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1. Overview

Cardiovascular disease is a leading cause of morbidity and
mortality with considerable financial impact worldwide.
This special issue explores recent developments and novel
strategies to target emerging risk factors central to the
complex molecular mechanisms regulating the cardiovas-
cular disease process. The concept was prompted by dis-
cussions arising from the UCL-Royal Free International
Cardiovascular Diseases Workshops held each year at the
Royal Free Hospital campus of University College London in
collaboration with the University of Bern, Switzerland. These
annual international workshops provide an integrated forum
for clinicians and scientists involved in multidisciplinary
studies in cardiovascular medicine to discuss recent advances
aimed at integrating the latest findings in basic research more
quickly and efficiently into medical practice.

The causes of cardiovascular disease are numerous but
emerging areas of therapeutic interest are equally diverse and
include novel molecular mechanisms by which cardiovas-
cular risk factors and mediators, including reactive oxygen
species and scavenger receptors, interact to regulate vascular
cell proliferation and extra cellular matrix remodeling that
play important roles during angiogenesis and cell response
to injury and ischemia.

The scavenger receptor LOX-1, for example, mediates
OxLDL endocytosis via a clathrin-independent internaliza-
tion pathway. Administration of LOX-1 antibodies in cellular

and animal models suggests that such intervention inhibits
atherosclerosis. Anti-atherogenic strategies that target LOX-
1 function using gene therapy or small molecule inhibitors
would be new ways to address the increasing incidence of
vascular disease.

The role of special inflammatory molecules in the
initiation and promotion of vascular inflammation is also
under investigation. In particular the link between sterile
inflammation, ischemia, and the innate immune system is
providing important new information concerning the role
of specific Toll-like receptors and endogenous molecules
released in response to tissue injury. As sentinels of innate
immunity TLRs are molecular pattern recognition receptors
that recognize exogenous as well as tissue-derived molec-
ular danger signals that promote chronic inflammation
[1, 2]. Interestingly, these endogenously derived “danger”
molecules appear to activate and induce differential TLR
dimerisation compared to exogenously derived bacterial
or viral components. Consequently modulation of TLR
signaling by specific TLR agonists or antagonists, alone
or in combination, may, therefore, be a novel therapeu-
tic approach to treat various cardiovascular inflammatory
conditions such as atherosclerosis, secondary microvascular
complications of diabetes, and peripheral arterial disease
(PAD) without compromising the normal immune response.

Additional signaling pathways and novel strategies
that may prevent or slow the development of trans-
plant arteriopathy and post ischemic reperfusion injury
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are likewise now beginning to be defined. Mechanisms
by which haemodynamic forces such as pressure, stretch,
and fluid shear stress are sensed by cells within the
cardiovascular system are helping in the understanding
of the atheroprotective benefits of steady laminar blood
flow.

Here, there is also evidence that nitric oxide (NO)
and its endogenous inhibitor asymmetric dimethylarginine
(ADMA) play significant roles. Recent experimental work
implicates the ADMA-NO pathway and highlights the
potential of manipulating this as a novel adjunct therapy.
Related, mechanisms may be at play in relation to the
damaging effects of oxidative stress on the development
of enhanced fibroblast activity resulting in fibrosis of the
skin, heart, and lungs, vascular dysfunction and ultimately
internal organ failure, and death in scleroderma. Research
suggests that the free radical nitric oxide (NO), a key
mediator of oxidative stress, can profoundly influence the
early microvasculopathy, and possibly the ensuing fibrogenic
response. Recently, animal models and human studies have
also identified dietary antioxidants, such as epigallocatechin-
3-gallate (EGCG), which function as a protective system
against oxidative stress and fibrosis. Hence, targeting EGCG
may prove a possible candidate for therapeutic treatment
aimed at reducing both oxidant stress and the fibrotic effects
associated with scleroderma.

Manipulation of cyclic GMP and cyclic AMP is a further
emerging target for intervention in cardiovascular diseases
such as hypertension, atherosclerosis, and heart failure.
Drugs that enable the manipulation of these systems repre-
sent an exciting new area of pharmaceutical development.

Basic research has also identified a number of novel inter-
ventions that stimulate innate resistance of tissues to
ischemia-reperfusion injury that may have important impli-
cations in the management of stroke and myocardial
infarction. In particular, clinical trial data underpin one of
these “conditioning” strategies, the phenomenon of remote
ischemic preconditioning. This may in particular provide a
novel cardioprotective strategy for the diabetic heart which
evidence suggests may be more susceptible to ischemic
reperfusion injury.

Additionally, the study of connexins (Cxs) and cell-
to-cell interactions via gap junctional communication is
becoming an active area of investigation. Changes in Cxs
found in diabetes are associated with both direct effects
within the vasculature and indirect effects, by impairment of
homeostasis in vital organs such as liver and kidney. Recent
data suggests that Cxs targeting may alleviate some of the
symptoms of microvascular complications, as demonstrated
in recent work using topical Cx43 AsODN (antisense
oligodeoxynucleotide) gel treatment. Cxs may also be used as
future predictors of both diabetes progression and severity.

Similarly, erythropoietin (EPO) has tissue-protective
properties, but increases the risk of thromboembolism
by raising haemoglobin concentration. New generation

EPO derivatives, however, are tissue protective with-
out the haematopoietic side effects and preclinical stud-
ies have demonstrated their potential effectiveness and
safety.

Cytokine targeting may also play a future role in the ther-
apy of peripheral vascular disease, in particular chemokine
stromal-cell-derived factor-1 (SDF-1 aka CXCL12). Biologi-
cal effects of SDF-1 are mediated by the chemokine receptor
CXCR4, a 352-amino-acid rhodopsin-like transmembrane-
specific G protein-coupled receptor (GPCR). There is evi-
dence that the administration of SDF-1 increases blood flow
and perfusion via recruitment of endothelial progenitor cells
(EPCs).

As more becomes known, molecular genomic approach-
es are increasingly being used. MicroRNAs (miRNAs) are
endogenous, small, noncoding RNAs that negatively control
gene expression of target mRNAs. This phenomenon may
be of benefit in regulating post-ischemic angiogenesis and
vascular repair and analysis of circulating miRNAs may
potentially be useful as potential biomarkers in ischemic
diseases. Targeted in situ gene correction is currently being
explored as a means to modulate Apolipoprotein E (ApoE)
gene activity. APOE, a 34-kDa circulating glycoprotein,
has pleiotropic anti-atherogenic functions and hence is a
candidate to treat hypercholesterolaemia and atheroscle-
rosis. In particular, we have the possibility and potential
benefit of combining two technological advances to repair
aberrant APOE genes: (i) an engineered endonuclease to
introduce a double-strand break in exon 4, which con-
tains the common, but dysfunctional, ε2 and ε4 alleles;
(ii) an efficient and selectable template for homologous
recombination (HR) repair, namely, an adeno-associated
viral (AAV) vector, which harbors the wild-type APOE
sequence. This technology is currently applicable ex vivo, for
example, to target haematopoietic or induced pluripotent
stem cells, and also for in vivo organ gene targeting.
It is to be hoped that such emerging technology will
eventually translate into patient therapy to reduce CVD
risk.

Other genome-wide association studies (GWAS) have
revolutionized research into genetic variants that under-
pin the development of many complex diseases including
abdominal aortic aneurysm and allowed the exploration of
mechanisms by which identified loci may contribute to its
development. Studies have also highlighted the potential of
post-GWAS analytical strategies to improve our understand-
ing of the disease further.

Finally, progress in the identification of key mechanisms
regulating tissue repair, and the potential of stem cell therapy
and tissue engineering, offer promising new possibilities in
bypass grafting and recovery from cardiac injury.

We hope that readers will find that this special issue
addresses the important challenges, opportunities, and
recent developments that are currently being exploited in
cardiovascular research with the potential to promote the
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implementation of novel translational strategies for optimiz-
ing the care and treatment of patients with cardiovascular
disease.
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Over the last twenty years, revolutionary advances in biomedicine including gene therapy, stem cell research, proteomics, genomics
and nanotechnology have highlighted the progressive need to restructure traditional approaches to basic and clinical research in
order to facilitate the rapid, efficient integration and translation of these new technologies into novel effective therapeutics. Over
the past ten years, funding bodies in the USA and UK such as the National Institutes of Health (NIH) and the Medical Research
Council (MRC) have been driving translational research by defining and tackling the hurdles but more still remains to be achieved.
This article discusses the ongoing challenges translational researchers face and outlines recent initiatives to tackle these including
the new changes to translational funding schemes proposed by the NIH and the MRC and the launch of the “European Advanced
Translational Research InfraStructure in Medicine” (EATRIS). It is anticipated that initiatives such as these will not only strengthen
translational biomedical research programmes already initiated but should lead to rapid benefits to patients and society.

1. Introduction

Translational research (TR) is a relatively new area of inves-
tigation that ideally involves the integrated application of
innovative technologies that encompass multiple disciplines
including physiology, pathophysiology, natural history of
disease, genetics, and proof-of-concept studies of drugs and
devices [1].

TR describes a continuum of research in which basic
science discoveries are utilized to prevent or treat human
disease. It is an iterative process wherein scientific discoveries
are integrated into clinical applications and, conversely,
clinical observations are used to generate research foci for
basic science: the “bench to bedside and back to bench”
approach.

Initially, 2 phases in TR were described:
T1. basic science discoveries used to develop new treat-

ments for disease (“bench to bedside”),
T2. research aimed at improving utilization of proven

therapies in clinical practice and community settings (“bed-
side to community”).

More recently, this has been redefined to include 3 phases
in TR, with the second phase being subdivided. Thus, in this
new model T1 describes basic science to clinical science, T2
clinical science to clinical practice, and T3 is used to denote
the translation of clinical practice to more widespread health
improvements [2].

Whilst the importance and benefits of TR are now
clear to most, significant challenges faced by investigators
have also been recognised. This article focuses on some of
those barriers and discusses whether initiatives over the past
decade to drive TR forward as broken them down.

2. Barriers to Translational Research

The essential role of TR in ensuring rapid progression of
basic scientific knowledge to patient benefit has been empha-
sised for more than 3 decades [3]. During this period, the
barriers to TR have also been identified. The main issues that
have been repeatedly debated include cultural differences
between basic scientists and clinicians, lack of resources in
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terms of workforce and infrastructure, and the complex
regulatory environment [4]. Cultural differences between the
two groups of investigators largely stem from the lack of
communication, differences in education and training, and
different goals and reward mechanisms. Regulatory issues
are intimidating to both basic scientists and clinicians and
encompass ethics involved in human research, tissue bank-
ing and material transfer regulations, intellectual property
rights, toxicology and manufacturing regulations, Food and
Drug Administration (FDA) and Medicines and Healthcare
Regulatory Agency (MHRA) approvals, study sponsorship
and insurance, as well as trial and data monitoring. These
are becoming even more complex with expanding work in
the fields of cell and gene therapies and tissue engineering.
Resource problems include lack of trained interdisciplinary
staff to support investigations throughout the TR cycle,
protected time for research particularly for clinicians, as
well as access to shared resources. Together, these issues
contribute to various checkpoints between the phases of TR
including the “valley of death” that exists between preclinical
research and clinical trials [5].

3. Streamlining Regulatory Issues

In addition to cultural differences, efforts have been made to
streamline health research approvals and reduce regulatory
burdens. The NIHR developed the Integrated Research
Application System (IRAS) in 2008, an integrated online
system which captures information required for approval
application from several review bodies including the NHS
R&D offices, research ethics committees, MHRA, Adminis-
tration of Radioactive Substances Advisory Committee, Gene
Therapy Advisory Committee, and the National Information
Governance Board. The Research Passport system was also
set up to streamline the issuing of honorary research
contracts for researchers not employed by the NHS. In
December 2011, the NHS launched the Health Research
Authority which will play a key role in research governance
and further streamline the approval process [6]. In the USA,
the National Center for Advancing Translational Sciences
(NCATS; http://www.ncats.nih.gov/) was established this
year (2012) with its mission to “catalyze the generation of
innovative methods and technologies that will enhance the
development, testing, and implementation of diagnostics
and therapeutics across a wide range of human diseases and
conditions.” This would include dealing with bottlenecks
such as regulatory issues in the TR process to make it “more
efficient, less expensive and less risky” [7].

4. Training and Mentoring

Whilst regulatory issues are a major factor determining the
success of translational projects, it is also imperative that
we train and develop a pipeline of clinician-scientists and
applied scientists who are comfortable in dealing with the
continuing challenges of TR. During their training, clinician-
scientists would benefit from experience in laboratory
research whilst basic scientists should have exposure to the

clinical environment under the guidance of experienced clin-
icians. Both groups should also receive training in research
methodology including clinical trial design and conduct,
and medical statistics. Multidisciplinary academic medical
centres are well placed to offer such training programmes
and indeed, the USA Clinical and Translational Sciences
Awards (CTSA) scheme has as its central strategy five goals
within which training and career development are firmly
embedded [8].

Goal 1. Build national clinical and translational research
capability.

Goal 2. Provide training and improving the career
development of clinical and translational scientists.

Goal 3. Enhance consortium-wide collaborations.
Goal 4. Improve the health of our communities and the

nation.
Goal 5. Advance T1 translational research.
Various M.D./M.B. Ph.D. programmes and master pro-

grammes focussing on TR are now also available and further
training supported by dedicated fellowships are providing a
clearer career pathway for both clinician-scientists and basic
scientists.

Despite these encouraging schemes to entice and train
young researchers in translational projects, there are still a
number of challenges that need to be addressed if we are
to ensure that the brightest minds will continue to enter
this field of investigation. In clinical medicine, there are still
some myths and misconceptions about the role of research
in training programmes such as:

(i) research has no place in a clinician’s training pro-
gramme;

(ii) there is no place for basic research in the clinical
training programme;

(iii) every surgical trainee should do some basic research;

(iv) clinicians should only engage in clinical research.

These need to be tackled at faculty, institutional, and
national levels.

Another challenge is that of career progression and
promotion, and obtaining a tenured post in academic
medicine or in a university science department. Current
criteria for promotion still rely heavily on individual research
output such as high impact publications, grants, and invited
lectures. Investigators involved in TR may not be able to
produce the required evidence of their contribution such as
an adequate publication record, since translational projects
generally take longer to complete. They are also likely to
be part of a fairly large interdisciplinary team and their
role in publications and on grants may not be apparent.
Indeed the latter may be difficult to assess since they may
be working outside their recognised disciplines. To improve
this situation, institutions need to ensure that their tenure
and promotions systems are able to evaluate and recognise
the contributions investigators conducting TR make. Many
institutions are working towards this, for example, by using
reviewers with diverse expertise and understanding of TR
and moving away from “traditional” assessment criteria.
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The lack of role models and mentors in this area has
been identified as a significant barrier by researchers trying
to engage in TR. Mentorship is increasingly recognised as
invaluable in the development of early career researchers
into independent investigators and most institutions have
in place mentoring programmes. In the UK, the Academy
of Medical Sciences has an effective national mentoring
and outreach scheme supported by the Department of
Health and the NIHR which has been in place since 2002.
This scheme specifically offers one-to-one mentoring for
early career clinician-scientists by Academy Fellows who are
leading scientists in their fields [9]. Further, the importance
of training of effective mentors is also now recognised [10].

5. Continuing Problems

Despite increased efforts over the past decade, the effective-
ness of these initiatives is still unclear. Outcomes of TR,
particularly in the short term, have been difficult to measure,
mainly due to the long timelines between discovery and clini-
cal implementation. Traditional measures of research output
such as contribution to high-impact publications may also be
difficult to assess since TR publications usually involve mul-
tiple, interdisciplinary authors with varying roles and contri-
butions. From the investigators’ perspective, whilst there are
examples of successful partnerships [11], recent discussions
and publications continue to cite similar issues as barriers to
TR across different specialties, both by basic scientists and by
clinician-scientists. For example, in 2009, the NIH Task Force
on Research in Emergency Medicine held a series of round-
table discussions on emergency care research, with the aims
of identifying key research questions in emergency care and
barriers to research in emergency care [12–15]. The main
barriers identified across the areas of emergency care were
shortage of trained investigators, lack of role models and
training opportunities, inadequate protected research time,
poorly defined research-based career paths, the culture of
valuing clinical care over research, poor infrastructure, lack
of interdisciplinary research collaborations, lack of relevant
funding streams, and ethical and regulatory issues. Of the
recommendations made to address these issues, it was felt
that formation and development of emergency care clinical
research networks will be particularly beneficial to provide
shared infrastructure and project support, as well as to
increase patient accruals and trial size and improve efficiency
[15]. The Federation of American Societies for Experimental
Biology (FASEB) held a symposium entitled Engaging Basic
Scientists in Translational Research: Identifying Opportunities,
Overcoming Obstacles in March 2011 to identify and address
issues important to basic scientists conducting TR [16].
The main challenges identified again included differences
in culture and mindset between basic and clinical scien-
tists, insufficient or nonsupportive infrastructure (including
regulatory issues), difficulties developing and sustaining
collaborations, inadequate training, insufficient funding, and
lack of incentives and rewards. Recommendations were made
as to how to tackle these hurdles, emphasizing the roles
of institutions, professional societies, funding organisations,
and individual scientists [17].

As discoveries move from “bench to bedside”, invaluable
information may be gained by moving back from the
“bedside to the bench”, for example, to understand important
underlying mechanisms and unexpected findings and to
make improvements. Similar barriers work against this arm
of TR, such as poor communication of clinical challenges to
basic scientists and lack of funding beyond the clinical trial.
Unless researchers, be they clinical or scientific, can see “the
light at the end of the (TR) tunnel,” we are likely to lose
out on capturing, and captivating, high calibre translational
researchers. Some of the TR initiatives are still in their early
phases, so it is likely that further improvements will be seen
in the near future.

6. Current Funding and Critical Issues: How Far
Have We Come?

To overcome these barriers, increased sustained funding
dedicated to TR is clearly essential to enable innovative
approaches towards research to be developed. These include
the building of research units that incorporate multidisci-
plinary groups which may involve bioinformaticians, statis-
ticians, engineers, basic scientists, and clinicians; increas-
ing expert support in regulatory issues and clinical trial
design and conduct; as well as the initiation of forums for
interdisciplinary discussion. The latter encourages discussion
and networking between basic scientists and clinicians,
initiation of interdisciplinary collaborations and the building
of appropriate research teams.

In the USA and the UK, significant resources have already
been directed towards TR via key initiatives. In the USA,
the National Institutes of Health (NIH) launched the NIH
Roadmap in 2003 aimed at supporting TR [18], followed
by the Clinical and Translational Science Awards (CTSA)
scheme in 2006 [8]. The CTSA scheme aimed to develop
a consortium of institutes that would transform clinical
and translational research; 60 academic medical centres
are now funded, receiving USA$500 million annually. In
the UK, the National Institute of Health Research (NIHR)
spent £45 million to fund the first Biomedical Research
Centres (BRC) and Biomedical Research Units (BRU) in
2007 and 2008 within NHS and university partnerships to
drive translational research. A second round was launched in
2011, spending £775 million on 11 BRCs and 20 BRUs. BRCs
support TR across a wide range of disease areas while BRUs
are smaller groups working in priority areas including car-
diovascular disease, dementia, hearing problems, nutrition
and lifestyle, gastrointestinal, musculoskeletal, and respira-
tory disease [19]. Similarly, the MRC in a further expansion
plan at the end of 2011 announced its commitment to a
new £354m investment over the next 4 years. Specific calls
were broadened to include stratified medicine research. This
aims at understanding why groups of patients with the same
diagnosis often differ in response to the same treatment
and sets out to develop UK-wide research consortia each
focussed on specific disease areas. The goal is to stratify
disease processes and develop a clearer understanding of the
underlying mechanisms that will eventually lead to future
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tailoring of treatment to individual patients and improve cost
effectiveness. Additionally, the associated “Challenge Grants”
will support ambitious, challenge-led studies of disease
mechanisms in humans. These studies will produce major
new mechanistic insights into human disease, with potential
applicability to new therapeutic approaches and opportuni-
ties for “reverse translation” to more basic research. Other
major funding bodies, including the Wellcome Trust, the
Medical Research Council, the British Heart Foundation,
and Heart Research UK, have also focussed support on TR.
For example, Heart Research UK funded almost £500 K in
2010 on four projects under its Translational Research Grants
programme [20] whilst the Wellcome Trust spent £59 million
on TR in 2010 [21].

Nevertheless, with the growing realisation that the
research infrastructure needed to cope with the broad spec-
trum of different diseases and treatment requirements can-
not be comprehensively covered by any individual country
alone, the beginning of 2012 also saw major commitments to
TR widening and expanding with the initiation and launch
of a new European research infrastructure initiative, the
European Advanced Translational Research InfraStructure in
Medicine (EATRIS).

Within this pan-European network of eleven major insti-
tutes across Europe, several governments and research bodies
aim to ensure that the best research facilities for TR will
be shared by the whole research community. Central broad
areas for study include imaging and tracer development,
biomarkers, vaccines, advanced therapy medicinal products,
and infectious diseases.

In London, the new £73 million Imperial Centre for
Translational and Experimental Medicine (ICTEM) will play
a major role in the programme by combining laboratory
space for 450 scientists including chemists, biologists, and
engineers with dedicated facilities for assessing and devel-
oping novel medical therapies through clinical trials. Initial
priority areas will include cancer, infection, cardiovascular,
metabolic, and neurological diseases. The overall concept
of the EATRIS programme is to bring together the best
biomedical and clinical scientists and allow them access to
state-of-the-art research facilities, techniques, and expertise
covering the entire developmental chain from validation,
compound libraries, good manufacturing practice, and so
forth to research hospitals. Education is also a key element of
the programme that will train scientists as well as technicians
and nurses to think outside their immediate disciplines and
provide information about clinical needs and regulatory
requirements.

In the light of these initiatives, industry has also taken up
the challenge of TR and funded projects independently, or in
partnership with various funding bodies or with major aca-
demic health centres. A fine example of an industry-medical
charity partnership is the MSD Wellcome Trust Hilleman
Laboratories which were established in India in 2009, as a
£90 million joint venture between MSD Laboratories India
LLC (a wholly owned subsidiary of Merck & Co. Inc. USA)
and the Wellcome Trust. The aim of this collaboration is to
develop high-impact affordable vaccines for people in devel-
oping countries. Other companies have since followed suit.

The MRC is investing £10 M in unique open innovation col-
laboration with AstraZeneca which has also formed partner-
ships with the Karolinska Institute to screen tissue banks for
novel proteomic biomarkers that may signal underlying dis-
ease or susceptibility to risk. Similarly, Gentris Corporation
has linked with academia in China to develop and validate
new genomic markers while Affymetrix and Leica Microsys-
tems are developing complementary companion diagnostic
tests for personalized medicine by significantly increasing
high through-put, in situ hybridization analyses. These part-
nerships provide academic researchers with unprecedented
access to high-quality clinical and pre-clinical compounds,
the building blocks of new drugs, in order to help better
understand a spectrum of diseases with a view to exploring
new treatments. Such collaboration have the potential to
be transformational in stimulating relationships between
academia and industry. The findings of the research will help
deliver growth to the pharmaceutical and biotech industry.

7. Articles in the Current Issue

Despite concerns, there does seem to be a burgeoning of pub-
lications pertaining to TR. Thus, it is heartening to read in
this special issue of Cardiology Research and Practice articles
devoted to translational science and research. These papers
address a range of cardiovascular diseases including periph-
eral arterial disease, abdominal aortic aneurysms, systemic
sclerosis, and pulmonary artery hypertension, discussing
recent findings on disease initiation and development as well
as novel therapies that are currently being explored. They
illustrate how improved knowledge of basic pathological
processes and their regulatory mechanisms are contributing
to our understanding of specific diseases. For example, Spirig
et al. [22] and Patel et al. [23] discuss the increasingly
recognised link between innate immune signalling and
cardiovascular diseases whilst Williams et al. [24] and
Dooley et al. [25] demonstrate the potential of modulating
the ubiquitous nitric oxide pathway in the treatment of
peripheral arterial disease and systemic sclerosis, respectively.
The impact of advanced technologies on TR is clearly seen in
the field of genetics and in this issue, Harrison and colleagues
describe the use of genomics to study pathways involved in
abdominal aortic aneurysm development [26] whist Capo-
rali & Emanueli discuss the role of microRNAs in vascular
repair [27]. In terms of novel therapies, contributions on
remote ischaemia preconditioning [28], stem cell therapies
[29], and tissue protective strategies [30] illustrate their
potential in the cardiovascular field. This certainly indicates
that TR is being pursued intensively by these investigators
and departments, and in subjects that address areas of
either unmet, or indeed, unrealized, clinical need. It is also
encouraging to see that most of the papers in this issue come
from multidisciplinary groups of clinicians and scientists at
various stages of their careers working in close partnership.
Collaborations such are these are the driving forces of TR in
terms of bringing together expertise, integrating basic science
and clinical applications, and training future generations of
clinician-scientists.
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8. Concluding Remarks

TR is not for the faint hearted. The constant challenges of
teaching, researching, publishing, and competing for limited
sources of funding, coupled with pursuing career aims and
ambitions, can seem daunting. However, it can also be a
deeply satisfying and exhilarating endeavour, especially when
the fruits of the experimental laboratory are translated into
improved healthcare delivery to our patients.

Finally, we feel that TR has a central and pivotal role in
harnessing significant discoveries in biomedical science for
the benefit of our patients. To the sceptics who ask: “Where is
the evidence that TR matters?” we would answer: “As with Sir
Christopher Wren’s monuments, the evidence is all around
us.”
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Cardiovascular disease is the leading worldwide cause of death. Apolipoprotein E (ApoE) is a 34-kDa circulating glycoprotein,
secreted by the liver and macrophages with pleiotropic antiatherogenic functions and hence a candidate to treat hypercholestero-
laemia and atherosclerosis. Here, we describe atheroprotective properties of ApoE, though also potential proatherogenic actions,
and the prevalence of dysfunctional isoforms, outline conventional gene transfer strategies, and then focus on gene correction
therapeutics that can repair defective APOE alleles. In particular, we discuss the possibility and potential benefit of applying in
combination two technical advances to repair aberrant APOE genes: (i) an engineered endonuclease to introduce a double-strand
break (DSB) in exon 4, which contains the common, but dysfunctional, ε2 and ε4 alleles; (ii) an efficient and selectable template
for homologous recombination (HR) repair, namely, an adeno-associated viral (AAV) vector, which harbours wild-type APOE
sequence. This technology is applicable ex vivo, for example to target haematopoietic or induced pluripotent stem cells, and also
for in vivo hepatic gene targeting. It is to be hoped that such emerging technology will eventually translate to patient therapy to
reduce CVD risk.

1. Introduction

Deaths from cardiovascular disease (CVD), which encom-
passes ischaemic heart disease, stroke, and peripheral vas-
cular disease, total about 17 million per year worldwide,
almost one-third of the total [1]. Notably, over 80% of
CVD deaths are in low- and middle-income countries; it is
not a disease confined to developed countries. Atheroscle-
rosis is a progressive inflammatory response to complex
interactions between cell types endogenous to the arterial
wall, monocytes, lymphocytes and platelets from blood, and
circulating lipoproteins [2]. Early atherosclerotic lesions are
lipid streaks, characterized by cholesterol-engorged foam
cells within the vascular endothelium. Foam cells originate
from blood monocyte macrophages, which are recruited
into the arterial intima by upregulated adhesion molecules
on activated endothelium. There via unregulated scav-
enger receptors they relentlessly ingest oxidized low-density
lipoprotein (LDL) or triglyceride-depleted (but cholesterol-
containing) remnant lipoprotein particles. Failure to resolve

the inflammation eventually leads to smooth muscle cells
infiltration, which proliferate within the intima to foster
development of established lesions.

A significant risk factor for CVD is increased plasma
LDL. This is susceptible to oxidation and is the main source
of the cholesterol which deposits in arteries during endothe-
lium injury. The statin class of drugs helps prevent early mor-
bidity or death by lowering plasma LDL. However, statins
do not rectify low levels of atheroprotective high-density
lipoproteins (HDLs), which is an important independent
risk factor because of its role in removing excess cholesterol
from arterial walls [3, 4]. Although aggressive high-dose
statins are reported to successfully regress atherosclerotic
plaque with the goal of reducing morbidity and mortality,
the incidence of side effects (liver damage, rhabdomyolysis,
and cancer) increases and the therapeutic value remains
contentious. Similarly, the value of statin treatment in com-
bination with ezetimibe, a cholesterol-absorption inhibitor
which further decreases LDL cholesterol by 15–20%, has
been questioned as no significant reductions in intima-media
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thickness were observed [5]. Alternative strategies to combat
occlusive CVD are still urgently needed for many patients
[3, 4, 6].

These include drugs to raise HDL levels, such as niacin,
inhibitors of cholesteryl ester transfer protein (CETP), and
RVX-208, a small quinazoline-family member which upreg-
ulates ApoAI, the main HDL protein constituent [4–9].
Gene-based therapies are also receiving considerable atten-
tion, including antisense oligonucleotides (ASO) to target
LDL’s structural protein ApoB100 [10]. Gene silencing of
proprotein convertase subtilisin/kexin type 9 (PCSK9) also
lowers LDL indirectly. Secreted PCSK9 binds to the LDL
receptor (LDLR) and accelerates its degradation, and hence
prolonging LDLR activity by PCSK9 inhibition lowers
plasma LDL levels [11, 12]. HDL supplementation agents
are also in clinical use, including infusion of synthetic or
plasma-purified ApoAI and ApoAI mimetic peptides [13].
Gene addition has also been used to boost plasma ApoAI
and HDL in preclinical studies using adenovirus and adeno-
associated virus (AAV) vectors for delivery [14, 15].

2. The ApoE Gene and Protein

Apolipoprotein E (ApoE) is a 34-kDa polymorphic glycopro-
tein largely secreted by liver (∼90%; 40–60 μg/mL plasma),
although other tissues particularly macrophages contribute
[16]. The human gene is located on chromosome 19, at
the 5′ end of a 50 kb gene cluster comprising ApoCI, an
ApoCI pseudogene, ApoCII, and ApoCIV [3]. Like many
of the soluble apolipoproteins, the ApoE gene has four
exons separated by three introns and is synthesized and
released via the canonical pathway (Figure 1). The primary
translation product is 317 residues containing an N-terminal
18 amino acid (a.a.) signal peptide to direct the growing
ApoE polypeptide to the endoplasmic reticulum. Prior to
secretion, ApoE undergoes O-linked glycosylation in the
Golgi, principally at Thr194 although carbohydrate chains
containing sialic acid are also present on Ser290.

ApoE protein comprises an N-terminal domain (1–191
residues) of four amphipathic α-helices linked to the C-
terminus by a protease-sensitive loop [17]. An arginine- and
lysine-rich segment in helix-4 (residues 134–150; Figure 1)
contains the recognition site for the LDLR and LDL receptor-
related protein (LRP). ApoE contains two heparin-binding
sites, one within the receptor-binding domain and the other
within the C-terminus (residues 243–272). There are three
common isoforms of ApoE, termed E2, E3, and E4, which
are the products of three alleles (ε2, ε3, and ε4) at a single
gene locus [16]. The ApoE3 (Cys112, Arg158) is considered
the parent form, while ApoE4 (Arg112, Arg158) and ApoE2
(Cys112, Cys158) arise from genetic point mutations and are
variants (Figure 1). There is considerable allelic variation in
different populations, but, in Europe, the relative frequencies
are approximately 0.77, 0.15, and 0.08 for ε3, ε4, and ε2 [18],
giving in order of occurrence E3/3, E4/3, E3/2, E4/4, E4/2,
and E2/2 phenotypes.

The rarest variant ApoE2 is the cause of Type III hyper-
lipoproteinaemia in a small proportion (∼5%) of ε2/2 indi-
viduals, which confers a markedly increased risk of CVD

[19, 20], and the allele is also tentatively linked to intrac-
erebral haemorrhage [21]. Nevertheless, ε2 carriers have
reduced levels of total and LDL cholesterol (see Section 3),
and their risk of coronary heart disease is 20% lower than
people with the common ε3/3 genotype [22], ApoE4 asso-
ciates with incidence of ischaemic stroke and subarachnoid
haemorrhage [21] and produces an adverse lipoprotein
profile, with increased LDL and a slight reduction in HDL
[22]. In 1996, a meta-analysis of 14 studies found that
carriers of the ε4 allele had an increased risk of coronary
heart disease [23], and this was confirmed in a subsequent
meta-analysis of 48 studies involving 15,942 disease cases,
which concluded the risk was 42% higher compared to
ε3/3 carriers [24]. Moreover, the LDL cholesterol level is
30% lower in people with the ε2/2 genotype than with
ε4/4, a reduction comparable to that achieved with statins.
Nevertheless, this supposition of risk for ε4 carriers is
contentious; an updated meta-analysis, which focused on
studies recruiting large numbers of participants to reduce
publication bias, reported only a modest increase of risk
[22]. On the other hand, APOE: environment interactions on
CVD risk are attracting increased attention [25]; the ε4 allele
potentiates the risk of CVD from physical inactivity and also
from smoking, though mainly in women [26]. In addition,
ε4 carriers have a lower life expectancy, a finding reflecting
their predisposition to neurodegenerative disease as well as
CVD [27, 28].

As detailed in Sections 3 and 4, and independently of
genotype, ApoE has a plethora of actions to inhibit athero-
genesis. Most information has come from studies in vitro or
in mice, and, although many mechanisms are ill-understood,
the weight of evidence strongly suggests that ApoE is
atheroprotective. But there is a final twist to the tale: plasma
ApoE levels positively correlate with CVD mortality [29],
leaving several unanswered questions concerning human
ApoE biology in health and disease [30].

3. ApoE and Lipid-Related Atheroprotection

ApoE plays an essential role in the metabolism of dietary
lipids, which enter the circulation as large triglyceride-
rich chylomicron particles. Following lipolysis and uptake
of energy-rich monoglycerides and fatty acids, cholesterol-
containing and potentially atherogenic remnant particles are
left, which depend on ApoE for rapid hepatic clearance via
pathways involving LRP, the LDLR and heparan sulphated
proteoglycans (HSPG) [31]. ApoE4 has marginally greater
receptor-binding capability than ApoE3, but ApoE2 is defec-
tive with only 2% and 40% binding activity to the LDLR
and LRP, respectively. Although the ApoE2 isoform has an
amino acid substitution (Arg158Cys) outside of the 134–150
receptor-binding domain (Figure 1), this has a major disrup-
tive influence. In ApoE3, a salt bridge is formed between
Arg158 and Asp154. However, this interaction is lost in
ApoE2, and so Asp154 forms a bridge with Arg150, reducing
the positive potential of the binding site to markedly impair
its binding affinity [32].

When ordered E2/2, E2/3, E2/4, E3/3, E3/4, and E4/4,
there is a stepwise increase in plasma LDL cholesterol [22,
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Figure 1: Structure of the human APOE gene. The APOE gene has 4 exons, comprising 44, 66, 193, and 860 nucleotides, with over 80% of
the protein coded for by exon 4. Exon 1 contains 5′ untranslated sequence, while the translated sequence in exon 2 codes for most of the
18 residue signal peptide. As indicated, exon 4 contains the two common disease-associated SNPs: a T→C point mutation produces ApoE4
(Cys112Arg), while C→T mutation gives ApoE2 (Arg158Cys). The wild-type sequence is ApoE3 (Cys112, Arg158). Also shown in the lower
part of the figure is the positively charged arginine- and lysine-rich α-helical segment (residues 134–150) which recognizes the LDL receptor.

33]. One explanation is that this reflects up-or downregu-
lation of the hepatic LDLR due to changes in cholesterol
delivery by ApoE2- or ApoE4-containing remnant particles,
respectively. Thus, a diminished cholesterol supply by ApoE2
would increase hepatic LDLR numbers to lower plasma
LDL; additionally, reduced competition between ApoE2-
remnants and LDL for binding by the LDLR would result in
accelerated LDL clearance [19]. The higher binding affinity
of ApoE4-containing lipoproteins for the LDLR would have
opposite effects and so raise LDL levels. Nevertheless, the
mechanism is more complex since conversion of VLDL to
LDL is impaired by ApoE2, which reduces the amount of
LDL formed [19].

ApoE also contributes to “reverse cholesterol transport,”
the antiatherogenic HDL-dependent pathway by which
excess cholesterol in peripheral tissues, including arteries,
is brought to the liver for biliary excretion. Such regu-
lation of cellular cholesterol homeostasis, particularly in
macrophages, is vital in preventing foam cell formation and
atherogenesis. Efficient cellular cholesterol efflux depends
on ATP-binding cassette transporters (ABCA1 and ABCG1),
but lipid-poor ApoAI- (preβ-1 HDL) and ApoE-containing
particles (γ-LpE) are avid initial cholesterol acceptors. Sig-
nificantly, the plasma γ-LpE fraction from E3/3 subjects
sequestered substantially more cellular cholesterol than the
fractions in E2/2 and E4/4 plasmas [34]. Additionally,
ApoE can activate plasma lecithin-cholesterol acyltransferase
(LCAT), CETP, and hepatic lipase (HL), which are all
involved in HDL maturation [16]. As macrophages secrete
ApoE at lesion sites, it is the dominant acceptor in clearing
excess arterial cholesterol. This effect is isoform dependent

with ApoE2/2 human monocyte macrophages secreting
substantially lower amounts of ApoE compared to E3/3 or
E4/4 cells [35], apparently because in macrophages, though
not in hepatocytes, cysteine-rich ApoE2 forms dimers and
multimers which are bound to LRP and retained in the
secretory pathway [36].

These atheroprotective biological functions of ApoE are
corroborated by the hyperlipidaemia and atheroma seen
in ApoE-deficient (ApoE−/−) mice. Normal mice resist
atherosclerosis and even when fed a proatherogenic diet
develop only immature fatty streak lesions [37]. However,
ApoE−/− mice are grossly hypercholesterolaemic on normal
chow and spontaneously develop widespread fibroprolifer-
ative lesions, which evolve into advanced complex plaques
with smooth muscle cell caps and necrotic cores [38].
On the other hand, transgenic animals expressing the
common human ApoE isoforms have revealed more subtle
aspects of ApoE atheroprotection [37]. For example, early
studies in both mice and rabbits showed that overexpression
of ApoE3 was detrimental causing hypertriglyceridaemia.
Excessive production of hepatic ApoE stimulates VLDL
triglyceride synthesis and also inhibits lipoprotein-lipase-
(LPL-) mediated lipolysis, largely by displacing ApoCII an
essential cofactor for LPL from the VLDL surface [19].
However, phenotypic interpretations and comparison of data
from different groups were sometimes confounded because
the human APOE transgene was inserted into different
genomic locations and at varying copy numbers and because
endogenous mouse ApoE protein was also present.

These difficulties were mitigated by introduction of gene
replacement strategies to generate mice in which the mouse
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Apoe gene was replaced by a human allele. Nevertheless, such
mice also have limitations: unlike wild-type mice, ApoE3
knock-in animals were susceptible to dietary-induced hyper-
cholesterolaemia and atherosclerosis, apparently because
human ApoE3 has low receptor-binding affinity and is
less efficient at clearing remnant particles [39]. Moreover,
type III hyperlipoproteinaemia in humans homozygous for
the ε2 allele is a recessive condition, whereas a dominant
inheritance is seen in ApoE2 knock-in mice [40]. While
this may also reflect binding differences between human
and mouse receptors, it should be noted that ∼80% of
liver-derived mouse VLDL is ApoB48-containing particles,
and, hence, mice depend much more on ApoE for remnant
clearance than do humans. Interestingly, many of the rare
ApoE variants with amino acid substitutions within the
receptor-binding region do associate with dominant type
III hyperlipoproteinaemia even though most have adequate
receptor-binding activity compared to ApoE2 [19]. Stud-
ies In vitro studies [41], and also in ApoE2 and ApoE
(Arg142Cys) transgenic mice [19] suggest that recessive
ApoE2 retains HSPG binding, allowing remnant clearance
via this alternative pathway [19], whereas the dominant
ApoE variants have negligible binding which translates to an
overall clearance rate lower than that of ApoE2 [31].

4. ApoE and
Lipid- Independent Atheroprotection

It is now recognized that ApoE fulfils several biological
functions unrelated to lipid transport and that these make
significant contributions to its antiatherogenic activity [16,
42–44] (Figure 2). Most are anti-inflammatory in nature
and include the early observation that ApoE restricts T-
cell activation and proliferation [45]. Later, our own studies
showed that cell-derived ApoE inhibited platelet aggregation
and also the expression of vascular cell adhesion molecule
1 (VCAM-1) on endothelial cells, actions mediated by the
common mechanism of ApoE interaction with the cell-
surface receptor, LRP8 (ApoER2) to activate nitric oxide
synthase (NOSIII) and release NO [46, 47]. Additional data
suggest that ApoE stimulates tyrosine phosphorylation of
LRP8 to initiate PI3 kinase signalling and activation of
NOSIII [48]. Induction of smooth muscle cell migration
and proliferation by oxidized LDL or platelet-derived growth
factor are also suppressed by ApoE [49], while subendothelial
retention of LDL, an early proatherogenic event [50], is
impeded by the presence of ApoE, which additionally
regulates the availability of cytokines and growth factors
within the pericellular proteoglycan matrix [51]. There is
clear evidence that ApoE protects cells and lipoproteins
against lipid oxidation and other oxidative stresses in an
isoform-dependent manner, although findings can vary
with the experimental system used. In cell-free systems,
metal-induced oxidation is inhibited by ApoE in an allele-
specific manner (E2>E3>E4), largely because it sequesters
metal ions [52–54]. However, when LDL was incubated
with transfected macrophages secreting equal amounts of
ApoE, the ApoE3 and ApoE4 isoforms provided greater
protection against oxidation than ApoE2 [54]. Transfected

mouse peritoneal macrophages have also been shown to have
anti-inflammatory properties with ApoE3-expressing cells
secreting lower levels of the proinflammatory cytokines IL-
6 and TNF-α than ApoE2 and ApoE4 cells [55].

