers, are
responsive to CXCL10, but also plasmacytoid dendritic cells
(PDC) express CXCR3 and are recruited via this receptor
[29]. The numbers of circulating PDC are reduced in
human atherosclerosis, while immunohistochemical analysis
has indicated that they are recruited to advanced plaques
[30, 31]. PDC are known to produce large quantities of
IFN-a upon activation, and this cytokine functions as an
inflammatory amplifier in the atherosclerotic plaque [32].
Additionally, a minor subset of monocytes has been shown
to be recruited via CXCR3 to inflammatory environments [7]
and might thus contribute to plaque instability as well.

Further research is needed to understand the mech-
anisms underlying the effects of CXCL10 inhibition. For
example, apoptosis could have an important role in the
observed differences in plaque composition and size. It could
be of interest to study the role of SMC in more detail
by staining serial sections for proliferation and apoptosis
on the one hand and alpha actin on the other hand. In
addition, in situ zymography studies could be performed
to get a clearer idea of the possible role of collagenolytic
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Figure 3: Plaque concentrations of CXCLI0 are associated with
lesion morphology. Individual values were divided over quartiles
(see Figure 1). By using ANOVA, we tested to see if plaque CXCL10
concentrations associated with lesion morphology. Increasing
plaque concentrations of CXCL10 were indeed associated with an
increase in atheromatous-type lesions (a) and a decrease of SMC
dominant lesions and an increase of macrophage dominant lesions
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activity in the lesions. It would be very interesting to
know more about the role of the proinflammatory cytokine
microenvironment in the plaque in the experiments with
CXCL 10 inhibition. From the present data, we cannot
exclude that by inhibiting CXCL10 we just postponed the
process of the lesion formation and maturation rather than
permanently altering it. For this argument and because of
the ongoing discussion on the quality of animal models
representing human disease states, we also performed a
parallel study in humans.
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FIGURE 4: Increasing carotid plaque CXCL10 concentrations are
associated with a less fibrous phenotype. Plaque concentrations of
CXCL10 were associated with histological qualities of the lesion
by ANOVA. Staining for macrophages, SMC, or collagen was
quantified as none, minor, moderate, or high. Based on these
qualifications a weighed value for average staining intensity was
calculated (1, none; 2, minor; 3, moderate; 4, heavy staining).
Macrophage staining was not associated with plaque CXCL10 (a),
whereas high plaque concentrations of CXCL10 were associated
with decreasing amounts of smooth muscle cells (SMC) (b), and
decreasing collagen (c).

Mach et al. [15] were the first to associate CXCL10 with
human atherosclerosis, reporting that CXCL10 was expressed
in several stages of the disease. CXCL10 was shown to be
present on the surface of endothelial cells, suggesting a role
in the recruitment and adhesion of CXCR3 positive cells
from the circulation. They also showed broad expression of
CXCL10 by SMC and macrophages throughout the lesion.
Little is known about the effects of CXCL10 on human
atherosclerosis development and clinical outcome. Previous
studies sought to correlate plasma CXCL10 levels with the
occurrence of coronary heart disease (CHD). In a case-
control study it was found that CHD risk was associated with
an increase in serum CXCL10 [33]. A later prospective study
showed that indeed increased levels of CXCL10 exist prior
to CHD, but was not considered an independent risk factor
[34]. Our study is the first one to correlate lesional CXCL10
protein content with plaque morphology in humans and to
be a possible predictor of plaque vulnerability. Obviously,
this cannot be measured directly in living patients, so it
would be of interest to know the correlation between lesional
and systemic levels of CXCL10. There were no plasma
samples available to measure the systemic CXCL 10 levels and
correlate them to the lesional levels, so this has to await future
work.

In conclusion, we showed that the chemokine CXCL10
plays a functional role in the destabilization of atherosclerotic
plaques in mice and is specifically upregulated in vulnerable
plaques in humans. Since the experimental data were
paralleled by similar findings in human unstable lesions,
CXCL10 might be regarded as a new lead into understanding
the process of plaque destabilization.
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Over the past decade, a large body of evidence has emerged demonstrating an integration of metabolic and immune response
pathways. It is now clear that obesity and associated disorders such as insulin resistance and type 2 diabetes are associated with a
metabolically driven, low-grade, chronic inflammatory state, referred to as “metaflammation.” Several inflammatory cytokines as
well as lipids and metabolic stress pathways can activate metaflammation, which targets metabolically critical organs and tissues
including adipocytes and macrophages to adversely affect systemic homeostasis. On the other hand, inside the cell, fatty acid-
binding proteins (FABPs), a family of lipid chaperones, as well as endoplasmic reticulum (ER) stress, and reactive oxygen species
derived from mitochondria play significant roles in promotion of metabolically triggered inflammation. Here, we discuss the
molecular and cellular basis of the roles of FABPs, especially FABP4 and FABP5, in metaflammation and related diseases including

obesity, diabetes, and atherosclerosis.