Studies in vivo using ApoE−/− mice have also given
important clues to possible atheroprotective actions of ApoE.
For example, lipoproteins from ApoE-deficient mice are
more oxidized and prone to oxidation than those from con-
trol mice [56], while clearance of apoptotic cell remnants is
reduced in the absence of ApoE [57]. An anti-inflammatory
role for ApoE in dampening inflammation induced by
lipopolysaccharide (LPS) or bacteria is postulated based
on the increased susceptibility of ApoE−/− mice compared
to control animals when challenged with such pathogens
[58–60]. By contrast, a specific proinflammatory role for
ApoE was suggested by van den Elzen and colleagues who
showed that ApoE delivers lipid antigens to CD1 endosomal
compartments of antigen-presenting dendritic cells, most
likely via LDLR endocytosis, to stimulate natural killer T-
cells [61]. This activation was lost from ApoE-depleted
human serum and also drastically reduced in ApoE-deficient
mice challenged with an exogenous lipid antigen. The
authors also speculated that ApoE might use this pathway
to deliver self-lipid antigens and exacerbate atherosclerosis,
although such removal of antigenic lipids might also be
atheroprotective. A full description of the cross-talk between
ApoE and cytokines, including modulation of inflammatory
and immune responses and isoform dependency, is beyond
the scope of this paper but was recently reviewed by Zhang
and colleagues [44]. Moreover, the (patho)physiological
importance of such lipid-independent actions of ApoE is
highlighted by studies in which low-level expression contin-
ues to provide atheroprotection in ApoE−/− animals, despite
no change in their hyperlipidaemia [42, 62]. Significantly,
Raffai et al. [63] provided compelling evidence that low
levels of ApoE protein have the capacity to regress preexisting
atherosclerotic lesions, independently of lowering plasma
cholesterol.

5. ApoE Gene-Augmentation Therapeutics

5.1. Early Insights from Protein Therapy and Transgenic Mice.
Twenty years ago plasma-purified or recombinant ApoE
protein were infused into rabbits with genetic or diet-
induced hypercholesterolaemia. Plasma cholesterol levels
were markedly reduced, while a long-term study halted
atherosclerotic plaque development [64]. This preclinical
evidence endorsed the APOE gene as a candidate for ther-
apeutic manipulation. Similarly, synthetic peptide mimics
of the ApoE binding region (based on a dimeric repeat
of a.a. 141–155) cleared cholesterol-rich lipoproteins in
ApoE−/− mice [65], a strategy which evolved into covalently
coupling ApoE 141–150 residues to an 18 a.a. amphipathic
helical peptide capable of associating with atherogenic ApoB-
containing lipoproteins [66]. Thrice weekly intravenous
injection of this dual domain peptide into ApoE−/− mice
for 6 weeks reduced plasma cholesterol and atherosclerotic
lesions in the aortic sinus [67].
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Figure 2: Proposed atheroprotective functions of ApoE3. The antiatherogenic properties of ApoE3 are divided into those related to its role
in lipid metabolism (shaded area) and those independent (unshaded area).

Use of in vivo ApoE-secreting miniorgans substanti-
ates these antiatherogenic actions of ApoE peptides and
purified protein. Recombinant ApoE-expressing endothelial
cells embedded in Matrigel were injected intradermally
into ApoE−/− mice which, 3 months later, had 50% less
plasma cholesterol and reduced atherosclerotic plaque [68].
Similarly, implantation of alginate-encapsulated engineered
cells into the peritoneum of ApoE−/− mice secreted sufficient
ApoE to lower plasma cholesterol and increase atheropro-
tective HDL [69]. Transgenic mice overexpressing ApoE
provide additional evidence for ApoE atheroprotection, as
these animals are protected from diet-induced or diabetic
hyperlipidemia [70, 71]. Moreover, macrophage-restricted
expression of ApoE in transgenic mice [72], or in ApoE−/−

mice following transplantation of wild-type bone marrow
[73, 74], inhibits atherogenesis.

5.2. ApoE Gene Transfer Studies. Gene transfer of ApoE was
first reported 16 years ago using recombinant adenovirus
(rAd) vectors, which deliver foreign DNA into mammalian
liver with near-100% efficiency. High levels of plasma ApoE
were obtained following intravenous injection of rAd.ApoE3
into ApoE−/− mice, which reduced plasma cholesterol
and slowed aortic atherogenesis [75]. Unfortunately, the
therapeutic effect was transient, as these 1st generation
vectors triggered a strong T-cell immunological response. By
contrast, 2nd generation vectors gave sustained human ApoE
expression and largely normalized the lipoprotein profile in
ApoE−/− mice throughout the 6 week study [76]. Moreover,
in hyperlipidaemic LDLR null mice, hepatic expression of

human ApoE3 induced regression of preexisting atheroscle-
rotic lesions without altering plasma lipoprotein levels
[77], implying lipid-independent atheroprotective actions
(Figure 2). The potential to regress advanced atheroma in
older animals was also noted [78], while the low toxicity
and low immunogenicity of helper-dependent rAd vectors
allowed high stable expression of ApoE and lifelong athero-
protection in ApoE−/− mice [79].

An alternative viral vector to rAd is adeno-associated
virus (AAV), which contains a linear single-stranded DNA
genome and is now at the forefront of clinical gene therapy
trials. Early studies used vectors derived from the common
serotype 2, which transduced cells very efficiently in vitro,
but unfortunately were largely ineffective in vivo. However,
the field was boosted by the isolation of over 10 new
serotypes, which led to development of new pseudotyped
rAAV vectors that is, capsids of alternative AAV serotypes
harbouring the recombinant AAV serotype 2 genome. These
had strikingly improved performances in vivo and different
tissue tropisms to AAV2/2; for example, rAAV2/8 transduced
liver with near-100% efficiency [80–82], while rAAV2/1 [83],
rAAV2/6 [84] or rAAV2/7 [85] were effective for skeletal
muscle transduction.

This increased serotype efficiency was shown by intra-
venous (liver-directed) injection of a human ApoE3 rAAV2/8
vector into ApoE−/− mice; normal human levels (50-
80 μg/mL) of plasma ApoE were produced [58]. It is pro-
posed that, unlike serotype 2, these different AAV serotypes
uncoat rapidly to facilitate annealing of the single-stranded
plus and minus rAAV genomes into stable, transcriptionally
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active double-stranded DNA molecules [86]. Similarly, the
recent introduction of self-complementary rAAV (scAAV)
vectors, which circumvent the need for annealing rAAV
vector genomes, allows a rapid and higher level of transgene
expression [87, 88]. For example, expression of ApoE3 from
scAAV2/8 using the hepatocyte-specific promoter (LP1)
normalized cholesterol levels in male ApoE−/− mice and
retarded development of aortic atherosclerosis by 58% [89].

Skeletal muscle, an accessible, stable, and well-vascu-
larized tissue, has also been used for gene transfer of
ApoE. Although muscle does not normally secrete ApoE,
nonhepatic, nonmacrophage-derived ApoE is known to be
atheroprotective [62, 90]. Indeed, intramuscular injection
of a plasmid DNA vector expressing human ApoE3 into
ApoE−/− mice gave modest but sustained lowering of plasma
cholesterol [91], while another study reported reduced
xanthoma and atherosclerotic plaque formation [92]. The
high purity and low immunogenicity of plasmids, which
are expressed episomally making insertional mutagenesis
improbable, make them attractive delivery vehicles. Expres-
sion can be further increased by electropulsing the injection
sites(s) [93]. Additionally, we have injected AAV2/7, AAV2/8,
and AAV2/9 vectors expressing human ApoE3 into the
tibialis anterior muscles of ApoE−/− mice. The first two
vectors were the most effective, producing up to 2 μg
ApoE3/mL plasma, and, at 13 weeks, the mice had 50% less
plaque lipid in brachiocephalic arteries than AAV2/9-treated
animals [94].

6. Oligonucleotide-Mediated Gene Editing
of the Human APOE Gene in Cultured Cells

6.1. Background. Gene editing, as described herein, uses
short synthetic oligonucleotides to manipulate genomic
DNA and introduce small, site-specific changes, typically
1–3 nucleotides, into a selected gene of a living cell. It
has potential, therefore, for introducing specific mutations,
gain or loss of function, into cell lines or mouse strains,
and for studying single-nucleotide polymorphisms (SNPs).
Below and in Section 7, we describe some of the strategies
used to achieve genotypic modifications. However, it is
important to note that, unlike gene transfer technologies,
the change is permanent; moreover, existing gene enhancers
and promoters, and cell-specific control and context, are
retained. These advantages underpin its ultimate goal: the
cure of hereditary diseases caused by genetic point mutations
or small deletions/insertions. First, we explain why synthetic
oligonucleotides, which are relatively inexpensive and offer
flexible design and chemistry, remain of value for generating
new isogenic cell lines, for example, to investigate differential
effects of ApoE isoforms on cellular metabolism. Second in
Section 7. we describe the rapid progress being made towards
therapeutic applications, for example, the ex vivo or in situ
repair of genetic point mutations.

6.2. Gene Editing: Early Use of RNA-DNA Oligonucleotides.
Conceptually, this technology is founded on the independent
observations of Smithies and Capecchi in the 1980s that
homologous recombination (HR) between a large exogenous

DNA segment and its target sequence in a mammalian
genome can mediate genomic modification or repair [95,
96]; it also draws on the application of short synthetic
oligonucleotides to repair defective alleles in yeast [97].
The use of hybrid RNA-DNA oligonucleotides (RDOs or
chimeraplasts) to introduce site-specific changes of 1–3
nucleotides into mammalian genomes was reported 15 years
ago by the Kmiec group [98]. They constructed RDOs
to form a double-stranded, hairpin-capped oligonucleotide
incorporating a short region of correcting DNA bounded
by long stretches of protected 2′-O-methyl RNA. The strong
RNA-DNA base pairing was considered to promote strand
invasion and annealing to the target (e.g., a genetic point
mutation) genomic locus. This high-affinity hybridisation
involves both strands of the gene and creates the mismatch
at the point mutation, leading to recognition and correction
by one or more of the mammalian gene repair pathways. The
early studies of Kmiec and colleagues in repairing the sickle
cell mutation in a lymphoblastoid cell line [99] and in target-
ing primary CD34+ cells [100] generated much excitement,
but also notable controversy as the reported conversion
efficiencies of up to 50% were considered implausible [101].
However, these criticisms were deflected by corroboration
from others, including targeting human hepatocyte cells
[102, 103] and, in landmark studies, in vivo targeting of the
rat factor IX gene [104] and correction of the UGT1A1 gene
mutation in the hyperbilirubinaemic Gunn rat [105].

Based on these successes, our laboratory pioneered the
technique in cardiovascular disease, including conversion
of dysfunctional ApoE2 [106] and ApoE4 [107] to ApoE3
using a standard 68-mer RDO for targeting. However, the
practicality of this emerging methodology was questioned
when several groups, our own included, began to report poor
reproducibility and unstable conversions [108, 109]. One
adverse factor was variable quality of the long and complex
RDO molecules, which meant higher doses of reagents and
delivery vehicles to effect repair; in turn, these would amplify
cytotoxic and proapoptotic actions or induce cell cycle arrest
[107, 109]. The problematic nature of these 1st generation
reagents was mitigated, however, by findings from the Kmiec
group that the all-DNA strand of the RDO initializes the
genomic repair [110] and that a single-stranded all-DNA
oligonucleotide (ssODN) could outperform the RDO if
protected from nuclease degradation by chemical modifica-
tion of bases [111]. As described in Section 6.3, these data
prompted us to switch to short (27-mer) ssODNs, which are
purer and give increased reproducibility.

6.3. Gene Editing: Use of Single-Stranded All-DNA Oligonu-
cleotides (ssODNs). The targeting ssODNs are homologous
to the genomic sequence except for the desired change—
a mismatch to introduce or correct a point mutation, or
short insertion/deletion. As single-stranded DNA is rapidly
degraded within cells, ssODNs are generally protected with
modified nuclease-resistant bases, most commonly three
phosphorothioate (PTO) bonds at their 5′ and 3′ ends.
Molecular details of targeted gene alteration remain poorly
delineated but include elements of nucleotide and base exci-
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sion repair systems and also some degree of HR involvement
[112, 113], while at least part of the correcting DNA oligonu-
cleotide is physically incorporated into the genomic target
site [114]. Given the difficulties and controversies associated
with RDO-directed repairs, we decided to optimize our
methodology in recombinant mammalian cells expressing
a sensitive reporter gene, green fluorescent protein (GFP)
which was rendered nonfluorescent by introduction of a
point mutation. This allowed analysis at the single cell level
and the harvesting of corrected (green) cells for further study.
We provided stringent evidence to validate the technology
and to establish unequivocally that ssODN-mediated gene
alteration is a real and reproducible phenomenon [115].

Although 5′-3′-PTO protection gave 10-fold greater cor-
rection efficiencies than unmodified ssODN (about 2%
versus 0.2% of targeted cells were green), we confirmed
the observation of others [111] that only a low percentage
of these green cells was actively replicating [116]. Cell
cycle analysis 16 h posttransfection revealed that the ssODN
with PTO end protection resulted in DNA damage with
accumulation of cells in the G2 phase, whereas treatment
with unmodified ssODN was markedly less toxic. However,
by varying the type or position of protecting groups, we
discovered that internal protection of the ssODN with
four PTO residues at the targeting site maintained efficient
gene correction and, compared to 5′-3′-PTO protection,
substantially reduced cell cycle arrest to enable cell growth
and proliferation (Figure 3) [116].

We are currently evaluating this novel ssODN design
in targeting the endogenous APOE3 gene in human THP1
monocyte macrophages and human HepG2 hepatoblastoma
cells (both ε3/ε3) to generate cells with the ApoE4 phe-
notype. We have devised an affinity-capture matrix to dis-
tinguish successfully targeted ApoE4-secreting cells (<1%)
from noncorrected ApoE3 cells. This uses low permeability
carboxymethyl-cellulose media preloaded with a commercial
ApoE4-specific monoclonal antibody for detection and gives
sensitive and reproducible findings. Secreted ApoE was
readily trapped on the surface of individual cells, enhancing
staining efficiency and decreasing assay time. Enriched
corrected populations of ApoE4-secreting cells have been
detected, although isolation and expansion of corrected
clones is proving difficult. Should a successful clone be
identified and characterized, then it will undergo a 2nd
targeting to generate the ApoE4/4 phenotype.

These experiments are notable for two reasons. First,
they will provide conclusive proof that ssODN-directed gene
editing can generate new cell lines, here, with E3/E4 and
E4/4 phenotypes, although a similar strategy can generate
the other common phenotypes (E2/E3, E2/2, and E2/4) if an
ApoE2-specific antibody is used [117]. Second, because these
isogenic cells can be used to investigate isoform differences in
macrophage (and hepatocyte) ApoE trafficking and secretion
[35, 36], to monitor differential cellular responses to oxidant
stress or to cholesterol loading and to investigate variation
in structure and composition of secreted ApoE lipoprotein
particles [48].

7. Therapeutic In Situ Correction of
Defective APOE Genes

7.1. Rationale for ApoE Gene Repair. Most of the in vivo
studies described in Sections 2–4 have used ApoE null mice.
These gave important insights into ApoE functions and
allowed ready evaluation of protein and gene therapeutics.
However, as genetic deficiency of ApoE and absent plasma
ApoE is extremely rare in humans, the value of such a
preclinical model is questionable. It is noteworthy, therefore,
that augmentation of plasma ApoE via transgenic expression
or gene transfer has confirmed its atheroprotective function
in LDLR deficient mice and in diabetic or fat-fed mice, all
of which have normal levels of plasma ApoE. Nevertheless,
animal studies also indicate caution in augmenting ApoE3
expression using gene transfer technologies; overexpression
in mice and rabbits causes hypertriglyceridaemia [19].

An alternative and attractive approach, albeit a distant
therapeutic goal, is to alleviate dyslipoproteinaemia and
reduce CVD risk by in situ correction of a deleterious
APOE gene using targeted gene editing. Is this feasible?
One possibility, founded on the multiple atheroprotective
actions of macrophage-secreted ApoE3, is to cure type III
hyperlipoproteinaemia by transplantation of haematopoietic
stem cells (HSCs), following ex vivo repair of the aberrant
APOE gene. As the condition is recessive, conversion of
one ε2 allele to ε3 should provide effective treatment.
Moreover, the current impetus in bringing stem cell tech-
nologies to the clinic, particularly induced pluripotent stem
cells (iPSCs), suggests additional possibilities for ex vivo
manipulations and cell-based therapies [118]. These include
efficient differentiation to functional hepatocyte-like cells
[119–121], which would allow a repaired APOE gene to
be expressed from cells engrafted into liver. Finally, there
is also the exciting prospect of direct in vivo hepatic gene
targeting for in situ correction of genetic disease [122]. These
sophisticated therapies to repair defective genes in the future
will rely on more advanced technologies than simple nuclear
delivery of ssODNs and these are discussed in the remaining
sections of this paper.

7.2. DNA Repair Templates. The ssODNs we have used for
targeting of the APOE gene have several advantages: high
purity and simple production, including variable chemistry,
easy delivery, and high fidelity with no off-target effects.
Although ssODNs and other constructs such as triple
helix forming oligonucleotides and small homologous DNA
fragments [113] can act as DNA repair templates, the most
effective is adeno-associated virus (AAV), which carries a
linear single-stranded DNA genome. Though technically
challenging to produce, these viral vectors can genetically
target embryonic stem cells (ESCs), HSCs, or iPSCs achiev-
ing correction efficiencies of 0.07–1% [113, 123–125]. The
mechanism, as illustrated in Figure 5, for targeting and gene
repair of defective APOE2 is via homologous recombination
(HR), as silencing essential components of the potentially
competitive pathway, nonhomologous end joining (NHEJ)
has no effect on conversion frequencies [126]. Note too that
the targeting vector can harbour a selectable marker, such
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Figure 3: Effects of nuclease-protected ssODNs on targeted gene repair. Recombinant cells expressing mutated (nonfluorescent) green
fluorescent protein (GFP) were targeted with two ssODNs, one with three phosphorothioate (PTO) residues at each end (a) and the other
with four internal PTOs at the central correcting segment (b). Posttargeting, the green cells were counted by flow cytometry (left panels),
stained for cell cycle analysis (central panels) and cultured to observe cell growth (right panels). The PTO end-protected ssODN gave a
much higher rate of gene correction, as measured by the number of green cells (boxes in left panels). However, this resulted in DNA damage
and accrual of cells in the G2 phase, whereas the GFP+ve cells obtained after internally protected ssODN targeting had a markedly greater
proportion in G1 (central panel). Significantly, only the occasional divided pair of green cells was noted in cultures treated with end-protected
ssODN, whereas actively replicating green cells were evident when the internally protected ssODN was used (right panels).
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Figure 4: Conversion of the mutant APOE2 allele to wild-type APOE3 using an AAV-based DNA repair sequence. The single-stranded
adeno-associated virus genome, which contains Exon 4 of APOE3 and its flanking regions within its ITRs (inverted terminal repeats), is an
efficient recombination template. As indicated, the mechanism is via a homologous recombination (HR) pathway.
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Figure 5: Double-strand breaks (DSBs) stimulate homologous recombination (HR) repair. HR facilitates exchange of DNA sequence
between donor and acceptor molecules, provided they share a certain amount of sequence similarity. Donor DNA molecules are designed to
contain a central “repair” sequence, flanked by “homology” arms, whose sequence is identical to that of the acceptor (e.g., genomic) DNA.
Through HR, the repair sequence replaces the entire sequence lying between the crossover points (marked with an X) on the acceptor. Gene
targeting exploits HR in this way to make genetic changes to a cell’s DNA. Importantly, introduction of a DSB into the acceptor sequence,
which can be achieved by adding an engineered nuclease with locus-specific cleavage (see Figure 6), markedly increases gene repair efficiency.

as puromycin N-acetyl-transferase, between the homology
arms, which if flanked by two LoxP sites can be excised
from the genome of repaired cells by Cre-recombinase. More
recently, helper-dependent adenoviral vectors (HDAdVs)
have also been used for efficient and accurate gene targeting
of human ESCs and iPSCs [127, 128]. These vectors are
capable of correcting large genomic regions (∼35 kb) and
are unaffected if the target locus is transcriptionally inactive
[129].

7.3. Double-Strand Breaks (DSBs) Markedly Stimulate HR
Gene Repair. Although HR-directed gene repair is accurate
and versatile, as illustrated in Figures 4 and 5, it occurs
with a very low frequency in mammalian cells (∼10−6) using
conventional linear targeting plasmids as templates [130].
However, HR is one way in which cells repair double-strand
DNA breaks, for example, by using the sister chromatid
as a template, and this phenomenon has been exploited
to increase HR gene-targeting events over 1000-fold. Initial
studies inserted the rare cutting site for the meganuclease,
I-SceI, within a reporter target gene and then cotransfected
cells with the endonuclease and a repair DNA template
[131, 132]. Nevertheless, such a system has little practical
value; it requires prior engineering of the target gene and
cannot be used for endogenous genes.

Recent work in engineering artificial endonucleases now
circumvents this bottleneck by creating chimeric nucleases
with the potential to cleave DNA at virtually any desired
sequence. The most studied are the zinc finger nucleases
(ZFNs), which comprise a DNA-binding domain (assembled
as 3–5 finger modules, each recognizing 3 consecutive bases)
joined to the nonspecific DNA cleavage enzyme, FokI. In

principle, customized ZFNs which function in pairs as
FokI cleavage requires dimerization can be created with
predetermined sequence specificity to introduce a DSB at a
precise genomic locus (Figure 6). Within the last few years,
an impressive number of ZFN gene targeting successes has
been reported, including in vitro corrections of 18–30%,
the generation of gene-knockout rats, and manipulation
of human embryonic or induced pluripotent stem cells
[113, 133–136]. One concern of ZFNs is genotoxicity due
to off-target cleavages that may disrupt normal genes [137],
although improved designs and screening procedures are
helping to reduce this possibility [138, 139]. As second
problem is that ZFNs can recleave a repaired site, although
this can be minimized by introducing a few silent mutations
into the donor DNA template as this will impair subsequent
ZFN binding [140].

Transcription activator-like effector nucleases (TALENs)
are another group of chimeric nucleases, which have a
different class of DNA-binding domains coupled to FokI.
TAL effector proteins contain highly modular DNA-binding
domains, with a very simple code between their amino acids
and target DNA bases [141, 142]. This allows the ready
assembly of a series of individual modules to bind a unique
DNA sequence and to activate FokI dimerization and cleav-
age. Although reports of TALEN-mediated gene targeting of
mammalian cells are still limited, this simple and effective
technology may soon supersede ZFNs; indeed, in the first
direct comparison, TALENs had greater specificity and less
cytotoxicity than ZFNs [143].

Finally, an alternative to engineered chimeric nucleases
are the homing endonucleases, which induce DSBs with
exceptional specificity. These are natural enzymes with large
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Figure 6: Basic structure and design of a zinc finger nuclease (ZFN). ZFNs are created by joining a DNA-binding region to the catalytic
domain of the nonspecific Fok1 endonuclease. Zinc fingers are a protein motif capable of DNA binding, whose sequence specificity can be
predetermined. Each zinc finger, illustrated by an individual circle, recognizes 3-4 nucleotides, and, by assembling three or four suitable zinc
finger motifs, a sequence-specific DNA-binding domain can be created. Fok1 nuclease activity requires dimerization, and so the customized
ZFNs function in pairs. As shown, the zinc finger-binding domain brings two Fok1 units together in the right orientation over the target
sequence; this induces Fok1 dimerization and target sequence cleavage.

asymmetric recognition sequences (12–40 bp) that form
five families based on sequence and structure homology
[144, 145]. “Mix and match” engineering, aided by com-
putation, allows production and validation of dozens of
customized meganucleases, most based on the laglidadg
family sequence motif. In turn, prospective DSB sites can
be predicted across the entire human genome. This suggests
that it will be possible to identify a unique >14-bp sequence
within exon 4 of the APOE gene that can be cleaved by a
homing meganuclease.

7.4. ZFN-ssODN Combinations. To date, the most common
template for DSB repair-dependent gene targeting has been a
circular or linear plasmid, although advantages of using AAV
as the exogenous DNA donor substrate are now emerging
[146–148]. However, exciting new work establishes that
the ZFN-ssODN combination offers flexible and efficient
genome editing. Chen and colleagues [149] used ZFNs that
cut within the ssODN homology area and reported editing
frequencies between 1 and 30% depending on the cell type
and whether the targets were single nucleotide substitutions
or small to large deletions. Importantly, the ssODN appeared
a more efficient and faithful recombination partner than
traditional double-stranded DNA constructs, most likely
because ssODN does not participate in NHEJ and hence
will not insert into nonspecific cleavage sites. Indeed, the
duo of ZFN-ssODN has already been used to successfully

edit human iPS cells [150]. Given that ssODNs are easier
and cheaper to produce in bulk, have high purity and safety
profiles, and relatively easy to deliver, it seems likely that their
use will continue to expand.

8. Concluding Remarks

The technology to repair inborn genetic mutations in cells,
including haematopoietic stem cells and induced pluripotent
stem cells, has developed rapidly during the last few years.
In situ correction of the dysfunctional ε2 and ε4 alleles
to alleviate hyperlipidaemia and counteract the progression
of atherosclerosis is now a preclinical reality. It is also
translatable to patients. The combination of a selectable
AAV-based DNA template for efficient HR repair, which is
further stimulated by the safe and precise introduction of
a DSB at the target genomic locus, provides the necessary
technological tools [146, 147, 151]. Indeed, genome editing
using engineered endonucleases was recently announced as
Nature’s Method of the Year for 2011 [152].

Repairing the defective APOE2 gene in bone mar-
row (lineage-negative) stem cells from patients with
type III hyperlipoproteinaemia, followed by nonmyeloab-
lative (reduced-intensity) transplantation, will provide
macrophage-secreted antiatherogenic ApoE3 at lesions sites
and halt atherosclerotic plaque progression. This therapeutic
approach can be critically evaluated in a preclinical model,
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the human ApoE2 knock-in mouse. Moreover, the prospect
of direct in vivo hepatic gene targeting for in situ correction
of dysfunctional ε2 alleles is no longer a distant dream.
Codelivery via hepatotropic AAV8 vectors of a chimeric
nuclease and donor DNA template to the livers of mice with
blood factor IX deficiency restored haemostasis [122].

Is there a case for also converting the ε4 allele to ε3
to reduce CVD risk when, as outlined in Section 2, the
increase may only be marginal even for the ε4/ε4 carriers?
Undoubtedly, the case can be argued: within this group, there
will certainly be individuals who would benefit, perhaps
because their LDL is in the top decile of ε4/ε4 carriers or
because they have other risk factors. The future prospect of
editing the gene in macrophages and/or liver will also allow
a more flexible therapeutic approach. Given that the ε2 allele
is associated with low LDL and reduced CVD, we can also
speculate that a better therapeutic option is to convert cells
from ε4/ε4 to the ε4/ε2 genotype, rather than ε4/ε3. What is
clear, however, is that ApoE, which in 1973 was identified in
human VLDL [153], has multiple roles in human cell biology
and disease and that, despite impressive understanding of
these functions over the last two decades, we still have much
more to discover. In time, it is to be hoped that such insights,
coupled with the emerging technology of ex vivo or in situ
editing of the human APOE gene, will eventually translate to
patient therapy to reduce CVD risk.
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Cell therapies have gained increasing interest and developed in several approaches related to the treatment of damaged myo-
cardium. The results of multiple clinical trials have already been reported, almost exclusively involving the direct injection of stem
cells. It has, however, been postulated that the efficiency of injected cells could possibly be hindered by the mechanical trauma
due to the injection and their low survival in the hostile environment. It has indeed been demonstrated that cell mortality due
to the injection approaches 90%. Major issues still need to be resolved and bed-to-bench followup is paramount to foster clinical
implementations. The tissue engineering approach thus constitutes an attractive alternative since it provides the opportunity to
deliver a large number of cells that are already organized in an extracellular matrix. Recent laboratory reports confirmed the inter-
est of this approach and already encouraged a few groups to investigate it in clinical studies. We discuss current knowledge regard-
ing engineered tissue for myocardial repair or replacement and in particular the recent implementation of nanotechnological
approaches.

1. Introduction

It was long believed that the adult heart does not regenerate.
The recent discovery of cardiac stem cells (CSCs), however,
challenged this dogma [1]. Since then, several populations
of CSCs have been identified and distinguished by means
of their surface markers. In addition, using a fascinating ap-
proach based on the comparison of C14 incorporation before
and after the explosion of the atomic bomb, Bergmann et al.
recently demonstrated that human cardio-myocytes in fact
regenerate at a rate of approximately one percent per year at
the age of 25 and 0.45% at the age of 75 [2].

Beside their possible implication in this regenerative pro-
cess, the exact physiological function of CSCs has not yet
been fully clarified. Their role in pathological situations is
also unclear since, in case of myocardial injury such as after
a myocardial infarction, their potential regenerative capacity
is clearly overwhelmed. Nevertheless, the rapid progress
in understanding myocardial regenerative mechanisms

continues to encourage the scientific and clinical communi-
ties to multiply the laboratory investigations and consider the
value of stem cell therapy in clinical protocols. Depending on
the clinical need and the rationale, transplantation of isolated
cells or implantation of an engineered muscle graft is under
consideration as presented in Figure 1. As illustrated, the
concept for cell-based therapy is thus quite straightforward;
however, its implementation faces numerous challenges.

In this paper we present the important questions that
remain to be investigated to ascertain a successful translation
of current experimental knowledge regarding cell therapy
for myocardial repair/replacement. In particular, we empha-
size the critical importance of favoring a multidisciplinary
approach including biotechnologies, material science, and
nanotechnologies to engineer myocardial tissue.

2. Clinical Trials

Compelling evidence of the beneficial effect of isolated cell
transplantation to the heart including improvement in cardiac
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Figure 1: Cell therapy approaches for myocardial infarction: cells are isolated from biopsies, expanded, and eventually differentiated in vitro
following specific culture conditions. Conditioned medium containing secreted or lyophilized factors (A) or isolated cells (B) are injected
directly within the myocardium or within the coronaries. Further in vitro process from cultured cells enables the development of structured
engineered muscle tissue with or without contracting properties that can be directly sutured or glued at the surface of the infarct (C).
Functionalized matrix combining biologically active factors and engrafted cells (D) represents a more sophisticated alternative.

contractile function, decrease in left ventricular remodeling,
reduction of the infarct size, and increase in vascular density
was provided by early experimental studies [3]. Conse-
quently, rapid clinical trials testing the safety and efficiency
of cell therapy have been undertaken and are ongoing [4–
6]. However, in a general manner, beneficial effects on
heart function and regeneration observed after cell therapy
in animal models were not always followed by convincing
clinical outcomes [7, 8]. The modest or absent improvement
of heart function has been confirmed in the Cochrane report,
presenting a recent meta-analysis focusing on bone marrow
stem cells transplantation [9]. It has been hypothesized that
the modest or indeed lack of functional improvement may
be the result of poor cell specificity and quality as well
as technical pitfalls during injection. The report concluded
with the following major issue to be investigated: define
the optimal type and the dose of stem cells, the route and
timing of delivery after myocardial infarction, and long-term
outcomes. In addition, mechanisms of action and in parti-
cular the role of injected stem cells in the management of
acute myocardial infarction are of particular relevance to im-
prove treatment efficiency. Furthermore, the possibility that
the injured microenvironment has low ability to permit
cell survival and differentiation has been raised. Indeed,
the rather hostile, hypoxic, stressed and remodeled cardiac
environment as well as the immunologic and inflammatory
milieu related to the patient’s disease is certainly unfavorable
conditions for cell growth and differentiation.

The search for new strategies to overcome drawbacks
from direct cell implantation has resulted in an increased

interest for myocardial tissue engineering. Recent stud-
ies provide convincing experimental short-term outcomes
showing recovery of heart function; our group contributed to
this proof of concept with several types of engineered tissues
investigated for functional recovery including long-term fol-
lowup [10–12]. To date, the first two clinical trials have
been initiated [13, 14]. The first twenty patients with post-
infarction myocardial scar received autologous bone marrow
stem cells either directly injected in and around the infarct
or seeded on a collagen matrix, which was then placed and
sutured on the infarcted area. This pioneer study not only
confirmed the feasibility and safety of the procedure but also
already suggested a benefit in favor of the combination of
cells and matrix. Results of the recently launched second clin-
ical trial, describing the implantation of an engineered con-
struct composed of stacks of myoblast sheets, are pending
[14].

3. Major Challenges: What Research Is Needed
to Make Cell-Based Treatments a Reality?

3.1. In Vivo Investigations. The importance of experimental
settings and in particular large animal models to provide
predictor features for cell therapy applied in human clinical
trials has been emphasized by van der Spoel et al. [15].
The authors performed a meta-analysis for cell therapy on
large animal models of acute and chronic cardiac ischemia.
They determined a short-term 7.5% global ejection function
improvement due to an increased end systolic volume. They
reported a prevalence of mesenchymal stem cells (MSCs),
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a high number of cells, and better outcomes for chronic
ischemia. However, no effect of distinct delivery routes was
examined.

Experimental and preclinical investigations have mostly
been performed in small (rodent) or large (pig) animal mod-
els of heart failure following a myocardial infarction induced
by ligation of the left anterior descending coronary artery
(LAD ligation). Various treatments have been tested and
compared (Figure 1): cells were applied in acute or chronic
phases, cells were injected into the scar or at its periphery,
and tissue constructs were glued or sutured at the surface
of the infarcted area. Typically, morphological and function-
al changes of the treated hearts were followed by repeated
echocardiography or MRI and generally over a 4-week
follow-up period [10, 16, 17]. At the end of this observation
period and before sacrifice, additional invasive investigations
were performed using, for example, a pressure or a con-
ductance microtip catheter to record and analyze comple-
mentary contractile parameters.

These studies allowed assessment of functional out-
comes. Furthermore, increased interest in cell tracking, cell
integration, and survival permitted the development and
optimization of state-of-the-art technologies as described by
Terrovitis et al. [18]. In addition, extensive efforts focusing
on proteomics and high-throughput screening will enable
the discovery of major mechanisms of action and important
factors for myocardial recovery and repair [19].

3.2. Mechanisms of Action. Experimental cell therapy inves-
tigations showed beneficial outcomes including significant
improvement in ventricular function, increased wall thick-
ness, and decreased end diastolic and systolic volumes as
well as neovascularisation of the scar area. However, decrease
of the infarct size suggesting myogenesis is still a matter of
debate and seems to be dependent on the type of cells that
were implanted [20–22].

Several potential hypotheses have been raised to explain
the effects and remain to be further investigated. First, a
girding effect attenuating the adverse remodeling has been
proposed, suggesting prevention of dilatation, modification
of the scar elasticity, and an increase in wall thickness due to a
cluster of cells or implanted tissues. This effect may have a
minor impact as the large number of cells washed out after
injection results in very small clusters of cells that may not
be sufficient to produce the adequate mechanical strength to
prevent remodeling. Furthermore, implantation of an acel-
lular scaffold has little or no effect on cardiac function com-
pared to the implantation of engineered tissues [12]. Second,
the replacement of lost cardiomyocytes by transplanted cells
is a major issue for tissue repair. Only investigations using
neonatal cardiomyocytes and embryonic stem cells could
report the presence of new cardiomyocytes in the periphery
of implanted cells [23]. Although the delivery of embryonic
stem cells or cardiac progenitor cells as committed cells to
cardiac lineage could reinforce muscle contractility after dif-
ferentiation and may contribute to systolic force, myogenesis
is unlikely to explain the positive outcomes observed after cell
therapy using other cell types.

Growing numbers of studies provide evidence that the
beneficial effect of delivered cells is mediated via a paracrine
effect. Cell secretions of cardioprotective, angiogenic, or
stem-cell-recruiting factors are expected to trigger heart re-
generation. A large panel of secreted cytokines and chemoat-
tractants [1] are believed to bring their beneficial effect to
the failing heart and suggest a multifactorial effect on angio-
genesis [24], inhibition of cardiomyocyte apoptosis [25],
antifibrotic effects [26], and mobilization of endogenous
stem cells [1] as well modulation of the inflammatory pro-
cesses [27].

3.3. Cell

3.3.1. Source and Cell Type. Cell types and their potential
for new medical treatment are presented in Tables 1 and 2.
Stem cells represent a promising cell source due to their high
potential for differentiation and expansion capacity.

3.3.2. How Many Cells Are Required? Cell survival and
engraftment in a hostile environment with inflammation,
fibrosis, and hypoxia are a major concern. It has been de-
monstrated that more than 90% of injected cells are lost
within the first minutes following injection. Optimization of
cell retention after injection, engraftment, and survival are of
paramount importance to further define the optimal quanti-
ty of cells to be implanted. So far, to overcome this effect,
large numbers of cells have been injected. Dose effect has
largely been reported [15]. Therefore, the injection of a high
number of cells will require a high expansion capacity of
autologous cells and a massive capacity of expansion if hete-
rologous cells are used. Alternatively, strategies to improve
cell engraftment and survival have been developed and
include preconditioning of the cells prior to transplantation
(heat shock, hypoxia), increased expression of survival
factors, exposition to prosurvival factors, and the implant-
ation of engineered tissue.

3.3.3. Further Aspects to Be Considered. Some cell-specific
drawbacks are listed in Table 2. Clinical availability is one
important feature to take into account in the choice of the cell
source and may limit their relevance in a translational per-
spective. Neonatal cardiomyocytes, for example, have been
widely used in preclinical studies; however, they were not ex-
ploitable for clinical studies due to low accessibility and
ethical concerns. The same concerns applied for embryonic
stem cells and increased research investigations to assess
their teratogenicity must be undertaken before safe clinical
use. Induced pluripotent stem cells (iPSCs) overcome some
major shortcomings such as accessibility, expansion, and
capacity; however, significant improvements to generate
clinical-grade iPSCs are required for clinical translation.

Purification is also an important feature. The selection of
population clones or heterogenous population of adult stem
cells has been investigated; however, it is not yet clear what
type of cell population has the best regenerative capacity.
Furthermore, immunogenicity of the heterologous cell may
limit cell survival. Several lines of research must be carried
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Table 1: Potential cell source.

Source
Definition

Drawbacks
Donor/recipient

Autologous Same individual Not always available (genetic diseases, age)

Allogenic Same species Immunological issues

Xenogenic Different species Ethical issues and rejection

Syngenic or isogenic Genetically identical individuals (clones, inbred) Most appropriate for research with animal model

Origin/differentiation

Primary Tissue or organ/specialized Large expansion needed

Secondary Cell bank Cryopreservation/immunological issues

Embryonic stem cells (iPSCs) Undifferentiated Ethical issues/purification/teratoma

Adult stem cells Commited Selection of type/source

Table 2: Potential cells for new therapeutic treatment.

Candidates Concerns Side effects Mechanism of action Clinical trials
Change in cardiac function

(% EF versus ctrl.)∗

Human embryonic stem cells Ethics purification Teratoma Differentiation/myogenesis FDA approval

Fetal/neonatal cardiac muscle
cells

Ethics accessibility Differentiation/myogenesis ×
Induced pluripotent stem cells Teratoma Differentiation/myogenesis ×
Cardiac stem cells Differentiation/myogenesis � (2009) −0.2; +6.0

Skeletal muscle myoblasts Poor electrocoupling Arrhythmia Paracrine effect � +3; +14

Bone marrow stem cells
Purification/loss of
function with age

Arrhythmia? Paracrine effect � −3.0; +12

Progenitors
Survival and
controlled
differentiation

Paracrine effect � +2.8, +6.3

∗EF: ejection fraction of the treated heart compared to control groups (adapted from Segers and Lee, 2008 [28]).

out to identify the most efficient therapeutic candidate for
patients with cardiovascular diseases.

3.4. When? The development of cardiac infarct following
ischemic injury is rapidly and sequentially associated with
cell death, release of paracrine factors, inflammation with
leucocytes infiltration, the formation of granulation tissue
composed of myofibroblast, macrophage, and collagen,
spreading of the initial injury to adjacent tissue, and finally
fibrosis. The reorganization of the extracellular matrix allows
for compensation of the loss of cardiomyocytes. This remod-
eling will progressively lead to a reduction of cardiac wall
thickness, ventricle dilatation, and more severe heart failure.
The therapeutic target will define the cell therapy strategy.
Therapeutic angiogenesis and/or myogenesis using cell or
tissue transplantation might be promising therapeutic strate-
gies in patients with severe ischemic heart disease or patients
with end-stage heart failure. Alternatively, stimulation of the
regenerative process may preferentially be beneficial for acute
ischemia. Using a rat myocardial infarction model, Hu et al.
[29] provided evidence of better outcomes when MSC were
implanted 1 week after infarction. The authors suggested that
reduced inflammation as well as early time point in tissue
remodeling towards scar formation favors cell engraftment
and angiogenesis.

3.5. Where? Feasibility, safety, and cell retention are the com-
mon features that may drive the choice of the cell delivery.
Different ways to inject the cells have been investigated
in clinical trials, such as intracoronary (IC), intramyocar-
dial (IM), transendocardial, interstitial retrograde coronary
venous (IVR), epicardial, or systemic injection. Hou et al.
[30] quantified the retention rates of peripheral blood mono-
nuclear cells within the swine ischemic heart: IM resulted in
a most efficient delivery mode with 11% of cell retention 1
hour after cell delivery but with a large variability compared
to other techniques. The retention efficiency was confirmed
in a rodent model after injection of cardiosphere-derived
cells [31]. However, the authors also reported that IM injec-
tion can result in cell loss through the needle track and coro-
nary venous vessels. In addition, IM is also known to induce
myocardium injuries at the site of needle insertion. To date,
the optimal delivery route has not been identified. Their
respective advantages and disadvantages are reviewed by Dib
et al. [32].

4. Cell Delivery through Engineered Tissue

The controllable scaffolds and culture conditions made
possible by tissue engineering approaches allow the design of
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an adequate microenvironment that not only permits pre-
conditioning the cells in vitro and provides a differentiation
direction of the tissue before it is implanted for the prepa-
ration of cells prior to their implantation but also would
overcome major drawbacks of isolated cells’ transplantation
related to their survival in inadequate ischemic tissue. In
fact, the matrix of the engineered tissue can be compared
to the ECM in a corresponding natural tissue. Its function
during the tissue engineering process must, however, be
distinguished between the in vitro period (preimplantation
or maturation period), the surgery period (implantation
period), and the in vivo period (postimplantation period).
Regarding the in vitro period, the matrix could be assimilated
to a biocompatible and nontoxic support material for the
cells that are planned to be transplanted. The ideal matri-
ces should thus consist of a two- or a three-dimensional
structure that should favor not only cells’ attachment and
growth but also their further organization and possibly dif-
ferentiation toward a highly ordered formation including in-
tercellular contacts.

Considering the implantation phase, the matrix offers a
significant practical advantage over the direct injection of
cells. For instance, engineered myocardial biografts may be
considered as a bandage that can be easily and rapidly ap-
plied at the surface of the infarcted zone. Conversely, the
traditional application of cell therapy requires multiple injec-
tions to cover a similar zone. The role of the matrix during
the in vivo phase is variable. On one hand, it may represent a
structurally resistant element that can withstand the high and
permanent mechanical stresses observed during the cardiac
contraction/relaxation cycles. A second major role during
this period is its integration within the host tissue and
eventual replacement by a host ECM. For example, recent
data have shown increasing evidence that the matrices may
provide specific signals that will trigger the behavior of the
seeded as well as the host cells.

Various approaches have already demonstrated the possi-
bility of designing myocardial-like structures and are detail-
ed in recent reviews [33–36]. Briefly, one typical method
consists of engineering a construct in vitro by combining a
polymeric or a biological scaffold organized in a 3-dimen-
sional matrix onto which cells will be seeded [20, 37, 38].
An updated list of biomaterials used for the treatment of
myocardial infarction was recently assembled by Rane and
Christman [39]. A second alternative takes advantage of the
self-aggregation of cells when cultured in high density to-
gether with collagen, fibrin, laminin, or fibronectin [40]. In
another recently described technique, the controlled recellu-
larization of a previously decellularized natural matrix was
proposed and showed spectacular results using an entire
rat heart [41]. Bioprinting is also an interesting technology
which essentially uses the inkjet printing principle to pre-
cisely distribute biological material within a culture’s semi-
solid substrate [42]. Finally, an interesting approach that
takes advantage of the temperature-dependent hydrophobic/
hydrophilic properties of the culture dishes consists of creat-
ing monolayered cell sheets to be implanted directly at the
surface of the heart [43]. Amazingly, this can be repeated so
that several sheets may be stacked on top of each other in

order to create a vascularized tissue of up to 1 mm thickness
[44]. As opposed to the first approaches described here, the
cell sheet approach does not involve the transplantation of
an artificial extracellular matrix. Nevertheless, the potential
of matrices may be extended since these structures can be
“functionalized” through the addition of chemical com-
pounds or proteins, which may provide specific signals that
will trigger the behavior of the seeded as well as the host cells.

5. How Nanotechnology Will Help?

In the future, the potential of engineered tissue and in part-
icular the scaffold type as well as better understanding of
biomaterial-cell interactions are of paramount importance
toward successful cardiac regeneration. Initiated with only
a few mandatory factors such as being biocompatible, non-
cytotoxic, and providing a three-dimensional framework for
cells to attach and develop, scaffolds for tissue engineering
have evolved into more and more highly sophisticated and
custom tailored constructs. Incorporating peptides, proteins,
or growth factors renders an inert synthetic scaffold biologi-
cally active [45, 46] and facilitates regulation of cell expres-
sion via material properties and at the site of interest. Sur-
face immobilized growth factors bypass the problems of
rapid diffusion, short blood plasma half-life, and potential
health risk as seen for soluble factors injected into the blood
stream [47, 48]. Focusing on functionalization of cardiac
constructs, four main approaches have been investigated so
far: (I) smart materials, (II) surface modified materials via
adsorption, (III) surface modified materials via covalent im-
mobilization, and (IV) blended materials. Concepts of sub-
strate functionalization are presented in Figure 2.

5.1. Smart Materials. Smart materials are materials that alter
their shape, color, or size in response to an external stimulus.
Such an external stimulus can be a change in temperature,
pH, electrical or magnetic field, light, or naturally occurring
enzymes. In the field of tissue engineering, materials showing
smart behavior are mainly, if not exclusively, restricted to
hydrogels showing thermo- or enzyme-responsive behavior.
As early as the sixties, Wichterle and Lim [49] characterized
a hydrophilic gel for biological use. Although consisting up
to 99% of water, hydrogels sustained their position over the
years and gained increasing interest in tissue engineering and
numerous reviews summarize the concept of bioresponsive
hydrogels for tissue engineering or drug delivery [50–55].
The concepts of stimuli-dependent conformational changes
of polymers have only recently bridged from chemical labo-
ratories and theoretical application to in vitro and in vivo
studies.

5.1.1. Thermosensitive Hydrogels. Thermosensitive hydrogels
are mostly based on poly(N-isopropylacrylamide) (pNI-
PAAm). Upon cooling from 37◦C to 32◦C, the polymer
switches from a hydrophobic to a hydrophilic state. The pre-
vious state allows for cell attachment, whereas the latter one
causes cell sheet release from the substrate. For a detailed des-
cription of the mechanism, see Graziano as well as Baysal
and Karasz [56, 57]. Shimizu et al. [58] cultured neonatal rat



6 Cardiology Research and Practice

ΔT ,

Drug

ECM proteins/growth factors

EDC/NHS coupling agents, 1-ethyl-3-(3-dimethylaminopropyl)

carbodiimide and N-hydroxysuccinimide

EDC/NHS

(I)

(II)

(III)

(IVa)

(IVb)

Biologically active groups, exposed upon
conformational change

Matrix metalloproteinase (MMP)

Figure 2: Schematic illustration of different functionalization prin-
ciples. (I) Smart materials, changing conformation, and exposing
different chemical groups upon temperature change or a change
in enzyme concentration. (II) Surface functionalized materials. A
synthetic scaffold is immersed in a ECM protein solution, allowing
for protein adsortion on the surface. (III) Covalently functionaliz-
ed scaffolds. Functional proteins are coupled to the surface via
EDC/NHS chemistry. (IV) Blend materials, (a) hybrid scaffolds of
various polymers or (b) hybrid scaffolds of polymers and drugs for
controlled release.

cardiomyocytes on temperature-sensitive pNI-PAAm-coated
dishes. Cell sheets were detached and overlaid to construct a
four-layered cardiac graft. Studies of subcutaneous implan-
tation in rats showed constant beating and vascularization
of the construct. Following the same principle, Kubo et al.
[59] cultured neonatal rat cardiomyocytes on pNI-PPAm to
design myocardial tubes of wrapped cell sheets. In a com-
bined study of thermo-sensitive and micropatterned pNI-
PAAm-ECM films, the creation of multilayered oriented con-
structs of cardiomyocytes and C2C12 myoblasts was shown
[60]. These studies demonstrated promising results for the
in vitro preconditioning of cell cultures and, subsequently,
scaffold-free implantation. This concept is one of the first to
reach clinical trials.

5.1.2. Enzyme-Sensitive Hydrogels. Enzyme or more specifi-
cally, matrix metalloproteinase- (MMP-) sensitive hydrogels
always consist of two parts: a MMP-sensitive component

(generally an ECM protein) and a component that controls
changes in (non)covalent interactions (a synthetic poly-
mer) that then cause macroscopic transitions. Excellent
articles by Lutolf et al. [55] and Ulijn [50] describe the under-
lying principles and mechanisms. Most MMP-sensitive hy-
drogels provide sites for disease-specific enzymes that de-
grade the hydrogel, allowing either cell invasion or drug
release and represent the most prominent candidates for ap-
plication in tissue engineering. Indicating the importance of
degradable hydrogels, Shapira et al. [61] conducted a study
of neonatal rat cardiomyocytes on a MMP-sensitive PEGy-
lated fibrinogen hydrogel. A different cell morphology was
induced in MMP-2- and MMP-9-deficient cell cultures com-
pared to control cultures with MMP. Other experimental
studies focused on the functionalization of hydrogels with
cell adhesion rather than MMP-sensitive motives. Yu and co-
workers[62] designed an RGD-modified alginate hydrogel
and could show increased proliferation of human umbilical
vein cord endothelial cells (HUVECs) and increased angio-
genesis in a rat infarct model. Combining cell adhesion mo-
tives, enzyme-sensitive scaffolds and drug release in one con-
struct, Phelps et al. [63] engineered PEG-based bioartifi-
cial hydrogel matrices presenting MMP-degradable sites as
growth factor release system, RGD peptide as cell adhesion
motifs, and VEGF to induce the growth of vasculature in
vivo. They reported that implantation of their construct in-
duced the growth of new vessels into the matrix in vivo and
resulted in significantly increased rate of reperfusion in a rat
limb ischemic model.

5.2. Surface-Modified Materials via Protein Adsorbance.
Surface-modified materials are among the most frequently
functionalized materials. Synthetic, biologically inert poly-
mer scaffolds are rendered bioactive by a coating of naturally
occurring ECM proteins. The manifold techniques and ap-
proaches of hybrid scaffolds of naturally occurring and syn-
thetic polymers are summarized in reviews by Furth et al.
and Rosso et al. and particularly focused on cardiac tissue
engineering, in Chan et al. [64–66]. Interestingly, in a com-
parative study of fibronectin-, collagen-, or laminin-
coated elastomer poly(1,8-octanediol-co-citric acid) (POC),
Hidalgo-Bastida et al. [67] could demonstrate most pro-
moted cell adhesion of HL-1 mouse cardiac muscle cells on
fibronectin-coated substrates. In a completely different study,
C2C12 mouse myoblasts were shown to align and differen-
tiate into myotubes on collagen-coated electrospun scaffolds
of DegraPol [68]. Following the concept of contact guidance,
McDevitt et al. [69] constructed micropatterned laminin
lanes on poly(dimethylsiloxane) (PDMS) substrates to pro-
mote cell alignment of cardiomyocytes. Several years later,
Cimetta et al. [70] produced contractile cardiac myografts on
laminin-coated (microprinted) poly(acrylamide) hydrogels.
Easy setup and high reproducibility made the setup a poten-
tial candidate for application in high-throughput biological
and physiological studies. The straightforward method of
protein adsorbance, however, carries several drawbacks
such as uncontrolled release and unknown conformation of
the protein on the surface. Furthermore, adsorbed protein
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concentration can only be inaccurately controlled. Alterna-
tively, the concept of covalently linked proteins arose.

5.3. Surface-Modified Materials via Covalent Immobilization.
Growth factors play an essential role in tissue engineering,
and ideally, they would not be supplied in a soluble, quickly
degradable form but be active at the site of interest, that is,
at the scaffold surface and in the targeted host tissue. New-
ly developed materials influence the neovascularization pro-
cesses in ischemic tissue since they allow the delivery of vas-
cular endothelial growth factor (VEGF) and basic fibroblast
growth factor (FGF), two main factors that control neo-
angiogenesis. Immobilized VEGF has been confirmed [47,
48, 71] to induce extended signaling and enhanced biologi-
cal activity compared to soluble VEGF, as shown by in-
creased proliferation of endothelial cells (ECs). Shen et al.
[72] furthermore demonstrated increased cell infiltration of
endothelial cells into a VEGF-functionalized scaffold, com-
pared to cell cultures where VEGF is supplied in soluble
form in the medium. In an advanced study, Chiu et al. [73]
covalently immobilized VEGF and angiopoietin-1 (Ang-1)
on a porous collagen scaffold, resulting in enhanced vascu-
larization in a CAM assay and improved tube formation by
endothelial cells. Furthermore, gelatin has been grafted to
air plasma-activated PCL scaffolds via coupling agents such
as 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide and N-
Hydroxysuccinimid (EDC/NHS coupling chemistry). The
modified substrate enhanced spreading and proliferation of
endothelial cells. Additionally, endothelial cells followed the
fibre orientation of gelatin-coated scaffolds as compared to
pure PCL scaffolds where a random cell orientation was
found [74]. Although used in many approaches, immobiliz-
ing proteins or growth factors, via EDC/NHS chemistry,
promote several issues. EDC/NHS coupling generates highly
heterogeneous structures, regarding function and orienta-
tion of the immobilized proteins. Backer et al. [47] develop-
ed a new, site-specific covalent immobilization approach.
A genetically induced N-terminal Cys-tag of VEGF cou-
pled the growth factor to fibronectin. Controlled orienta-
tion was achieved. VEGF receptors were stimulated by im-
mobilized VEGF and are fully capable of signal transduction
pathways. Rather simple chemistry confirmed biological
activity, increased endothelial cell proliferation, and re-
ported that vascularization in a CAM model render VEGF-
functionalized scaffolds a promising substrate for in vivo
vascularization of ischemic myocardium. However, in vivo
studies of functionalized substrates are still in their infancy.
Experimental studies by Banfi and coworkers [75–77] em-
phasized the critical role of microenvironmental VEGF con-
centration. Timing of the expression, concentration gradient,
and interactions with cells are all critical issues that need
to be taken into account when designing VEGF scaffolds.
A critical threshold defines both normal and aberrant angi-
ogenesis. In summary, the spatiotemporal distribution of
VEGF to stimulate the formation of stable new vessels in
a scaffold must be addressed and investigated. Studies on
VEGF release from alginate/chitosan hydrogel were perform-
ed by De laRi Va et al. [78], indicating a first burst effect, fol-
lowed by constant release over 5 weeks. For cardiac implants,

we, however, aim for immobilized factors, stimulating the
regeneration of ischemic tissue over a longer period of time.

In 2003, a clinical study on the safety and efficacy of
intracoronary and intravenous infusion of rhVEGF was con-
ducted [79]. In the so-called VIVA trial (vascular endothelial
growth factor in ischemia for vascular angiogenesis), 178
patients with stable exertional angina were randomized to
receive placebo, low-dose (17 ng kg−1 min−1), and high-dose
(50 ng) rhVEGF by intracoronary infusion, followed by in-
travenous infusion on days 3, 6, and 9. VEGF was safe and
well tolerated; high-dose VEGF resulted in significant im-
provement in angina after 120 days. Despite promising re-
sults, this was only a small trial with a short-term followup.

5.4. Blend Materials and Drug Release. A straightforward
technique that potentially involves all aforementioned con-
cepts of functionalization constitutes the production of
material blends. Following the same rationale of optimizing
the bioactivity of scaffolds, synthetic materials can be blend-
ed with naturally occurring extracellular matrix (ECM) pro-
teins, growth factors, or simply other synthetic materials to
alter mechanical properties. In a straightforward setup, Choi
et al. [80] produced an electrospun substrate of aligned poly-
caprolactone/collagen fibres and could induce skeletal mus-
cle differentiation and myotube formation thereon. Using
a similar scaffold, Tillman et al. [81] confirmed the poten-
tial of polycaprolactone/collagen scaffold for in vitro cell cul-
ture of endothelial progenitor cells; furthermore, the con-
struct was shown to retain its structural integrity over one
month in a rabbit aortoiliac bypass model. The endothe-
lialized substrates resisted blood platelet adherence in the
animal model.

Synthetic or natural polymers can, however, not only be
blended among each other but also drugs serve as essen-
tial supplements in material design for biomedical engineer-
ing. Kraehenbuehl et al. [82] developed a matrix metallo-
proteinase- (MMP-) degradable polyethylene glycol (PEG)
construct with incorporated thymosin β4. Entrapped Tβ4
promoted enhanced endothelial cell survival, cadherine,
and angiopoietin-2 expression and increased MMP-2 and
MMP-9 production. Metalloproteinase production directly
stimulated the hydrogel degradation and Tβ4 release, pro-
viding a controlled drug release system.

Interestingly, Thakur et al. [83] combined two different
drugs in a poly(L-lactic acid) (PLLA) electrospun scaffold.
lidocaine and mupirocin showed different release kinetics
when incorporated into the fibrous mesh. The hybrid scaf-
fold can be employed for wound dressing, where a fast release
of Lidocaine promotes immediate pain relief, whereas a
sustained release of Mupirocin provides a constant antibiotic
function until wound healing. The dual-release profile con-
cept can find wide application in tissue engineering, enabling
scientists to develop spatiotemporal controlled drug release.

5.5. Nanoparticles and Drug Release. Furthermore, nan-
otechnologies offer the possibility to design nanoparticles for
drug delivery with large possibilities for customization of the
particles. In particular, functionalized surfaces allow target-
ing of the particle, and tailored solubility, size, and shape
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present advantages for drug encapsulation and optimized
biodistribution [84]. The nanosized particles are especially
designed for the delivery of drugs with intracellular targets.
For instance, Dvir et al. recently targeted cardiac cells within
the infarcted heart [85]. The authors designed nanoscaled
liposomes, functionalised with an angiotensin II type I (AT1)
receptor-specific peptide sequence. Twenty-four hours after
injection, the particles were found mainly accumulated in the
left ventricle of infarcted mice hearts.

A controlled drug release at the site of interest may be
controlled by enzyme-, pH or temperature-sensitive hydrogel
systems. Wang et al. [86] performed an intramyocardial
administration of bFGF-loaded temperature-sensitive chi-
tosan hydrogel and reported on an attenuated remodeling,
reduced infarct size, and increased arteriole numbers.

Finally, using a multiapproached experimental design,
Ye et al. [87] injected skeletal myoblasts, transfected with a
hypoxia-regulated VEGF plasmid that was encapsulated in
polyethylenimine nanoparticles, into normal and infarcted
hearts. The transfected myoblasts showed an improved cell
survival and induced improved global LV function in a rabbit
model of myocardial infarction.

6. Conclusion

Various strategies for cardiac diseases, including tissue engi-
neering and stem-cell-based therapy, have been investigated
in the past decade. Solving challenges that have arisen is a
pressing objective for cardiac reparative medicine. Neverthe-
less, we can realistically predict that future treatments will
include cell-based therapies. However, so far only short-to
mid-term results have been provided. The long-term evalu-
ation of possible heart recoveries remains to be confirmed,
in particular for engineered tissue using rapidly degradable
scaffolds. Controls of cell matrix interaction, dose, and time
delivery will represent major breakthroughs for refining
treatment and will govern successful clinical applications.
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Cardiovascular disease is a complex disorder involving multiple pathophysiological processes, several of which involve activation
of toll-like receptors (TLRs) of the innate immune system. As sentinels of innate immunity TLRs are nonclonally germline-
encoded molecular pattern recognition receptors that recognize exogenous as well as tissue-derived molecular dangers signals
promoting inflammation. In addition to their expression in immune cells, TLRs are found in other tissues and cell types including
cardiomyocytes, endothelial and vascular smooth muscle cells. TLRs are differentially regulated in various cell types by several
cardiovascular risk factors such as hypercholesterolemia, hyperlipidemia, and hyperglycemia and may represent a key mechanism
linking chronic inflammation, cardiovascular disease progression, and activation of the immune system. Modulation of TLR
signaling by specific TLR agonists or antagonists, alone or in combination, may be a useful therapeutic approach to treat various
cardiovascular inflammatory conditions such as atherosclerosis, peripheral arterial disease, secondary microvascular complications
of diabetes, autoimmune disease, and ischemia reperfusion injury. In this paper we discuss recent developments and current
evidence for the role of TLR in cardiovascular disease as well as the therapeutic potential of various compounds on inhibition of
TLR-mediated inflammatory responses.

1. Introduction: Innate Immunity and
Toll-Like Receptors (TLRs)

Historically the immune system has been divided into
the innate and the adaptive immune system. Neutrophils,
eosinophils, basophils, mast cells, monocytes, macrophages,
dendritic cells (DCs), NK cells, NK-T cells, γδ T cells, and
B-1 cells are considered to be cellular members of the innate
immune system which can be activated by signaling through
TLR. In addition, endothelial cells may form part of this
system since they also possess antigen-presenting capabilities
and therefore immune regulation properties apart from their
function as a barrier between tissue and blood [1].

A year after the discovery of the role of drosophila Toll
protein in the host defense against fungal infection [2], a
mammalian homologue was identified, referred to as TLR4
[3]. Since then, 13 members of the TLR family have been
identified in mammals, ten in humans, and twelve in mice.

Mice do not express TLR10 but do express TLR11, TLR12,
and TLR13 [4]. TLR1, TLR2, TLR4, TLR5, TLR6, and TLR11
are displayed on the cell surface while TLR3, TLR7, TLR8,
and TLR9 are localized intracellularly. TLRs are distributed
and differentially expressed in several cell types and tissues.
They are present on polymorphonuclear cells, macrophages,
mast cells, DC, NK cells, T cells, and B cells. Interestingly,
TLR expression has also been detected on cardiac, epithelial,
endothelial, and vascular smooth muscle cells. Moreover,
mesenchymal and parenchymal cells of different organs and
tissue such as kidney, heart, lung, liver, skin, brain and
intestine express TLR, but their functional role and relevance
is not yet fully understood [5].

The molecular weight of TLR ranges between 90 and
115 kDa. The extracellular region of Toll contains leucine-
rich repeat (LRR) motifs whereas the cytoplasmic domain
has similarities with that of the mammalian Interleukin-
1 receptor (IL-1R) family and is designated as Toll/IL-1R
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(TIR) homology domain, containing around 200 amino
acids. Within this domain, the regions of homology comprise
three conserved boxes, which are crucial for signaling.
After ligand binding, TLRs dimerize and undergo the
conformational change required for recruitment of down-
stream signaling molecules. In general, these include the
adaptor molecule, myeloid differentiation primary-response
protein 88 (MyD88), TIR-domain-containing adaptor pro-
tein (TIRAP; also known as MyD88-adaptor-like protein
or Mal), IL-1R-associated kinases (IRAKs), transforming
growth factor-β- (TGF-β-) activated kinase (TAK1), TAK1-
binding protein 1 (TAB1), TAB2, and tumor-necrosis factor
(TNF) receptor-associated factor 6 (TRAF6) [6, 7]. The TLR
family signaling pathway is highly homologous to that of the
IL-1R family and represents the core pathway of all TLR,
except for TLR3. Studies in 2001 revealed the existence of a
MyD88-independent pathway since stimulation of MyD88-
deficient DC with LPS still induced their maturation [8].
Therefore, exposure to LPS induces TLR4-signaling via a
MyD88-dependent as well as MyD88-independent pathway,
which subsequently activates IRF3 [9]. Up to now, TLR3-
signaling is considered to be MyD88 independent [7].
Importantly, there seems to be a difference between TLR
signaling induced by endogenous versus exogenous ligands
which may in part be due to differential TLR signaling
complex formation [10].

2. Toll-Like Receptors in Autoimmune and
Cardiovascular Disease

The concept that innate immune signaling can be triggered
not only by external pathogens but also by endogenous
molecules released in response to tissue injury was first
proposed almost two decades ago by Matzinger [11]. Subse-
quently, it was shown that antigen-presenting cells, namely,
DC, can be activated by a variety of endogenous stimuli
[12]. Since then further advances in this area have been
surprisingly slow and only recently their emerging potential
role in cardiovascular disease has become to be recognized as
summarized in Figure 1 [13].

In this context, several endogenously derived molecules
released from necrotic cells, so-called damage-associated
molecular patterns (DAMPs) or alarmins, have been iden-
tified, which lead to “sterile inflammation” via activation
of TLR. In addition, other molecules released from dying
cells, for example, proteinases also lead to the generation of
extracellular DAMP by degradation of components of the
extracellular matrix or glycocalyx. DAMPs now encompass
a wide range of molecules including heat shock proteins,
high-mobility group box 1 (HMGB1) protein, a chromatin-
binding nuclear protein, ATP, uric acid, heparan sulfate (HS),
hyaluronan, and others [14, 15]. These molecules have been
shown to bind to different TLRs or other molecular pattern
recognition receptors (PRRs) expressed on various cell types
and trigger the release of proinflammatory mediators.

2.1. Atherosclerosis: Interaction of Risk Factors and TLR.
Excessive accumulation of lipids in macrophages resulting in

foam cell formation is a hallmark of atherosclerosis. TLR4
has been shown to contribute to early-stage intimal foam cell
accumulation at lesion-prone aortic sites in ApoE KO mice,
as does TLR2 to a lesser extent [16]. Intimal smooth muscle
cells surround and penetrate early lesions, where TLR4 sig-
naling, enhanced by hypercholesterolemia, promotes lesion
progression by stimulation of acyl-coenzyme A: cholesterol
acyltransferase-1 mRNA expression, cytoplasmic cholesterol
ester accumulation, and monocyte chemoattractant protein-
1 (MCP-1) mRNA and protein expression in a TLR4-
dependent manner. Other TLRs also appear to be involved.
Lipid accumulation in macrophages is closely linked to the
PAT family of proteins (named after perilipin, adipophilin,
and TIP47 (tail-interacting protein of 47 kDa). TLR9-
mediated signaling stimulates perilipin 3 expression and
macrophage accumulation of lipids, especially triglycerides.
Oligodeoxynucleotide (ODN) 1826, an agonist ligand of
TLR9, significantly enhanced perilipin 3 expression in
RAW264.7 cells via upregulation of IL-1α and IFNβ, whilst
chloroquine, a TLR9 inhibitor, virtually completely abol-
ished ODN1826-induced perilipin 3 expression. Inhibitors
of c-jun NH2-terminal kinase and PI3-kinase suppressed the
level of perilipin 3 mRNA induced by ODN1826 [17].

Not all effects of TLR activation, however, may be
detrimental. Soluble forms of human TLR2 (sTLR2) have
been shown to be released by monocytes, and depletion of
sTLR2 resulted in an exaggerated inflammatory response
[18]. Patients with postmyocardial infarction and heart
failure have also been shown to have markedly decreased
sTLR2 compared to controls [19].

Recent studies indicate that neointima formation in a
perivascular collar-induced injury model is reduced by sys-
temic administration of the dsRNA analog poly(I:C) (a TLR3
agonist) in a TLR3-dependent manner. Furthermore, genetic
deletion of TLR3 markedly enhanced the development of
elastic lamina damage after collar-induced injury and accel-
erated the onset of atherosclerosis in hypercholesterolemic
ApoE knockout mice [20]. Collectively, these data suggest
a protective role for TLR3 signaling in the vessel wall.
Taken together, current data indicates that the contribution
of TLR signaling to the progression of the atherosclerotic
process may depend, at least in part, on a balance between
detrimental and protective TLR-mediated mechanisms. This
in turn may depend not only on changes in the relative
expression of appropriate receptors on relevant cell types but
also on the relative availability of endogenous ligands.

2.2. Diabetes, Insulin Resistance, and Other Cardiovascular
Risk Factor Interactions with TLR. Other cardiovascular risk
factors, notably diabetes, obesity, and insulin resistance,
are also associated with a low-grade inflammatory state
that reflects activation of innate immunity associated with
metabolic, environmental, and genetic factors. Evidence
suggests, for example, that resistin, originally described
as an adipose tissue-specific hormone, is involved in
pathologic processes leading to CVD including inflam-
mation, endothelial dysfunction, thrombosis, angiogenesis,
and smooth muscle cell dysfunction. Recent data indicates
that a key mechanism underlying its detrimental effects
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Figure 1: Summary of current data implicating TLR signaling in various cardiovascular disease processes (figure modified from [13]). BMP:
bone morphogenetic protein; Runx2: Runt related transcription factor 2; FGF: fibroblast growth factor; PDGFA: platelet derived growth
factor A; MMP: matrix metalloproteinase; ROS: reactive oxygen species; VSMC: vascular smooth muscle cells; ECM: extracellular matrix;
LDL: low density lipoprotein; CXCL1: chemokine (C-X-C motif) ligand 1; MIP: macrophage-inflammatory protein; ICAM: intracellular
adhesion molecule; iNOS: inducible nitric oxide synthase.

in these processes is that TLR4 serves as a receptor for
the proinflammatory effects of resistin in human cells [21,
22]. This may partly explain the multifunctional role of
resistin in chronic inflammation, atherosclerosis, and insulin
resistance. Similarly, nutritional fatty acids, whose circulating
levels are often increased in obesity, activate TLR4 signaling
in adipocytes and macrophages and the capacity of dietary
fatty acids to induce inflammatory signaling in adipose cells
or tissue and macrophages is blunted in the absence of
TLR4.

Other studies suggest an association between the
Asp299Gly polymorphism of the TLR4 gene and early
onset of diabetic retinopathy in type 2 diabetic patients
[23]. TLR2 and TLR4 expressions as well as signaling have
also been shown to be enhanced in monocytes of patients
with Type 1 diabetes with microvascular complications

[24]. This may contribute to the accentuated proinflam-
matory state and complications of T1DM. Underlying
molecular mechanisms linking these observations appear to
involve complex-formation between advanced glycation end
product-modified oxidized low-density lipoprotein (AGE-
LDL), the receptor for advanced glycation end products
(RAGE), and the scavenger receptor CD36 [25]. Subsequent
activation of downstream signaling pathways induced by
binding of this complex to TLR4 results in activation of
p38-α, JNK, and ERK1 kinases and AP1, Elk1, and NFκB
transcription factors leading to increased production of
TNFα and proinflammatory cytokines. These mechanisms
may partly underlie the increased risk of atherosclerosis
observed in diabetics. Two common polymorphisms in
TLR4, D299G and T399I, were shown in vitro to reduce
the response of TLR4 to LPS but had no effect on
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I/R injury

1) Healthy endothelium
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Therapeutic intervention
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Figure 2: Cardiac I/R injury activates multiple inflammatory pathways such as complement, coagulation, and/or innate immune cells by
binding of danger signals via expressed TLR. LMW-DXS: low molecular weight dextran sulfate, HMGB1: high-mobility group protein box
1, HSP: heat shock proteins.

the AGE-LDL-complex signaling. This supports data from
other studies suggesting that TLR activation by DAMP may
activate alternative downstream proinflammatory pathways
to those induced by pathogen-associated ligands.

3. Toll-Like Receptors in Cardiac I/R Injury

3.1. Toll-Like Receptors as Sentinels of Innate Immunity
in Cardiac I/R Injury. There is an increasing number of
studies demonstrating a major role of TLR in several animal
models of ischemia reperfusion (I/R) injury. Cardiac I/R
injury has a significant clinical relevance as, for example,
in heart transplantation (HTx), myocardial infarction (MI),
or coronary artery bypass graft surgery. Tissue damage
and inflammation occurs after coronary artery occlusion
(ischemia) when reperfusion occurs (restoration of blood
flow). A hallmark of I/R injury is a strong activation of
the innate immune system, that is, activation of com-
plement and coagulation, recruitment of innate immune
cells, cytokine release, formation of reactive oxygen species
(ROS), mitochrondrial dysfunction, as well as apoptosis and
cell necrosis (Figure 2). Studies with TLR deficient mice
have demonstrated a crucial role of TLR2 and TLR4 in
I/R injury-mediated inflammatory responses in the heart
[26, 27]. Kaczorowski et al. showed in a murine cardiac
transplantation model that serum levels of TNF-α, IL-1β,
IL-6, troponin I, and MCP-1 were dramatically reduced in

mice deficient in TLR4 signaling. Furthermore, these mice
had reduced intragraft mRNA levels of TNF-α, IL-1β, IL-
6, EGR-1, ICAM-1, and iNOS [26]. In a mouse model of
myocardial infarction, TLR4 deficiency resulted in less tissue
damage and cardioprotection [28]. A cardioprotective effect
has also been observed for mice deficient for TLR2, for
example, by a reduced infiltration of neutrophils into the
tissue [27]. The exact role of TLR2 however is somewhat
controversial since, in other studies, TLR2 agonist ligands
were reported to induce cardioprotection, mediated via a
TLR2/PI3K/Akt-dependent mechanism [29]. The reason for
these conflicting reports is currently unclear but may reflect
differences between chronic and acute models of I/R injury.

3.2. Interplay of TLR with Other Members of Innate Immunity
in Cardiac I/R Injury. I/R injury leads to the activation of
multiple inflammatory pathways. Furthermore, there is an
active interplay between pathways such as TLR and com-
plement. The release of the nonmuscle myosin from dying
cells is recognized by naturally occurring IgM antibodies,
resulting in complement activation and tissue damage [30].
Interestingly, the anaphylatoxin and complement cleavage
product C5a has been shown to negatively regulate produc-
tion of IL-12 family members such as IL-12, IL-23, and IL-
27 in inflammatory macrophages [31]. Furthermore, mice
deficient in the membrane complement regulator CD55
(DAF) have elevated levels of TNF-α, IL-1β, and IL-6 in
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Table 1: Non selective-TLR antagonists in cardiovascular disease.

Compound
In vitro (TLR inhibition)

In vivo (cardiac I/R injury, HTx)
TLR/cells TLR agonists

LMW-DXS
TLR2 and TLR4/human MoDC [33]
TLR2/human NK cells [50]

TLR2: LTA, Pam3CSK4
TLR4: LPS, HS

MI/pig [48]
HTx/rat [49]
Xeno HTx/hamster-to-rat [92]

IVIg
TLR4/human MoDC [64]
TLR9/human B cells [66]

TLR4: LPS
TLR9: CpG Oligos

HTx/human [63]

C1-INH
TLR4/murine macrophage cell line
RAW264.7 [70]

TLR4: LPS
MI/pig [68]
MI/cat [69]
HTx/human [63]

ATIII TLR4/human monocytic cell line THP1 [75] TLR4: LPS HTx/mice [76]

α1AT TLR4/human monocytes [79] TLR4: LPS MI/mice [80]

rHDL TLR4/human monocytes [87] TLR4: LPS MI/rat [86]

Statins
TLR4/human monocytes [89]
TLR4/human MoDC [90]

TLR4: LPS
MI/human [93]
HTx/human [88]

HS: heparan sulfate; HTx: heart transplantation; MI: myocardial infarction; MoDC: monocyte-derived dendritic cells: LTA: lipoteichoic acid; LPS:
lipopolysaccharide.

response to TLR agonists, whereas the levels of IL-12p40 are
slightly decreased [32].

Interestingly, the endogenous TLR4 ligand heparan
sulfate (HS) has been shown to induce the production
of complement proteins C1q or C3 by human monocyte-
derived DC (MoDC) [33] whereas exogenous LPS reduced
secretion of C1q [34]. In addition, exogenous C1q seems to
potentiate the LPS-induced secretion of IL-12p70 by human
MoDC in vitro [35]. Another study has reported decreased
levels of IL-12p70 secretion by DC after LPS-challenge in
patients deficient for C1q [36].

Another important characteristic of I/R injury is the
very low oxygen level during ischemia. Hypoxia induces
the expression of the transcription factor hypoxia-inducible
factor-1α (HIF-1α) which has been described as a key
regulator of a broad range of cellular and systemic responses
to hypoxic conditions. Recent studies suggest a cross-talk
between HIF-1α and TLR. It has been shown that stimulation
of human MoDC with LPS under hypoxic conditions
resulted in a significantly higher expression of the costimula-
tory molecules CD80 and CD86 [37]. The same synergistic
effect was observed for murine bone-marrow-derived DC
[38]. In addition, HIF-1α regulates the expression of VEGF
and endothelin-1 (ET-1), a potent vasoactive peptide known
to be involved in cardiac I/R injury [39]. Stimulation of
macrophages as well as MoDC with TLR agonists induces the
secretion of VEGF and ET-1 [40, 41].

3.3. Strategies to Inhibit TLR Activation in Cardiac I/R
Injury. Specific inhibition of TLR2 with a monoclonal
antibody has been demonstrated to attenuate myocardial
I/R injury in mice [42]. Similarly, eritoran, a synthetic
lipid-A analogue which inhibits TLR4 signaling, was ben-
eficial in a mouse model of myocardial infarction [43].
It should be noted however that I/R injury is a mul-
tifactorial injury involving many different inflammatory
pathways and to target one single pathway might not be

sufficient. Hence, combination therapies may show greater
efficacy.

To date several compounds have been described, many
of them already routinely used in the clinics for other
indications, which have been shown to inhibit TLR signaling
in vitro and to possess therapeutic potential in animal models
of MI or HTx. Therefore, we will discuss in the following
paragraphs compounds which have shown to have anti-
inflammatory activity on various pathways of cardiac I/R
injury such as the coagulation or complement cascade,
TLR signaling, leukocyte recruitment, NK cell activation,
maturation of DC, and others (summarized in Table 1).

3.3.1. Low Molecular Weight Dextran Sulfate (LMW-DXS).
Low molecular weight dextran sulfate (LMW-DXS, MW:
5000 Dalton) has various anti-inflammatory properties.
Inhibition of all three activation pathways of complement
is mediated by binding to factor H [44] and enhance-
ment of the activity of C1-INH [45]. Furthermore, LMW-
DXS inhibits coagulation by enhancing the anticoagulatory
activity of antithrombin III (ATIII) and C1-INH against
activated factor XI [46]. Interestingly, LMW-DXS interferes
with platelet adhesion [47] and has beneficial effects in
different animal models of cardiac I/R injury. In a pig
model of acute myocardial I/R injury, LMW-DXS signif-
icantly reduced infarct size [48] and facilitated anti-CD4
mAb-induced long-term cardiac allograft survival in rats
despite prolonged cold graft ischemia [49]. LMW-DXS also
inhibited TLR2- and TLR4-mediated maturation of human
MoDC and prevented the upregulation of costimulatory
molecules including CD40, CD80, and CD86 on MoDC in a
dose-dependent manner. Secretion of the proinflammatory
cytokines TNF-α, IL-6, and IL-1β was also significantly
reduced. As a functional consequence of these effects,
antigen-presentation to T cells was prevented. TLR-induced
signal transduction, phosphorylation of IκB-α, as well as
activation of the downstream proinflammatory transcription
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factor NFκB were also inhibited by LMW-DXS [33]. An asso-
ciated in vitro study showed similar effects of LMW-DXS on
TLR2-mediated activation of human NK cells. Phenotypic
activation was significantly inhibited by LMW-DXS as shown
by a reduced upregulation of CD25, CD56, CD69, as well
as NKp44. Furthermore, release of IFNγ was significantly
reduced and degranulation of NK cells was attenuated as
evaluated by the upregulation of CD107a [50]. LMW-DXS
also interferes with activation of MoDC by the endogenous
TLR4 ligand, heparan sulfate proteoglycan (HSPG). This is
rapidly released from the vascular endothelial surface under
conditions of inflammation and tissue damage [51–53] by
proteolytic cleavage of the protein core or by endoglycolytic
cleavage of the HS chains [53, 54]. In the plasma of vascular
surgery patients, elevated levels of syndecan-1 and HS were
found as early as 15 minutes after reperfusion [55]. Free
HS has been considered to act as DAMP, since it induces
maturation of macrophages and DC via TLR4 [56–58].

Overall, LMW-DXS is well tolerated in humans and
induces an increase in the anti-inflammatory hepatocyte
growth factor (HGF) in plasma [59]. In addition it not
only acts as a complement and coagulation inhibitor but
also modulates innate immune cells as, for example, shown
by inhibition of NK cell activation. Moreover, the crosstalk
between innate and adaptive immunity is prevented by
inhibition of TLR-mediated maturation of DC. Hence,
LMW-DXS and similarly acting, nontoxic inhibitors of
complement, coagulation, and TLR activation may be
of therapeutic interest for the prevention of cardiac I/R
injury.