1. Introduction

Inflammation is classically characterized as heat (calor),
pain (dolor), redness (rubor), and swelling (tumor) [1].
The short-term adaptive response of inflammation is crucial
for integration of injury response and repair in cells and
tissues. However, the long-term consequences of prolonged
inflammation are often not beneficial. It has recently been
shown that low-grade and chronic features of inflammation
are observed in metabolic diseases including obesity, insulin
resistance, type 2 diabetes, and cardiovascular disease [2, 3].
This atypical immune response emerging from metabolic
tissues is referred to as metabolically triggered inflammation,
“metaflammation,” which is principally triggered by nutri-
ents and metabolic surplus, resulting in the engagement of at
least a subset of molecules and signaling pathways involved
in classical and canonical inflammation [2].

A number of hormones, cytokines, and bioactive
lipids function in both metabolic and immune responses.
Metabolic and immune systems regulate each other by the
same cellular machinery. In metabolically active cells such
as adipocytes and macrophages, metaflammatory pathways
can be initiated by not only extracellular mediators such as
cytokines and lipids, particularly saturated fatty acids, but

also by intracellular stresses such as endoplasmic reticulum
stress and excess production of reactive oxygen species
derived from mitochondria. Signals from all of these media-
tors converge on inflammatory signaling pathways, including
signaling kinases: c-Jun N-terminal kinase (JNK), inhibitor
of nuclear kappa B kinase (IKK), protein kinase R (PKR), and
others. These pathways lead to the inhibition of insulin sig-
naling [4-6] and a vicious spiral of additional production of
inflammatory mediators through transcriptional regulation
using activating protein-1 (AP-1) and nuclear factor-kappa
B (NF-xB).

In this paper, we will focus on metabolically active
cell-derived fatty acid-binding proteins (FABPs), which
have been shown to regulate inflammatory and metabolic
responses mainly in adipocytes and macrophages, and also
discuss molecular and cellular links between FABPs and
metaflammation, particularly in the context of metabolic
diseases such as obesity, diabetes, and atherosclerosis.

2. Fatty Acid-Binding Protein (FABP) as
a Lipid Chaperone

FABPs are a family of 14-15-kDa proteins that coordinate
lipid trafficking and responses in cells [7]. FABPs can



reversibly bind to hydrophobic ligands, such as saturated and
unsaturated long-chain fatty acids, eicosanoids, and other
lipids, with high affinity and broad selectivity. To date, at least
9 different FABP isoforms have been identified. Different
members of the FABP family are expressed most abundantly
in tissues involved in active lipid metabolism. The family
contains liver (L-FABP/FABP1), intestinal (I-FABP/FABP2),
heart (H-FABP/FABP3), adipocyte (A-FABP/FABP4/aP2),
epidermal (E-FABP/FABP5/mall), ileal (Il-FABP/FABP6),
brain (B-FABP/FABP7), myelin (M-FABP/FABP8), and
testis (T-FABP/FABPY) isoforms. FABPs have been proposed
to facilitate the transport of lipids to specific compartments
in the cell, such as to the mitochondrion or peroxisome for
oxidation, to the nucleus for lipid-mediated transcriptional
regulation, to the endoplasmic reticulum for signaling,
trafficking, and membrane synthesis, to cytoplasmic
enzymes for activity regulation, and to the cytoplasm for
storage as lipid droplets. However, regulatory mechanisms of
tissue-specific expression and function of various FABPs are
still poorly understood. Specific contribution of each type of
FABP to cell biology, physiology, and lipid metabolism had
not been demonstrated until FABP-deficient mice models
were created.

3. Adipocyte/Macrophage FABPs

Among the FABPs, FABP4, known as adipocyte FABP (A-
FABP) or adipocyte P2 (aP2), is one of best-characterized
isoforms (Table 1). FABP4 is highly expressed in adipocytes,
making up about 1% of all soluble proteins in adipose tissue
(8]. FABP5, another FABP known as epidermal FABP (E-
FABP) or mall, is expressed most abundantly in epidermal
cells of the skin but is also present in several other tissues and
cells including adipocytes [7] (Table 1). FABP5 constitutes
a minor fraction of FABPs in adipocytes, the amount being
about 100-fold smaller than that of FABP4 in adipocytes [9].
These two proteins, FABP4 and FABPS5, have 52% amino acid
similarity and bind to a variety of fatty acids with similar
selectivity and affinity [10]. Interestingly, both FABP4 and
FABP5 are also expressed in macrophages and dendritic cells
[11, 12]. The stochiometry of these two proteins appears to
be approximately equal in macrophages under physiological
conditions [11]. The content of FABP4 in adipocytes is
about 10,000-fold higher than that in macrophages [13].
In a state of germline FABP4 deficiency, FABP5 expression
exhibits a strong compensatory increase in adipose tissue
but not in macrophages or dendritic cells [11, 12, 14]. It
has been demonstrated that both FABP4 and FABP5 play
important roles in the regulation of insulin sensitivity and
the development of atherosclerosis and that their impacts
differentially involve adipocytes or macrophages [11, 14-22].