3.3.2. Intravenous Immunoglobulins (IVIgs). IVIg products
are derived from pooled human plasma of thousands of
donors and have been used for decades as replacement
therapy for patients with hypogammaglobulinemia, such
as X-linked agammaglobulinemias or common variable
immunodeficiencies. In addition, anti-inflammatory therapy
with high-doses of IVIg is used clinically in a variety of acute
or chronic autoimmune disease as, for example, Idiopathic
Thrombocytopenic Purpura (ITP), Kawasaki Disease, or
Guillain Barré Syndrome. Several anti-inflammatory prop-
erties of IVIg have been described for IVIg preparations
including complement inhibition, anticytokine antibodies,
inhibition of leukocyte rolling, induction of T regulatory
cells, and others as published and reviewed by others [60–
62]. Importantly, IVIg has successfully been used in the clinic
as a combination therapy for a patient undergoing cardiac
transplantation [63]. A few reports have demonstrated an
inhibitory effect of IVIg on TLR-mediated activation of
immune cells in vitro. One study investigated the effect of
IVIg on differentiation of monocytes into MoDC as well as
the effect of IVIg on TLR4-mediated maturation of MoDC.
Pretreatment of MoDC with IVIg followed by stimulation
with LPS resulted in reduced upregulation of the costim-
ulatory molecules CD40, CD80, and CD86. Furthermore,
upregulation of MHC class II, the key molecule for antigen-
presentation, was prevented by IVIg. Interestingly, LPS-
induced secretion of IL-12p70 was inhibited whereas the

anti-inflammatory cytokine IL-10 was significantly upreg-
ulated. No inhibition was observed for the secretion of
the proinflammatory cytokine TNF-α. Importantly, DC-
mediated T cell proliferation analyzed in mixed leukocyte
reaction (MLR) with allogeneic T cells was reduced by
IVIg [64]. A recent study has further investigated the effect
of IVIg on the differentiation of CD14 positive human
monocytes into MoDC. Ballow and Allen demonstrated
that IVIg primarily modulates the differentiation of “TLR-
primed” monocytes before subsequent differentiation into
MoDC by IL-4 and GM-CSF. Interestingly, priming with poly
I/C (TLR3 agonist) in combination with IVIg did not result
in an increase of CD83 expression, as observed for the other
used TLR agonists [65]. Controversial results were observed
regarding DC-induced proliferation of allogeneic T-cell. This
study demonstrated an increase of T cell proliferation by
IVIg-differentiated DC [65] whereas Bayry et al. have shown
a decrease of T cell proliferation [64].

The effect of TLR9 stimulation by CpG oligonucleotides
on B cells of SLE patients as well as healthy donors has been
investigated. Coincubation of B cells with IVIg (10 mg/ml)
and CpG oligos resulted in a decreased secretion of IL-6 as
well as IL-10. IVIg had a similar inhibitory effect on the
activation of human B cells isolated from SLE patients and
healthy controls [66].

It would be of interest if IVIg also interferes with cell
activation induced by DAMP. As shown by Bayry et al., IVIg
preparations contain specific LPS antibodies [64]. Therefore,
some of the observed inhibitory effects might be explained
by binding and neutralization of the exogenous agonist used,
namely LPS.

3.3.3. C1-Esterase Inhibitor (C1-INH). C1-INH has been
reported to have various anti-inflammatory properties. Ini-
tially C1-INH has been characterized as a potent inhibitor
of the classical pathway of complement activation. Follow-
up studies provided evidence for inhibition of the mannan-
binding lectin as well as the alternative pathway of comple-
ment activation. Protease inhibition has been reported for
kallikrein, factor XI, factor XII, plasmin, tissue plasminogen
activator (tPA), and thrombin. Furthermore, binding to
neutrophils, macrophages, and endothelial cells (ECs) has
also been shown [67]. In the clinic, C1-INH is commonly
used to treat patients with C1-INH deficiencies who suffer
from Hereditary Angioedemia (HAE).

In vivo, treatment with C1-INH has been demonstrated
to be beneficial in different models of cardiac I/R injury
[68, 69]. In addition, C1-INH has successfully been used
as a combined therapy for a patient undergoing cardiac
transplantation [63]. Only one study has investigated the
effect of C1-INH on TLR4-mediated activation of a murine
macrophage cell line. Inhibition of LPS-mediated activation
of murine macrophages seems to be mediated by binding
and neutralization of LPS by C1-INH [70]. N-glycosylation
of the protein seems to be important for binding of LPS
[71]. Interestingly, C1-INH also binds to graft EC, while
still maintaining its function as complement inhibitor as
shown in a model of ex vivo perfused porcine livers [72] and
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could therefore potentially be used as an additive to organ
preservation solutions in order to protect the graft from I/R
injury.

3.3.4. Antithrombin III (ATIII). ATIII is a major inhibitor of
the coagulation system and acts as a potent inactivator of
thrombin and factor Xa. Clinically, ATIII concentrates are
used to treat inherited ATIII deficiencies [73]. Apart from
coagulation inhibition, ATIII has been shown to interfere
with leukocyte adhesion in vitro and in vivo [74]. ATIII also
possesses effective anti-inflammatory properties. Mansell
et al. have demonstrated an inhibitory effect of ATIII on
TLR4-mediated nuclear translocation of the proinflamma-
tory transcription factor NFκB in the human monocytic
cell line THP1 [75]. There are no other reports so far
showing an inhibitory effect of ATIII on other TLR agonist-
induced activation of immune cells. Interestingly, in a mouse
model of cardiac transplantation, high doses of ATIII have
been shown to induce long-term graft survival. Induction
of regulatory cells by ATIII has been suggested but not
demonstrated by the authors [76].

3.3.5. Alpha-1 Antitrypsin (α1AT). α1AT is routinely used in
the clinic to treat patients with α1AT deficiency and lung
emphysema. α1AT is a potent inhibitor of the neutrophil
enzyme elastase. An imbalance between α1AT and elastase
increases the risk of emphysema [77]. In a mouse model of
silica-induced inflammation, influx of granulocytes in the
lungs was significant inhibited by α1AT. Interestingly α1AT
inhibited activation of the proinflammatory transcription
factor NFκB in lungs [78]. An in vitro study investigated the
effect of α1AT on the TLR4-mediated activation of human
primary monocytes. Only long-term (18 hours) cell exposure
to a1AT inhibited LPS-induced upregulation of the proin-
flammatory mediators TNF-α, IL-1β, and IL-8. In contrast,
short-term exposure to α1AT/LPS increased the expression
of TNF-α, IL-1β, and IL-8. Furthermore, long-term exposure
of monocytes to α1AT/LPS decreased the surface expression
of CD14 and TLR4 [79]. Recently, a study performed by
Toldo et al. demonstrated a beneficial effect of α1AT in
a mouse model of myocardial infarction. Infarct size was
significant reduced in the group treated with α1AT compared
with the control treated with albumin. In addition, α1AT
treatment significantly reduced cytokine/chemokine tissue
levels of IL-6, IL-10, IL-17, TNF-α, and MCP-1 [80]. Further
investigations are necessary to determine the molecular
mechanism of α1AT mediated inhibition of TLR-induced
activation of cells. Interestingly, it has been speculated by
Johnson et al. that elastase released by activated neutrophils
might be a major in vivo mechanism by which HS is cleaved
from the surface of vascular EC and subsequently induces
inflammation via TLR4 [81].

3.3.6. Reconstituted High-Density Lipoprotein (rHDL). A
beneficial effect of treatment with reconstituted High-
Density Lipoprotein (rHDL), containing apolipoprotein A-
I and phosphatidylcholine (PC), has been described in
multiple diseases including arteriosclerosis, MI, stroke, and

endotoxemia. rHDL has been reported to inhibit upreg-
ulation of inflammatory adhesion molecules like ICAM-1
(CD54), VCAM-1 (CD106) and E-selectin (CD62E), on EC
[82] as well as reduce thrombin-induced tissue-factor (TF)
expression [83]. Furthermore, a recent study in humans
has shown that rHDL reduces plasma levels of TNF-α and
expression of CD11b on monocytes [84]. Protection against
cardiac I/R injury has been demonstrated in ex vivo perfused
rat hearts in association with a reduced cardiac content of
TNF-α and enhanced secretion of prostaglandin [85]. In vivo,
rHDL has been shown to prevent left ventricle remodeling
and improve heart function after MI. Nitric oxide levels
in plasma were significantly reduced in the rHDL-treated
group, whereas no decrease in IL-6 levels was observed
[86]. An effect of rHDL on TLR4-mediated inflammation
has been demonstrated in gram-negative sepsis via binding
and neutralizing LPS and reduction of CD14 expression on
monocytes [87]. Overall, rHDL attenuates the proinflamma-
tory effects of many mediators of innate immunity.

3.3.7. Statins. HMG-CoA reductase inhibitors, namely,
statins, have been reported to have broad anti-inflammatory
biological properties. In a single center study of HTx patients,
statins are even thought to have immunosuppressive prop-
erties. Lipid lowering therapy was strongly associated with
an improvement in one-year survival of the patients whereas
no difference was reported regarding graft rejection [88].
In addition, statins have been demonstrated to inhibit the
upregulation of CD86 as well as MHC class II on MoDC and
as consequence, allogeneic T cell activation and proliferation
was prevented.

Interestingly, pretreatment of primary human mono-
cytes with atorvastatin and simvastatin significantly inhibited
the secretion of IL-6, IL-12, and TNF-α. In addition, LPS-
induced upregulation of the costimulatory molecule CD80
was significantly inhibited by both statins. Furthermore,
atorvastatin as well as simvastatin induced a decrease in
TLR4 expression at the protein as well as the mRNA level
in human monocytes [89]. In addition, statins have been
demonstrated to inhibit the upregulation of CD86 as well as
MHC class II on MoDC and as a consequence, allogeneic T
cell activation and proliferation were prevented [90].

4. Discussion

Accumulating evidence indicates that TLR may play impor-
tant roles in the pathogenesis of atherosclerosis, microvascu-
lar complication of diabetes, viral myocarditis, dilated car-
diomyopathy, cardiac allograft rejection, and sepsis-induced
left ventricular dysfunction. Moreover, heart failure of
diverse etiology is also now recognized to have an important
immune component, with TLR signaling influencing the
process of cardiac remodeling and prognosis. In cardiac I/R
injury, studies with TLR2 and TLR4 deficient mice have
suggested a crucial involvement of these receptors in the early
process of inflammation. In addition, blockade with TLR2
or TLR4 antagonists has been shown to have a beneficial
effect in MI [42, 43]. Several danger molecules or DAMP
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Table 2: Selective-TLR antagonists in cardiovascular disease.

Compound Target Indication Drug class Clinical phase Company

OPN-305 TLR2
Inflammation,
autoimmunity, I/R injury

Antibody Preclinical Opsona Therapeutics

Eritoran TLR4
Sepsis
I/R injury (preclinical)

Synthetic
lipopolysacharide

Phase III Eisai Pharmaceuticals

TAK-242 TLR4 Sepsis, inflammation Small-molecule inhibitor Discontinued in phase III Takeda

NI-0101 TLR4
Inflammation, autoimmunity,
CVD, I/R injury, and so forth

Antibody Preclinical Novimmune

IMO-3100
TLR7 and

TLR9
SLE, RA, MS, atherosclerosis DNA-based compound Preclinical Idera Pharmaceuticals

CVD: cardiovascular disease; MS: multiple sclerosis; RA: rheumatoid arthritis; SLE: systemic lupus erythematosus; I/R: ischaemia reperfusion.

identified in vitro are suggested to be the ligands of TLR and
therefore the initiators of sterile inflammation, but overall,
there is still no direct evidence in vivo that these molecules
are the drivers of the inflammatory process. Cardiac I/R
is a multifactorial injury resulting in the activation of
several proinflammatory pathways such as the complement
or coagulation system (Figure 2). Inhibition of complement
has been demonstrated to be cardioprotective in I/R injury
but had no effect on patients treated with fibrinolysis for
acute MI [91]. There are several compounds described,
most of them already routinely used in the clinic to treat
patients, for example, C1-INH or IVIg, which inhibit various
proinflammatory pathways including TLR. Antagonism of
these pattern recognition receptors might contribute to the
observed therapeutic effect of these substances shown in
various animal models of cardiac I/R injury. Most of the
“nonselective” TLR antagonists summarized in Table 1 seem
to mainly target TLR4, but in almost all studies, only LPS
was used as activating agent. Whether these compounds
might also inhibit TLR signaling induced by other TLR
ligands, exogenous as well as endogenous, remains to be
investigated. Despite the large amount of evidence, based
largely on animal studies, that TLRs are involved in a
wide range of pathological cardiovascular processes, clinical
translation of therapeutic targeting of TLR in CVD in
man is still in the early stages. Two TLR4 antagonists,
E5564 (Eritoran) by Eisai, Inc., and TAK-242 by Takeda
Pharmaceutical Company, have been used in phase III
clinical trials for the management of severe sepsis where
the drugs ware largely well tolerated. For cardiovascular
diseases, Eritoran also showed some preclinical benefits
and attenuated myocardial I/R injury by inhibiting TLR4.
Currently, there are no additionally published clinical trial
data looking at TLR antagonists as a therapeutic for CVD
(Table 2).

This slow progress may have several causes. In most
cases, it is unclear as to how and to what extent various
TLR receptors and signaling pathways are altered in different
CVDs. In virtually all cases, how the complete family of
TLR is altered in different disease states is unknown. This
may have various consequences particularly if activation
of specific TLR has protective effects. Effective therapeutic
intervention may require antagonist blockade of detrimental

receptors and simultaneous agonist treatment of beneficial
TLR receptor responses. Another major drawback may be
the limitations of currently used animal models to mimic
the clinical entity being targeted. In most cases, CVD occurs
against a background of one or more other pathological
processes such as hyperlipidemia, atherosclerosis, and hyper-
glycemia each of which may differentially modify the TLR
receptor and signaling profile in any given tissue or cell
type. Rarely are experimental therapeutic profiles performed
in atherosclerotic prone diabetic mice when evaluating, for
example, peripheral arterial disease. Until the profiles of TLR
changes are fully understood, it is unlikely that monotherapy
targeting a single TLR entity will prove to be effective in
treating CVD.

Thus, more experiments are warranted to study the
detailed profile of TLR changes in CVD and the differential
or additive effects of one or more risk factors that are known
to influence disease progression or outcome.

Abbreviations

CVD : Cardiovascular Disease
DC : Dendritic cell
DAMP : damage-associated-molecular-pattern
HTx : Heart Transplantation
I/R injury : Ischemia/Reperfusion injury
IVIg : Intravenous Immunoglobulins
LMW-DXS : Low molecular weight dextran sulfate
MI : Myocardial infarction
MoDC : monocyte-derived dendritic cells
TLR : Toll-like receptors.
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Peripheral Arterial Disease (PAD) is a cause of significant morbidity and mortality in the Western world. Risk factor modification
and endovascular and surgical revascularisation are the main treatment options at present. However, a significant number of
patients still require major amputation. There is evidence that nitric oxide (NO) and its endogenous inhibitor asymmetric
dimethylarginine (ADMA) play significant roles in the pathophysiology of PAD. This paper reviews experimental work implicating
the ADMA-DDAH-NO pathway in PAD, focussing on both the vascular dysfunction and effects within the ischaemic muscle, and
examines the potential of manipulating this pathway as a novel adjunct therapy in PAD.

1. Introduction

Peripheral arterial disease (PAD) is a disorder characterised
by the progressive occlusion of the large- and medium-sized
arteries outside of the cardiopulmonary and cerebral vascu-
lar systems. It causes considerable morbidity and mortality,
affecting over 2.7 million individuals in the Western world
[1] and most commonly manifests itself in the reduction of
blood flow to the lower limbs, which in severe cases lead to
chronic pain, gangrene, and eventually limb loss. Risk factors
include tobacco smoke, diabetes mellitus, hypertension, and
hypercholesterolaemia.

At a molecular level, dysfunction of the vascular endothe-
lium, in particular, disruption of the nitric oxide (NO)
pathway [2], plays a significant role. NO is a vasodilator
synthesized by the enzyme nitric oxide synthase (NOS) [3]
and has a number of important endocrine and paracrine
effects, including reduction of vascular smooth muscle tone;
inhibition of platelet adhesion and aggregation; suppression
of inflammatory mediators; inhibition of smooth muscle
proliferation and migration; and promotion of endothelial
survival and repair [4].

There have been significant efforts to elucidate the pa-
thophysiological role of the NO pathway in cardiovascular
diseases, with recent discoveries of endogenous NO inhib-
itors adding further complexity [5], but this has yet to be
translated into clinically significant therapies.

This paper aims to outline the current knowledge on NO
pathway dysfunction in PAD, including recent developments
in understanding the role of asymmetric dimethylarginine
(ADMA) and dimethylarginine dimethylaminohydrolase
(DDAH); it will also explore potential therapeutic strategies
based on the manipulation of this pathway.

2. The Nitric Oxide Pathway

NO is synthesised from L-arginine by NOS, of which there
are three isoforms [6]: NOS I or neuronal NOS (nNOS) was
originally isolated from rat and porcine cerebellum; NOS II
or inducible NOS (iNOS) from activated macrophages; NOS
III or endothelial NOS (eNOS) from endothelial cells.

All 3 NOS isoforms are competitively inhibited by
the methylarginines ADMA and monomethyl-arginine (L-
NMMA) which are by-products of protein degradation [7].
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Figure 1: The nitric oxide pathway.

Both ADMA and L-NMMA are predominantly broken down
by the enzyme DDAH into L-citrulline and dimethylamine
[8], of which there are two isoforms [9]: DDAH I, found
predominantly in tissues expressing NOS I, liver, kidney, and
lung; and DDAH II, found in tissues expressing NOS III and
NOS II, vascular endothelium, heart, placenta, and kidney.
Both isoforms have been found to be expressed in vascular
endothelium [9] (Figure 1).

ADMA’s role in vascular endothelial dysfunction was
first described by Vallance et al. in patients with end-stage
chronic renal failure, whose serum ADMA is raised due, in
part, to decreased renal clearance [10]. Further studies in
similar patients have shown a positive correlation between
ADMA levels and cardiovascular morbidity and mortality
[11]; whilst reduction of ADMA levels by renal dialysis helps
to restore endothelial function [12].

Other studies have demonstrated a correlation between
ADMA accumulation and cardiovascular risk as well as other
disease states [5]. Lu et al. showed that serum ADMA levels
have a positive correlation with the severity and extent
of coronary artery atherosclerosis [13]; Worthmann et al.
demonstrated a similar correlation between ADMA levels
and adverse prognosis in ischaemic stroke [14]; and ADMA
has been found to have significant roles in renal disease [15],
pulmonary artery hypertension [16], and erectile dysfunc-
tion [17].

The accumulation of ADMA and consequent endothelial
dysfunction, increased systemic vascular resistance, and in-
creased systemic blood pressure have been shown to be

due to reduced DDAH expression [18]. Upregulation of
DDAH I and DDAH II in human umbilical vein endothelial
cells (HUVECs) by adenoviral vectors leads to a fall in
ADMA and an increase in NO [7]. Similarly, upregulation of
DDAH I and II in DDAH I+/− mice was found to attenuate
the cardiovascular stress response, enhance acetylcholine-
mediated relaxation, and counteract the response to excess
ADMA; DDAH upregulation helps to reverse the cardiovas-
cular dysfunction inherented in these animals [7].

However, DDAH I appears to be the main isoform re-
sponsible for ADMA metabolism: DDAH I knockout mice
demonstrated significantly raised ADMA levels and systolic
blood pressure compared to wild types, despite DDAH II
expression remaining normal [19].

These studies suggest that DDAH manipulation may be a
useful tool in the treatment of cardiovascular disease.

3. Peripheral Arterial Disease (PAD)

In PAD, lower limb ischaemia results in intermittent clau-
dication: this describes pain in the affected muscle groups
brought on by exercise and relieved by resting. In more
severe PAD, critical limb ischaemia (CLI) occurs: the patient
experiences chronic pain at rest, with blood flow to the limb
compromised to the extent that the affected limb is at risk,
with development of ulcers and gangrene.

The Fontaine classification [20] stratifies these symptoms
to correlate with severity of the disease (Table 1).
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Table 1: Fontaine Classification: stages III and IV are also known as
CLI.

Stage I Asymptomatic

Stage II Intermittent claudication, no rest pain

IIa When walking a distance of greater than 200 m

IIb When walking a distance of less than 200 m

Stage III Nocturnal pain and/or pain at rest

Stage IV Tissue loss: ischaemic ulcers and/or gangrene

Current therapies for CLI centre on restoring blood
flow to the affected limb by surgical and/or endovascular
procedures. Unfortunately, of all patients presenting with
CLI, only 50% will have disease amenable to revascularisa-
tion with 25% requiring a primary amputation. The overall
prognosis of these patients is also poor: within a year of
presentation, a quarter of the patients would have died, 30%
would have had a major amputation, and 20% continue to
suffer from CLI [1].

There is evidence that the NO-ADMA-DDAH pathway
plays an important role in PAD. Evidence of systemically
impaired NO synthesis has been described by Böger et al.
who showed urinary nitrate and cGMP excretion to diminish
in PAD patients as the disease progressed [2]. This group
also demonstrated that intravenous L-arginine administra-
tion induced NO-mediated vasodilation, increasing femoral
blood flow in patients with CLI, resulting in improved
walking distances and symptom scores [21]. Furthermore,
raised plasma ADMA levels have also been shown to correlate
with disease severity in PAD patients [5], implicating the
involvement of ADMA.

NO also promotes angiogenesis, activating vascular en-
dothelial growth factor and fibroblast growth factor [22].
Administration of NO antagonists to canine coronary
ischaemia models has demonstrated that NO is an important
mediator of new vessel growth [23]. This mechanism of
stimulation of new blood vessel development to supply
ischaemic tissue has been proposed as a possible treatment
for PAD, but clinical results have so far been disappointing.
The formation and persistence of new blood vessels is likely
to be multifactorial, involving a complex interaction between
chemokines and mechanical forces [24]. In addition, con-
tinued exposure to cardiovascular risk factors, such as
hypercholesterolaemia and hyperglycaemia, has been shown
to have a deleterious effect on the NO pathway [25, 26].

However, the NO-ADMA-DDAH pathway role in PAD
is not confined to vascular dysfunction: NO-ADMA-DDAH
interaction is known to play significant parts in the function,
homeostasis, and repair of skeletal muscle. Weight for weight,
this is the most abundant tissue in the lower limb and
the majority of PAD symptoms are attributable to skeletal
muscle ischaemia; it can almost be regarded as a “target
organ” of PAD. Hence, the NO-ADMA-DDAH pathway
within ischaemic skeletal muscle represents a significant facet
of potential CLI therapy.

4. NO in Skeletal Muscle

Skeletal muscle has been shown to express both NOS I
and NOS III: NOS I is localized to the sarcolemma, and
NOS III associated with mitochondria and microvessels
within the tissue [27]. Within skeletal muscle, NO acts
as an endogenous modulator of vascular tone [28, 29],
neuromuscular transmission [30], muscle contraction [31,
32], muscle metabolism [27] and myogenesis [33]. Its role
in the regulation of muscle contraction is complex and
is influenced by the muscle fibre type and contraction
pattern and frequency involved [31]. NO has a number of
effects on skeletal muscle metabolism [27]. It affects glucose
metabolism, upregulating glucose uptake and inhibiting
glycolysis [34]; it has a direct inhibitory effect on mitochon-
drial respiration [35]; and it antagonises creatinine kinase
activity, decreasing phosphocreatine breakdown, limiting
muscle function [36].

NO plays a role in myogenesis as well as repair and
regeneration following injury. It has been shown to mod-
ulate the inflammatory response to injured skeletal muscle,
controlling blood flow to the injured tissue, and affecting
subsequent remodelling and repair [37]. In experimental
models of muscle crush injury, upregulation of local NO has
been demonstrated [38], inhibiting adhesion and inducing
apoptosis in inflammatory cells [39]. NOS is activated in
response to stretch in skeletal muscle, mediating the release
of hepatocyte growth factor and activating mononuclear pro-
genitor cells called satellite cells (SC), which are responsible
for post-injury remodelling [40].

Tidball et al. showed that the addition of exogenous
NO upregulated the expression of structural proteins within
mouse myotubes and found that NOS antagonists inhibited
this, suggesting a regulatory role for NO in myogenesis [33].

In addition to local effects, NO appears to play a part in
the systemic inflammatory response: experimental rats with
peritonitis or septic shock have been shown to have increased
expression of NOS in their skeletal muscle [41].

However, NO has also been shown to have deleterious
effects, reacting with superoxide anions to form harmful
nitrogenous intermediates which are directly toxic to skeletal
muscle and inhibit mitochondrial function [41, 42].

5. NO in Ischaemia

Impaired NO-mediated vasodilation has been found in
postischaemic tissue such as myocardium [43], brain [44],
and skeletal muscle [45]. There is a complex interaction
between ischaemia and the NOS isoforms, with both up- and
downregulation reported in ischaemic models; for instance,
rat brain oxygen-glucose-deprivation models have shown
NOS II to be upregulated in response to ischaemia, which
in turn causes a downregulation of NOS I [46]; however,
ischaemic preconditioning of rat liver has been shown to
upregulate NOS III [47].

In skeletal muscle from patients with CLI, we have
previously found raised NOS III expression associated with
both microvessels within ischaemic muscle sections as well
as the muscle fibres themselves [48]. However, this was not
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Figure 2: ADMA/DDAH pathway in ischaemic muscle—preliminary data. (a) Western blot showing reduced DDAH2 expression in muscle
biopsies from patients with CLI. Lanes 1–4: control, 5–8: CLI muscle. (b) ELISA showing significantly higher ADMA levels in muscle from
patients with CLI (P = 0.03, Mann Whitney U test). (c) Western blot showing reduced DDAH2 expression in hypoxic myotubes (C: control,
H: hypoxia). (d) Conditioned medium from hypoxic C2C12 myotubes contained elevated levels of ADMA compared to medium from
myotubes cultured in normoxia. (P < 0.05, Student′s t-test). Medium from HMEC-1 cells was used as positive control.

associated with an increase in NOS activity. The involvement
of endogenous inhibitors may explain this and recent
preliminary data suggesting that ADMA levels in muscle
homogenates from patients with CLI are raised (Figures
2(a) and 2(b)). In addition, DDAH2 protein levels are also
upregulated in these ischaemic muscle biopsies.

To study the potential role of the ADMA/DDAH pathway
in skeletal muscle further, we evaluated their levels in my-
otubes cultured in ischaemic conditions in vitro. We found
reduced DDAH2 expression in ischaemic myotubes, whilst
ADMA levels were elevated in ischaemic myotube condi-
tioned media (Figures 2(c) and 2(d)).

Whilst the majority of studies have focussed on ADMA
associated with the vasculature/endothelial cells, our findings
from our in vitro studies suggest that ischaemic myotubes
may be a source of ADMA which can then act in a paracrine
fashion on surrounding endothelial cells or in an autocrine
manner on myotubes themselves with potentially detrimen-
tal effects.

Fiedler et al. found that ADMA impairs vascular endo-
thelial growth factor (VEGF) mediated angiogenesis, and
that this was prevented by upregulation of DDAH [49].
Increased levels of ADMA produced by ischaemic muscle
may prevent angiogenesis in PAD patients and may be a
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factor in the failure of angiogenesis induction as a clinical
therapeutic approach.

6. Manipulation of the ADMA-DDAH Pathway

Control of NO levels by manipulating the ADMA-DDAH-
NO pathway represents a significant avenue for potential
early PAD treatment.

As L-arginine is the main precursor for NO production
(Figure 1), an increase in the availability of substrate ought
to result in an increase in NO. However, there is conflicting
evidence as to whether L-arginine supplementation has a
clinically significant benefit in cardiovascular disease: Sydow
and Münzel [50] showed that L-arginine improved radial
artery dilatation, in contrast to Walker et al’s findings
that vasodilatation was independent of oral L-arginine
supplementation [51]. In PAD, the Nitric Oxide in Peripheral
Arterial Insufficiency (NO-PAIN) study randomized 133
patients with intermittent claudication to oral L-arginine
versus placebo for 6 months. Whilst L-arginine supple-
mentation increased plasma L-arginine levels, there was no
improvement in NO availability or vascular function. This
was in contrast to earlier, smaller studies of shorter duration
demonstrating a beneficial effect of L-arginine in PAD
patients [21]. A mechanism of “arginine-tolerance” was pro-
posed, in a similar manner to “nitrate-tolerance”, observed in
prolonged nitroglycerine use. More disappointingly, whilst
both groups in the NO-PAIN study showed improvement
in absolute walking distance, the improvement in the L-
arginine group was significantly less than the placebo group
[52].

An alternative strategy to increase NO levels may be
to reduce ADMA levels by enhancing DDAH activity or
expression. Nebivolol [53], pioglitazone [54], pravastatin
[55], and fenofibrate [56] have all been shown to decrease
ADMA by upregulating DDAH in vitro. Clinically, Sen et al.
demonstrated an increase in circulating NO and a decrease in
ADMA, coupled with improvement in symptoms in patients
with ischaemic heart disease treated with the selective beta1-
adrenergic receptor antagonist nebivolol [47]. Nishiyama et
al. found that the statin, pravastatin reduced serum ADMA
in patients with cerebrovascular disease [57].

In PAD, upregulation of DDAH at a local level to reduce
ADMA levels within the ischaemic muscle may be of benefit
in a number of ways: it may improve microvascular function
and local tissue perfusion; it may improve the results of
therapeutic angiogenesis by reducing the antiangiogenic
environment; or it may improve muscle contractile and
metabolic function and perhaps reduce tissue damage. In
patients with CLI, such strategies may be used as an adjunct
to improve the results of revascularisation techniques as well
as reduce tissue damage in patients with non-reconstructable
disease. They may also be of benefit to patients with earlier
disease to prevent disease progression.

7. Conclusion

There is considerable evidence that disruption of the NO
pathway plays a major role in the pathogenesis of PAD.

ADMA in particular, through its actions on NOS III, has
been shown to be an important modulator of NO. Early work
suggests that local or systemic manipulation of ADMA, by
upregulating DDAH, may prove to be a novel treatment for
PAD.
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The term angiogenesis describes the growth of endothelial sprouts from preexisting postcapillary venules. More recently, this term
has been used to generally indicate the growth and remodeling process of the primitive vascular network into a complex network
during development. In adulthood, angiogenesis is activated as a reparative process during wound healing and following ischemia,
and it plays a key role in tumor growth and metastasis as well as in inflammatory diseases and diabetic retinopathy. MicroRNAs
(miRNAs) are endogenous, small, noncoding RNAs that negatively control gene expression of target mRNAs. In this paper, we aim
at describing the role of miRNAs in postischemic angiogenesis. First, we will describe the regulation and the expression of miRNAs
in endothelial cells. Then, we will analyze the role of miRNAs in postischemic vascular repair. Finally, we will discuss the role of
circulating miRNAs as potential biomarkers in ischemic diseases.

1. Introduction

Postnatal neovascularization occurs in pathological diseases,
including diabetic retinopathy, arthritis, and tumor growth
and metastasis, as well as during wound healing and
postischemic repair [1]. Following occlusion of a major
artery, two different types of vascular regrowth responses
are activated to contrast the ischemic condition and salvage
of injured ischaemic tissue: sprouting of capillaries (angio-
genesis) and growth of collateral arteries from preexisting
arterioles (arteriogenesis) [2]. Angiogenesis is the process of
growth of endothelial sprouts from preexisting postcapillary
venules. It is initiated by the vasodilation of venules leading
to increased permeability, followed by the proliferation
and migrationof endothelial cells (ECs). Then, venules are
divided by periendothelial cells (intussusception) or are
separated by transendothelial cell bridges (bridging) to form
capillaries [3, 4].

Arteriogenesis was originally defined as the process of
collateral arteries formation which follows the occlusion
of a major artery [5]. Arteriogenesis is partly driven by
shear stress and involves the proliferation and migration of
vascular endothelial cells (ECs) and vascular smooth muscle
cells (VSMCs). It leads to the production of mature arteries

with a fully developed tunica media, which may provide
alternative blood perfusion to ischemic areas [6]. microRNAs
(miRNAs) are inhibitory regulators of gene expression which
act by binding to complementary messenger RNA (mRNA)
transcripts. Following initial studies in developmental biol-
ogy and cancer, miRNAs have recently come into focus
of cardiovascular diagnostics and therapeutics [7, 8]. Since
miRNAs repress many target mRNAs, deregulation of one
single miRNA can result in a cascade of transcriptional
and posttranscriptional changes relevant to disease states
[9]. miRNAs have been detected in serum and plasma, and
circulating miRNA profiles have now been associated with
cancer [10], diabetes [11], and heart disease [12] as an
emerging class of biomarkers. Here, we discuss the role of
miRNAs in postischemic angiogenesis.

2. MicroRNAs Biogenesis

Transcriptions of miRNA genes and protein-coding genes
share common regulatory mechanisms [13]. miRNA genes
can be embedded in the introns of protein coding genes
or can derive from their own transcript units in intergenic
regions of the genome. When miRNA genes are located
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within introns of protein-coding genes, primary miRNA bio-
genesis is controlled by the same transcriptional mechanisms
as the parent gene. In contrast, an independent miRNA
gene will have its own transcriptional controls. Interestingly,
multiple miRNAs can be produced within a single long
primary nuclear miRNA transcript (pri-miRNA transcript),
each of which can act independently [14, 15]. The long
primary nuclear miRNA transcript (“pri-miRNA”) under-
goes maturation by the RNase-III Drosha/Dgcr8 enzyme
complex, generating a precursor miRNA (“pre-miRNA”) that
is exported from the nucleus by exportin-5 [16]. Cytoplasmic
pre-miRNAs are cleaved by a Dicer-containing complex
[17] to generate a double-strand miRNA-duplex containing
the mature miRNA on one strand and a complementary
miRNA∗ on the other strand. Recently, Dicer-independent
miRNA biogenesis pathway has also been reported [18].
The specificity of miRNA targeting is defined by Watson-
Crick complementarities between positions 2 to 8 from the
5′ miRNA (also known as the seed sequence), with the
3′ untranslated region (UTR) of their target mRNAs [15].
Besides the binding through 3′ UTR interactions, some
miRNAs have been shown to associate to the open reading
frame or to the 5′ UTR of the target genes [19]. miRNAs
act through formation of stable complexes with proteins
of the Argonaute (Ago) family (in particular with Ago2),
the core of the RNA-induced silencing complex (RISC).
The RISC blocks the translation initiation by competition
with the cytoplasmic cap-binding protein eIF4E (eukaryotic
translation initiation factor 4E) [20] or the antiassociation
factor eIF6, thus preventing the assembly of the ribosome
[21]. Besides these mechanisms, RISC-miRNA complexes
can move the mRNAs they bind to the “P-bodies,” specialized
cytoplasmic compartments enriched in mRNA-catabolizing
enzymes, where translational repression or exonucleolytic
mRNA degradation or mRNA destabilization may occur
[22, 23].

3. Expression and Regulation of
MicroRNAs in Endothelial Cells

miRNA microarray analysis is, at the moment, the most used
and complete technique to analyse global miRNAs expres-
sion profile. Using this approach, 28 miRNAs (miRNA-15b,
-16, -20, -21, -23a, -23b, -24, -27a, -29a, -30a, -30c, -31, -
100, -103, -106, 125a and -b, -126, -181a, -191, -199a, -221,
-222, -320, let-7, let-7b, let-7c, and let-7d) have been found
to be commonly expressed in ECs cultured under normal
conditions [24–30]. The miRNA expression profile in ECs
could change if cells are studied under stressed conditions,
as we recently proved for miRNA-503 (miR-503), which is
induced in ECs in response to diabetes and ischemia [31]. A
highly scalable approach using next generation sequencing
(small RNA-seq) would facilitate the analysis of miRNA
expression patterns in ECs. The group of Martelli was the
first to use this approach to analyze the miRNAs expressed
by ECs exposed to hypoxia [32]. Based on experimental
evidence, it is possible to divide the endothelial miRNAs into
pro- and antiangiogenic miRNAs (Table 1).

Table 1: microRNAs and target genes involved in neovascularisa-
tion.

Proangiogenic
miRNAs

Target genes References

miR-126 Spred1/PIK3R2 [33]

miR-221/222 c-kit [34]

miR-378 Fus-1/Sufu [35]

miR-424 CUL2 [36]

miR-132 p120RasGAP [37]

miR-210 EFNA3 [27]

miR-130a Spred1/PIK3R2 [38]

miR-296 c-kit [28]

miR-17-5p Fus-1/Sufu [39]

miR-23-27 CUL2 [40]

Antiangiogenic
miRNAs

Target genes References

miR-200c ZEB1 [41]

miR-217 SIRT1 [42]

miR-34 SIRT1 [43]

miR-503 CCNE1/cdc25A [31]

miR-20a VEGF-A [44]

miR-92a ITGB5 [45]

miRNAs involved in
postischemic
angiogenesis

Ischemic stimuli miRNAs References

Myocardial infarct miR-126 [33]

Myocardial infarct
Peripheral ischemia

miR-92a [45]

Myocardial infarct miR-210 [46].

Peripheral ischemia miR-503 [31]

Peripheral ischemia miR-92a [45]

Myocardial infarct miR-’100 [47]

3.1. Proangiogenic MicroRNAs. miR-126 is recognized as the
most important miRNA for maintaining vascular integrity
during ongoing angiogenesis, as it targets SPRED1 and
PIK3R2, two negative regulators of VEGFs signalling [30,
33]. Angiogenic sprouting of vessels requires that the zinc
finger transcription factor klf2a induces expression of an
endothelial-specific miR-126 [48]. Growth factors increase
the expression of the pro-angiogenic miR-130a and miR-
296 in ECs [28, 38]. miR-130a stimulates angiogenesis by
inhibiting GAX and HOXA5; while, miR-296 acts through
the inhibition of hepatocyte growth factor (HGF)-regulated
tyrosine kinase [28]. Moreover, EC stimulation with VEGF-
A and bFGF lead to a rapid transcription of miR-132.
Overexpression of miR-132 increases EC proliferation and
in vitro networking by targeting p120RasGAP, a GTPase-
activating protein [49]. miR-210 overexpression consider-
ably increased HUVEC migration and the formation of
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capillary-like structures by targeting ephrin A3 [27]. miR-
424 promotes angiogenesis by inhibiting cullin 2 (CUL2) and
thereby increasing HIF-1α levels [36]. The proangiogenesis
activity of the miR-17–92 cluster is due to miR-17-5p, miR-
18a, and miR-19a [26]. In fact, the latter two miRNAs have
been shown to target proteins containing thrombospondin
type 1 repeats (TSR) [26, 50]; while miR-17-5p appears to
modulate EC migration and proliferation by targeting tissue
inhibitor of metalloproteinase 1 (TIMP1) [39]. Recently,
the miR-23-27-24 cluster has also been reported to have
a prominent role in angiogenesis [40]. In particular, both
miR-23 and miR-27 enhance angiogenesis by targeting
the anti-angiogenic proteins Sprouty2 and Sema6A [40].
Finally, miR-378 promotes angiogenesis by targeting tumor
suppressor candidate 2 (Fus-1) and suppressor of fused
(Sufu), thus inducing indirect up-regulation of VEGF and
Angiopoietin-1/2 [35].

3.2. Antiangiogenic MicroRNAs. The antiangiogenic miR-
221/222 was discovered by Poliseno et al. during the first
screening of miRNAs in HUVECs [34]. Overexpression of
miR-221/222 inhibits the angiogenesis responses to stem
cell factor (SCF) by targeting the SCF receptor c-kit [34].
Belonging to miR-17-92 cluster, miR-20a, and miR-92a dis-
play antiangiogenenic activity, respectively, targeting VEGF-
A and integrin β5 (ITGB5) transcripts [44, 45]. Oxidative
stress upregulates miR-200c in ECs, which translates in
the downmodulation of the miR-200c target ZEB1 [41].
miR-217 and miR-34 regulate the expression of silent
information regulator 1 (SirT1). Inhibition of either miR-
217 or miR-34 in ECs promotes angiogenesis via an increase
in SirT1 activity [42, 43]. Finally, miR-503 expression
in ECs is upregulated under anti-angiogenic conditions
mimicking diabetes mellitus and ischemia [31]. miR-503
targets cdc25A and cyclinE1 (CCNE1) and its overexpression
inhibitsEC proliferation, migration, and network formation
on Matrigel. Conversely, blocking miR-503 activity restores
the angiogenic process in diabetic and ischemic limb mus-
cles. [31].

4. MicroRNAs in Postischemic Angiogenesis

Ischaemic disease is highly prevalent and is associated
with elevated morbidity and mortality in developed and
developing countries [51]. Functional recovery of ischemic
tissues and organs is dependent on establishing collateral
networks that supply oxygenated blood [52, 53]. Therapeutic
induction of angiogenesis may attenuate ischemic sufferance.
Notwithstanding, despite the remarkable results in animal
models of limb ischemia and myocardial infarct, the results
of 15 years of clinical trials with monotherapeutic proan-
giogenic agents have been unsatisfactory [54]. One of the
reasons accounting for this failure is that monotherapy may
be not sufficient to promote and maintain a functional vascu-
lar network under severely compromised medical conditions.
Thus, one alternative therapeutic approach could consist of
drug combinations in order to promote angiogenesis and
vascular maturation and stabilization [55]. Because each

miRNA has multiple targets, modulating the expression
of one miRNA could impact on the complex molecular
pathways governing ischemic complications by potentially
increasing the expression and/or activity of multiple growth
factors. Hence manipulation of miRNAs could represent a
novel technology potentially able to interfere with expres-
sional regulation of multiple genes, thus opening new
avenues for molecular therapeutics (Figure 1).

4.1. Limb Ischemia. Peripheral artery disease (PAD) induces
limb muscle hypoperfusion and favours the formation and
aggravation of skin ulcers. When the wound healing capacity
is lost, PAD patients progress to a critical condition, identi-
fied as critical limb ischaemia (CLI), which usually requires
minor or major amputations of the affected limb [56].
Despite improvements in surgical treatments, a significant
portion of patients with CLI are not eligible for revasculariza-
tion, and no medical therapy has been shown to be capable of
reducing the need for amputation [57]. Diabetes aggravates
PAD and CLI. Furthermore, postischemic recovery is delayed
in diabetic patients due to diabetes-induced impairment of
reparative angiogenesis. A laboratory-based study showed
that conditional inactivation of Dicer in ECs reduced the
spontaneous angiogenic responses to limb ischemia, demon-
strating that endothelial miRNAs are required for reparative
neovascularisation [26]. Recently, miRNA expression in
murine models of limb ischemia has been profiled, showing
upregulation of miR-92a and -100 [47, 58]. miR-92 represses
the ITGB5 target gene, thus impairing angiogenesis both
in vitro and in vivo [45]. Conversely, miR-100 functions
as an endogenous repressor of the serine/threonine protein
kinase mammalian target of rapamycin (mTOR), increasing
EC proliferation, sprouting activity and network formation
on Matrigel [47]. Moreover, we found miR-503 levels to be
remarkably higher in ischemic muscles of diabetic mice and
of diabetic patients with CLI in comparison to nondiabetic
and/or nonischemic controls [31]. In summary, it is evident
that a number of miRNAs are modulated by ischemia and
participate in postischemic angiogenesis.

4.2. Acute Myocardial Infarction. Myocardial ischemic injury
results from severe impairment of the coronary blood supply
usually produced by thrombosis or other acute alterations
of coronary atherosclerotic plaques. Rapid formation of
collateral vessels that bypass the obstructed coronary artery
is necessary for the survival of the myocardial region that
surrounds the necrotic infarct tissue and for the subsequent
myocardial repair process.

The most convincing data in the cardiac response to
ischemia are for miR-126, miR-210, and miR-92a. Neovascu-
larization at 3 weeks postmyocardial infarct (MI) is inhibited
in miR-126 knockout mice in comparison with wild type
[33]. Moreover, miR-126 is downregulated in the MI area,
but upregulated in the MI border zone [33]. In contrast,
miR-210 is upregulated in the ischemic myocardium [46].
miR-210 expression is induced by HIF1α, and it has been
associated with increased survival of cardiomyocytes and
increased angiogenesis in a murine model of myocardial
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ischemic angiogenesis in ischemic and
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neovascularization after limb ischemia

miR-100 inhibition stimulates
angiogenesis and improve perfusion
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neovascularization after MI

miR-210 overexpression increases
myocardial neovascularization after MI

Figure 1: miRNAs-based therapeutic strategies in vascular repairs, There are two major approaches to developing miRNA-based
therapeutics: miRNA antagonists and miRNA mimics. miRNA antagonists are generated to inhibit endogenous miRNAs that show a
pathogenic gain-of-function in diseased tissues. miRNA mimics are used to upregulate expression of beneficial miRNAs. Inhibition of miR-
92a, miR-100 and miR-503 or increase of miR-210 can promote angiogenesis, thus improving postischemic blood flow recovery in limb
ischemia or myocardial infarction.

infarction [46]. Finally, miR-92a expression increases after
experimental MI and inhibits neovascularisation [45].

4.3. miRNAs-Based Therapeutic Strategies in Vascular Repair.
There are two major approaches to developing miRNA-
based therapeutics: miRNA antagonists and miRNA mimics.
miRNA mimics are small, chemically modified, double-
stranded RNA molecules that mimic endogenous mature
miRNA molecules. Mimics of proangiogenic miRNAs can
be used to elevate angiogenesis in the pathological setting of
insufficient angiogenesis, such as cardiac and limb ischemia.
Caution should be used when overexpressing miRNAs, as
an above physiological abundance of a miRNA could result
in “off-target effects” through the miRNA binding to seed
regions of genes not normally targeted [8]. miRNAs can be
overexpressed by using naked oligodeoxynucleotides or viral
vectors. Recently, gene therapy using a minicircle DNA vector
encoding the miR-210 precursor was shown to enhance
myocardial neovascularization in mice with MI [59].

Anti-miRNAs (antimiRs) are modified antisense oli-
godeoxynucleotides harboring the full or partial comple-
mentary reverse sequence of a mature miRNA. These oli-
godeoxynucleotides are able to reduce the endogenous levels
of the miRNA, thus increasing expression of its mRNA
targets [60]. Most common chemical modifications to
increase antimiR stability are LNA- (locked nucleic acid-)
modified nucleotides, in which the 2′-O-oxygen is locked
into a C3′-endo (RNA) sugar conformation [61] or a
complete 2′-O-methylation of sugar in a phosphorothioate
backbone, and a cholesterol molecule at the 3′ end. These
are the so-called “antagomiRs” [62]. LNA-antimiR against
miRNAs of the cluster miR-23/24 showed regulation of
angiogenesis and choroidal neovascularisation [40]. Systemic

delivery of antagomiR was shown to be sufficient to induce
efficient and long-lasting miRNA inhibition in vivo and to
modulate neovascularization [45, 47, 63]. In particular, in
vivo miR-100 inhibition by specific antagomiRs stimulated
angiogenesis and resulted in functional improvement of
perfusion after femoral artery occlusion in mice [47]. Sim-
ilarly, antagomiR-induced inhibition of miR-92a enhanced
blood vessel repair in murine models of limb ischemia
and MI. [45, 47, 63]. Finally, miRNAs expression could be
inhibited using “miRNA sponge” or “decoy.” Typical sponge
constructs contain four to ten miRNA binding sites separated
by a few nucleotides each to avoid Ago2-mediated endonu-
cleolytic cleavage [64, 65]. By this technique, we inhibited
miRNA-503 in the ischemic hindlimb of diabetic mice.
This anti-miRNA-based intervention restored postischemic
angiogenesis in ischemic and diabetic limb muscles [31].

5. Circulating MicroRNAs

The discovery of miRNAs in biological fluids is opening
new frontiers in the miRNA arena. Mitchell et al. first
demonstrated that circulating miRNAs could be detected
reliably in serum and showed that miRNA profiles correlate
with specific diseases. Moreover, miRNAs appear protected
from RNAse and remain stable in the blood [66]. Therefore,
their stability makes miRNAs concentrations well suited for
being tested in patient samples as potential biomarkers of
different pathological conditions. Recent studies identified
miRNAs in different types of microvescicles (MVs) secreted
from cultured cells, thus supporting the idea that MVs may
serve as physiological carriers of miRNA [11, 67, 68]. In line
with this hypothesis, MVs released from cells were proved
able to alter gene expression in neighbouring and distant cells
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in vitro and in vivo by transferring miRNAs [69, 70]. Two
distinct processes of MVs release from the cells have been
described. MVs may derive from the endosomal membranes
that are extruded from the cell surface of activated cells
as exosomes [71]. Furthermore, high-density lipoprotein
(HDL) transports endogenous miRNAs and delivers them
to recipient cells with functional targeting capabilities [72].
Interestingly, a recent study demonstrated that the majority
of circulating miRNAs are complexed with protein rather
than with vesicles. In particular, Ago2 was present in human
plasma and eluted with plasma miRNAs. This finding raises
the possibility that cells release a functional RISC complex
into the circulation [73].

Recent reports suggest that serum levels of cardiac
miRNA correlate with the severity of heart injury and may
represent a good biomarker of MI. Corsten et al. described
strikingly increased plasma levels of miR-208b and -499 after
MI. However, studies on circulating miRNAs and MI have led
to contrasting conclusions on miR-208. Wang et al. suggested
miR-208 as a candidate biomarker for MI in humans [74],
while Adachi et al. found very low levels of miR-208a
and miR-208b in human hearts [75]. The latter result was
confirmed by D’Alessandra et al., who reported that miR-
208 was detectable only in 30% of MI patients and always
at very low levels [76]. In contrast, miR-499 was detectable
in all control subjects and increased in all patients with MI
[76]. Finally, we found that the plasma levels of miR-503
were dramatically increased in diabetic patients with CLI in
comparison with controls. Due to the low number of patients
in the study, further analysis is required to investigate miR-
503 as a potential circulating biomarker of ongoing ischemia
in diabetic subjects [31].

6. Future Research

Great interest focuses on exploiting miRNAs for therapeutic
purposes and as clinical biomarkers. As therapeutic targets
for vascular diseases, miRNAs could represent a major break-
through because a single miRNA can regulate several target
genes, thus influencing multiple molecular pathways. In
consideration of the above, miRNAs antagonists or mimics
could become an important new class of drugs to regulate
angiogenesis. Moreover, manipulation of miRNAs structures
might increase their delivery efficiency. In particular, the
promising results obtained with modified microparticles or
nanoparticles for drug delivery in cancer [37] should be
extended to investigate their capacity for promoting vascular
regeneration in ischemic tissues. A potential drawback in
the therapeutic use of miRNAs is their possible “off-target
effects.” Since not all targets of a particular miRNA are
disease-related, any therapeutic perturbation of miRNA
expression will likely have side effects.

As biomarkers, circulating miRNAs offer a great potential
for the diagnosis and prognosis of different diseases. How-
ever, there are still limitations in the technology and various
issues regarding miRNA measurement and quantification
in the circulation. First, circulating miRNA profiling has
to be verified in larger and independent studies in order

to translate the findings into clinical biomarker. Then, in
order to obtain reliable and reproducible results, there is
a need to determine suitable normalization methods for
blood-based miRNA investigations. Finally, the mechanisms
by which miRNAs are released into the circulation and
whether circulating miRNA molecules have any functional
capabilities need further characterization.
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Cell-to-cell interactions via gap junctional communication and connexon hemichannels are involved in the pathogenesis of
diabetes. Gap junctions are highly specialized transmembrane structures that are formed by connexon hemichannels, which are
further assembled from proteins called “connexins.” In this paper, we discuss current knowledge about connexins in diabetes. We
also discuss mechanisms of connexin influence and the role of individual connexins in various tissues and how these are affected
in diabetes. Connexins may be a future target by both genetic and pharmacological approaches to develop treatments for the
treatment of diabetes and its complications.

1. Introduction

Morbidity and mortality caused by diabetes is of serious
concern worldwide. Global prevalence of diabetes is expected
to increase from 7.7% to 439 million by 2030 [1]. Diabetes
is a disorder characterised by multiple defects at both the
cellular and molecular levels in a wide variety of tissues.
Resulting tissue damage in diabetes is associated with inter-
actions and “crosstalk” between inflammatory and metabolic
pathological processes such as endothelial dysfunction (via
VCAM-1, ICAM-1, E-selection, vWF), procoagulation (PAI-
1, fibronectin, and P-selectin), and inflammation (TNFα, IL-
6, IL-1β, IL-18, and CRP) [2]. Cell-to-cell interactions, via
gap junctional communication and connexon hemichannels,
are now thought to play an important role in the molecular
biology of diabetes. In this paper, we discuss current knowl-
edge about connexins (Cxs) and their role in various aspects
of diabetes.

2. Gap Junctions, Connexons, and Connexins

Gap junctions are highly specialized structures, made up of
channels spanning adjacent cell membranes, leaving a 2–
4 nm extracellular “gap,” hence their name [3, 4]. In
vertebrates, gap junction channels are assembled of trans-
membrane proteins called “connexins.” Cxs are commonly

described in terms of molecular mass (Cx43 represents the
Cx protein of 43 kDa). Six Cx units oligomerize in the en-
doplasmic reticulum to form an annular hemichannel or
“connexon.” Cxs can interact structurally in various ways,
and connexons are regarded as homeric if the Cxs are of the
same type or heteromeric if they are of different types. Sim-
ilarly, the gap junctional channels may be formed by homeric
or heteromeric connexons (see Figure 1). When the extracel-
lular portion of a connexon docks with connexon from an
opposing cell, a functional gap junction channel forms.

Tissue homeostasis is dependent on a complex system
of cell communication over long distances by endocrine
signalling, short distances via membrane signalling path-
ways (ion channels, G-protein coupled or tyrosine-kinase
receptors), and by cell-to-cell contact. Gap junctions allow
a unique form of communication; they mediate intracel-
lular signals by directly connecting adjacent cells. Their
purpose is to closely regulate the intracellular passage of
ions, nutrients, metabolites, second messengers, and small
biological molecules (up to 1000 Da). The multiplicity of
isoforms and different structural combinations determine
the biophysical permeation characteristics of a gap junction
channel. Aside from forming gap junctions, the connexon
hemichannels also provide a pathway for the release from
cells of ATP, glutamate, NAD+, and prostaglandin E2, which
act as paracrine messengers [5]. A dynamic cell-to-cell
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Figure 1: Multiple levels of gap junction channel structure. Individ-
ual transmembrane connexins (coloured blue and orange) assemble
into hexamers called “connexon hemichannels.” Connexons from
two adjacent cells join to make a channel across two plasma
membranes (green), forming a “gap junction channel.”

communication is advantageous as it avoids the transport
mechanisms, ligand-receptor interactions, and dilutional
effects associated with extracellular communication. A key
function of gap junctions is sharing of metabolic demands
across cells and tissues [6]. They are also of critical impor-
tance in cell differentiation, adhesion, and apoptosis, and
they have regulatory roles in embryonic development, synap-
tic transmission, immune response, and carcinogenesis.

Cxs are now known to be multifaceted proteins that not
only link to structural gap junctional complexes, but also to
adhesion molecules, tight junctions, cytoskeletal elements,
and cellular machinery, which facilitates their transport,
assembly, function, and internalization. Initially, these gap
junction protein complexes were termed the “Nexus” [7],
which was the original structural name for the intracellular
links. This term has come back into use, alongside the term
“gap junction proteome” [8]. Once the gap junction channel
assembly has nucleated and further binding partners are
engaged, additional gap junction channels cluster and form
“gap junction plaques.” Cxs are a homogenous family of
proteins ubiquitously expressed in humans, and to date, 21
Cx genes have been reported in humans, and 20 in rodents.

3. Clinical Connexins

Since the first description of a mutation in the GJB1 gene
coding for Cx32 in patients with the X-linked Charcot Marie
tooth syndrome in 1993, disease-causing mutations have
been detected in almost every Cx gene [9, 10]. Patients
with the X-linked Charcot Marie tooth have an inherited
progressive peripheral neuropathy, characterised by distal
symmetrical neuropathy, muscle weakness, and sensory loss.
Within myelinating Schwann cells, Cx32 has been localized
to the paranodal regions and Schmidt-Lantermann incisures,
which are found between the inner and outer layers of the
coiled up cell. Connexon hemichannels composed of Cx32
therefore enable the rapid transport of small molecules and
nutrients in a reflexive manner within individual Schwann
cells. Although Cx32 is also found outside the peripheral ner-
vous system in major organs like the liver, Cx32 mutations
are associated only with X-linked Charcot Marie tooth [11].

In the sections below, we will outline the various Cxs
associated with diabetes and its complications and discuss
relevant studies (both animal and human) in the current
literature.

3.1. Diabetes. Connexins are associated with the pathogen-
esis of both type I and type II diabetes (see Table 1) [12].
Cx36 forms the gap junctions between pancreatic beta cells
which are required for normal basal insulin secretion and
glucose-induced insulin release. Animal studies have shown
that loss of Cx36 is associated with the loss of pulsatile
insulin release, increase in basal insulin output, and reduced
glucose-induced insulin release (these secretory defects are
similar to those observed in type II diabetes) [13, 14]. The
exact role of Cx36 in type II diabetes in humans is yet
to be elicited. Cx36 is coded for by GJD2 gene, which is
located on the 14q region of chromosome 15, a susceptibility
locus for type II diabetes, and the diabetic syndrome [15].
Cx36 is a native protein of human pancreatic islets that
mediates the coupling of beta cells through preferential
exchange of cationic molecules and contributes to the control
of beta-cell function by modulating gene expression [16].
Endogenous glucose production is a major determinant
of fasting hyperglycaemia in type II diabetes [17]. Cx36
upregulation is associated with an increase in endogenous
glucose production, predominantly of hepatic origin. Both
Cx32 and Cx26 can form connexon hemichannels connect-
ing liver hepatocytes. In animal studies, these connexon
hemichannels are responsible for the regulation of blood
glucose and hepatocyte glycogenolysis [18, 19]. Following
electrical stimulation of sympathetic liver nerves, Cx32-
deficient mice had inefficient mobilisation of glucose from
hepatic glycogen stores [20]. The mechanism underlying
this dysregulation in hepatocytes may involve interaction of
Cxs with second messengers as Cx32-transfected HeLA cells
had increased transmission of inositol 1,4,5-trisphosphate-
mediated calcium waves to neighbouring cells [21].

Clinically, the complications of diabetes are vast. Due to
the almost ubiquitous tissue distribution of Cxs, there has
been interest in Cx changes in both diabetic macrovascular
and microvascular disease.

3.2. Macrovascular Complications of Diabetes. Cardiovascu-
lar complications are the leading cause of morbidity and
mortality in diabetes. Type II diabetes is an independent risk
factor for major large vessel atherosclerosis. In this section,
we will discuss the association of Cxs with atherosclerosis,
dyslipidemia, peripheral vascular disease, coronary artery
disease, hypertension, and arrhythmias.

Changes in the expression pattern of vascular Cxs (Cx37,
Cx40, Cx43, and Cx45) have been observed in animal model
studies during the formation of atherosclerotic plaques [22].
In atherosclerosis, Cxs may contribute to the inflammatory
response through adhesion and transmigration of inflamma-
tory cells. Cx37 is thought to function in monocyte adhe-
sion and transmigration across the endothelium, whereas
endothelial Cx40 is implicated in transmitting antiadhesive
signals within the vascular endothelium [23].
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Table 1: Connexin changes associated with diabetic complications (upward and downward arrows indicate increase or decrease in Cx levels,
VECs: vascular endothelial cells, SMCs: smooth muscle cells).

Diabetic complication Connexin changes associated with diabetes Type of study References

Macrovascular

Atherosclerosis Early atheroma ↓Cx37 VECs and circulating monocytes
Human and animal
diabetic studies

[22]

Advanced atheroma ↑Cx37 SMCs, ↓Cx40 VECs

Early atheroma ↑then↓Cx43 SMCs

Advanced atheroma ↑Cx37, ↑Cx43 macrophage foam cells

Dyslipidemia ↓Cx37, ↓Cx40 VECs
Human and animal
diabetic STZ rat studies

[27, 28]

↑Cx43 VECs and SMCs

Hypertension ↑Cx40 VECs
Animal studies (e.g.
Cx40−/− mice)

[35–37]

↑Cx37, 43, 45 SMCs

Arrhythmias Ventricular myocytes ↑Cx43 (both total and phosphorylated forms)
Animal diabetic STZ rat
studies

[39–41, 43]

Atrial myocytes (↑Cx43 but ↓phosphorylated form)

Sinoatrial node ↑Cx45>↑ Cx43 and Cx45

Microvascular

Nephropathy ↓Cx37 renin secreting cells
Animal diabetic STZ and
ZDF rat studies

[44–49]

↑Cx40 SMCs preglomerular arterioles

↓Cx43 SMC postglomerular arterioles and mesangial cells

↑Cx43 collecting ducts, podocytes Human diabetic studies [50, 51]

Retinopathy ↓Cx43 retinal pericytes, microvascular endothelial cells Human diabetic cell studies [54–58]

Erectile dysfunction
Detrusor overactivity

↓Cx43 penile corpora
↑Cx43 bladder detrusor muscle

Animal STZ diabetic rat
studies

[59–61]

Peripheral neuropathy ↑Cx26, ↑Cx32 perineurium
Animal diabetic STZ rat
studies

[62]

Wound healing ↓Cx43, ↓Cx26 epidermis
Animal diabetic STZ rat
studies

[70, 71]

↑Cx43 dermis, wound edge keratinocytes first 24 hours after injury

↑Cx43 wound edge keratinocytes Human studies [72]

The in vivo effect of diabetes on the expression pattern
of vascular Cxs within major large vessels is not fully under-
stood. The effects of statins on connexin expression in the
arterial wall have been observed by Sheu et al. [24], who
observed reduced expression of Cx43 in diabetic rat aortic
walls and an increase in Cx43 levels following simvastatin
treatment. In contrast, Hou et al. [25] found that in apoE-
deficient mice, STZ-induced diabetes was associated with an
increase in the burden of atheroma and downregulation of
endothelial Cx37 and Cx40 outside the plaque areas. The
downregulation of these endothelial Cxs was exacerbated by
short-term treatment with simvastatin. This study also raises
the issue of how Cx expression is altered in dyslipidemia.

In dyslipidemia, there is a reduction in Cx37 and Cx40 in
vascular endothelial cells and increase in Cx43 expression in
both vascular endothelial cells and smooth muscle cells. This
is supported by both hyperlipidemic mice studies by Yeh et
al. [26] who found reduced expression of endothelial Cx37

and Cx40 and human observational data. An association
between Cx37 polymorphism and peripheral arterial disease
in patients with type II diabetes has been observed [27]. Ani-
mal studies have also shown that treatment of dyslipidemia
reduces Cx levels. Dlugosová et al. [28] identified Cx43 in the
aorta (in both the tunica media and to a lesser degree in the
endothelium) of adult hereditary hypertriglyceridemia rats,
and that treatment with omega-3 polyunsaturated fatty acids
and atorvastatin markedly lowered Cx43 expression.

Atherosclerosis causes coronary arteries to progressively
stenose, and despite the development of drug-eluting stents,
restenosis is a serious clinical problem associated with signif-
icant morbidity and mortality. Diabetes still remains one of
the most important risk factors for restenosis following stent
implantation. The levels of Cx43 are increased in the smooth
muscle cells of atherosclerotic arteries of both humans and
mice [29–31]. Recent study of connexins following balloon
angioplasty has shown that this process is accompanied by
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elevated expression of Cx43 in endothelial cells and SMC
of the media and later the neointima [32, 33]. Neointima
formation following balloon catheter injury is significantly
reduced in heterozygous Cx43 knockout mice (Cx43+/−),
suggesting a correlation between neointima formation and
high levels of Cx43 during the inflammatory response to
injury [34].

In humans, Type II diabetes is associated with hyperten-
sion, and animal studies have demonstrated that multiple Cx
changes are associated with the remodelling of the arterial
wall that occurs in response to hypertension. These Cx
changes are complex, and various expression patterns are
described in different models of hypertension [35]. Renin
secretion is regulated by coordinated signalling between the
various cells of the juxtaglomerular apparatus and is de-
pendent on Cx40. Cx40 knockout (Cx40−/−) mice are ini-
tially found to be hypertensive [36]. Further studies [37]
using Cx40−/− mice have shown that chronic hypertension
upregulates Cx40 in endothelial cells, but Cx37, Cx43, and
Cx45 in smooth muscle cells. It is hypothesized that for Cx37,
Cx40, and Cx45, control of expression does not depend on
circulating plasma levels of renin and angiotensin II, but
these hormones are required for selective expression of Cx43
which may occur through angiotensin II activation of the
extracellular signal-regulated kinase and NF-κB pathways.

As gap junctions mediate the cell-to-cell propagation of
current flow that govern orderly contraction of the healthy
heart, there has been considerable investigation into the role
of Cxs (Cx40, Cx43, and Cx45) in arrhythmic diabetic heart
disease [38]. In rat studies of STZ-induced diabetes, there is
associated structural remodelling of Cxs (Cx40, Cx43, and
Cx45) in the sinoatrial node and ventricular myocytes, which
may partially account for sinus arrhythmias, ventricular
arrhythmias, and prolonged QT/QRS conditions found in
human diabetes [39, 40]. Inoguchi et al. [41] investigated the
underlying mechanisms by which Cx43 is involved in gen-
eration of arrhythmias in diabetic rat ventricular myocytes.
Increased levels of phosphorylated Cx43 were normalized by
use of a protein kinase C β-specific inhibitor. The mechanism
proposed was that hyperglycaemia causes PKC activation,
which in turn causes phosphorylation of Cx43 and impaired
ventricular contraction. Associations between Cx43 and
dilated cardiomyopathy have also been identified. Mutations
in Lamin A/C gene (LMNA) causing dilated cardiomyopathy
are related to a decrease in Cx43 levels [42]. In these con-
ditions, it is thought that the altered distribution of Cxs (such
as Cx43) and consequent interruption of gap junctional
communication within the myocardium lead to decreased
velocity of electrical conduction, generation of reentry
arrhythmias, and arrhythmias causing sudden death [43].

3.3. Microvascular Complications of Diabetes

3.3.1. Nephropathy. Diabetic nephropathy is the commonest
cause of end-stage renal disease. In total, nine Cxs have
been found in the kidney (Cx26, Cx30.3, Cx31, Cx32, Cx37,
Cx40, Cx43, Cx45, and Cx46) [44–46]. In the preglomerular
vessels, cell-to-cell communication has an important phys-
iological role in the functional coupling between adjacent

nephrons supplied by a single interlobular artery. In rat
preglomerular renal microvasculature, there is extensive
expression of Cx37, 40, and 43 mRNA in endothelial cells
and Cx37 mRNA in smooth muscle cells [47]. In the
postglomerular renal microvasculature, only Cx43 is found
within the endothelial cells [44].

In diabetic nephropathy, early functional changes occur
in the nephron at the level of the glomerulus including
glomerular hyperfiltration and hyperperfusion, before the
onset of measurable clinical change. Over time, further struc-
tural changes like thickening of the glomerular basement
membrane, glomerular hypertrophy, and mesangial expan-
sion take place [48]. In animal models of diabetes, changes in
Cxs are associated with these key pathophysiological features.

Glomerular hyperfiltration in early diabetic nephropathy
results from deceased resistance in both afferent and efferent
arterioles of the glomerulus. With the development of early
diabetic nephropathy in STZ rats, Hillis [44] found that
levels of Cx40 were increased in smooth muscle cells of the
preglomerular arterioles, while levels of Cx43 were decreased
in endothelial cells of the postglomerular arterioles. This
suggests that changes in these particular Cxs are associated
with impaired autoregulation and subsequent glomerular
hyperfiltration. As discussed in Section 3.2 above, upregula-
tion of Cx40 in preglomerular vessels is of pathophysiological
significance in animal models of hypertension, and normal
blood-pressure-controlled release of renin is dependent on
Cx40. The association between changes in Cxs and glomeru-
lar hyperfiltration has also been studied in Zucker diabetic
fatty (ZDF) rats. Takenaka et al. [49] found that compared to
control rats, ZDF rats had glomerular hyperfiltration. These
features were associated with reduced Cx37 in renin secreting
cells and enhanced phosphorylation of Cx43 (an event
that interfered with gap junction functioning). Aside from
the renal microvascular cells, glomerular mesangial cells,
which are normally found around the renal blood vessels,
are involved in the pathogenesis of diabetic nephropathy.
The studies in diabetic rats by Hillis [44] also showed
increased Cx37, Cx40 and absence of Cx43 in both extra- and
intramesangial cells. Later studies by this group [50] showed
that high glucose concentrations downregulated Cx43 and
promoted senescence of the glomerular mesangial cells.

Changes in Cxs in human kidney cells have been studied
in culture. Not all of the cell types have been studied, and
potential clinical applications require more consideration.
An interesting possibility is that Cx43 has a protective effect
preventing renal damage. Hills et al. [51] studied human
collecting duct cell lines and observed that as glucose con-
centrations increased, there was a time-dependent increase in
the levels of Cx43. The increase in Cx43 and gap junctional
communication in response to high glucose was correlated
with functional acceleration of calcium transients between
cells. It was concluded that Cx43 may protect the collecting
duct from damage associated with established diabetic
nephropathy. Furthermore, levels of Cx43 have also been
studied in human diabetic nephropathy as a “predictive
marker” of disease progression and severity. Sawai et al. [52]
found that downregulation of Cx43 within podocytes was
closely associated with disease progression in established
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diabetic nephropathy and correlated with the degree of
future decline in renal function.

3.3.2. Retinopathy. Throughout the human retina, numerous
Cxs have been studied [53, 54]. Abnormalities in Cx
have been linked to the development of human diabetic
retinopathy. In human pericyte cell culture studies by Li et al.
[55], high glucose concentrations directly induced downreg-
ulation of Cx43 expression and inhibition of gap junctional
intracellular communication in retinal pericytes. Accelerated
apoptosis of retinal vascular cells is a key feature of diabetic
microangiopathy and is caused by inadequate transportation
of necessary cell survival and signaling molecules. Studies
of retinal microvascular endothelial cells have found that
decreasing Cx43 levels leads to a significant increase in the
occurrence of apoptosis [56]. It has also been shown that
high-glucose-induced oxidative stress hyperphosphorylates
Cx43, leading to the disassembly of gap junctions and degra-
dation of Cx43 through the proteasome pathway [57, 58].
Diabetic retinopathy also is associated with accelerated apop-
tosis in retinal mitochondria. In the retinal mitochondria, it
has been shown that matrix metalloproteinase-2 activation
modulates the abundance of heat shock protein-60. This
is thought to then lead to opening of the mitochondrial
transition pores through disruption of Cx43 [59].

3.3.3. Erectile and Bladder Dysfunction. Patients with dia-
betes have a higher incidence of erectile dysfunction and
bladder dysfunction, and both these conditions are char-
acterised by early onset and increased severity. The role of
Cxs in the development of erectile dysfunction and higher
bladder detrusor muscle activity in diabetes is emerging
through recent animal studies. Suadicani et al. [60] found
markedly decreased expression of Cx43 in the penile corpora
and increased expression of Cx43 in the urinary bladder
following induction of diabetes in STZ rats. There is now
evidence that nitric-oxide-dependent mechanisms alone are
not sufficient for maintaining normal erectile function,
suggesting that other processes such as gap junctional com-
munication facilitate erectile function by enabling passage of
ions and small molecules necessary for the relaxation of cor-
poral smooth muscle cells [61]. In bladder detrusor muscle
overactivity, in addition to hemichannel paracrine signalling
mechanisms via ATP activation of purinergic receptors, other
potential mechanisms that could be responsible for bladder
dysfunction include transcriptional regulation of Cx43 by
basic fibroblast growth factor (bFGF), and signaling via the
ERK-AP-1 pathway [62].

3.3.4. Peripheral Neuropathy. Diabetic peripheral neuropa-
thy involves both somatic and autonomic nerves, causing
sensory deficits, palsies, and cardiovascular, gastrointestinal,
and genitourinary dysfunction. The initiation of diabetic
peripheral neuropathy is not well understood. Various mech-
anisms are involved in the pathogenesis of this condition,
including terminal nerve destruction, decreased neuronal
conductance, demyelination, microvascular insufficiency,
inflammation, and oxidative damage. As discussed above,

Cx32 gene mutation in humans is strongly associated with
peripheral neuropathy in X-linked Charcot Marie tooth
disease. It is also known that gap junctional communication
is important in the maintenance of the perineurium blood-
nerve barrier. Reduced levels of Cx32 and 26 have been
observed in the perineurium in STZ rat model of diabetes-
related peripheral neuropathy and are likely to contribute to
this condition [63].

3.3.5. Chronic Ulceration. Diabetic patients are more prone
to develop foot ulcers, for several reasons including neuropa-
thy, vascular disease, and foot deformities [64]. Diabetic foot
wounds are very slow to heal [65], and numerous dysfunc-
tional events occur in all phases of diabetic wound healing
(acute inflammation, proliferation, and remodelling). There
is impairment of the inflammatory response, macrophage
function, cytokine, chemokine and growth factor produc-
tion, extracellular matrix production, angiogenesis, kerati-
nocyte, and fibroblast migration and reepithelialisation [66].

At least ten of the Cxs are found within the skin (Cx
26, 30, 30.3, 31.1, 32, 37, 40, 43, and 45) [67]. However,
the spatial and differential expression pattern of Cxs in
the skin does vary between animals and humans [68]. In
humans, Cx43 is the most abundant Cx of the epidermis,
expressed throughout the spinous, granular, and basal cell
layers, sebaceous glands, hair follicles, and blood vessels [69].
Cx26 is less abundant in the epidermis and is found in a
patchy distribution in the basal keratinocytes, but is highly
expressed in hair follicles and sweat glands [70]. In animal
models, when diabetes is induced, there are significantly
altered Cx levels in various layers of the skin in response
to injury. Studies by Wang et al. [71] demonstrated that
in the skin of rats with STZ-induced diabetes within two
weeks of the onset of diabetes, Cx43 and Cx26 proteins
were significantly downregulated in the epidermis, whereas
Cx43 was upregulated in the dermis. These findings indicate
that diabetes does not uniformly repress connexin expression
throughout the layers of the skin, but can also enhance it.
Furthermore, after wounding in diabetic rats, the wound
edge keratinocytes upregulate Cx43 in the first 24 hours
after injury. The keratinocytes then form a thickened bulb
of nonmigrating cells at the wound margin and do not start
migrating until Cx43 downregulates, around 48 hours after
wounding. This increased level of Cx43 then delays reep-
ithelialisation and the wound-healing process. Preventing the
abnormal expression of Cx43 in wound edge keratinocytes
rescued wound healing to normal rates or even better [70].
If Cx43 expression in human diabetic wounds is altered in
a similar way to the STZ diabetic rat model, targeting Cx43
may provide a new clinical application for the treatment of
diabetic ulceration. Qiu et al. [72] initially studied the topical
application of a Cx43 antisense olidodeoxynucleotide (Cx43
asODN) pluronic gel to murine wounds. This treatment had
a rapid effect, noticeable as early as six hours after injury.
The treated wounds appeared less erythematous and oede-
matous, with reduced exudate and less gape than control
wounds. In diabetic STZ rats, Kamibayashi et al. [70] also
found that the application of Cx43 asODN pluronic
gel inhibited the upregulation of Cx43. This treatment
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significantly improved wound healing, compared to control
wounds, doubling the rate of reepithelialisation.

In human diabetic ulcer biopsies, Brandner et al. [73] has
reported persistence of Cx43 expression in wound-edge ker-
atinocytes. Other studies of human diabetic fibroblasts have
also shown increased gap junctional communication, which
correlated with reduced cell proliferation [74]. Overall, Cxs
are associated with tissue response to injury directly, via gap
junctional communication, and may also contribute to the
wound repair process indirectly [75]. The downregulation
of Cx43 may have direct effect on the migratory ability of
the cells involved in wound healing, through its central role
in the protein “nexus.” Cx43 downregulation may also exert
an influence at the transcriptional level on numerous other
genes and proteins [76].

4. Conclusion

The study of Cxs in diabetes is of interest. The changes in
Cxs found in diabetes are associated with both direct effects
within the vasculature and indirect effects, by impairment
of homeostasis in vital organs such as the liver and kidney.
It is unlikely that targeting individual connexins will cure
diabetes. However, it may be possible to alleviate some of the
symptoms of microvascular complications, as demonstrated
in recent work using topical Cx43 asODN gel treatment. As
considered in nephropathy studies, Cxs may also be used as
future predictors of both diabetes progression and severity.
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Erythropoietin (EPO) has tissue-protective properties, but it increases the risk of thromboembolism by raising the haemoglobin
concentration. New generation of EPO derivatives is tissue protective without the haematopoietic side effects. Preclinical studies
have demonstrated their effectiveness and safety. This paper summarizes the development in EPO derivatives with emphasis on
their potential use in critical limb ischaemia.

1. Introduction

Critical limb ischaemia (CLI) causes considerable morbidity
and mortality. Surgical and endovascular revascularization
are the main treatment options. One-fourth of patients pre-
senting with CLI undergo a major amputation, primarily
because they are not suitable for revascularization [1]. Phar-
macotherapy has negligible role in the management of CLI.
Prostacyclin is the only disease-modifying drug with proven
efficacy in reducing rest pain and/or ulcer size in CLI via its
vasodilatory effects on the distal circulation [2]. The Trans-
Atlantic Inter Society Consensus document on peripheral
vascular disease (TASC) has recommended the use of iloprost
in CLI to avoid or delay major amputation [3]. There is lim-
ited evidence supporting the use of other vasoactive drugs
such as pentoxifylline, cilostozol, and L-Arginine (precursor
of nitric oxide) in the treatment of CLI [4].

More recently, the possibility of using recombinant for-
mulations of growth factors to augment the development of
collaterals and new capillaries from pre-existing blood vessels
has been explored. This is otherwise known as therapeu-
tic angiogenesis [5]. Prominent among these techniques
is the intra-arterial or intramuscular administration of
vascular endothelial growth factor (VEGF) plasmid DNA
(phVEGF165) [6] where initial studies in patients with CLI
demonstrated an increase in angiogenesis [7]. Other than

gene therapy, clinical studies have been carried out to inject
bone-marrow mononuclear cells intramuscularly in CLI.
The innate ability of bone marrow cells to supply endothelial
progenitor cells and release endothelial growth factors and
cytokines also helped induce angiogenesis [8]. However, de-
spite a demonstration of increased angiogenesis, improve-
ment in clinical endpoints was less clear. This is likely to be
due to the complex pathology involved within the ischaemic
tissue [9].

Tissue protection may be an alternative therapeutic strat-
egy for CLI where reducing tissue damage and maintaining
tissue viability may improve outcome of current treatments
and contribute to limb salvage. It has been shown previously
that limb ischaemia causes apoptosis of skeletal muscle [19].
Therefore, the use of tissue protective agents to decrease
apoptosis and inflammation, either alone or in combination
with other therapeutic strategies, may be beneficial.

Erythropoietin (EPO) has tissue protective properties
that have been described extensively [20, 21]. We have recent-
ly shown that there is expression and upregulation of EPO
receptors (EPORs) in human skeletal muscle [18]. However,
EPO triggers profound haematopoiesis that increases the
risk of thromboembolism [22]. This may prevent its use in
CLI. Lately, nonhematopoietic EPO derivatives have been
developed, which avoid its hematopoietic side effects [23].
The aim of this paper is to summarize the developments that
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have taken place so far in the use of EPO derivatives in pro-
tection of ischaemic tissue and discuss its potential use in
CLI.

2. EPO and Its Receptors

Erythropoietin (EPO) belongs to the class-I cytokine family.
It is a glycoprotein hormone with a molecular mass of
30.4 kDa [24]. The protein core contains 165 amino acids
and the peripheral carbohydrate chains are made up of 4 N-
linked oligosaccharides (Figure 1) [25].

Human EPO receptor (EPOR) is a cell surface protein
containing 508 amino acids and has a molecular weight of 55
KDa [26]. It belongs to the cytokine receptor superfamily and
contains extracellular, transmembraneous, and intracellular
domains [27]. The common β-chain of IL-3/IL-5/GM-CSF
receptor (also called CD131 or β-common receptor) belongs
to the same super-family. The molecular weight of β-com-
mon receptor (βcR) is approximately 130 kDa [23]. The EPO
molecule binds to two EPOR subunits (EPOR dimers or
(EPOR)2) to bring about the haemopoietic action. In con-
trast, the EPO molecule binding to two βcR subunits sand-
wiching two EPOR subunits mediates the tissue protective
function [23]. The four subunits constitute the heterorecep-
tor complex, which binds to the EPO molecule and activates
cell signalling (Figure 2). The intracellular or cytoplasmic
domain of all cytokine receptors is intangibly related to a
Janus family tyrosine protein kinase 2 (JAK2). The binding
of EPO to its receptor (EPOR homodimer or βcR and EPOR)
induces a conformational change in the receptor, activating a
downstream signalling pathway that leads to the transcrip-
tion of new proteins that determine the fate of the cell [28].

Endogenous EPO is essential for the maturation and
survival of erythrocytes and thus maintaining the normal
haemoglobin concentration. In chronic renal failure, the kid-
neys cease to make EPO, and commercially available prepa-
rations of recombinant human EPO (rHuEPO) are mainly
used to treat anaemia secondary to chronic renal failure [30].
In addition to its role in prolonging the survival of erythro-
cytes, EPO has been shown to exert anti-apoptotic and anti-
inflammatory effects in neural and cardiac tissue both in vitro
and in vivo. Clinical trials have also confirmed its beneficial
effects in stroke and myocardial infarction [21, 31].