3.1. FABP4 (A-FABP/aP2). Expression of FABP4 in adipo-
cytes is highly regulated during differentiation of adipocytes
and is transcriptionally controlled by fatty acids, peroxisome
proliferator-activated receptor (PPAR) y agonists, dexam-
ethasone, and insulin [23-27]. Potential functional domains
of FABP4 have been reported to include a nuclear localization
signal, its regulation site, and a nuclear export signal
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[7, 62, 63]. The primary sequence of FABP4 does not
demonstrate a readily identifiable nuclear localization signal
or nuclear export signal. However, the signals could be found
in the tertiary structure of FABP4. It has also been shown that
there is a protein-protein interaction between FABP4 and
hormone-sensitive lipase [28]. In this model, it has been pos-
tulated that FABP4 binds to and activates hormone-sensitive
lipase in adipocytes, resulting in regulation of lipolysis.
Adipocytes in FABP4-deficient mice exhibited reduced effi-
ciency of lipolysis [29, 30]. Interestingly, during experimen-
tally induced lipolysis, FABP4-deficient mice also revealed
reduction in insulin secretion [29]. As another protein-
protein interaction, ligand-bound FABP4 has been reported
to bind to Janus kinase 2 (JAK2) and attenuate its signaling,
indicating a new role for FABP4 as a fatty acid sensor
affecting cellular metabolism [31]. It has also been reported
that phosphatase and tensin homolog on chromosome 10
(PTEN), which negatively regulates the phosphoinositide 3-
kinase pathway, interacts with FABP4, possibly regulating
of lipid metabolism and adipocyte differentiation [32].
Interestingly, PTEN-null keratinocytes showed an elevated
expression of FABP4, suggesting that PTEN plays a role in
the transcriptional regulation of FABP4 expression [55].

In the whole body metabolic phenotype, FABP4-de-
ficient mice exhibited an increase in body weight but reduced
insulin resistance in the context of both dietary and genetic
obesity [14, 15]. RNA interference-mediated Fabp4 germline
knockdown in mice on a high fat diet also increased body
weight and fat mass but did not significantly affect glucose
and lipid homeostasis [64], which is similar to phenotype
of the diet-induced obesity in FABP4 heterozygous knockout
mice [14] and indicates that residual FABP4 protein sustains
some elements of its function in metabolic control.

In human and mouse monocyte cell lines, FABP4
expression is induced during differentiation from monocytes
and by treatment with phorbol 12-myristate 13-acetate,
lipopolysaccharide (LPS), PPARy agonists, and oxidized low-
density lipoprotein (ox-LDL) [11, 34-37]. FABP4 expression
in macrophages was also elevated by advanced glycation
end products (AGE) via engagement of the receptor for
AGE (RAGE) [38]. Conversely, a cholesterol-lowering statin,
atorvastatin, has been shown to suppress FABP4 expression
in macrophages in vitro [39]. It has also been reported
that metformin, an antidiabetic drug, inhibits forkhead box
protein O1- (FOXO1-) mediated transcription of FABP4,
leading to reduced lipid accumulation in macrophages [40].

In macrophages, FABP4 modulates cholesterol ester
accumulation and foam cell formation via inhibition of
the PPARy-liver X receptor o (LXRa)-ATP-binding cassette
Al (ABCA1) pathway and induces inflammatory responses
through activation of the IKK-NF-xB and JNK-AP-1
pathways [41, 42]. Deficiency of FABP4 protected against
atherosclerosis in apolipoprotein E- (ApoE-) deficient mice
with or without high-cholesterol-containing western diets
[11, 16]. Bone marrow transplantation studies demon-
strated that the protective effect of FABP4 deficiency on
atherosclerosis is predominantly related to actions in macro-
phages rather than in adipocytes [11]. FABP4 in dendritic
cells has been shown to regulate the IKK-NF-«xB pathway
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TasLE 1: Features of FABP4 and FABP5 in metaflammation and related diseases.
Expression Regulation and function Conr}ection to Reference
diseases
FABP4 Adipocyte Induction by fatty acids, PPARy agonists, dexamethazone, and insulin [23-27]
Lipolysis (interaction with HSL) [28-30]
Regulation of insulin secretion during lipolysis [29]
Fatty acid sensor (interaction with JAK2) [31]
Regulation of lipid metabolism and differentiation (interaction with
PTEN) [32]
Protection from insulin resistance and diabetes in deficient mice Insuliirilaf:z';ance, [111’9)1;’1]1 8
Protection from insulin resistance and diabetes by a FABP4 inhibitor Insul(lirilart:z:;z';ance, [33]
Macrophage Induction by PMA, LPS, PPARy agonists, ox-LDL, and AGE/RAGE (11, 34-38]
Reduction by atorvastatin and metformin [39, 40]
Activation of IKK-NF-xB pathway (41]
Activation of INK-AP-1 pathway [42]
Inhibition of PPARy-LXRa-ABCA1 pathway (41]
FOXO1-mediated transcription [40]
Association with ER stress [22]
Prpte*ction from insulin resistance and diabetes in double-deficient Insulir} resistance, 1]
mice diabetes
Protection from atherosclerosis in deficient mice Atherosclerosis [11, 16, 20]
.Pro.te.ction from insulin resistance and atherosclerosis by a FABP4 Insulin resistan.ce, (33]
inhibitor atherosclerosis
Dendritic cell Activation of IKK-NF-xB pathway [12]
T-cell priming [12]
Endothelial cell Expression in capillary and small vein but not in artery [43]
Regulation by VEGF-A/VEGFR2 and bFGF (43]
Induction in regenerated endothelial cells after balloon denudation of (44]
artery
Induction by intermittent hypoxia [45]
FOXO1-mediated transcription inhibited by angiopoietin-1 (46]
Expression in aortic endothelium of old ApoE-deficient mice [47]
Fm;‘m‘)vement of dysfunction in aortic endothelium by a FABP4 Endothe?ial (47]
inhibitor dysfunction
Igjigxs;ison with oxidative stress and activation of NF-«xB and P53 Cellular senescence (48, 49]
Bronchial epithelial cell Induction by Th2 cytokines IL-4 and IL-13 [13]
Suppression by Th1 cytokine interferon y [13]
Noninduction by PPARy agonists [13]
Protection from asthma in deficient mice Asthma (13]
Lung Detection in lung lavage cells obtained from patients Bronzl;(;};ilalg;onary (50]
Detection in lung lavage cells obtained from patients Sarcoidosis [51]
Ovary Expression in granulosa cells inside atretic antral follicles [52]
Association with FABP4 gene polymorphisms Polycystic ovary (53]