However, the ability of rHuEPO to bond with EPOR in
extrahaematopoietic tissues including vascular endothelium
is about 50 times less than that in the erythroid cells [32].
Hence, the dose of EPO required to attain a tissue protective
effect in heart and brain ischaemia is much higher than that
used for the management of anaemia in renal failure. In CLI,
the volume of ischaemic tissue is even greater than that in
heart and brain ischaemia, therefore higher doses still may
be required to achieve a therapeutic effect. This will cause an
unfavorable increase in the haematocrit and blood viscosity,
which in turn will raise the risk of thromboembolism and
occlusion of arteries with pre-existing disease [33, 34]. An-
other concern is a potential effect on tumour progression due
to its angiogenic properties [35]. However, recent evidence
suggests that this may not be a significant risk [36]. EPO also

Carbohydrate

Amino acid

Figure 1: A schematic representation of the molecule of EPO.
Adapted from Elliott et al. [25]

causes hypertension by its action on vascular smooth muscle
cells [37–39].

Due to the potential side effects, most research on the
tissue protective effects of EPO in CLI and other tissues has
been limited to preclinical models. However, the latest non-
haemopoietic EPO derivatives may overcome the unneces-
sary side effects and permit the translation of preclinical re-
sults into clinical trials [11].

3. Nonhaematopoietic Derivatives of EPO

3.1. Carbamylated Erythropoietin (CEPO). CEPO is formed
by the chemical modification of the amino acid lysine to
homocitrulline. It changes the receptor-binding capability of
the EPO molecule [11].

3.2. Asialo EPO. Asialo EPO is formed by decreasing the
sialic acid content of rHuEPO by a technique known as the
total enzymatic desialylation. Remarkably, the molecule re-
tains its tissue protective property but loses the haemopoietic
ability. This also results in the reduction of the half-life of the
Asialo EPO to minutes [10].

3.3. Helix-B Surface Peptide (HBSP) [40]. The EPO mol-
ecule, a glycoprotein that contains 165 amino acids is folded
in such a way that the hydrophobic areas-helixes A, C, and D
face away from the surface and are embedded in the extra-
cellular domains of (EPOR)2. However, helix B that is hydro-
philic points away from the receptor and has wide-ranging
tissue-protective properties. Isolating the helix B which is
devoid of the primary sequence resulted in a low molecu-
lar weight peptide. The spontaneous cyclization of Helix B
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Figure 2: Schematic representation of the structure of erythropoietin receptor (EPOR) and beta-common receptor (CD131) on the left and
the right hand side, respectively. ∗Based on Brines et al. [29]. JAK-2 stands for Janus family Tyrosine Protein Kinase 2.

Table 1: Recent studies investigating the role of nonhaematopoietic derivatives of EPO.

Author
Nonhaematopoietic
EPO derivative

Model Inference

Erbayraktar et al. 2003 [10] Asialo EPO
In vivo model of cerebral and spinal
cord ischaemia plus sciatic nerve injury

Neuroprotection-recovery of paraplegia

Leis et al. 2004 [11]
Carbamylated
EPO (CEPO)

In vitro and in vivo models of neural
injury

Demonstration of tissue protective
properties of CEPO in neural tissue

Fiordaliso et al. 2005 [12] CEPO
In vivo model of rat myocardial
infarction

Reduction in the size of
myocardial infarct

Fantacci et al. 2006 [13] CEPO
In vivo model of metabolic stress in
mice induced by chronic hypoxia (CH)

CEPO reduced metabolic stress caused
by CH and improved cellular survival
independent of haematopoiesis.

Erbayraktar et al. 2006 [14] CEPO
In vivo model of radiosurgically induced
brain injury in rats

Decreased necrosis of the brain tissue

Erbayraktar et al. 2009 [15] CEPO and ARA 290
In vivo models of decubitus ulcers
and peritonitis

Improved healing and less intraperitoneal
adhesion formation

Ahmet et al. 2010 [16] ARA 290 In vivo model of myocardial ischemia
Reduction in the size of infarct and
improvement of ejection fraction

Joshi et al. 2010 [17] ARA 290 In vitro
Decreased apoptosis of myotubes but
no effect on angiogenesis

Joshi et al. 2011 [18] ARA 290 In vitro
Decreased ischaemia-induced
inflammation and apoptosis of myotubes

surface peptide (HBSP) gives rise to pyroglutamate HBSP
(pHBSP), which is also known as ARA 290. The effective
dose of ARA 290 peptide that showed evidence of tissue
protection was comparable on a molar basis to those studied
for EPO and was higher than that required for EPO-mediated
erythropoiesis. For example, in the renal ischaemia model of
mice, 0.08 nmol/kg of bw (equivalent to 300 units/kg of body
weight of EPO) was ineffective, whereas a 10-fold higher dose

elicited strong tissue protection [40]. The studies of non-
erythropoietic EPO derivatives have been summarised in
Table 1.

4. Mechanism of Action

Receptor-initiated cell signaling by EPO and its derivatives
occurs via multiple molecular cascades, which differ in
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importance depending on the specific tissue or cell type, as
well as the type of injury [41]. As in erythropoiesis, the
majority of tissue-protective responses begin by the phos-
phorylation of JAK-2 or JAK-1 [42, 43]. Following JAK-2
phosphorylation, 3 main pathways are activated that result in
attenuation of apoptosis: STAT-5/Bcl-xL (Signal Transducers
and Activator of Transcription; type 5) [44]; PI3K/Akt (phos-
phatidyl inositol-3 kinase/Protein Kinase B) [45]; in some
tissues including the heart, the MAPK (mitogen-activated
protein kinase) pathway is involved [46]. MAPK and P13K/
Akt inhibit caspase activation, thus directly attenuating
apoptosis. We have shown that ARA 290 decreases cleaved
caspase-3 in the myotubes subjected to ischaemia [18]. This
may indicate that EPO and its derivatives may attenuate
apoptosis through the MAPK or P13K/Akt pathway. How-
ever, further study is needed to understand completely the
interactions of these signaling pathways that ultimately
transduce tissue protection in vivo.

5. Discussion

It is now known that EPO receptors are present in human
skeletal muscle and their expression is elevated in CLI. It
has also been shown that a nonhaematopoietic derivative of
EPO (ARA 290) decreases inflammation and apoptosis of
ischaemic myotubes and may thus be used to selectively en-
hance the tissue-protective activity of EPO whilst avoiding
the haematopoietic side effects in CLI.

The timing of administering EPO derivatives depends on
their half-life. CEPO has a half-life of 4–6 hours while Asialo-
EPO and ARA 290 have a half-life of about 2 minutes. Most
in vivo studies have treated animals immediately following
ischaemic injury [15, 23]. In the context of CLI, EPO deriva-
tives may be used at the onset of CLI, either alone or as an
adjunct to surgical or endovascular revascularization via sys-
temic administration through intra-arterial, intravenous, or
intramuscular routes. Due to the relatively short half-life of
currently available compounds, repeated injections may be
required. Clinical studies are needed to assess the efficacy of
EPO derivatives in patients with CLI and to identify optimal
delivery routes and dosing schedules.

6. Conclusion

EPO receptors are present in human skeletal muscle and their
expression is elevated in CLI. Nonhaematopoietic derivatives
of EPO decrease inflammation and apoptosis of ischaemic
myotubes whilst avoiding haematopoietic side effects. They
may thus reduce tissue damage and provide a unique ther-a-
peutic alternative for CLI.
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In the Western world, peripheral vascular disease (PVD) has a high prevalence with high morbidity and mortality. In a large
percentage of these patients, lower limb amputation is still required. Studies of ischaemic skeletal muscle disclosed evidence
of endogenous angiogenesis and adaptive skeletal muscle metabolic changes in response to hypoxia. Chemokines are potent
chemoattractant cytokines that regulate leukocyte trafficking in homeostatic and inflammatory processes. More than 50 different
chemokines and 20 different chemokine receptors have been cloned. The chemokine stromal-cell-derived factor-1 (SDF-1
aka CXCL12) is a constitutively expressed and inducible chemokine that regulates multiple physiological processes, including
embryonic development and organ homeostasis. The biologic effects of SDF-1 are mediated by chemokine receptor CXCR4, a 352
amino acid rhodopsin-like transmembrane-specific G protein-coupled receptor (GPCR). There is evidence that the administration
of SDF-1 increases blood flow and perfusion via recruitment of endothelial progenitor cells (EPCs). This review will focus on the
role of the SDF-1/CXCR4 system in the pathophysiology of PVD and discuss their potential as therapeutic targets for PVD.

1. Introduction

Atherosclerotic peripheral vascular disease (PVD) is a major
cause of morbidity and mortality in the Western world [1].
It has been reported to have 19.1% prevalence in those over
55 years of age [2], and 15% of male patients die within
5 years of diagnosis, with the deaths mostly due to other
associated atherosclerotic disease such as stroke, coronary
heart disease, and abdominal vascular disease [3]. With
an aging population and improved medical care that has
increased life expectancy, more patients are presenting with
critical leg ischemia (CLI), the end stage of PVD. In 10 to
40% of these patients [4], lower limb amputation may be
required because the anatomic extent and the distribution
of arterial occlusive disease make the patients unsuitable for
revascularization, despite current advances in surgery and
endovascular revascularization techniques.

In the past 20 years, rapid development in molecular
biology and understanding of mechanisms of angiogenesis
[5] have led to the development of therapeutic angiogenesis

as a promising strategy to treat a variety of cardiovascu-
lar diseases. Experimental animal model studies [6] have
progressed to several clinical trials which evaluated the
angiogenic potentials of growth factors such as hepatocyte
growth factor (HGF), vascular endothelial growth factor
(VEGF), and fibroblast growth factor (FGF) in inducing
new blood vessel growth in CLI patients. Unfortunately, the
results of these clinical trials have been inconsistent and
inconclusive. For example, in the regional angiogenesis with
VEGF (RAVE) trial [7], intramuscular adenoviral delivery of
VEGF in patients with unilateral exercise-limiting claudica-
tion had no effects on primary efficacy end points but was
associated with dose-dependent peripheral oedema. VEGF
induces formation of hyperpermeable and proinflammatory
vessels; the concerted actions of additional mediators (such
as the angiopoietins and platelet-derived growth factor) may
be required for their stabilization and maturation. This view
has been supported by the use of a combination of two
angiogenic factors, platelet-derived growth factor BB and
FGF-2, which synergistically induce vascular networks that
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remain stable for more than a year even after depletion of
angiogenic factors [8].

Chemokines are potent chemoattractant cytokines that
regulate leukocyte trafficking in homeostatic and inflam-
matory processes. More than 50 different chemokines and
20 different chemokine receptors have been cloned [9].
Chemokines usually bind to multiple receptors, and the same
receptor may bind to more than one chemokine. However,
there is one exception to this rule: SDF-1, which binds
exclusively to CXCR4, and has CXCR4 as its only receptor
[9–16]. Recently, a new putative receptor called CXCR7 (aka
RDC1 and GPR159) for SDF-1 had been described [17];
however, its potential role in regulating cell trafficking awaits
confirmation by other laboratories.

This review will focus on the role of stromal-cell-
derived factor- (SDF-1), otherwise known as CXCL12, and
its receptor CXC chemokine receptor 4 (CXCR4; i.e., the
SDF-1/CXCR4 system) in the pathophysiology of PVD and
discuss their potential as therapeutic targets for PVD.

2. Stromal-Cell-Derived Factor- (SDF-1)

The chemokine stromal-cell-derived factor-1 (SDF-1, also
known as CXCL12) is a constitutively expressed and
inducible chemokine that regulates multiple physiological
processes, including embryonic development and organ
homeostasis [18]. SDF-1 is the only member of the α-
chemokines which does not possess the conserved Glu-Leu-
Arg motif, also called the ELR motif, preceding the first
cysteine residue but has angiogenic activity. Two main splice
forms of SDF-1 have been identified, SDF-1α and SDF-
1β, which have identical amino acid sequences except for
the presence of 4 additional amino acids at the carboxy
terminus of SDF-1β [19]. Another splice variant form, SDF-
1γ, has been subsequently identified in the nervous system
[20]. SDF-1δ, SDF-1ε, and SDF-1ϕ splice variants have been
described only recently in human tissues and are abundant
in the pancreas. Additionally, SDF-1ϕ and SDF-1ε are found
in the heart and liver, as well as in fetal and adult kidneys, but
the expression of SDF-1ϕ is more pronounced than SDF-1ε.
SDF-1δ, on the other hand, is also detected in the spleen, fetal
liver, and lungs [21].

SDF-1α is the predominant isoform found in all organs
but undergoes rapid proteolysis in blood. SDF-1β is more
resistant to blood-dependent degradation, stimulates angio-
genesis, and is present in highly vascularized organs such as
the liver, spleen, and kidneys. In contrast, SDF-1γ is located
in very metabolically active organs susceptible to infarction
such as the heart and the brain. The significance of the
existence of the splice forms of SDF-1 has largely remained
unclear. The understanding of the functional diversity of the
different splicing variants will help in developing therapeutic
strategies. Structure-function analysis of SDF-1α (1–67) has
identified the NH2-terminal amino acids (residues 1–8) as
critical to receptor binding and activation. The expression of
SDF-1 in several organs including liver, brain, kidney, and
heart increased in the presence of ischaemia [22]. Recently,
it has been shown that SDF-1 expression in skeletal muscle
is also elevated in ischaemic skeletal muscle fibres of patients

with critical leg ischaemia [23]. Studies at the molecular level
show that the SDF-1 promoter contains hypoxia inducible
factor-1α (HIF-1α) binding sites, as revealed by chromatin
immunoprecipitation analysis, and SDF-1 expression is
upregulated in endothelial cells by HIF-1α [24]. Thus, it
is possible that elevated levels of HIF-1α in critical leg
ischaemia [25] may have led to increased SDF-1 in the
ischaemic skeletal muscle fibres.

3. CXCR4

The biologic effects of SDF-1 are mediated by the chemokine
receptor CXCR4. CXCR4 (aka fusin and CD184), is a
352 amino acid rhodopsin-like transmembrane specific G
protein-coupled receptor (GPCR). CXCR4 is expressed by
various cell lines, including muscle cell lines, endothelial
cells, leucocytes, and progenitor cells [26–28] and the
expression of CXCR4 receptor on endothelial cells has
been reported to be regulated by hypoxia [29, 30] at
transcriptional level. The regulation of CXCR4 can also
occur during protein expression when it is subjected to a
number of cotranslational modifications. These processes
affect the expression and function of the receptor [31].
After expression, CXCR4 is exposed to proteolytic degra-
dation by proteases that are present in the haematopoietic
microenvironment and serum (e.g., cathepsin G, elastase,
dipeptidyl-peptidase) [32, 33]. CXCR4 after interaction with
SDF-1 is internalized from the surface in a mechanism
involving G-protein-coupled receptor kinases followed by
the binding of β-arrestin [34], and subsequently, is recircu-
lated from the endosomal compartment at different rates:
this achieves another level of regulation. The function of
the CXCR4 receptor depends on its incorporation into
membrane lipid domains called lipid rafts and several signals
from other membrane receptors (e.g., G-protein-coupled
C3a anaphylatoxin receptor—C3aR) or integrins that may
increase the incorporation of CXCR4 into membrane lipid
rafts, enhancing its signalling [35, 36]. Finally, CXCR4
is the subject of negative regulation by regulators of G-
protein signalling (RGS) proteins which may regulate CXCR4
signalling differently in different tissues [37, 38].

4. SDF-1 CXCR4 Signalling Axis

Upon activation of CXCR4, a number of signalling pathways
are activated leading to a variety of biological responses. As
CXCR4 couples to the Gi family of proteins, pertussis toxin
(PTX), which ADP-ribosylates Gαi and inhibits GPCR/Gi

coupling, has been used to delineate pathways that are G-
protein-dependent and -independent. Strong evidence exists
that the protein-tyrosine phosphatases SHIP1 and SHIP2,
as well as membrane-expressed hematopoietic phosphatase
CD45, are involved in the modulation of CXCR4 signalling
[39]. CXCR4 signalling is negatively regulated by the RGS
proteins [37, 38] and lipid phosphatase activity of tumor
suppressor phosphatase and tensin homolog (PTEN) [40].

4.1. G Protein Signalling. To date, the majority of signalling
pathways and biological outcomes of CXCR4 activation
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are PTX sensitive and, therefore, dependent on activation
of Gi proteins. Activated Gi is able to inhibit adenylyl
cyclase as well as activate the Src family of tyrosine
kinases while liberated Gβγ activates phospholipase C-β
(PLC-β) [31], phosphoinositide-3 kinase (PI3K) [41], and
mitogen activated protein kinase (MAPK) [42] signalling
pathways. As described earlier, the CXCR4/SDF-1 complex
is incorporated into lipid rafts and may associate with
members of the Src family of kinases [43]. Activated CXCR4
increases intracellular calcium mobilization and induces
phosphorylation of focal adhesion components such as FAK
and Pyk2 [44–46]. The PI3K/AKT and MAPK signal trans-
duction pathways contribute to chemotaxis, cell migration
[42, 47], and secretion of various matrix metalloproteinases
(MMP’s) including MMP-2 and MMP-9 [46, 48]. MMP-2
and MMP-9 are involved in the migration of cells through the
basement membrane [49]. They also induce secretion of the
angiopoietic factor, VEGF [50]. Furthermore, blocking either
the PI3K or MAPK pathway inhibits CXCR4-activated cell
migration in a pre-B cell line [42]. Ultimately, through these
pathways, SDF1-bound CXCR4 can induce cell proliferation,
chemotaxis, migration, the secretion of angiopoietic factors,
all important components of the angiogenic process [51].

4.2. G Protein Independent Signalling. Activation of the
JAK/STAT pathway by CXCR4 has been proposed to be
G protein independent [52]. SDF-1 induces the transient
association of JAK2 and JAK3 with CXCR4, leading to
the activation and nuclear translocation of a number of
STAT proteins. While JAK/STAT activation is G protein-
independent, pretreatment with PTX leads to a prolonged
association of JAK with CXCR4 suggesting that G protein
coupling is involved in JAK/STAT-receptor complex recycling
[52].

5. SDF-1, Vasculogenesis, and Angiogenesis

Until recently, new blood vessel growth in the adult was
thought to occur exclusively through angiogenesis, defined as
the sprouting of vessels from existing vascular structures. In
contrast to angiogenesis, endothelial progenitor cells (EPCs)
are mobilised from the bone marrow and recruited to foci of
neovascularization where they form new blood vessels in situ
through a process called vasculogenesis. Once thought to be
limited to embryonic development, vasculogenesis appears
to be preserved in the adult and contributes to postischemic
vascular regeneration.

5.1. The Effect of SDF-1 and Endothelial Progenitor Cell (EPC)
Trafficking on Vasculogenesis. In 1997, Asahara et al. reported
the isolation of putative EPC from human peripheral
blood, on the basis of cell-surface expression of CD34 and
other endothelial markers [53]. These cells are reported to
differentiate in vitro into endothelial cells and seem to be
incorporated at sites of active angiogenesis in various animal
models of ischaemia. These findings suggest that incorpo-
ration of bone-marrow-derived endothelial precursor cells
into the new vessels lumen contributes to the growing vessels

and complements the resident endothelial cells in sprouting
new vessels. Also, ischaemia and various cytokines, includ-
ing VEGF and granulocyte-macrophage colony-stimulating
factor (GM-CSF), are reported to mobilize EPC into sites of
neovascularization [54]. EPCs express CXCR4 which allows
homing to sites of neovascularization in ischaemic tissues
which release the homing signal, that is, SDF-1, which then
act as ligand for CXCR4. Other CXCR4+ proangiogenic cells
are composed of immature and mature hematopoietic cells,
and smooth muscle cell (SMC) progenitors, which all have
direct or indirect proangiogenic properties.

SDF-1 is upregulated in ischaemic tissues as hypoxic
and/or apoptotic conditions are triggers to the induction
of cytokine and chemokine expression. Ceradini et al. have
demonstrated that SDF-1 expression in ischaemic sites is
directly correlated with the amplitude of hypoxia [24]. Sig-
nalling activated by hypoxia leading to SDF-1 upregulation
involves the recruitment of integrin-linked kinase and HIF-
1 [24, 55]. Acute and gradual arterial occlusion can both
lead to increased SDF-1 expression in ischaemic limb [56].
However, the expression of SDF-1 can be affected by age, with
decreased expression in older age [57]. We investigated the
expression of two main splice variant, SDF-1α and SDF-1β in
ischaemic human skeletal muscle of patients with critical leg
ischaemia [23]. The study confirms the elevated expression
of SDF-1α but there is lack of SDF-1β expression in ischaemic
human skeletal muscle. It is postulated that the lack of SDF-
1β expression in critical leg ischaemia may be explained by its
transient expression [58] because all the muscles examined
have been chronically ischaemic. Another human study [59]
shows that SDF-1 expression increases in acute on chronic
ischaemia with perivascular retention of CXCR4+ cells.

The increased expression of SDF-1 in ischaemic muscles
acts as a chemoattractant and homing signal for CXCR4+
EPCs. Locally administered SDF-1 has been shown to
augment the accumulation of EPCs to the site of ischaemia,
resulting in enhancing the efficacy of neovascularization
after systemic EPC transplantation [60]. The study pro-
vided experimental proof of principle for the feasibility
and therapeutic effectiveness of local administration of
SDF-1 in augmenting the SDF-1/CXCR4+ EPCs enhanced
neovascularization in ischaemic muscles.

5.2. Angiogenic Properties of SDF-1. Many critical cell func-
tions such as migration, proliferation, and apoptosis inhi-
bition are regulated by SDF-1. There are limited studies in
the literature investigating human microvascular endothelial
cells which are better representatives of the microvasculature
involved in angiogenesis. In a study comparing the angio-
genic properties of both SDF-1α and SDF-1β splice variants
[23], both splice variants attenuate human microvascular
endothelial cells apoptosis and stimulate cell proliferation
and capillary tube formation in a Matrigel assay. The
Matrigel assay mimics various steps in angiogenesis such as
proliferation, migration, and differentiation in the process
of capillary tube formation. Compared with SDF-1α, SDF-
1β has a greater effect on apoptosis and cell proliferation.
Treatment with both variants results in time-dependent
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activation of PI3K/Akt and MAPK p44/42 but not p38 MAP
kinase [23]. These properties are likely to contribute to the
complex mechanism of angiogenesis.

6. Potential Use of SDF-1 as
Therapeutic Angiogenic Factor

The ideal mode of delivery of angiogenic growth factors
has yet to be determined. They are usually delivered by
gene transfer, which commonly uses adenoviruses (Ads) and
plasmids as vectors or delivered as recombinant protein.
Each method has its own disadvantages [6] and the delivery
of SDF-1 is no exception. Recently, two promising studies
attempt to provide successful modes of SDF-1 delivery in
ischaemic limbs to improve revascularisation using vascular
gene transfer of SDF-1 by ultrasound-mediated destruction
of plasmid bearing microbubbles and mutated recombinant
SDF-1 proteins [61, 62].

The success of EPCs therapy relies on the ability of cells
to repair damaged tissue, and it is critically dependent on
the homing, migration, and retention to sites of ischaemia,
regardless of mode of delivery. In an animal model of chronic
ischaemic limb, it has been demonstrated that a noninvasive
gene- and cell-based therapeutic approach, using vascular
gene transfer of SDF-1 by ultrasound-mediated destruction
of plasmid bearing microbubbles to augment homing and
engraftment of exogenously administered EPCs, leads to a
greater angiogenic response as compared to SDF-1 gene
therapy or intravenous EPCs alone [61]. However, long-term
data on EPC engraftment, beyond 14 days after delivery, are
not available.

The use of SDF-1 protein therapy to enhance angio-
genesis is hampered by concerns regarding rapid inac-
tivation of the chemokine in the protease-rich environ-
ment of the ischaemic limb. SDF-1 processing by matrix
metalloproteinase-2 results in generation of a neurotoxic
fragment that does not bind to its main receptor, CXCR4,
and lacks chemotactic activity for EPCs [63, 64]. To ensure
sustained SDF-1 activity in the hostile environment of the
ischaemic limb, Segers et al. [62] designed recombinant SDF-
1 proteins carrying mutations that provide resistance to pro-
tease cleavage. One of these SDF-1 variants, SSDF-1(S4V),
is resistant to processing by matrix metalloproteinase-2 and
dipeptidyl peptidase IV but retains chemotactic activity in
vitro and induced angiogenesis in vivo. Delivery of protease-
resistant SDF-1 with the use of self-assembling nanofibres
to achieve sustained local concentrations increases arteriolar
density and enhances blood flow in the ischaemic mouse
hindlimb.

Similar to treatment with the angiogenic growth factors
basic fibroblast growth factor (FGF) and VEGF, admin-
istration of protease-resistant SDF-1 augments perfusion,
increasing vascular density in the ischaemic limb. Consider-
ing the established effects of VEGF and basic FGF admin-
istration in enhancing experimental ischaemic angiogenesis,
what additional role could SDF-1 treatment play? Compared
with the effects of other angiogenic growth factors, SDF-1 has
unique properties. Generation of hyperpermeable vessels,

a major characteristic of VEGF-stimulated angiogenesis,
may not be observed after injection of SDF-1. SDF-1
contributes to the stabilization of neovessel formation by
recruiting CXCR4+PDGFR+ckit+ smooth muscle progeni-
tor cells during recovery from vascular injury [65]. However,
the angiogenic pathways involving VEGF and SDF-1 are
not independent. Extensive evidence suggests that SDF-1
upregulates VEGF synthesis in several different cell types,
whereas VEGF and basic FGF induce SDF-1 and its receptor
CXCR4 in endothelial cells [66]. In a transgenic system of
VEGF-mediated neovascularization, SDF-1 is a key mediator
of retention of recruited bone-marrow-derived cells in close
proximity to angiogenic vessels [67]. These interactions
provide a link between angiogenic growth factors and
chemokine-induced angiogenesis.

Although promising, the use SDF-1 in a clinical setting
is uncertain and yet to be tested. The animals used for
experimentation are typically young and healthy and have
the same genetic background. In contrast, patients with PVD
are a highly heterogeneous group comprising older individ-
uals with enormous genetic diversity and various comorbid
conditions, such as diabetes mellitus, hypertension, and
hyperlipidemia.

7. Future Work

Better understanding of the mechanisms of action of the
chemokine in the ischaemic limb is necessary for optimal
exploitation of the SDF-1/CXCR4 axis in PVD. As discussed,
SDF-1 not only exerts its effect on vasculogenesis by the
recruitment of CXCR4+ progenitor cells, but it also has
direct angiogenic properties on endothelial cells. The mecha-
nism of actions causing neovascularisation in ischaemic limb
is uncertain: one or both of the processes may be involved. In
addition, there is uncertainty on the role and interaction of
VEGF and other angiogenic growth factors with SDF-1 in the
microenvironment of ischaemic limbs. The answers to these
issues are paramount to understanding the interplay between
various mediators of angiogenesis and to design therapeutic
strategies combining protein and cell therapy approaches.

Moreover, the effects of SDF-1 on the inflammatory
response in the ischaemic limb need to be understood. The
roles of elevated expression of SDF-1 and its interaction
with other angiogenic growth factors in ischaemic muscles
need to be determined. There has been no study on how
the increased expression of SDF-1 by ischaemic muscles
affect serum levels of SDF-1, which can then affect the
mobilisation of progenitor cells from bone marrow. Evidence
from in vivo studies in models of inflammatory injury is
conflicting, suggesting that SDF-1 exerts context-dependent
proinflammatory and antiinflammatory actions [68].

The role of SDF-1 in establishing long-term stable and
mature blood vessels remains unknown. A major limiting
factor in angiogenic therapies is the formation of unstable
vessels that may rapidly regress after cessation of treatment
[69]. Whether SDF-1 mediates coating of the neovessels with
pericytes and vascular maturation is not known. Formation
of viable and stable neovessels in vivo may require the
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concerted effort of several distinct mediators. Finally, much
work is needed to investigate the role of the newly discovered
SDF-1 receptor CXCR7 on SDF-1 angiogenic properties.

To apply SDF-1 treatment in patients with PVD, certain
issues will need to be considered, such as the effect of
SDF-1 on atherosclerosis. Additional experiments using
atherosclerotic animal models may shed light on this con-
cern. Nevertheless, we believe that the concept of augmenting
local accumulation of transplanted EPCs opens perspectives
for the clinical strategy of EPC therapies.
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Diabetes mellitus is a major risk factor for ischemic heart disease (IHD). Patients with diabetes and IHD experience worse clinical
outcomes, suggesting that the diabetic heart may be more susceptible to ischemia-reperfusion injury (IRI). In contrast, the animal
data suggests that the diabetic heart may be either more, equally, or even less susceptible to IRI. The conflicting animal data may
be due to the choice of diabetic and/or IRI animal model. Ischemic conditioning, a phenomenon in which the heart is protected
against IRI by one or more brief nonlethal periods of ischemia and reperfusion, may provide a novel cardioprotective strategy for
the diabetic heart. Whether the diabetic heart is amenable to ischemic conditioning remains to be determined using relevant animal
models of IRI and/or diabetes. In this paper, we review the limitations of the current experimental models used to investigate IRI
and cardioprotection in the diabetic heart.

1. Introduction

Ischemic heart disease (IHD) is the leading cause of death
and disability in the UK. Diabetes mellitus is a major risk
factor for IHD patients with diabetes who are 2-3 times
more likely to develop IHD [1]. Diabetes mellitus (DM), in
general, is a condition where the body cannot adequately
control its level of glucose. There are two types of diabetes,
type I diabetes and type II diabetes. Type I diabetes is
characterized by the inability of the body to produce insulin;
this is caused by cellular-mediated programming of the
autoimmune system and subsequent destruction of pancre-
atic beta-cells, the cells responsible for insulin production.
The prevalence of this form of diabetes is relatively low and
usually starts early in life [2]. Whereas type II diabetes is
known as the insulin resistant form, insulin is produced
however the target tissues become insensitive or resistant
to the action of insulin thereby not utilizing blood glucose
correctly and as a consequence increasing circulating blood
glucose levels [3]. This form accounts for a high percentage
of all diabetes and is historically more common in older age
groups; however the prevalence of type II diabetes in children

and young adults is also increasing especially in westernized
societies [4].

There are many features of the diabetic heart that can
contribute to an increased susceptibility to IHD, these
include diabetic cardiomyopathy and angiopathy [5]. Dia-
betic cardiomyopathy is a disease that affects the myo-
cardium in diabetic patients, causing structural changes
which lead to abnormal functionality of the heart. These
changes can eventually result in left ventricular hypertrophy
(LVH) and diastolic/systolic dysfunction [6]. Changes at
the molecular level occur in the diabetic heart leading to
this phenotype, including endothelial dysfunction, metabolic
perturbations, and differences in cellular signaling, which
are well described in an extensive review by Hayat et al.,
2004 [6]. Diabetic angiopathy causes vascular complications
in chronic diabetic patients and can be classified into two
types: microangiopathy and macroangiopathy [7]. Diabetic
microangiopathy is the term coined to describe the damage
caused to small blood vessels and capillaries within the body
as a consequence of chronic hyperglycemia. This damage can
lead to a decreased supply of oxygen and vital substrates to
the tissues, which can lead to adverse clinical outcomes such
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as retinopathy, nephropathy, neuropathy, and diabetic foot
[8]. Macroangiopathy as a consequence of diabetes mainly
involves an accelerated form of atherosclerosis [9], another
risk factor for CV disease. It affects the larger blood vessels
within the body, where development and progression of
atherosclerotic plaques lead to stenosis or occlusions, impair-
ing blood flow [10]. Diabetic complications, atherosclerosis,
hypertension, and many other CV risk factors such as obesity
can all interact and render the heart more susceptible to IHD
[11].

The incidence of diabetes is increasing at an alarming rate
throughout the world. Globally, the estimated prevalence
of diabetes for 2010 was 285 million and is expected to
affect 438 million people by 2030 [1]. In the UK, there are
2.6 million people who have been diagnosed with diabetes
(2009) which equates to a 4.1% average prevalence and it is
estimated that 4 million people will be diabetic by 2025 [12].

The major consequence of IHD results from the detri-
mental effect of acute myocardial ischemia-reperfusion
injury (IRI). IRI is a paradoxical event that occurs in
the myocardium. Briefly, when blood flow is reduced due
to myocardial ischemia, the best treatment strategy is to
reestablish blood flow to the damaged area, however this
return in blood flow causes damage [13]. Patients with
diabetes experience worse clinical outcomes in a number
of clinical settings of acute IRI including acute myocardial
infarction (MI) [14–16], coronary angioplasty [16], and
cardiac bypass surgery [17–19]. This clinical data suggests
that the diabetic heart may be more susceptible to acute
IRI. In contrast, the animal data is inconclusive with
experimental studies suggesting that the diabetic heart may
be more, equally or even less susceptible to acute IRI [20].
However, one major reason for the disparity between the
clinical and animal data may be due to the choice of IRI
and/or diabetic animal model used in the animal studies
[20].

Given the worse clinical outcomes in diabetic patients
with IHD, novel therapeutic strategies for protecting the
diabetic heart against the detrimental effects of acute IRI are
required to improve clinical outcomes in this patient group.
Extensive research has investigated protecting the heart from
IRI using conditioning strategies, either by mechanically
activating cell survival pathways by ischemic preconditioning
(IPC) [21] and remote ischemic conditioning (RIC) [22]
or pharmacologically using cardioprotective agents [23].
Ischemic conditioning is an endogenous phenomenon in
which one or more brief cycles of nonlethal ischemia and
reperfusion applied directly to the heart protects itself from
a sustained lethal episode of acute IRI [24]. Furthermore
exciting research in the area of RIC, whereby an alternative
organ to the heart, for example, the arm, can be made
ischemic by one or more brief cycles of nonlethal ischemia
and reperfusion using a blood pressure cuff, can limit the
damage caused by a sustained ischemic insult [22] and
this may provide a novel cardioprotective approach for the
diabetic heart. These strategies are further described in
Section 4. However, in order to translate ischemic condi-
tioning into the clinical arena for the benefit of diabetic
patients, it is important to first determine in animal studies

whether the diabetic heart is amenable to cardioprotection
elicited by ischemic conditioning. To achieve this requires
the use of appropriate animal models of IRI and diabetes
which also take into account other comorbidities such as age,
dyslipidemia, and hypertension, factors which also impact on
the ability to ischemic condition the heart [25].

The aim of this paper will be to highlight the limitations
of currently used animal models of IRI and diabetes as a
potential explanation for the disparity that exists between
clinical and experimental data, with regard to the sus-
ceptibility of the diabetic heart to IRI and endogenous
cardioprotection.

2. Animal Models of Diabetes

Animal models used to investigate diabetes have been
created using a variety of different methods such as the
administration of drugs toxic to the pancreas, modified diets,
inbreeding of spontaneous mutations, or genetic engineering
[34]. This has resulted in the availability of many different
diabetic animal models [35]. In addition, the diabetic status
induced by these methods needs to be assessed with caution
as none of the models accurately and completely reflect the
human pathology of diabetes.

For example, type I diabetes is characterized by insulin
deficiency as a consequence of autoimmune destruction of
pancreatic β cells in the islets of Langerhans [36]. This
disease is mimicked by administration of streptozotocin
(STZ). However, this is an alkylating agent based nitrosourea
derivative [37], which interferes with numerous cellular
processes such as glucose transport, glucokinase function
and can also induce DNA strand breaks [38]. This toxic
compound can be given either as a single high dose to induce
diabetes but this is associated with high mortality. Therefore,
it is more common to use a series of low doses to induce
diabetes in rodents [39]. Alloxan is a toxic glucose analogue,
which preferentially accumulates in beta cells of the pancreas,
causing excessive production of hydroxyl free radicals and
destruction of the beta-cells hence mimicking type I diabetes
[40]. In essence, the primary etiopathology caused by these
experimental approaches has little autoimmune component
and does not truly reflect the pathogenesis leading to type
I diabetes in the human [39]. Therefore, it could be argued
that the translation of findings from this particular animal
model of type I diabetes to the clinical setting may be
problematic.

Type II diabetes in humans is a metabolic disorder and
normally arises during adulthood [41]. A good animal model
of type II diabetes is the Goto-Kakizaki (GK) rat, which
originates from the inbreeding of Wistar rats that exhibited
hyperglycemia. The GK rat spontaneously becomes diabetic
early in life, showing glucose insensitivity in their pancreatic
beta cells [42] with the diabetic status increasing with age
[43]. The Otsuka Long Evans Tokushima Fatty (OLETF) rat
originates from the inbreeding of Long-Evans rats which
exhibit glucose intolerance [44]; these rats are mildly obese
and the diabetic phenotype is more dramatic in males. Both
the Zucker diabetic fatty (ZDF) rat [45] and the db/db mice
[46] are models that express other comorbidities such as
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obesity and dyslipidemia as well as glucose intolerance [47].
For a thorough review into animal models in diabetes please
refer to [34].

3. The Susceptibility of the Diabetic Heart to
Acute IRI

Despite the clinical data suggesting that the diabetic heart
is more susceptible to acute IRI, the animal data has been
conflicting with experimental studies showing more, equal,
or less sensitivity to acute IRI. The reasons for this disparity
between the animal and clinical data were the subject of
a review in 1997 by Paulson, who concluded that the
sensitivity of the diabetic heart to acute IRI was dependent
on the animal models and conditions used. The diabetic
heart was shown to be less sensitive to acute IRI in studies
which (i) used a short duration of diabetes (<6 weeks);
(ii) used glucose as the only substrate; (iii) used a no-
flow IRI protocol, whereby global ischemia is initiated by
total interruption of the perfusate to the heart. Whereas, if
diabetes was more prolonged and severe, fatty acids were
present in the perfusate and a low-flow IRI protocol was
used that is, experimental protocols which reflect the clinical
scenario better, the diabetic heart was found to be more
sensitive to IRI [20]. We have reviewed the literature since
1997, and the same pattern emerges (see Tables 1, 2, and 3).
However, to this we need to add another complicating factor,
the choice of IRI model and the lack of other comorbidities
such as age, dyslipidemia, and hypertension, factors which
are critical when investigating cardioprotection.

Numerous endogenous factors contribute to myocardial
IRI. These include production of reactive oxygen species
(ROS), changes in the intracellular calcium and pH, trig-
gering of inflammatory mechanisms; all of which interact
with each other to mediate opening of the mitochondrial
permeability transition pore (PTP), leading to eventual car-
diomyocyte death (Figure 1) [13]. Interestingly, the patho-
logical changes already occurring in diabetic cardiomyopathy
include increased release of ROS [59], abnormal handling
of calcium, and increased release of inflammatory mediators
[60]; this experimental information alongside the evidence
that diabetic patients have a worse prognosis following
myocardial infarction [61], strongly suggest that the diabetic
heart should be more vulnerable to damage. However, a
plethora of experimental and clinical studies demonstrated
a variety of outcomes, which could be highly dependent on
the animal model, experimental protocol, and severity of
diabetes. In Figure 2, we attempt to summarize the possible
mechanisms that make the diabetic heart more or less
susceptible to infarction following ischemia reperfusion.

3.1. Animal Models of Type I Diabetes. A vast amount of
research has been performed in order to assess the sensitivity
to myocardial ischemic damage in models of type I diabetes.
In vivo [53, 56] and ex vivo [58] investigations using a
STZ-rat model demonstrated that acute diabetes (1–4 weeks
of STZ treatment) resulted in less susceptibility to acute
IRI. However, if STZ treatment was increased to longer
than 6 weeks, the sensitivity to acute IRI was increased.

pH restoration
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death

Myocardial reperfusion

Ischaemia

↑Cyto c

Ca2+↑

ROS↑
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ATP↓
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Figure 1: Endogenous factors contributing to ischemia-reperfusion
injury. Following ischemia, blood flow is reestablished in the
myocardium. The myocardium is subject to a number of abrupt
changes during the transition from ischemia to reperfusion.
Both biochemical and metabolic alterations occur including the
generation of reactive oxygen species (ROS), decrease in ATP levels,
an increase in inflammatory mediators, the rapid restoration of
physiological pH, which in turn increases intracellular sodium
and overload of intracellular calcium and mitochondrial calcium.
These factors interact with each other to mediate reperfusion injury
through the opening of the mitochondrial permeability transition
pore (mPTP) and initiation of cell death pathways [13].

Ma et al. [56] found increased phosphorylation of the
prosurvival kinase Akt and decreased levels of caspase-3,
vascular endothelial growth factor (VEGF), and nitric oxide
(NO) following 2 weeks STZ induction but the opposite
finding following 6 weeks treatment, supporting the loss
of the cardioprotective state after 6 weeks [56]. Nawata et
al. (2002) [51] also found that 4 weeks of STZ-induced
diabetes reduced sensitivity to acute IRI in the Langendorff-
perfused isolated heart model [51]. This phenomenon of
protection in the acute diabetic setting was also present in
alloxan-induced diabetes in Yucatan pigs [57]. Following 1
hour of regional coronary artery occlusion and reperfusion
the in vivo myocardial infarct size was smaller compared to
control and this was accompanied by an increased expression
of cell survival proteins. Of note, global left ventricular
function was worse in diabetes; however function within the
area at risk was better [57]. In a cardiomyocyte model of
diabetes, cells were incubated for 3 days with either 5 mM or
25 mM glucose in the medium. High-glucose treatment was
protective against simulated IRI. The high-glucose treatment
caused a reduction in necrosis, apoptosis, and calcium
content, whereas the antiapoptotic protein bcl-2 increased
and proapoptotic bad was shifted to its inactive state [49] in
the presence of 25 mM glucose.

In contrast to this data, showing that “acute” or short-
term induced type I diabetes is cardioprotective compared
to the longer-term induction, Hadour et al. (1998) [48]
induced diabetes in rabbits for 8 weeks using alloxan, then
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Table 1: Studies indicating the diabetic heart is more sensitive to ischemic injury compared to normoglycemic controls.

Study Model Ischemic protocol
Duration/onset
of diabetes

Substrates
Model of
diabetes

End points

Jones et al.
(1999) [26]

db/db mouse

In vivo non recovery,
30 min regional
ischemia/2 h
reperfusion

In-bred strain In vivo substrates
Type II
diabetes

Infarction

Kersten et al.
(2000) [27]

Dog, Alloxan (40 mg/kg)
and STZ (25 mg/kg)

In vivo non recovery,
60 min regional
ischemia/3 h
reperfusion

3 weeks In vivo substrates
Type I
diabetes

Infarction

Kersten et al.
(2000) [27]

Dog, Dextrose 15% to
cause acute
hyperglycaemia

In vivo non recovery,
60 min regional
ischemia/3 h
reperfusion

70 mins In vivo substrates
Type I
diabetes

Infarction

Lefer et al.
(2001) [28]

db/db mouse

In vivo non recovery,
30 min regional
ischemia/2 h
reperfusion

In-bred strain In vivo substrates
Type II
diabetes

Infarction

Fiordaliso et
al. (2001)
[29]

Rat cardiomyocytes —

1, 2, and 4 days
of 25 mmol/L
incubation in
medium

—
Type I
diabetes

Cell death

Marfella et al.
(2002) [30]

Sprague-Dawley Rat, STZ
(70 mg/kg i.v)

In vivo non recovery,
25 min regional
ischemia/2 h
reperfusion

9 days In vivo substrates
Type I
diabetes

Infarction and
protein expression

Marfella et al.
(2002) [30]

Sprague-Dawley Rat,
isolated heart

Langendorff isolated
heart, 25 min regional
ischemia/2 hr
reperfusion

—
33.3 mmol/L
glucose

Type I
diabetes

Infarction and
protein expression

Ebel et al.
(2003) [31]

Rabbit- 50% Dextrose
infused 30 min prior to
ischemia until reperfusion
normoglycaemic
rat-under intravenous

In vivo non recovery,
30 min regional
ischemia/2 h
reperfusion

hyperglycemia
of 600 mgd1-1
throughout
ischemia

In vivo substrates
Type I
diabetes

Infarction

Su et al.
(2007) [32]

infusion at a rate of
4 mL·kg–1·h–1: of
glucose 500 g/l during
ischemia, saline during
reperfusion

In vivo non recovery,
30 min regional
ischemia/6 h
reperfusion

— In vivo substrates
Type I
diabetes

Infarction, apoptosis
and kinase
expression

Desrois et al.
(2010) [33]

Aging Goto Kakizaki Rat,
male

Langendorff isolated
heart, 32 min low
flow global
ischemia/32 min
reperfusion

In-bred strain

1.2 mM
palmitate, 3%
albumin, 11 mM
glucose, 3 U/l
insulin, 0.8 mM
lactate, and
0.2 mM pyruvate.

Type II
diabetes

Myocardial function

subjected the hearts to in vivo 30 minute myocardial ischemia
and 3 hours reperfusion and saw a reduction in MI size
compared to control nondiabetic rabbits. Conversely, in
nondiabetic rabbits infused with high glucose throughout
myocardial ischemia and reperfusion to mimic acute diabetes
no difference in infarction was seen compared to controls.
They suggested that the presence of type I diabetes in the
rabbit induced a chronic and metabolic cardioprotective
state in the heart [48]. Ebel et al. [31] showed in the same

model of alloxan-induced diabetes in rabbits that 6-weeks
duration of diabetes had no influence on the vulnerability
to IRI compared to controls, further supporting the theory
of a chronic (greater than 6 weeks) protected state in this
model [31]. Chronic administration of STZ for 12 weeks
in rats also showed a decreased susceptibility to MI [52].
Diabetic hearts had greater left ventricular function and
the incidence of ventricular fibrillation and creatine kinase
(CK) release were decreased. This was accompanied by
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Table 2: Studies indicating the diabetic heart is less sensitive to ischemic injury compared to normoglycaemic controls.

Study Model Ischemic Protocol
Duration/onset of

diabetes
Substrates

Model of
diabetes

End points

Hadour et al.
(1998) [48]

Rabbit, alloxan
(100 mg/kg)

In vivo nonrecovery,
30 min regional
ischemia/3 hr
reperfusion

2 months
In vivo

substrates
Type I

diabetes
Infarction

Schaffer et al.
(2000) [49]

Rat, neonatal
cardiomyocytes

10 mM deoxyglucose
and and 3 mM

amobarbital medium
for 1 hr, OR hypoxic

chamber: 2.3% O2–5%
CO2-balance N2 for

1 hr

3-day incubation
with 25 mM
glucose in
medium

—
Type I

diabetes
Infarction

Oliveria et al.
(2001) [50]

Goto Kakizaki Rat,
male, isolated
cardiomyocyte
mitochondria

— In-bred strain —
Type II
diabetes

Cell death and
mPTP

Nawata et al.
(2002) [51]

Rat, STZ
(65 mg/kg)

Langendorff isolated
heart, 30 min low flow
global ischemia/30 min

reperfusion

4 weeks
11 mmol/L

glucose
Type I

diabetes
Myocardial

function

Ooie et al.
(2003) [52]

Rat, STZ
(65 mg/kg)

Langendorff isolated
heart: Low-flow global

ischemia for 5 min,
followed by no-flow
ischemia for 25 min.
30 min reperfusion

12 weeks
11 mmol/L

glucose
Type I

diabetes

Myocardial
function, creatine

kinase release

Ravingerová et
al. (2003) [53]

Rat, STZ
(45 mg/kg)

In vivo non recovery,
30 min regional
ischemia/4 hr
reperfusion

1 week
In vivo

substrates
Type I

diabetes
Infarction

Kristiansen et al.
(2004) [54]

Goto Kakizaki Rat,
male

Langendorff isolated
heart, 50 min regional

ischemia/2 hr
reperfusion

In-bred strain
11 mmol/L

glucose
Type II
diabetes

Infarction

Kristiansen et al.
(2004) [54]

Obese Zucker
Diabetic Fatty Rat,

male

Langendorff isolated
heart, 50 min regional

ischemia/2 hr
reperfusion

In-bred strain
11 mmol/L

glucose
Type II
diabetes

Infarction

Tsang et al.
(2005) [55]

Goto Kakizaki Rat,
male

Langendorff isolated
heart, 30 min regional

ischemia/2 hr
reperfusion

In-bred strain
11 mmol/L

glucose
Type II
diabetes

Infarction, kinase
expression

Ma et al. (2006)
[56]

Rat, STZ
(50 mg/kg)

In vivo non recovery,
30 min regional
ischemia/2 hr
reperfusion

2 weeks
In vivo

substrates
Type I

diabetes
Infarction

Chu et al.
(2010) [57]

Yucatan pigs,
alloxan

(200 mg/kg)

In vivo non recovery,
1 hr regional
ischemia/2 hr
reperfusion

5 weeks
In vivo

substrates
Type I

diabetes
Infarction and

protein expression

Shi-Ting et al.
(2010) [58]

Rat, STZ
(60 mg/kg)

Langendorff isolated
heart, 30 min regional

ischemia/40 min
reperfusion

4 weeks
11 mmol/L

glucose
Type I

diabetes

Infarction and
creatine kinase

release
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Table 3: Studies indicating no difference in the sensitivity of the diabetic heart to ischemic injury compared to normoglycemic controls.

Study Model Ischemic Protocol
Duration/onset

of diabetes
Substrates

Model of
diabetes

End points

Hadour et al.
(1998) [48]

Rabbit, 10%
glucose infusion to
300 mg/dL blood

glucose

In vivo nonrecovery,
30 min regional
ischemia/3 hr
reperfusion

Blood glucose
maintained at

300 mg/dL
throughout
procedure

In vivo
substrates

Type I
diabetes

Infarction

Tanaka et al.
(2002) [62]

Dog, alloxan
(40 mg/kg) and
STZ (25 mg/kg)

In vivo nonrecovery,
60 min regional
ischemia/3 hr
reperfusion

3 weeks
In vivo

substrates
Type I

diabetes
Infarction

Ravingerová
et al. (2003)
[53]

Rat, STZ
(45 mg/kg)

In vivo nonrecovery,
30 min regional
ischemia/4 hr
reperfusion

8 weeks
In vivo

substrates
Type I

diabetes
Infarction

Ebel et al.
(2003) [31]

Rabbit- alloxan
(100 mg/kg)

In vivo nonrecovery,
30 min regional
ischemia/2 hr
reperfusion

6 weeks
In vivo

substrates
Type I

diabetes
Infarction

Desrois et al.
(2004) [63]

Aged Goto
Kakisaki Rat, male

Langendorff isolated
heart, 32 min low

flow global
ischemia/32 min

reperfusion

In bred strain
11 mmol/L

glucose
Type II
diabetes

Myocardial
function

Ma et al.
(2006) [56]

Rat, STZ
(50 mg/kg)

In vivo nonrecovery,
30 min regional
ischemia/2 hr
reperfusion

6 weeks
In vivo

substrates
Type I

diabetes
Infarction

Bulhak et al.
(2009) [64]

Goto Kakizaki Rat,
male

In vivo nonrecovery,
35 min regional
ischemia/2 hr
reperfusion

In bred strain
In vivo

substrates
Type II
diabetes

Infarction

Matsumoto
et al. (2009)
[65]

Goto Kakizaki Rat,
male

In vivo nonrecovery,
30 min regional
ischemia/2 hr
reperfusion

In bred strain
In vivo

substrates
Type II
diabetes

Infarction

Shi-Ting et
al. (2011)
[58]

Rat, STZ
(60 mg/kg)

Langendorff isolated
heart, 30 min regional

ischemia/40 min
reperfusion

8 weeks
11 mmol/L

glucose
Type I

diabetes

Infarction and
creatine kinase

release

a persistent translocation of protein kinase C-ε (PKC-ε),
a modulator of the mitochondrial permeability transition
pore, during ischemia but only in the diabetic hearts. Follow-
ing these results, the authors suggested that in STZ-induced
diabetes PKC-ε plays a crucial role in the susceptibility to
MI [52]. However, this investigation was performed using
a Langendorff-perfused model of no flow ischemia and
contained no added substrates. It would be interesting to
assess translocation properties of PKC-epsilon in the in vivo
setting.

Other investigators have also shown that acute initiation
of type I diabetes does not influence the susceptibility to
MI. Both alloxan and STZ-treated dogs, although at a lower
dose to previously mentioned investigations, reported no
difference in MI size following IRI in vivo [62].

However, in other studies, type I diabetes has been
shown to render the heart more susceptible to IRI. It has
been suggested that hyperglycemia has a negative impact on
endogenous cardioprotective signaling. Kersten et al. [27]
showed that hyperglycemia in dogs, induced either acutely by
15% dextrose prior to IRI in vivo, or in chemically induced
diabetes (3 weeks STZ), increased MI size. Interestingly,
the studies mentioned above suggested that “acute” diabetes
would render the heart less susceptible to diabetes. However,
those studies were in rodent models of diabetes and had
a shorter duration of IRI. Ebel et al. [31] recorded a
greater susceptibility to MI in their rabbit model following
an infused solution of 50% dextrose 30 minutes prior to
ischemia in vivo to elicit a hyperglycemic state of 600 mg/dL
[31]. Su et al. [32] used an infused glucose model to elicit
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Figure 2: Possible mechanisms that make the diabetic heart more or less susceptible to infarction following ischemia reperfusion. (A)
Diabetes can render the heart more susceptible to infarction. (A1) A diabetes-associated increase in the activity of p53, leading to the
initiation of cell death pathway [29]. (A2) High-glucose causes a decrease in the activity of transcription factor HIF-1α, a subsequent
downregulation of VEGF and less revascularization following ischemia [66]. This results in cell death and larger infarct volume. (B) Diabetes
can protect the heart against infarction. (B1) Hyperglycaemia is cardioprotective due to the increased availability of glucose which is the
hearts preferred substrate in times of stress. (B2/3) The Na+/Ca2+ and Na+/H+ exchangers in the diabetic heart reportedly have decreased
activity; therefore the diabetic heart accumulates less of these ions preventing overload and the associated detrimental effects [20]. (B4)
Diabetes is associated with an increased release of reactive oxygen species (ROS); a possible subsequent release of free radical scavenging
enzymes increase the level of antioxidants within the myocardium protecting the heart from the consequence of IRI [20]. (B5) An increased
basal level of prosurvival kinases in diabetes [57]. (B6) PKC-ε increases in diabetes, activating the mitochondrial KATP channel causing
subsequent reduction in calcium accumulation and increasing ATP synthesis. PKC-ε also persistently translocate during ischemia but only
in diabetic hearts [52]. (B7) High glucose caused reduction in cell death proteins and increased anti apoptotic bcl-2 [49].

hyperglycemia in rats, this also rendered the heart more
susceptible to MI of note the reperfusion time following
ischemia in this study was notably longer compared to other
rodent models [32]. With regard to the possible mechanism,
hyperglycemia in rat cardiomyocytes was shown to promote
p53-dependent activation of apoptosis [29].

Marfella et al. [30] also examined the effect of hyper-
glycemia and STZ-induced diabetes on MI size in rats,
both in vivo and ex vivo. Both hyperglycemic conditions
caused an increase in MI size, together with a decreased
transactivation of the hypoxic inducible factor HIF-1α [30].
The diabetic induction in this model was 9 days prior to
the ischemic episode, although an increased dose of STZ
(70 mg/kg) was used. HIF-1α controls the upregulation of
vascular endothelial growth factor (VEGF) in response to
hypoxia, initiating neovascularization following ischemia. If
this axis is impaired, as seems the case in diabetes, inadequate

revascularization will occur resulting is potential worse
outcomes for the diabetic patient [66].

3.2. Animal Models of Type II Diabetes. In 2004, Kristiansen
et al. [54] were the first to investigate the susceptibility to
acute IRI and ischemic conditioning (IPC) in a model of
type II diabetes. Two distinct models: the GK rat and ZDF
rat showed in Langendorff-perfused isolated hearts (with
no added substrates), that MI size was smaller than their
respective nondiabetic controls. Interestingly, even though
these hearts appeared to be more resistant to ischemic
damage, they were not amenable to protection by IPC [54].
Desrois et al. performed two separate studies also using the
ex vivo Langendorff preparation in the GK rat in 2004 [63]
and 2010 [33]. In 2004, they compared gender difference
within diabetes and the effect this has on the susceptibility
to MI. The preparation involved perfusing the hearts with
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Krebs-Hensleit buffer with no added substrates. They found
that female hearts had larger MI size than the male GKs and
that no significant difference was noted between male hearts
of the diabetic and nondiabetic controls [63]. Interestingly,
their study in 2010 again utilized the Langendorff technique,
and showed that the male GK heart was more susceptible
to MI than the control heart [33]. The latter investigation
included additional fatty acid substrates in the perfusate,
similar to those likely to be found in the in vivo scenario. This
may suggest that in the setting of type II diabetes, substrates
found in the blood could play an important role in cell
damage. Studies in db/db mice in vivo support this idea; Lefer
et al. (2001) [28] and Jones et al. (1999) [26] both saw a
diabetes-associated increase in MI size.

Other studies show a similar result to Kristiansen et al’s
study in 2004 [54]. Tsang et al. (2005) using the isolated heart
model, with no added substrates, however with a shorter
ischemic time, showed the heart of the GK rat to be less
susceptible to infarction than the Wistar rat control [55].
Supporting these findings, cardiomyocytes isolated from GK
rats were less susceptible to mPTP opening in response to
calcium, achieved by adding soluble Ca2+ to a phosphate-
containing medium. This was accompanied by a larger
calcium accumulation, leading to decreased opening of the
mitochondrial pore and reduced cardiomyocyte death [50].
Controversially, two recent investigations that have been
performed in vivo [64, 65] in the GK rat showed no difference
in the susceptibility to infarct compared to control rats
following 30 or 35 minutes ischemia and 2-hour reperfusion.

Some blood components, such as platelets and neu-
trophils, have been suggested to play a role as mediators of
cell damage in ischemia and reperfusion [20]. This is another
confounding factor when comparing data from cell, in vitro
and in vivo experiments. The sensitivity of the type II diabetic
heart in in vivo settings has had limited study compared to
type I diabetes, therefore more work is required to clarify
these initial findings.

4. Cardioprotection in the Diabetic Heart

4.1. Animal Models of IRI. The heart, as in any living
tissue, has endogenous protective mechanisms which, when
activated, render it resistant to IRI, in other words the heart
can be “conditioned” [21]. Initial studies by Murry et al.
(1986) [24], showed that short bursts of ischemia followed
by reperfusion prior to a prolonged insult of ischemia and
reperfusion, were associated with a reduction in MI size
by 75%. This was termed “ischemic preconditioning” (IPC)
[24]. The phenomenon of IPC is highly reproducible in
all species [21]. Over the years, the phenomenon of IPC
has evolved to include pharmacological conditioning [68],
which involves targeting cellular mechanisms involved in IRI
or promoting those involved in IPC. Also, short bursts of
ischemia and reperfusion following an ischemic insult can
reduce MI size and this term was coined ischemic post-
conditioning (IPost) [69]. More recently, remote ischemic
conditioning has been discovered, whereby an organ or tissue
remote from the heart is conditioned and reduces infarct size
[22].

IPC reduces lethal cell injury in the ischemic myocar-
dium [24]; how this phenomenon works has been extensively
studied and is summarized in Figure 3. Briefly, IPC causes
the release of G-protein-coupled receptor (GPCR) agonists
which bind to the receptor and activate numerous signaling
pathways. Phosphatidylinositol-3-kinase (PI3K) activation
can lead to activation of a number of downstream molecules
such as Akt, protein kinase C (PKC), extracellular regulated
kinase (ERK), nitric oxide synthase (NOS), and inactivation
of glycogen synthase kinase-3β (GSK-3β). These converge to
activate the mitochondrial ATP-dependent potassium chan-
nel (KATP), closing the mitochondrial permeable transition
pore (mPTP) resulting in protection from IRI [67]. Before
IPC can be applied in the clinical setting it is important to
determine whether diabetic heart is amenable to this endoge-
nous cardioprotective strategy. The animal data suggests
that the diabetic heart is resistant to ischemic conditioning
such that the IPC stimulus needs to be increased to induce
cardioprotection [70].

Bouchard et al. (1998) [70] showed that in a STZ rat
model of diabetes, an IPC stimulus consisting of 1 cycle of
5-minute ischemia followed by 10-minute reperfusion (IPC-
1) was not sufficient to preserve the vasodilatory response to
5-HT suggesting an impairment of endothelial cells in the
diabetic heart and consequently the inability to generate and
release enough NO. However, when the IPC stimulus was
increased to 3 cycles of 5-minute ischemia followed by 5-
minute reperfusion (IPC-3) the vasodilatory response to 5-
HT was present. Furthermore, in the same investigation, 30-
minute pretreatment with adenosine, an important mediator
in IPC [71], mimicked the cardioprotective outcome of
IPC-3, whereas 15-minute pretreatment was ineffective [70].
These findings suggested that signaling pathways activated
by adenosine either endogenously or exogenously may be
hindered in diabetic coronary vessels, but have the potential
to be recovered by an increased stimuli. The KATP channel
is involved in the mechanism of protection by IPC [72] and
adenosine [73]; studies in diabetic animals have reported
reduced sensitivity to KATP channel activators [74] which
could correlate with the need for an increased stimulus to
achieve KATP channel activation, subsequent mPTP inhibi-
tion, and reduction in apoptosis initiation hence reducing
myocardial cell death [75]. Another study using alloxan-
/STZ-induced diabetes in dogs also supported the role of
dysfunctional KATP channel in diabetes [76].

Other important endogenous mechanisms involved in
protection by IPC is the reperfusion injury salvage kinase
pathway (RISK) [77], with its main constituent the PI3K-
Akt axis. Tsang et al. (2005) [55] found that to protect
the myocardium in the Goto-Kakizaki rat model of type
II diabetes, an increased IPC stimulus was also required.
Similar to the previous study, 1 cycle of 5-minute ischemia
followed by 10-minute reperfusion was insufficient to protect
the heart; however 3 cycles of this protocol reduced infarct
volume considerably. They investigated the level of phospho-
rylated Akt (Akt-P) within the myocardium and found that
in the diabetic heart, an increased IPC stimulus is required
to achieve an essential level of Akt phosphorylation neces-
sary to mediate cardioprotection [55], thereby highlighting
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a diabetes-associated impairment in PI3K-Akt signaling.
Increasing the stimulus of IPC by increasing cycle number
appears important in diabetes; however, the duration of
the pre-ischemia/reperfusion protocol may also play a vital
role. Four cycles of 2-minute ischemia followed by 3-minute
reperfusion did not elicit protection in two separate models
of diabetes [54], compared to 3 cycles of 5-minute ischemia
and 10-minute reperfusion used by Tsang et al. [55] in the
same animal and experimental setting.

A recent study by Hotta et al. (2010) [78] using the
OLETF rat model of type II diabetes showed that pre-
treatment with either opioid agonist [79] or erythropoietin
(EPO) [80], known to mediate IPC signaling through Janus
kinase (Jak-2), failed to elicit cardioprotection in vivo due
to insufficient phosphorylation of Jak-2 and Akt, and like
others, also found an elevated level of calcineurin activity
in diabetic hearts [81]. Interestingly, following 2-week treat-
ment with either valsartan or losartan, Angiotensin II recep-
tor type 1 (AT1) receptor blockers, Jak-PI3K-Akt signaling,
and hence cardioprotection subsequent to EPO administra-
tion were restored [78]. Huisamen et al. (2011) supported
the finding that AT1 antagonism can lead to cardioprotection
in their ex vivo rat model of insulin resistance, diet-induced
obesity (DIO) rat [82].

In contrast, Ghaboura et al. (2011), examined EPO-
induced IPost cardioprotection in two rat models of
type I diabetes; STZ-induced and high-fat-diet (HFD-)
induced insulin resistance syndrome. They found that EPO
administered at the onset of reperfusion did not increase
phosphorylation of Akt, ERK, or GSK-3β and hence did
not elicit a cardioprotective effect in the hearts isolated
from STZ rats; interestingly, HFD rat hearts were protected
following EPO. Administration of a GSK-3β antagonist, a
kinase which is downstream of the PI3K-Akt axis, given
prior to ischemia and continued throughout reperfusion
had an infarct limiting effect [83]. In support of the
idea that inhibiting GSK-3β in diabetic hearts as a direct
cardioprotective strategy, Gross et al. (2007) [84] showed that
diabetes had a detrimental effect on morphine-induced pro-
tection. STZ-induced diabetes caused alterations in pathways
upstream of GSK-3β, such as PI3K, Jak/STAT, and MAPK
pathways, limiting the cardioprotective effects of morphine
administered at reperfusion. Similarly, downstream antag-
onism of GSK-3β was cardioprotective [84]. The direct
inhibition of GSK-3β was also proved cardioprotective in a
rat model of type II diabetes [85]. In this study, another
diabetic-associated myocardial phenotype was reported; they
found that increased endoplasmic reticulum stress, caused
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alterations in PI3K-Akt, ERK, and GSK-3β signaling motifs,
and hence dysregulation of the mPTP leading to the absence
of cardioprotection by EPO [85].

The idea that the diabetic heart is still amenable to
protection but has an increased threshold for the necessary
activation of pro survival kinases is an interesting prospect.
Investigations by Tsang et al. [55] and Bouchard et al.
[70] clearly demonstrated this; however, in the study by
Ghaboura et al. [83] increasing the dose of EPO did not
restore cardioprotective effects. Of course, these studies are
performed in a variety of models of diabetes, with variable
levels of diabetic severity. Tsang et al. [55] used a model
with moderate hyperglycemia, however both Bouchard et
al. [70] and Ghaboura et al. [83] induced diabetes by
injections of STZ at 55 mg/kg and 65 mg/kg, respectively.
Therefore, speculation that the ability to protect the diabetic
heart can be restored by an increased stimulus in moderate
hyperglycemia but not severe hyperglycemia could be flawed
and needs further investigation.

All of the mentioned studies have furthered the under-
standing of the mechanisms that could render the diabetic
heart ineffective to cardioprotective strategies, and how we
could potentially overcome these hurdles. Though a variety
of animal models were used, including in vivo and ex vivo
experimental protocols, direct targeting of GSK-3β in the
diabetic heart may provide an alternative solution to prevent
ischemia reperfusion injury [86]. However, like any therapy,
a targeted approach would have to be considered to limit any
potential negative effects [87].

4.2. Experimental Studies Using Human Heart Tissue. As part
of the translational process, our laboratory have established
since 1995 an isolated human atrial muscle preparation of
simulated IRI [90]. This preparation has become a popular
tool in investigating the response of human tissue in cardio-
vascular diseases. In brief, samples of right atrial appendage
are obtained from the right atrial cannula insertion site in
patients undergoing cardiac bypass during coronary artery
bypass graft surgery [91]. From the right atrial appendage,
trabeculae are isolated and subjected to simulated IRI and
the recovery of basal function assessed following IRI.

Numerous studies have been performed investigating
the mechanisms of preconditioning in the normoglycemic
human myocardium [92]; however a limited number of
studies also investigated this phenomena in the diabetic
human heart. Using a variation of this model in which the
right atrial appendage is sliced and subjected to simulated
IRI, Ghosh et al. (2001) [93], showed the failure of IPC
to protect the diabetic human myocardium with 1 cycle
of 5-minute ischemia and 5-minute reperfusion reflecting
what was already demonstrated in animal investigations,
that is, an increased threshold for cardioprotection in
the hyperglycemic tissue. As previously mentioned KATP

channels play a role in IPC. Diazoxide, a KATP opener, did
not mimic IPC in diabetic tissues suggesting a dysfunctional
mitochondrial KATP channel [93]. This result was supported
by the finding that the ATP-sensitive potassium channels are
altered in ventricular myocytes from diabetic rats [94]. Of
interest, this group did not try increasing the IPC stimulus to

see if the human muscle mirrored the finding from Tsang and
colleagues [55]. Hassouna et al. (2006) also suggested that the
dysfunctional mitochondrial KATP channel exists in diabetics,
causing impaired depolarization and superoxide production,
resulting in an inability to respond to IPC [95]. Increasing
the IPC stimulus to 3 cycles in this experimental model did
not restore the protection [95], conflicting with the finding
of Tsang et al. [55]. However, Sivaraman et al. (2010) [88]
showed that increasing the duration of ischemic period of
IPC from 4 minutes to 7 minutes followed by reoxygenation
in human diabetic atrial tissue restored cardioprotection and
similarly was related to a downregulation of PI3K-Akt axis in
diabetic tissue [88].

In a recent study performed by Linares-Palomino et
al. specific inhibitors of Akt were utilized to delineate its
specific role in ischemic pre conditioning. They showed that
blockade of Akt caused a significant reduction in cell death,
similar to the degree of protection elicited by either IPC or
PI3K inhibition and this was evident in both rat and human
tissue. Interestingly, they showed Akt to be downstream of
mitochondrial KATP channel but upstream of p38 MAPK
[96].

This data reinforces the fact that cardioprotection in the
diabetic heart is a complex and delicate phenomenon; the
knowledge gained from the extensive research throughout
many models has highlighted some potential reasons why it
is more difficult to protect the diabetic heart, reasons which
are summarized in Figure 4.

Proof-of-concept clinical studies are now required to
determine whether the human diabetic heart is amenable to
cardioprotection elicited by ischemic conditioning. Prelimi-
nary unpublished data from our research group suggests that
the diabetic patient may not be amenable to cardioprotection
elicited by remote ischemic conditioning (RIC). There was
no difference in perioperative myocardial IRI (72 hour area
under the curve serum Troponin T) in diabetic patients
randomized to receive a standard RIC stimulus (three 5-
minute inflations and deflations of a blood pressure cuff
on the upper arm) prior to CABG surgery (Babu et al.
unpublished), a RIC protocol which has been previously
reported to protect nondiabetic patients [97].

5. Limitation of Translation and Future
Directions

The obvious limitation of translating research from bench to
bedside is that many of the animal models we use do not
adequately reproduce the clinical setting or fully represent
the disease pathology and manifestation in patients. In
addition, the vast majority of studies are conducted on
inbred animals with very little genetic variability; they are
fed ad libitum with scientific diets and are kept in optimal
living conditions of light and temperature. This is far from
the complexity of patients who possess a large genetic pool,
undergo the stresses of day to day working life, some eating
high-fat diets and undertaking limited exercise. In addition,
the majority of people in westernized societies take a plethora
of medications.
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Figure 4: Why is the diabetic heart harder to protect with conditioning strategies? The diabetic heart has been suggested to have a raised
threshold for cardioprotection [55], this is caused by the downregulation of prosurvival kinase pathways [55, 88], resulting in dysregulation
of mitochondrial permeability transition pore (mPTP), increased receptor activities for pharmacological agents [78], increased calcineurin
activity [81] and evidence suggests a dysfunctional KATP channel in the mitochondria [76]. In diabetes, endoplasmic reticulum (ER) stress
also causes alterations in kinase pathways leading to dysregulation of the mPTP [85]. Interestingly, some evidence suggests that the diabetic
heart is in a paradoxical protective state therefore conditioning potential is lower [89].

There is an increasing amount of research now being
conducted in animals with comorbidities to promote suc-
cessful translation of the research field of cardioprotection.
The design of the preclinical model, either in human tissue
or animal models, is critical to harness the huge potential
of IPC as a strategy to reduce ischemic damage. Preliminary
unpublished data from our research group, utilizing aging,
diabetic rats suggests an age-associated increase to the
threshold of IPC and susceptibility to infarction in models
of type II diabetes (Whittington et al. unpublished). These
results could highlight a possible discrepancy from original
IPC studies performed in young healthy animals and could
indicate why the findings were not transferable to the clinic.

6. Summary

It is well established that diabetic patients with IHD
experience worse clinical outcomes yet the animal data is
conflicting. The choice of the diabetic and IRI animal model
may in part explain this discrepancy. The development of
novel cardioprotective strategies for protecting the diabetic
heart and improving clinical outcomes in diabetic patients
with IHD will be dependent on using relevant animal models
of IRI and diabetes which also take into account other

comorbidities such as age, dyslipidaemia, and hypertension.
Therefore, by carefully selecting and optimizing clinically
relevant animal models of IRI and diabetes, we may be able
to better translate findings made at the “bench” to patients’
“bedside”.
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Cardiovascular disease is the leading cause of death. The disease is due to atherosclerosis which is characterized by lipid and fat
accumulation in arterial blood vessel walls. A key causative event is the accumulation of oxidised low density lipoprotein particles
within vascular cells, and this is mediated by scavenger receptors. One such molecule is the LOX-1 scavenger receptor that is
expressed on endothelial, vascular smooth muscle, and lymphoid cells including macrophages. LOX-1 interaction with OxLDL
particles stimulates atherosclerosis. LOX-1 mediates OxLDL endocytosis via a clathrin-independent internalization pathway.
Transgenic animal model studies show that LOX-1 plays a significant role in atherosclerotic plaque initiation and progression.
Administration of LOX-1 antibodies in cellular and animal models suggest that such intervention inhibits atherosclerosis.
Antiatherogenic strategies that target LOX-1 function using gene therapy or small molecule inhibitors would be new ways to
address the increasing incidence of vascular disease in many countries.

1. Background

Cholesterol is a key cellular molecule that is vital to growth
and repair and is also a major component of the mammalian
plasma membrane bilayer. It is also required for the synthesis
of steroid hormones and bile salts. However, an elevated
level of serum cholesterol and in particular, the low-density
lipoprotein (LDL) fraction are well-established risk factors
for the development of atherosclerosis. Atherosclerosis is a
systemic disease, commonly affecting multiple vascular beds
[1] and is the leading cause of death in Europe [2]. Uptake
of native LDL into cells was first proposed to be a crucial
initial step in the pathogenesis of atherosclerosis with the
discovery of the LDL receptor in the 1970’s by Goldstein and
Brown [3]. Their studies led to the elucidation of a pathway
by which the LDL-receptor complex undergoes receptor-
mediated endocytosis to enable it to be taken into the cell.
They observed that individuals with homozygous familial
hypercholesterolaemia (FH), who suffer with manifestations
of atherosclerosis in their teens, are completely lacking in

functional LDL receptors, and, therefore, their circulating
cholesterol levels are up to 5 times higher than in normal
individuals. However, this did not explain the observation
that patients with FH accumulated cholesterol in their cells
despite the lack of functional LDL receptors. Furthermore,
lipid-laden foam cells derived from patient tissues did not
develop in vitro even in the presence of high concentrations
of native LDL in contrast to controls. Their work led to
the now widely accepted view that the internalisation of a
modified form of LDL rather than native LDL is responsible
for the development of atherosclerotic plaque, and that this
occurs via membrane-bound receptors distinct to that of
the native LDL receptor. Basu et al. first demonstrated this
in an experiment in which an iodine-labelled acetylated
form of LDL could induce massively increased cholesterol
accumulation in macrophages in vitro [4]. Further work
in vitro has shown that the oxidative modification of LDL
increases the cellular content of cholesterol. Today, several
receptors have been identified that bind and internalise
oxidised LDL (OxLDL). This review focuses on one of those
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receptors, the lectin-like oxidised low-density lipoprotein
receptor-1 (LOX-1) and explores its potential as a therapeutic
target.

2. Modification of LDL

The oxidative modification of LDL results in a particle
with greatly increased proatherogenic and proinflammatory
properties than that of native LDL. It also becomes a ligand
for scavenger receptors but is not recognised by the native
LDL receptor, thought to be due to the greater net negative
charge [5]. The “average” LDL particle has been calculated
to contain 600 molecules of free cholesterol, 1600 molecules
of cholesteryl ester, 700 molecules of phospholipid, 180
molecules of triglyceride, and 1 molecule of apolipoprotein
B-100 [6]. All of these molecules can undergo oxidative
damage, and, therefore, understandably there is a spectrum
of oxidation level to the OxLDL created experimentally.
It is believed that the amount of OxLDL in the human
circulation is negligible, due to the presence of antioxidants.
OxLDL has, however, been extracted from human and rabbit
atherosclerotic plaque, in a form recognisable by scavenger
receptors [7]. The oxidation is likely to take place in pockets
within the subendothelial layer, where the cells produce both
free radical and nonradical oxidants, and the relative con-
centration of antioxidants is lower. The resulting OxLDL has
an immediate proatherogenic effect; it causes the migration
of monocytes to the area via stimulation of the release of
monocyte chemoattractant protein-1 [8] and promotes the
differentiation of monocytes to macrophages by stimulating
the release of macrophage-colony stimulating factor from
endothelial cells [9]. OxLDL is cytotoxic to endothelial cells
in vitro and inhibits the vasodilation normally induced by
nitric oxide [10].

3. LOX-1

Modified LDL is internalized or endocytosed by membrane-
bound scavenger receptors, and as it stands today, numerous
scavenger receptors have been identified that recognize
OxLDL. Scavenger receptors are membrane-bound proteins
that are capable of binding a wide variety of ligands. The
scavenger receptor family is subdivided into 8 subclasses. The
class A scavenger receptors all bind modified LDL and are
primarily expressed on macrophages. Class B includes the
CD36 receptor, which has been shown to bind and internalize
modified LDL [11]. The affinity of the other classes to bind
modified LDL is less well described, except for the class E
receptor, lectin-like OxLDL receptor-1 (LOX-1).

LOX-1 (Genbank designation OLR1) was first cloned
as a major receptor for OxLDL in 1997 by Sawamura and
colleagues [12]. LOX-1 is expressed on a variety of cell
types, including endothelial cells, platelets, macrophages,
and smooth muscle cells [13–15]. The human ortholog is
a 50 kDa type II transmembrane glycoprotein comprising
273 amino acids [12]. The mammalian protein is comprised
of a short N-terminus cytoplasmic domain, transmembrane
domain, neck domain, and a C-type lectin-like domain

(CTLD). To function, LOX-1 requires oligomerisation of a
homodimer; this basal complex contains 2 LOX-1 polypep-
tides linked via an intermolecular disulfide bond in the neck
domain via residue C140 [16]. Evidence increasingly suggests
that LOX-1 activity promotes vascular dysfunction and
atherosclerosis. LOX-1 ablation in transgenic murine models
reduces atherosclerotic plaque development [17] whereas
overexpression of LOX-1 in apolipoprotein E-null mice
increases atheroma-like lesions 10-fold [18]. Interestingly,
raised serum levels of a soluble LOX-1-derived proteolytic
fragment correlate with elevated acute coronary syndromes
(ACS) [19] and type II diabetes [20]. To date, seven single
nucleotide polymorphisms (SNP) within the LOX-1 gene
have been found (six noncoding, one coding) [21]. One
SNP appears to confer protection against OxLDL-induced
macrophage apoptosis [22], whereas the K167N polymor-
phism, resulting in a lysine to asparagine substitution,
increases the risk of myocardial infarction in a specific
patient cohort [23]. Numerous signal transduction pathways
are associated with LOX-1 activation by OxLDL binding
including RhoA/Rac1, p38MAPK, protein kinase B and
C, and ERK1/2, and blocking LOX-1 function in primary
endothelial cells inhibits proinflammatory signalling, NF-κB
activation, and apoptosis [24, 25].

3.1. Plasma Membrane Endocytosis of LOX-1. OxLDL is
rapidly internalised into cells upon binding LOX-1 and can
be observed in punctate perinuclear structures less than an
hour after exposure to a LOX-1 expressing cell (Figure 1).

This internalisation is blocked by the LOX-1-blocking-
antibody JTX92 [27], which prevents binding of OxLDL.
LOX-1 mediates early steps in internalisation of OxLDL
but within an hour of internalisation is mostly uncoupled
from OxLDL, and both molecules are located in separate
subcellular compartments within the cytosol [26]. This
internalisation pathway is not dependant on LOX-1 binding
to OxLDL as the receptor is constitutively endocytosed from
the plasma membrane.

The main form of receptor-mediated endocytosis is
clathrin-mediated endocytosis, but it has become apparent
that clathrin-independent pathways may represent up to
50% of cellular uptake [28]. Reverse genetic experiments
have shown that both the clathrin heavy chain and the AP-2
adaptor complex are not required for endocytosis of LOX-
1 [26]. LOX-1 was also shown not to colocalise with the
caveolae marker caveolin-1. However, there is evidence that
caveolae may play a part in the endocytosis of OxLDL in
an endothelial model [29]. The dynamin-2 GTPase has been
shown to be essential for LOX-1 endocytosis as expression
of a dominant-negative protein defective in GTPase activity
blocked OxLDL uptake via the LOX-1 scavenger receptor
(Figure 2). The full mechanism by which LOX-1 endocytosis
occurs has yet to be established.

In eukaryote cells, receptor-mediated endocytosis is
regulated by the recognition of cytoplasmic motifs by cellular
machinery which promotes the selection of “cargo” for
transport within transport intermediates such as membrane-
bound vesicles [30]. The cytoplasmic domain of LOX-1 does
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(a) (b)

Figure 1: Internalisation of OxLDL. Epithelial HeLa cells transiently expressing a LOX-1-FLAG protein (green) were incubated with
10 μg/mL DiI-OxLDL (red) for 5 mins at 37◦C (pulse) to allow binding (a), and chased for a further 55 mins to allow internalization
(b) before fixation. Nuclei were stained with DAPI (blue). Specimens were visualized using a deconvolution microscope using previously
described procedures [26].

5 µm

(a)

5 µm

(b)

Figure 2: Dynamin-2 regulates OxLDL endocytosis. Epithelial HeLa cells expressing both LOX-1-FLAG and either (a) wild-type dynamin 2
(green) or (b) a dynamin-2 K44A mutant (green) were incubated and chased with labelled Dil-OxLDL (red). Cells were fixed and processed
for fluorescence microscopy using previously described procedures [26]. The nuclei were stained with DAPI (blue). Bar, 5 μm. A slice through
the cell is shown in the top half of the panel and a cross-section through the cell is shown at the bottom.

not contain any previously characterised motifs such as the
tyrosine-based motif YxxΦ or the di-leucine-based motifs.
Alanine-scanning mutagenesis of the LOX-1 cytoplasmic
domain allowed the identification of a sequence of three
contiguous residues (DDL) at position +4 to +6 which
regulate LOX-1 endocytosis [31]. This diacidic DDL motif
thus defines a new class of novel endocytic motifs that
mediate clathrin- and AP2-independent endocytosis at the
plasma membrane. This motif is transplantable, as replace-
ment of the transferrin receptors cytoplasmic domain with

the LOX-1 cytoplasmic domain still promotes constitutive
endocytosis. Endocytosis of this transferrin receptor-LOX-
1 protein chimera was blocked by replacement of the DDL
motif with a triple alanine sequence, thus showing specificity
in this endocytosis [31].