syndrome
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TasLE 1: Continued.
. . . Connection to
Expression Regulation and function . Reference
diseases
Spleen Induction by dexamethazone [54]
T cell Induction by dexamethazone [54]
Keratinocyte Induction in PTEN-deficient keratinocytes [55]
Tumor Detection in tumor Ll'poblastoma, [56]
liposarcoma
Detection in tumor Urthehal (57]
carcinoma
FABP5 Adipocyte Lipolysis (58]
Protection from insulin resistance and diabetes in deficient mice Insulzlrilar;:‘:z‘;ance, [17-19, 21]
Induction of insulin resistance in adipose-specific transgenic mice Insulin resistance,
P P & diabetes (17]
Macrophage Regulation by TLR agonists: LPS (TLR4) and zymosan (TLR2) [59]
Induction of inflammatory genes, COX2 and IL-6 (60]
Protection from insulin resistance and diabetes in double-deficient Insulin resistance, 21]
mice* diabetes
Protection from atherosclerosis in deficient mice Atherosclerosis [20, 60]
. Induction by a high-cholesterol diet feeding in
Liver LDL-receptor-deficient mice [61]
Expression in skin, dendritic cell, tongue, mammary gland, brain,
Others intestine, kidney, lung, heart, skeletal muscle, testis, retina, lens, and (7]

spleen

ABCAL1: ATP-binding cassette Al; AGE: advanced glycation end products; AP-1: activating protein-1; ApoE: apolipoprotein E; bFGF: basic fibroblast growth
factor; COX2: cyclooxygenase-2; ER: endoplasmic reticulum; FOXO1: forkhead box protein O1; HSL: hormone-sensitive lipase; IKK: inhibitor of nuclear
kappa B kinase; IL: interleukin; JAK2: Janus kinase 2; JNK: c-Jun N-terminal kinase; LDL: low-density lipoprotein; LPS: lipopolysaccharide; LXR: liver X
receptor; NF-«B: nuclear factor-kappa B; ox-LDL: oxidized LDL; PMA: phorbol 12-myristate 13-acetate; PPAR: peroxisome proliferator-activated receptor;
PTEN: phosphatase and tensin homolog on chromosome 10; RAGE: receptor for AGE; TLR: Toll-like receptor; VEGF-A: vascular endothelial growth factor-

A; VEGFR2: VEGEF-receptor-2.
*FABP4~/~FABP5~/~ mice.

and T-cell priming [12], which might contribute to the
development of atherosclerosis since there is clear evidence
for the involvement of both dendritic and T cells in the
pathogenesis of atherosclerosis [65]. Involvement of FABP4
in atherosclerosis has also been indicated by clinical studies.
In human endarterectomy samples of carotid stenosis,
expression of FABP4 by macrophages was increased in
unstable carotid plaques [66].

3.2. FABP5 (E-FABP/mall). Transgenic mice with adipose
tissue-specific overexpression of FABP5 exhibited enhanced
basal and hormone-stimulated lipolysis and a decrease in
insulin sensitivity in a high-fat diet model [17, 58]. Deletion
of FABP5 resulted in a mild increase in systemic insulin
sensitivity in genetic and dietary obesity mouse models [17].
Adipocytes in FABP5-deficient mice showed an increased
capacity for insulin-dependent glucose transport. Except for
increased FABP3 (H-FABP) in the liver [67], there was no

compensatory increase in the expression of FABPs in tissues
including adipose tissue in FABP5-deficient mice [17].
Interestingly, feeding a western-type high-cholesterol diet
increased the expression of FABP5, but not that of FABP1
(L-FABP), in liver parenchymal cells of atherosclerotic LDL-
receptor- (LDLR-) deficient mice together with an increase
in plasma levels of atherogenic lipoproteins, VLDL and LDL
[61]. These observations indicate a specific role of FABP5 in
atherogenesis.

FABP5 expression in macrophages was increased by
treatment with Toll-like receptor (TLR) agonists: LPS, a
TLR4 agonist, and zymosan, a fungal product that activates
TLR2 [59]. A recent study showed that macrophage FABP5
deficiency suppressed atherosclerosis in LDLR-deficient mice
on a western-style diet through a reduction of the expression
of inflammatory genes, cyclooxygenase-2 and interleukin 6,
and macrophage recruitment in atherosclerotic lesions due
to decreased CC chemokine receptor 2 expression [60].
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FIGURE 1: Interaction of adipocytes and macrophages. FABPs, FABP4, and FABP5, in adipocytes and macrophages, are critical for regulating
inflammatory and metabolic responses in each type of cells and also interaction of the two types of cells.

3.3. Combined Deficiency of FABP4 and FABP5. Mice with
combined deficiency of FABP4 and FABP5 (Fabp4~/~
Fabp5~/~) on a high-fat diet or in a genetic obesity model ex-
hibit remarkably improved insulin resistance and protection
against type 2 diabetes and fatty liver disease more than
did FABP4- or FABP5-deficient mice [18, 19]. Furthermore,
Fabp4~'~ Fabp5~/~ mice intercrossed into an ApoE-deficient
atherosclerosis model developed dramatically less atheroscle-
rosis than that in FABP4-deficient or wild-type mice on
the same background [20]. Interestingly, Fabp4~/~ Fabp5~/~
Apoe™~ mice on a western-type hypercholesterolemic diet
also had a significantly higher survival rate than that of
Apoe™~ mice, presumably due to better plaque stability and
good overall metabolic health [20].

It has recently been suggested that macrophage infiltra-
tion and accumulation in adipose tissue is an important
feature of metaflammation triggered by obesity [68, 69].
Although the impact of FABP4/FABP5 on atherosclerosis
was shown to be mainly due to actions in macrophages [11,
60], cell-based coculture experiments with adipocytes and
macrophages and bone marrow transplantation using wild-
type and Fabp4~/~ Fabp5~'~ mice showed that FABP actions
in both adipocytes and macrophages have distinct roles in
modulation of insulin sensitivity through inflammatory and
metabolic responses as shown in Figure 1 [21]. In this setting,
the predominant action was related to adipocyte FABPs with
a more modest contribution from macrophages.

4. Therapeutic Target for Diabetes
and Atherosclerosis

Since FABP4 and FABP5 act at the interface of metabolic
and inflammatory pathways and play a significant role
in the development of insulin resistance, type 2 diabetes,
and atherosclerosis, it is expected that modification of
the function of these FABPs may provide a new class of
multi-indication therapeutic agents. In fact, several series of
FABP4 inhibitors have recently been identified [70-75]. We
previously demonstrated that chemical inhibition of FABP4
could be a therapeutic strategy against insulin resistance,
diabetes mellitus, fatty liver disease, and atherosclerosis
in experimental models using one of the specific FABP4
inhibitors, BMS309403 [33]. This compound is an orally

active small molecule and interacts with the fatty acid-
binding pocket within the interior of FABP4 to inhibit bind-
ing of endogenous fatty acids [7, 33, 72] (Figure 2). X-ray
crystallographic studies identified the specific interactions
of BMS309403 with key residues, such as Ser53, Argl06,
Argl26, and Tyr128, within the fatty-acid-binding pocket as
the basis of its high in vitro binding affinity and selectivity for
FABP4 over other FABPs [72].

The FABP4 inhibitor, BMS309403, improved glucose
metabolism and enhanced insulin sensitivity in both dietary
(high fat-fed) and genetic (ob/ob) mouse models of obesity
and diabetes [33]. Involvement of FABP4 inhibition in those
beneficial effects was confirmed in vivo using wild-type and
Fabp4~/~Fabp5~'~ mice. Although Fabp4~/~ mice were not
protected against fatty liver disease, inhibition of FABP4 sup-
pressed fatty liver infiltration, similar to the liver phenotype
of Fabp4~'~ Fabp5~/~ mice. One possible explanation for the
different effects between genetic deficiency of FABP4 and
chemical inhibition of FABP4 is that there was no compen-
satory increase in FABPs in the adipose tissue of FABP4-
inhibitor-treated mice. Furthermore, the FABP4 inhibitor
markedly reduced the extent of atherosclerotic lesions in
ApoE-deficient mice [33]. Cell-based studies showed that
BMS309403 reduced macrophage foam cell formation with
decreased cholesterol ester accumulation, increased choles-
terol efflux, and decreased production of several inflamma-
tory mediators in a target tissue-specific manner [33].

In high fat-diet-induced obesity models beginning at 4
weeks of age, treatment with the FABP4 inhibitor for 4 weeks
improved insulin sensitivity in 24-week-old mice [33], which
had severe macrophage infiltration in adipose tissue, but
not in 20-week-old mice, which had much less macrophage
accumulation in adipose tissue (Furuhashi M and Hota-
misligil GS. unpublished data 2007). Recently, a similar
pattern was also found in another study in which a different
inhibitor was not effective in increasing insulin sensitivity
[75]. It is difficult to completely inhibit whole FABP4 in
adipocytes because the amounts of FABP4 in adipose tissue
and adipocytes are very large [8], and these observations
therefore raise the possibility that small molecules developed
so far against FABP4 may be more effective in macrophages
and hence their effects in vivo may be related to the extent
of macrophage involvement with the disease process at
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FIGURE 2: FABP4 bound with a fatty acid or a small molecule inhibitor. (a) Human FABP4 binds to an endogenous fatty acid, palmitic
acid, as a twisted U-shaped entity in the binding pocket (PDB code: 2hnx). (b) Human FABP4 crystallized in complex with BMS309403,
a synthetic FABP4 inhibitor, is shown (PDB code: 2nnq). The molecule occupies the internal binding pocket of FABP4 and competitively
inhibits binding of endogenous fatty acids. The figures were created using PyMOL.

the stage that these molecules are tested. Undoubtedly,
future studies and alternative strategies to modulate FABP
action, alone or in combination, in disease models should
address these outstanding issues. Further studies are also
needed to determine whether chemical or other modes of
inhibition of FABP4 can be safely used in humans and to
demonstrate their efficacy for metabolic diseases.

5. Ectopic Expression of FABP4

There is accumulating evidence to indicate that FABP4
is expressed in several cells other than adipocytes and
macrophages under both special and physiological condi-
tions (Table 1). For example, FABP4 expression was observed
in endothelial cells of capillaries and small veins in several
mouse and human tissues, including the heart and kidney
[43]. FABP4 was significantly induced by treatment with
vascular endothelial growth factor-A (VEGF-A) via VEGEF-
receptor-2 (VEGFR2) and by treatment with basic fibroblast
growth factor (bFGF) in endothelial cells [43]. Conversely,
knockdown of FABP4 in endothelial cells reduced prolif-
eration both under baseline conditions and in response to
VEGF-A and bFGF, suggesting that FABP4 is a target of the
VEGF-A/VEGFR2 pathway and a positive regulator of cell
proliferation in endothelial cells.

Interesting observations have been reported for roles of
FABP4 in vascular injury. FABP4 was markedly upregulated
in regenerated endothelial cells obtained after endothelial
balloon denudation in vivo [44]. In human aortic endothelial
cells, intermittent hypoxia increased FABP4 expression [45].
Anigiopoietin-1, which participates in blood vessel stabiliza-
tion and remodeling together with angiopoietin-2, inhibited
FOXO1-mediated expression of genes including FABP4 in
endothelial cells [46]. FABP4 was expressed in the aortic
endothelium of 12-week-old ApoE-deficient mice showing
endothelial dysfunction, whereas FABP4 was not detected
at the aortic endothelium in 8-week-old ApoE-deficient

mice or in wild-type mice [47]. Chronic administration
of BMS309403, a small molecule FABP4 inhibitor, signifi-
cantly improved endothelial dysfunction in ApoE-deficient
mice [47]. Notably, recent studies have shown possible
involvement of FABP4/FABP5 in senescence of endothelial
cells [48, 49]. These observations support the notion that
pathological induction, but not physiological expression,
of FABP4 in the endothelium significantly contributes to
pathogenesis of atherosclerosis and other types of vascular
injury.

Evidence is also accumulating as for involvement of
FABP4 in respiratory diseases. Recently, FABP4 has been
reported to be detected in lungs and bronchoalveolar
samples from patients with bronchopulmonary dysplasia
(BPD) [50]. Density of FABP4-positive endothelial cells
was increased in peribronchial blood vessels, and FABP4
was also localized in a subset of macrophages in lung
tissues. Several studies using lung lavage cells suggested that
FABP4 gene expression is responsible for pathogenesis of
sarcoidosis [51]. It is notable that expression of FABP4
in human bronchial epithelial cells is under regulation of
cytokines. FABP4 expression in bronchial epithelial cells was
enhanced by the Th2 cytokines I1L-4 and IL-13, which are
involved in development of asthma, and was suppressed by
the Thl cytokine interferon y [13]. Interestingly, FABP4-
deficient mice were protected from airway inflammation
independently of bone marrow-derived elements, indicating
possible protection against asthma through FABP action in
stromal cells [13]. However, it should be noted that there
are possible differences in response of FABP4 to stimuli
depending on cell types. FABP4 expression in bronchial
epithelial cells was significantly lower than that in adipocytes
and macrophages, even after stimulation. In contrast to its
effects in adipocytes and macrophages, PPARy agonists could
not induce FABP4 expression in bronchial epithelial cells.
Such tissue-specific roles and response of FABP4 need to be
taken into account for FABP4 modulating therapy.
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In atretic antral follicles of the mouse ovary, FABP4
was detected in apoptotic granulosa cells [52], suggesting
a possible relevance to polycystic ovary syndrome (PCOS),
which often coexists with insulin resistance. Interest-
ingly, association between FABP4 gene polymorphisms and
the development of PCOS has been reported [53]. Addi-
tionally, dexamethasone treatment induced FABP4 in mouse
spleen and in cultured T lymphocytes, and its distinct
nuclear localization occurred with the dexamethasone-
induced apoptosis process [54].

FABP4 expression was also detected in lipoblasts in lipo-
blastoma and liposarcoma but not in other benign adipose
tissue or malignant connective tissue or in epithelial tumors
[56]. Moreover, FABP4 expression has been linked to human
urothelial carcinomas [57]. The significance of these associa-
tions remains to be elucidated but points to potential utility
of FABP-based strategies to explore metabolic mechanisms
related to tumorigenesis and related therapeutic possibilities.

6. Secretion and Circulating
Concentrations of FABPs

In recent years, numerous studies have shown the presence
of FABPs in circulation. Since these cytoplasmic proteins
lack a secretory signal sequence, the presence of FABPs in
serum is considered to be a biochemical marker of tissue
injury in related cells that produce FABP proteins: FABP3
(H-FABP) for acute myocardial infarction and ongoing
myocardial damage in heart failure, FABP7 (B-FABP) for
brain injury, and FABP2 (I-FABP) for intestinal damage [76—
78]. It has recently been reported that FABP4 is detected
in serum and cultured adipocyte supernatants [79] and
that the serum concentration of FABP4 is associated with
obesity, type 2 diabetes, and cardiovascular diseases [79—
82]. Similar findings have also been reported for FABP5
(83, 84]. Proteomics analysis using differentiated THP-1
macrophages revealed the presence of FABP4 and FABPS5 in
cell supernatants derived from macrophages [85]. However,
the mechanisms and biological correlates of extracellular
FABP4 and FABP5 remain unknown.

Serum levels of FABP4 were significantly increased in
overweight and obese subjects compared to the level in
lean controls and were positively correlated with waist
circumference, blood pressure, and insulin resistance [79].
Similar to FABP4, circulating FABP5 levels were detected at
the level of about one tenth or less of FABP4 concentrations
and were associated with metabolic syndrome components
(83, 84]. High serum levels of FABP4 at baseline indepen-
dently predicted the development of metabolic syndrome
during a 5-year follow-up period in a Chinese popula-
tion [80]. A 10-year prospective study showed that high
FABP4 concentration at baseline was a biomarker predicting
development of type 2 diabetes, which was independent
of obesity and insulin resistance [81]. Furthermore, it has
also been reported that serum FABP4 levels are positively
correlated with carotid intima-media thickness as an index
of atherosclerosis [82]. These findings support the notion
that FABP4 is a biomarker of ongoing atherosclerosis.
Interestingly, serum levels of FABP4 could also represent

noncardiovascular pathologic processes as well. A recent
study has shown that FABP4 levels could be a novel and
obesity-independent prognostic factor in patients with breast
cancer [86].

Several drugs have been reported to modify FABP4 levels
in blood. Atorvastatin, a HMG-CoA reductase inhibitor,
and olmesartan, an angiotensin II receptor blocker, reduced
circulating FABP4 levels [87, 88], whereas pioglitazone,
an insulin-sensitizing thiazolidinedione (a PPARy agonist),
increased FABP4 concentrations [89], which could be
explained through direct activation of PPARy since the PPAR
response element is present in the FABP4 gene promoter
[90]. As general information for circulating FABPs, the
concentrations of FABPs are influenced by renal clearance
[91-93], and it might be necessary to evaluate the role of
renal dysfunction in regulation of FABP level. Future studies
should provide further insights into these phenomenon and
how they contribute to disease progression in related FABP
isoforms.

7. Lipokine

Meticulous lipidomic analyses using several samples includ-
ing adipose tissue, liver, skeletal muscle, and blood from
Fabp4~/~Fabp5~~ and wild-type mice showed markedly
increased de novo lipogenesis in adipose tissue resulting
from activation/induction of fatty acid synthase (FAS) and
stearoyl-CoA desaturase-1 (SCD-1) [94]. Consequently, an
unsaturated free fatty acid, palmitoleate (C16:1n7), was iden-
tified as an adipose tissue-derived lipid hormone, referred
to as “lipokine,” that strongly suppresses hepatosteatosis
and stimulates glucose transport in skeletal muscle [94].
That study revealed a lipid-mediated endocrine network of
tissues/organs, in which adipose tissue uses lipokines such
as palmitoleate to communicate with distant organs, regu-
lating systemic metabolic homeostasis. Absence of FABP4
in macrophages also resulted in an activation of de novo
lipogenesis pathways particularly through LXRa-mediated
activation of SCD-1 [22]. This enhanced lipogenesis induced
production of bioactive lipids including palmitoleate and
resistance to ER stress. These changes also translate into
protection against atherosclerosis in mouse models [22].
Conversely, unsaturated fatty acids including palmitoleate
repressed basal and LPS-induced FABP4 expression in
macrophages via the modulation of histone deacetylation
[95].

After results of animal studies on a lipokine were
reported [94], palmitoleate in humans was examined in sev-
eral studies in the context of metabolic disease, particularly
in determining the risk for insulin resistance and type 2
diabetes. In a study that recruited 100 Caucasian subjects,
circulating palmitoleate was positively correlated with insulin
sensitivity assessed by euglycemic-hyperinsulinemic clamp
studies, independent of age, gender, and adiposity [96].
Another study using 3630 subjects in the US showed that
high concentrations of circulating cis isomer palmitoleate,
which is primarily produced by the liver in humans,
were associated with adiposity, carbohydrate consumption,
and alcohol use [97]. However, theassociations between



circulating cis palmitoleate and metabolic risk factors were
complex, perhaps related to divergent lifestyle determinants
or tissue sources of endogenous palmitoleate synthesis
from liver and adipose tissue: high fat- and carbohydrate-
containing diet and fatty liver would confound or modify
the ability to detect its metabolic effects [97]. Interestingly,
it has recently been reported that circulating trans isomer
of palmitoleate, an exogenous source of C16:1n7, is asso-
ciated with markedly lower insulin resistance, higher HDL-
cholesterol level, and lower incidence of diabetes, suggesting
metabolic benefits of dairy product consumption [98]. Since
this isoform is not related to endogenous production, the
relation to reduced metabolic disease points to possibilities
of the utilization of the trans isomer of palmitoleate as a
potential strategy for intervention in human diseases.

8. Concluding Remarks

FABPs, especially FABP4 and FABP5, play significant roles
in the regulation of glucose and lipid metabolism linked to
inflammatory and metabolic processes through modulating
critical lipid-sensitive pathways in target cells, adipocytes,
and macrophages. There was no compromised phenotype of
FABP4- or FABP5-deficient mice under normal physiologic
conditions [14, 17]. However, the mice in the context of
dietary or genetic obesity were protected from systemic
pathologic stresses such as metaflammation, suggesting that
the adipocyte/macrophage FABP genes may represent an
example of the “thrifty” gene hypothesis [99]. FABPs have
been evolutionarily preserved from invertebrates (lower
eukaryotes) to vertebrates including humans [100], indicat-
ing that a close and conserved link between inflammatory
and metabolic responses underlies the conservation of FABP
function. The presence of these FABPs may have been ben-
eficial for ensuring a strong macrophage immune response
under pressure with pathogens or for maintaining adipose
tissue energy stores as part of the “thrifty” phenotype to sur-
vive in famine. Under contemporary life-style accompanied
by excessive caloric intake and decreased energy expenditure,
presence or induction of adipocyte/macrophage FABPs may
be rather disadvantageous for maintaining inflammatory
or metabolic homeostasis. FABPs appear to be responsible
for the development of obesity, diabetes, dyslipidemia,
and atherosclerosis, and targeting the adipocyte/macrophage
FABPs, particularly FABP4, offers highly attractive therapeu-
tic opportunities for intervening metabolic derangements
as an evolutionary bottleneck in humans. Much work is
still needed to elucidate the precise biological functions of
different forms of FABPs and to establish strategies to target
these proteins for therapeutic purposes.
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Toll-like receptors (TLRs) are a member of the innate immune system. TLRs detect invading pathogens through the pathogen-
associated molecular patterns (PAMPs) recognition and play an essential role in the host defense. TLRs can also sense a large num-
ber of endogenous molecules with the damage-associated molecular patterns (DAMPs) that are produced under various injurious
conditions. Animal studies of the last decade have demonstrated that TLR signaling contributes to the pathogenesis of the critical
cardiac conditions, where myocardial inflammation plays a prominent role, such as ischemic myocardial injury, myocarditis, and
septic cardiomyopathy. This paper reviews the animal data on (1) TLRs, TLR ligands, and the signal transduction system and (2)
the important role of TLR signaling in these critical cardiac conditions.

1. Introduction

Innate immune system represents the first line of defense
against foreign pathogens. Toll-like receptors (TLRs) belong
to the family of pattern recognition receptors (PRRs). PRRs
recognize the conserved motifs in pathogens termed patho-
gen-associated molecular patterns (PAMPs) and trigger
innate immune response [1, 2]. In addition to participating
in the host defense against infectious pathogens, accumulat-
ing evidence suggests that TLRs also play an essential role in
tissue inflammationand contribute to “noninfectious” tissue
damage such as cardiac ischemia/reperfusion (I/R) injury,
postischemic remodeling, and atherosclerosis [3-6]. Thus,
understanding TLR signaling and their role in cardiovascu-
lar diseases may help to identify potential targets for inter-
vention and have important clinical implications. This paper
reviews TLR signaling and its critical roles in several inflam-
matory cardiac conditions: I/R injury, viral and autoimmune
myocarditis, and septic cardiomyopathy.
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