After internalization at the plasma membrane, LOX-1 has
been shown to be separated from OxLDL in endosomes [27].
Immunofluorescence studies demonstrate that after 15 min
of internalization LOX-1 and OxLDL are colocalised in the
same endocytic compartment. From 30 min onwards after
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Figure 3: Schematic diagram showing potential routes towards blocking OxLDL and/or LOX-1 function and trafficking to attenuate the
pathological process of atherosclerosis.

ligand binding, this codistribution disappears, indicating
that LOX-1 and OxLDL have now been sorted into sepa-
rate compartments. OxLDL is trafficked through the early
endosome and on to the lysosome for degradation. It is
believed that the majority of LOX-1 is targeted back to the
plasma membrane by a recycling pathway from endosome-
to-plasma membrane. Cytosolic factors that mediate recog-
nition, endocytosis, and/or recycling of LOX-1 have yet
to be identified. Targeting such factors using genetic or
pharmacological approaches would be a potential means of
blocking the proatherogenic function of LOX-1 in promoting
atherosclerosis.

LOX-1 appears to be essential for the phagocytosis of
aged and apoptotic cells in endothelial cells [32]. LOX-1
was demonstrated to be necessary for phagocytosis of such
cellular bodies in transfected Chinese hamster ovary cells,
but this is blocked by OxLDL indicating a competition
between OxLDL and apoptotic/aged bodies for binding to
the same or adjacent site on LOX-1. Phosphatidylserine (PS)
recognition on the plasma membrane of aged/apoptotic cells
has been shown to be important in their phagocytosis [33],
and LOX-1 is able to recognise PS on apoptotic cells in a
calcium-dependent manner [34].

LOX-1 endocytosis is also potentially important in
immune surveillance as it has been shown to regulate
antigen presentation by MHC class I and II molecules
on dendritic cells [35] and B cells [36]. LOX-1 is also
essential for the endocytosis of various heat shock proteins
(hsp’s) complexed to antigen-derived peptides [37]. LOX-1
is postulated to deliver the antigenic complex to endosome-
like compartments, where it is presumably loaded onto MHC
molecules, which mediate antigen presentation to CD4+ and
CD8+ T cells.

4. Conclusion

Scavenger receptors are heavily implicated in the process of
atherosclerotic plaque formation [38]. This review focuses
on LOX-1; however, there is similar evidence for the
involvement of several other classes of scavenger receptor. For
example, ApoE-null (−/−) mice lacking macrophage CD36
had an 88% decrease in atherosclerotic lesion area in the
aorta compared to controls [39], despite the heterogeneity
amongst the scavenger receptor family and their multiligand
capabilities, their targeting could prove fruitful in the
moderation of vascular disease, especially considering the
limited success of current treatment modalities. However, the
most effective means of targeting and disrupting the OxLDL-
LOX-1 endocytic process remains unclear (Figure 3). The
OxLDL ligand itself could be targeted; in a murine model,
LOX-1 expressed ectopically in the liver via adenovirus
administration reduced levels of circulating OxLDL and
inhibited the formation of atherosclerotic lesions [40], gene
therapy with possible genomic manipulation of scavenger
receptor expression by delivery of transgenes or by blockade
of gene expression may be possible [41]. Further understand-
ing of the proteins that facilitate OxLDL transfer across the
endothelium may allow the development of pharmaceutical
agents that inhibit its endocytosis. Finally, the role of the
soluble fragment of the LOX-1 receptor that is shed into the
circulation is unclear, but the study of its use as a biomarker
in the treatment of cardiovascular disease is promising.

Significant recent progress has been made in the elucida-
tion of the pathways of internalization of the OxLDL-LOX-1
complex; however, there remains much to be done to further
characterise the role of this multiligand scavenger receptor
in regulating human health and disease. The existence of
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several different subclasses of scavenger receptor capable
of internalising OxLDL makes the development of targeted
therapies a more complex issue. The molecular study of
scavenger receptors remains an exciting avenue in the search
for therapeutic agents to attenuate the atherosclerotic process
in humans.
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Ischemia-reperfusion injury is a composite of damage accumulated during reduced perfusion of an organ or tissue and the
additional insult sustained during reperfusion. Such injury occurs in a wide variety of clinically important syndromes, such as
ischemic heart disease and stroke, which are responsible for a high degree of morbidity and mortality worldwide. Basic research has
identified a number of interventions that stimulate innate resistance of tissues to ischemia-reperfusion injury. Here, we summarise
the experimental and clinical trial data underpinning one of these “conditioning” strategies, the phenomenon of remote ischemic
preconditioning.

1. Introduction

Ischemia-reperfusion injury underpins the damage of
myocardial infarction, stroke, and other conditions compli-
cated by interruption of the blood supply to tissues. Strate-
gies to limit the duration of ischemia have achieved sub-
stantial health gains in myocardial infarction and, to a lesser
degree, stroke. However door-to-needle times have probably
reached the minimum that is possible in many health-care
delivery systems, so further reduction in morbidity and
mortality from IR injury will require strategies to increase
tissue tolerance to ischemia or reduce damage that occurs on
reperfusion. One such approach is ischemic preconditioning,
and its variant remote ischemic preconditioning, the subject
of this paper.

2. Types of Ischemic Preconditioning

Ischemic preconditioning (IPC) describes the phenomenon
whereby transient, brief periods of ischemia confer protec-
tion against a subsequent prolonged and injurious period
of ischemia. There are a number of ways in which pre-
conditioning can be induced. Local preconditioning occurs
when the preconditioning stimulus is applied to the same
organ or tissue that will subsequently sustain the ischemic
injury. Remote ischemic preconditioning refers to a stimulus

applied to a distant organ or tissue, which then protects
against index ischemia. For example, the preconditioning
stimulus might be suprasystolic blood pressure inflations
on an arm or leg, which then confer myocardial protection
against subsequent ischemia. Postconditioning occurs when
there is staged reperfusion, for example, in the setting of
balloon angioplasty. Its variant perconditioning occurs when
the conditioning stimulus is applied during ischemia.

3. Ischemic Preconditioning

Ischemic preconditioning was first described in 1986, when
Murry et al. demonstrated that in the dog, brief episodes
of ischemia (4 cycles of 5-minute occlusion followed by
reperfusion) of the circumflex artery reduced the extent of
infarction induced by subsequent prolonged occlusion of
that vessel [1]. This protection expired after a few hours, but
subsequent studies indicated that it recovered approximately
24 hours later, this second phase of protection lasting for up
to a further 72 hours [2–4]. Despite the length of time that
has elapsed since the discovery of IPC, detailed exposition
of its mechanism, and evidence that the biological processes
operate in humans, IPC has never progressed to detailed
clinical investigation. This was largely due to the logistics
of inducing preconditioning ischemia in vital organs (such
as the heart or brain) in advance of a more prolonged
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insult (e.g., that would lead to myocardial infarction or
stroke).

4. Remote Ischemic Preconditioning

A major breakthrough in clinical applicability of precondi-
tioning protection came with the discovery that ischemic
preconditioning also had a systemic protective phenotype.
This facet, termed remote ischemic preconditioning (RIPC),
resulted in protection from ischemia-reperfusion injury at
sites remote from those undergoing the preconditioning
stimulus. This was first described in the setting of exper-
imental coronary artery occlusion, where preconditioning
one vascular territory of the heart effected protection in
adjacent tissue that had not undergone any preconditioning
ischemia [5]. Interorgan protection was confirmed by the
observation that preconditioning stimuli applied to the small
bowel [6] or kidney [7] reduced infarct size in the heart.
As was the case for IPC, further studies established that the
time course of protection caused by RIPC was also biphasic.
The demonstration that RIPC could be activated merely via
brief periods of limb ischemia simplified the logistics of
inducing ischemic preconditioning in animals and humans
[8]. Moreover, RIPC activated by limb ischemia protected
from experimental IR injury in humans. Together these
observations framed the conditions that have led to a large
number of clinical trials of RIPC in patients.

5. Mechanisms of Tissue Protection of
IPC and RIPC

During ischemia, anaerobic metabolism predominates and
ATP production decreases. There is insufficient available
energy to maintain cell membrane pump activity, antioxi-
dant defences, pH and calcium homeostasis, and mitochon-
drial integrity. These and other consequences of ischemia
inevitably lead to cell death, unless blood flow is restored.
Though reperfusion with oxygenated blood is essential for
any tissue salvage, the sudden influx of oxygen leads to the
formation of reactive oxygen species. A key event in cell death
is mitochondrial permeability transition, a phenomenon that
occurs when the mitochondrial permeability transition pore
(mPTP) becomes permeable to molecules of 1500 kDa or
smaller. This leads to a rapid influx of small molecules,
mitochondrial swelling, and subsequent cell death [8].

IPC activates three main salutatory pathways, the cyclic
guanosine monophosphate/cGMP-dependent protein kinase
(cGMP/PKG) pathway [9], the reperfusion injury salvage
kinase (RISK) pathway [10], and the survivor activating
factor enhancement (SAFE) pathway [11]. There is a degree
of overlap, in particular where the pathways converge on
the mitochondrion [12]. Here, the potassium-dependent
ATP (KATP) channel is activated with evidence that this
leads to closure of the mPTP. IPC also initiates a complex
genomic and proteomic response that underpins the late
phase of protection. This includes antiapoptotic and anti-
inflammatory gene transcription, likely to be responsible for
the second window of protection [13, 14].

Triggers in the initial cascade recruit early mediators
(such as protein kinase C (PKC), tyrosine kinase, phos-
phatidylinositol 3-kinases (PI3K), protein kinase B (PKB
or Akt) [15], mitogen-activated protein kinases (MAP1/2
or MEK1/2), extracellular signal-regulated kinases (Erk1/2),
and janus kinase (JAK)), which activate transcription factors
(such as signal transducer and activator of transcription pro-
teins (STAT1/3), nuclear factor kappa-light-chain-enhancer
of activated B cells (NFκB), activator-protein-1 (AP-1),
nuclear factor-like 2 (Nrf2), and hypoxia-inducible-factor-
1α (HIF-1α)). Later phase protection requires synthesis of
inducible nitric oxide synthase (iNOS), heat shock proteins
(HSPs), or cyclooxygenase-2 (COX-2). These then act locally
via the mPTP or KATP channels to induce a state of
cardioprotection [16].

6. Mechanism of the Systemic
Spread of Protection

Evidence for involvement of a humoral factor in mediating
systemic spread is supported by the observation that protec-
tion can be transferred by the transfusion of serum from a
rabbit that has undergone ischemic preconditioning to one
which has not [17, 18]. This factor appears to be heat stable
and has been shown to be dialysable and of less than 15 kD
[19, 20]. In some studies it is blocked by opioid antagonists,
including naloxone [21, 22].

Neurogenic mechanisms have also been explored using
autonomic ganglionic blockade. In a rat myocardial infarc-
tion model hexamethonium abolished protection by RIPC
achieved by mesenteric artery occlusion (MAO) but had
no effect on myocardial IPC. Cardioprotection was absent
when MAO was sustained throughout the study, indicating
that reperfusion in the small intestine was essential to acti-
vate the neurogenic pathway [6]. The autonomic ganglion
blocker trimethaphan has also been shown to inhibit remote
ischemic preconditioning in a human model [23]. In the
rabbit, sympathetic nerve activity increases when RIPC is
induced using renal ischemia, consistent with a particular
role for the adrenergic component of the autonomic system
in this species [24].

Noradrenaline has been implicated; however, studies
are conflicting about its potential role. Administration of
noradrenaline has been shown to induce preconditioning in
animal models [25]; however, studies differ as to whether
alpha-adrenoceptor blockers such as prazosin inhibit pre-
conditioning [25, 26]. Noradrenaline levels were not seen
to be increased in the serum of preconditioned rabbits,
which when transfused conferred preconditioning, leading
to doubts about a role in the transfer of protection [18].

Sensory nerves have also been implicated in spread of
protection. Intramesenteric bradykinin has been demon-
strated in animal models to stimulate local sensory nerves,
resulting in RIPC-like protection that is abolished by
hexamethonium [27]. This suggests a pathway involving
sensory nerves and the autonomic nervous system. However,
a recent human healthy volunteer study demonstrated that
the bradykinin-2 inhibitor HOE-140 had no effect on RIPC
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Figure 1: proposed mechanisms of remote ischemic preconditioning.

[28], so as ever mechanisms might be different in humans.
Calcitonin-gene-related peptide (CGRP), a neurotransmitter
in capsaicin-sensitive sensory nerves (CSSNs), has also been
implicated [29, 30]. CGRP has been reported to increase
systemically after RIPC, and pretreatment with capsaicin (to
deplete CSSN) blocks RIPC [31].

The nonselective adenosine antagonist 8-(p-sulfophe-
nyl)theophylline (8-SPT) has been shown in a rabbit [24,
32, 33] and rat [34] model to abolish the protective
effects of remote ischemic preconditioning. Adenosine might
therefore be one step in a complex pathway, though not itself
the circulating factor.

The humoral and neuronal pathways may work in series
to spread protection systemically. In the rat, release of
the dialysable humoral factor is prevented by hindlimb
denervation [35].

The mechanisms of tissue protection and systemic spread
have been summarised in Figure 1.

7. Mechanism of IPC and RIPC in Humans

The development of a vascular model of human IR injury
has facilitated the investigation of the mechanism of IPC
and RIPC. In this model the arm is made ischemic for

20 minutes, and this safely induces a transient period of
endothelial dysfunction in the conduit and resistance vessels.
Endothelial assessment has been made using ultrasound
of conduit vessels to measure flow-mediated dilatation
or forearm plethysmography to characterize the response
of resistance vessels to endothelium-dependent agonists.
In this model, vascular smooth muscle function is pre-
served. Endothelial dysfunction is largely prevented if the
ischaemic period is preceded by brief, repeated periods
of ischaemia ipsilaterally (IPC) [36] and contralaterally
(RIPC) [37, 38], with two phases of protection [38].
Administration of KATP channel blockers prevents IPC in
healthy volunteers, and IPC is mimicked by KATP channel
opening drugs [39, 40]. A number of studies suggest
that IR injury is dependent on increased oxidative stress
[41, 42], making it possible that IPC and RIPC stimulate
antioxidant defences [43]. Regarding the systemic spread
of protection, ganglionic blockade inhibits both phases of
RIPC [6, 38], though as yet it is unclear which com-
ponent of the autonomic system is responsible. Dialysate
of human plasma from volunteers who have undergone
RIPC reduces IR injury in vitro in an opiate-dependent
manner, and this supports activation of opiate pathways
in humans [20]. However, the relative contributions of



4 Cardiology Research and Practice

the neuronal and humoral pathways remain to be deter-
mined.

8. Clinical Trials: Current Status

Although initial clinical trials in this area focussed on the
application of remote ischemic preconditioning in ischemic
cardiac disease, interest has broadened to other areas of
potential clinical benefit, including acute kidney injury,
stroke, and transplantation.

A table summarising clinical trials in remote ischemic
preconditioning to date is shown (Table 1).

8.1. Cardiac Surgery. The first clinical trial of remote ischem-
ic preconditioning was in 2000, when 8 patients undergoing
coronary artery bypass grafting (CABG) were randomised
to receive either ischemic preconditioning (forearm cuff
inflated to 300 mmHg for 2 cycles of 3 minutes) or control.
The study demonstrated an increase in lactate dehydrogenase
(LDH) in the preconditioned group, which was attributed
to an ability to maintain anaerobic metabolism in precon-
ditioned cells [44].

Following this, a randomised controlled trial of RIPC
in the setting of pediatric surgery (37 patients) for con-
genital cardiac defects demonstrated that 4 cycles of 5
minutes of lower limb ischemia prior to surgery were
effective in reducing troponin levels, postoperative inotropic
requirements, and airways resistance at 6 hours [45]. A
study of arm preconditioning in simple congenital cardiac
defects (ventricular septal defect repair) demonstrated an
improvement in lung compliance and a decrease in cardiac
enzymes (LDH, CK, and troponin I) and cytokines (IL-6,
IL-8, IL-10, and TNF-α) in the preconditioned group. In
this study, those randomised to the preconditioning group
received preconditioning at 24 hours and 1 hour before
surgery, to utilise both early and late phases of protection
[46].

Subsequently in 2007, Hausenloy et al. demonstrated
a reduction in troponin T levels in patients randomised
to receive ischemic preconditioning (3 cycles of 5-minute
forearm cuff inflation to 200 mmHg after induction of anaes-
thesia) prior to coronary artery bypass grafting [47]. In both
these trials, the patients underwent cross-clamp fibrillation;
however, Venugopal et al., in 2009, also demonstrated a
reduction in troponin T following remote ischemic precon-
ditioning in patients undergoing cold blood cardioplegia
[48].

However, in 2010, Rahman et al. published a larger
single-centre double-blind randomised controlled trial in
which 162 patients undergoing CABG were randomised
to receive either 3 × 5-minute cycles of upper limb cuff
inflation to 200 mmHg (separated by 5-minute reperfusion)
or placebo (in which the cuff was inflated on a “dummy
arm”). In this study there was no difference in troponin
release between the 2 groups [49]. There was also no
difference in cardiac performance, inotrope requirement,
echocardiographic function, arrhythmia protection, or renal
and lung outcomes.

The RICO trial (the Effect of Remote Ischemic Con-
ditioning on Atrial Fibrillation and Outcome) is ongoing
to examine the effects of remote ischemic preconditioning,
remote ischemic postconditioning, or remote ischemic pre-
and postconditioning on the development of atrial fibrilla-
tion on holter monitor within 72 hours after coronary artery
bypass grafting [50]. This will help to define if there is any
clinical benefit of combining preconditioning strategies.

A current multicenter double-blind randomised con-
trolled trial, “Effect of Remote Ischemic Preconditioning on
Clinical Outcomes in Patients Undergoing Coronary Artery
Bypass Graft Surgery” (ERICCA), is currently underway to
investigate whether RIPC improves one-year cardiovascular
outcomes and reduces acute kidney injury (AKI) in the
setting of cold-blood cardioplegia CABG. This trial aims to
recruit 1610 patients, randomised to either RIPC or sham-
RIPC.

8.2. Percutaneous Coronary Intervention (PCI) for Acute
Myocardial Infarction (AMI). In 2006, Iliodromitis et al.
investigated whether RIPC by 3 cycles of 5-minute ischemia
applied to both arms would attenuate the inflammatory
response in elective single vessel PCI with coronary stenting.
They in fact demonstrated an increase in CK-MB, troponin
I, and CRP in the preconditioned group and postulated that
RIPC increased the inflammatory response [51].

Subsequently, Hoole et al., in 2009, in a study of 242
patients undergoing elective PCI demonstrated that RIPC
(3 cycles of 5-minute forearm cuff inflation to 200 mmHg)
prior to PCI attenuated procedure-related cardiac troponin
I (cTnI) release [52]. Diabetics and hypertensives were
included and also benefited. However, in a separate study the
same group showed that there was no beneficial effect on left
ventricular dysfunction during coronary balloon occlusion
in single vessel coronary disease [53].

Also of note, Bøtker et al. demonstrated the potential
for prehospital use of remote ischemic perconditioning in the
setting of AMI (4 cycles of 5-minute forearm cuff inflation
and deflation, delivered in the ambulance). In a trial of 333
patients, they demonstrated an improvement in myocardial
salvage index (%) at 20 days after primary PCI in the group
randomised to receive preconditioning [54]. In a substudy
of the same patients, remote ischemic conditioning delivered
before hospital seemed to result in modest improvement
in LV function in high-risk patients prone to develop large
myocardial infarcts [55].

8.3. Vascular Surgery. In open abdominal aortic aneurysm
(AAA) repair, 82 patients were randomised to receive either
RIPC (two cycles of intermittent cross-clamping of the com-
mon iliac artery with 10-minute ischemia followed by 10-
minute reperfusion) or none. RIPC reduced the absolute risk
of myocardial injury, myocardial infarction, and renal injury
[56]. Another study in the same clinical scenario, in which
51 patients were randomised to sequential common iliac
artery cross-clamping as the conditioning stimulus or none,
did not demonstrate any improvement in renal outcome
indices (urinary retinol binding protein (RBP) and albu-
min : creatinine ratio (ACR)) [57]. The same group, however,
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Table 1: Clinical trials to date in remote ischemic preconditioning.

Year n Author Clinical setting Conditioning protocol Results

2000 8 Günyaydin
Coronary artery bypass grafting
(CABG)

Arm 2 × 3 min
↑Lactate dehydrogenase (LDH) in
preconditioned group

2005 12 Chan
Clipping of cerebral aneurysm
following subarachnoid
haemorrhage

Proximal artery 2 min catheter
occlusion, 30 min reperfusion

↓tissue hypoxia (slower decline in
pO2 and pH)

2006 41 Iliodromitis
Elective single vessel percutaneous
coronary intervention (PCI) and
stenting

Both arms 3 × 5 min
Increased troponin I, CK-MB, and
C-reactive protein (CRP)

2006 37 Cheung
Paediatric surgery for congenital
cardiac defects

Leg 4 × 5 min
↓troponin T, ↓post-op inotrope
requirements, ↓airway resistance

2007 82 Ali
Elective open abdominal aortic
aneurysm repair

Internal iliac cross-clamp 2 ×
10 min

↓absolute risk of myocardial
injury/infarction (troponin I) and
renal injury (creatinine)

2007 57 Hausenloy Elective CABG Arm 3 × 5 min ↓troponin T

2008 165 Faries
Balloon occlusion during carotid
angioplasty and stenting

Temporary balloon occlusion of
ICA

Decreased Glasgow Coma Score
(GCS) seen on initial balloon
inflation not observed when blood
reinflated

2009 45 Venugopal
CABG (cold-blood cardioplegia)
+/− valve replacement

Arm 3 × 5 min ↓troponin T

2009 242 Hoole Elective PCI Arm 3 × 5 min
↓troponin I, reduces ischaemic pain
during PCI

2009 42 Hoole
Elective PCI for single vessel
coronary artery disease

Arm 3 × 5 min

No effect on left ventricular
dysfunction (conductance
catheter/Doppler/dobutamine stress
echocardiogram)

2009 40 Walsh Endovascular AAA repair Both legs 10 min ischaemia
Reduced urinary retinol binding
protein and albumin : creatinine
ratio

2010 70 Walsh Carotid endarterectomy Both legs 10 min ischaemia
Fewer saccadic latency
deteriorations (did not reach
statistical significance)

2010 78 Venugopal CABG Arm 3 × 5 min

Post hoc analysis of 2 previous
studies. Decreased Acute Kidney
Injury (AKI) on Acute Kidney
Injury Network (AKIN) criteria

2010 162 Rahman CABG (on-pump) Arm 3 × 5 min

No difference in trop T/cardiac
performance/inotrope
requirement/echo
function/arrthymias/renal or lung
outcomes

2010 120 Wagner
CABG with cold crystalloid
cardioplegia

Arm 3 × 5 min
↓troponin I; tramadol
administration increased troponin

2010 51 Walsh Open infrarenal AAA repair Sequential common iliac clamping

No differences in renal outcomes
(urinary retinol binding protein
(RBP) and albumin : creatinine
ratio (ACR))

2010 60 Wenwu Ventricular septal defect repair
Arm 3 × 5 min; 24 h and 1 h before

surgery

Reduced cytokines and cardiac
enzymes, upregulation of heat
shock protein (HSP) 70; improved
lung compliance

2010 40 Hu
Elective decompression surgery for
adult cervical spondylotic
myelopathy

Arm 3 × 5 min

Reduced markers of ischaemic
neuronal injury S-100B and
neuron-specific enolase; improved
recovery rate on functional score

2011 120 Zimmerman
Cardiac surgery with
cardiopulmonary bypass

Leg 3 × 5 min
Reduced relative risk of AKI on
AKIN criteria
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Table 1: Continued.

Year n Author Clinical setting Conditioning protocol Results

2011 113 Pedersen
Paediatric surgery for correction of
complex cardiac defects

Leg 4 × 5 min
No effect on development of AKI,
urine output, or urinary biomarkers

2011 76 Choi
Complex valvular heart surgery
with CPB

Leg 3 × 5 min

No effect on creatinine, cystatin C,
or neutrophil-gelatinase-associated
lipocalin (NGAL), estimated
glomerular filtration rate
Decreased CK-MB at 24 hours

2011 242 Munk Primary PCI for acute MI Arm 4 × 5 min, prehospital
Modest improvement in LV systolic
function (not significant)

demonstrated lower levels of RBP and albumin : creatinine
ratio following surgery in the preconditioned group in the
setting of endovascular AAA repair (EVAR) [58].

A UK-based trial of remote ischaemic preconditioning in
the setting of elective abdominal aortic aneurysm repair is
currently underway in Bristol.

8.4. Brain and Neurological Injury. A pilot clinical trial of
70 patients undergoing carotid endarterectomy, randomised
to remote ischemic preconditioning with 10 minutes of
ischemic applied to each leg showed a numerical but not
statistical reduction in saccadic latency deteriorations (the
primary neurological outcome). There was no significant
difference between cardiac endpoints [59].

However, in a trial in 40 adult cervical spondylotic
myelopathy patients undergoing elective decompression
surgery there was a significant reduction in markers of
ischemic neurological injury (serum S-100B and neuron-
specific enolase) in the RIPC group. Patients randomized to
RIPC received 3× 5-minute arm cycles. Postsurgical recovery
at 7 days, 1, and 3 months after surgery (evaluated using a
Japanese Orthopaedic Association scale) was higher in the
preconditioned group [60].

In stroke, the “New Acute Treatment for Stroke—The
Effect of Remote Perconditioning” has recently closed to
recruitment and results awaited. This trial has examined
the utility of remote ischemic preconditioning using arm
ischemia in the ambulance prior to hospital admission and
thrombolysis. The primary endpoint in this study is salvage
index, measured on diffusion-weighted T2 MRI.

8.5. Acute Kidney Injury (AKI). IR injury contributes to the
majority of AKI. Common causes of AKI such as sepsis,
surgery, or drugs, for example, NSAIDS, ACE inhibitors,
are all essentially wholly or in part due to ischemia-
reperfusion injury, secondary to hypotension or reduced
renal blood flow. AKI is responsible for morbidity and
increased mortality in hospital admissions; however, its onset
is often unpredictable and patients present when AKI is
already manifest. Therefore, use of RIPC to protect against
acute kidney injury has most widely been documented in the
setting of surgery. In this setting, however, the acute injury is
complex and multifactorial in nature.

Secondary analysis from two trials in elective coronary
artery bypass grafting has demonstrated a reduction in

AKI in nondiabetic patients randomised to RIPC (three 5-
minute cycles of forearm ischemia). However, the numbers
were small, there were more concomitant aortic valve
replacements in the RIPC group, the analysis was post
hoc, and, although there were more episodes of AKI in
the nonintervention group, this was all AKI stage 1. [61]
In a separate study of lower limb preconditioning in the
setting of cardiac surgery requiring cardiopulmonary bypass,
AKI was reduced in the RIPC group (47% versus 20%).
All AKI was either stage 1 or 2 [62]. A recently published
trial of leg preconditioning in children undergoing surgery
for complex congenital cardiac disease found no evidence
that preconditioning protected renal function. End points
were development of acute kidney injury, initiation of
dialysis, plasma creatinine, estimated glomerular filtration
rate, plasma cystatin C, plasma and urinary neutrophil
gelatinase-associated lipocalin, and urinary output [63]. A
similar study in adults again demonstrated no evidence
of benefit in renal protection following complex cardiac
surgery; however, a reduction in CK-MB was observed [64].

Trials examining the effects of preconditioning on AKI in
the setting of AAA surgery have been detailed above.

8.5.1. Solid Organ Transplantation. The ultimate renal IR
injury occurs in renal transplantation, and in the case of
live donor transplantation this has a predictable time of
onset. Loukogeorgakis et al. have previously demonstrated
an almost 20% improvement in eGFR (Modification of
Diet in Renal Disease (MDRD) formula) after 2 years
in children who underwent RIPC before live donor renal
transplantation. Both donor and recipient received 3 cycles
of 5-minute forearm ischemia-reperfusion, 24 hours prior
to transplantation. This was a small randomised controlled
trial in 20 patients; however, a larger, 400-pair multicen-
tre randomised controlled trial (Renal Protection against
Ischemia Reperfusion in Transplantation (REPAIR)) is cur-
rently underway. A trial of RIPC in the setting of cadaveric
renal transplantation is being undertaken by Bøtker et al.
The RIPCOT trial (Remote Ischemic Preconditioning in
Abdominal Organ Transplantation), which utilises lower
limb remote ischemic preconditioning in the setting of
deceased donor liver, kidney, or pancreas transplantation,
and RIPC before abdominal surgery trial in those undergoing
abdominal, large bowel, pancreatic, and hepatic surgery are
also currently underway.
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9. Conclusion

Remote ischemic preconditioning harnesses a powerful
innate protective mechanism against ischemic injury. The
mechanism is as yet not fully elucidated; however, it has
shown promise in clinical trials. No trial has yet been large
enough to demonstrate an effect of RIPC to reduce the
incidence or impact of clinically relevant consequences of IR
injury. However, large adequately powered studies will report
within the next 2-3 years. These trials will either endorse the
clinical usefulness of ischemic preconditioning or consign it
to the laboratory.
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Toll-like receptors (TLRs) are key receptors of the innate immune system which are expressed on immune and nonimmune cells.
They are activated by both pathogen-associated molecular patterns and endogenous ligands. Activation of TLRs culminates in the
release of proinflammatory cytokines, chemokines, and apoptosis. Ischaemia and ischaemia/reperfusion (I/R) injury are associated
with significant inflammation and tissue damage. There is emerging evidence to suggest that TLRs are involved in mediating
ischaemia-induced damage in several organs. Critical limb ischaemia (CLI) is the most severe form of peripheral arterial disease
(PAD) and is associated with skeletal muscle damage and tissue loss; however its pathophysiology is poorly understood. This paper
will underline the evidence implicating TLRs in the pathophysiology of cerebral, renal, hepatic, myocardial, and skeletal muscle
ischaemia and I/R injury and discuss preliminary data that alludes to the potential role of TLRs in the pathophysiology of skeletal
muscle damage in CLI.

1. Introduction

Critical limb ischaemia (CLI) is the most severe form of
peripheral arterial disease (PAD). Whilst PAD describes
stenotic or aneurysmal disease in any arterial bed except
the coronary arteries, CLI generally describes advanced
atherosclerosis in the lower limb arteries leading to a
reduced blood supply to the tissues of the lower limb
resulting in rest pain and/or tissue loss. PAD affects 27
million people in Western Europe and North America, and
approximately 1-2% of these patients will develop CLI [1].
Further, CLI is associated with significant morbidity and
mortality: a large observational multicentre cohort study
of CLI patients observed a 6-month amputation rate of
12% and 1-year mortality rate of 19.1% [2]. However
despite the importance of this condition, management
of CLI patients continues to be challenging with limited
treatment modalities available. Surgical or endovascular
intervention remains the mainstay of therapy by improving

blood flow. However, even successful revascularisation is not
associated with an improvement in the functional ability
of patients with CLI [3], and most patients have persistent
or recurring symptoms requiring further treatment [4]. In
addition, a significant number of patients with CLI are not
suitable for revascularisation and treatment is limited to
pharmacological agents such as iloprost where outcomes
have been unsuccessful or inconsistent [5] or amputation.
Whilst work has been carried out on the aetiology of PAD the
downstream effects of reduced blood flow to the main organ,
that is, skeletal muscle are still poorly understood. A better
understanding of the pathophysiological processes occurring
within the skeletal muscle in CLI may enable us to identify
potential therapeutic targets. Recent studies on ischaemia
and ischaemia/reperfusion (I/R) injury of various organs
systems have identified the involvement of toll-like receptors
(TLRs) in the pathogenesis of hypoxic/ischaemic injury [6].
We aim to review this evidence for the role of TLRs in
ischaemia and ischaemia/reperfusion injury as well as discuss
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Table 1: Exogenous/endogenous ligands and antagonists of TLRs; n.d.: not discovered.

TLR Microbial ligands Endogenous ligands Antagonists

TLR1/TLR2 Triacyl lipopeptides (Pam3CSK4) n.d. n.d.

TLR2/TLR6

Diacyl lipopeptides (Pam2CSK4),
zymosan, porins, bacterial
peptidoglycan, LPSs of gram positive
bacteria

HSP-60, HSP-70, HMGB-1 n.d.

TLR3 Ds RNA mRNA n.d.

TLR4 LPS
HSP-22, HSP-60, HSP-70, HSP-96,
fibrinogen, HMGB-1, hyaluronan
fragments, fibronectin (extra domain A)

Eritoran (E5564, a lipid A derivative),
TAK-242

TLR5 Flagellin n.d. n.d.

TLR7 ssRNA (viral) ssRNA (immune complexes) CpG ODN, CpG 52364

TLR8 ssRNA (viral) ssRNA (immune complexes) CpG 52364

TLR9 DNA (bacterial/viral) DNA (immune complexes) CpG ODN, CpG 52364

TLR11 Toxoplasma gondii n.d. n.d.

TLR10, 12, 13 n.d. n.d. n.d.

the potential implication of TLRs in the pathophysiology of
skeletal muscle in CLI.

2. Toll-Like Receptors

Toll-like receptors are key receptors of the innate immune
system as they recognise and respond to components
of invading microorganisms termed pathogen-associated
molecular patterns (PAMPs). PAMPs consist of lipids,
lipopeptides, proteins, and nucleic acids [7], and upon
binding to TLRs they lead to the activation of the TLR
signalling pathway. This culminates in the release of various
cytokines, chemokines, and interferons that has implications
for both the innate and adaptive immune systems [8]. TLRs
are type 1 membrane glycoproteins that consist of a ligand-
binding external domain comprised of 19–25 leucine rich
repeat (LRR) motifs and a cytoplasmic signalling domain
that is termed the toll/interleukin 1 (TIR) domain. So
far 13 TLRs have been identified in mammals of which
eleven functional TLRs (TLR 1–11) have been discovered
in humans. These can be subdivided by their subcellular
localisation. TLR 1, 2, 4, 5, 6, and 10 are expressed on
the cell surface whereas TLR 3, 7, 8, and 9 are located in
the intracellular compartments, typically in the endosomes
and the endoplasmic reticulum [9]. Toll-like receptors are
expressed on both immune and nonimmune cells such as
macrophages [10], neutrophils [10], B cells [11] as well as
epithelial cells [12], myocytes [13], and skeletal muscle [14].

3. Toll-Like Receptor Ligands and Antagonists

In addition to PAMPS, TLRs are stimulated by host-
derived molecules such as high mobility group box 1
protein (HMGB-1) [15]. TLRs achieve ligand specificity by

receptor dimerization: almost all the TLRs form homodimers
except TLR 1, 2, and 6 whilst TLR 2 can heterodimerise
with either TLR 1 or 6 depending upon the ligand that
is presented [16]. The exogenous TLR ligands can be
subdivided into 3 groups (Table 1). The first group consists
of lipids which are recognised by TLR 1, 2, 4, and 6, the
second group are proteins which bind to TLR 5 and 11,
and the third group consists of nucleic acids which activate
the intracellular TLRs such as TLR 3, 7, 8, and 9. Recent
studies have identified numerous host-derived ligands of
TLRs that are released under certain physiological and
pathophysiological conditions. These are also summarised in
Table 1, however particularly interesting endogenous ligands
are heat shock proteins (HSP) [17], hyaluronic acid [18],
and HMGB-1. These ligands are secreted in states of shock
or tissue injury and are therefore involved in activating
TLRs in certain pathological conditions such as hypoxia and
ischaemia.

The emerging importance of TLR activation in the
pathogenesis of numerous conditions has led to the devel-
opment of a number of synthetic TLR antagonists. So
far these antagonists are structural analogues of agonists
which prevent the stimulating ligand binding to the receptor
[19]. Disease modulation by TLR antagonism is not only
being studied in animal models but a number of clinical
trials in humans are underway for the treatment of septic
shock and autoimmune disorders. Nonetheless there are very
limited TLR antagonists available at present, and a better
understanding of TLR ligands will aid in the development of
a broader spectrum of antagonists. In this respect, various
groups are using screening techniques such as systemic
evolution of ligands by exponential enrichment (SELEX) and
high-throughput screening (HTS) to identify and develop
oligonucleotides and synthetic phospholipid compounds
with the potential to inhibit TLR signalling.
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Figure 1: TLR signalling pathway. MyD88-dependent signalling pathway is used by all TLRs except TLR 3. Signalling through the MyD88-
dependent pathway leads to the activation of MAPKK and IKK complex resulting in activation and nuclear translocation of AP-1 and NF-κB,
respectively. TLR 4 is capable of signalling through the MyD88-independent pathway as well; however this is the sole signalling mechanism
for TLR 3. TRIF is the main adaptor protein in the MyD88-independent pathway and can associate with TRAF6 to activate AP-1 and NF-κB.
Alternatively it also activates NF-κB by interacting with RIP-1. TRIF can further interact with TRAF3 and the phosphatidylinositol 3-kinase
(PI3K)-AKT pathway resulting in the nuclear translocation of IRF3 and IRF2, respectively.

4. TLR Signalling

Stimulation of TLRs upon ligand recognition leads to
the activation of its downstream signalling cascade which
culminates in the activation of the transcription factors,
nuclear factor-κB (NF-κB), and activator protein 1 (AP-
1). This results in the release of various proinflammatory
cytokines such as IL-6, IL-1, and TNF-α. The initiation
of this signalling cascade depends upon the binding of
the TIR domain of the intracellular portion of TLRs
to the TIR domain-containing cytosolic adapter proteins.
The four main adapter proteins are myeloid differentia-
tion primary response protein 88 (MyD88), TIR domain-
containing adapter protein (TIRAP/Mal), TIR domain-
containing adapter-inducing IFNβ (TRIF, also known as
TICAM1), and TRIF-related adapter molecule (TRAM, also
known as TICAM2) [20]. Also important for TLR signalling
transduction is the interleukin-1 receptor-associated kinase

(IRAK) family of which four members have so far be
identified: IRAK1, IRAK2, IRAK3, and IRAK-M. Two sepa-
rate signalling pathways exist for the signalling transduction
of TLRs: these are termed the MyD88-dependent pathway
of which MyD88 plays a central role and the MyD88-
independent pathway which uses TRIF instead. All TLRs
utilise the MyD88-dependent pathway except TLR3; interest-
ingly TLR4 is capable of using either signalling pathway.

In the MyD88-dependent pathway (Figure 1), ligand
binding leads to the association of MyD88 to the TIR
domain of the receptor. This leads to the phosphorylation
of IRAK4 which in turn phosphorylates IRAK1. IRAK1
binds to and activates tumour necrosis factor receptor-
associated factor 6 (TRAF6). The IRAK1/TRAF6 complex
dissociates from the intracellular receptor complex and
forms a complex with the E2 ligases Ubc13 and Uev1A
which have been shown to catalyse the synthesis of a Lys
63-linked polyubiquitin chain of TRAF6. This complex
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Table 2: Summary of the evidence for the role of TLRs in the pathogenesis of tissue damage in ischaemia and I/R injury.

Organ ischaemia
and I/R injury

Expression of TLRs
Upregulation of
TLRs in ischaemia

Evidence for role of TLR in
pathophysiology

Potential endogenous
ligand implicated in
pathogenesis

Cerebral
Glial cells: TLR 1–9 [32, 33]
Neurons: TLR 2 and 4 [34]

TLR 2, 4 and 9
[34, 35]

TLR 2 and 4 knockout mice have
reduced infarct size following
ischaemia [34, 36–38]

HSP 70 [34]

Liver

Hepatocytes: TLR 2, 3, 4
and 5 [39]
Non-parenchymal cells:
TLR 2, 3, 4, 5, 7 and 9 [39]

TLR 2 [40]
TLR 4 and 9 knockout mice are
protected against ischaemia-induced
liver injury [41–43]

HSP 72 [44] and
HMGB-1 [42, 45]

Renal
Parenchyma: TLRs 1–10 at
varying detection levels
[46–48]

TLR 2 and 4
[47, 49]

TLR 2 and 4 knockout mice are
protected against renal I/R injury, and
this is associated with a reduction in
inflammatory cytokine levels [49–52]

HMGB-1, hyaluronan
and biglycan
[49, 51, 53]

Myocardial
Myocytes: TLR 2, 3, 4 and 6
[54]

TLR 4 [55]

TLR 2- and 4-deficient mice show
reduced myocardial infarct size
[56–59]. TLR 4 antagonist eritoran
leads to reduced infarct size, NF-κB
nuclear translocation, and
proinflammatory cytokine expression
[60]

HMGB-1 [61]

Skeletal muscle TLR 1–9 [62–64] TLR 2, 4, 6 [65]

TLR 2 antagonsim reduces
pro-inflammatory cytokine expression
in an in vitro model of skeletal muscle
ischaemia [65]

Under investigation

further associates with a member of the MAP kinase kinase
kinase family, transforming growth factor-β-activated kinase
1 (TAK1) and the TAK1-binding proteins, TAB1 and TAB2.
This complex formation subsequently activates TAK1 which
simultaneously activates the IκB kinases (IKK) complex and
members of the MAP kinase family such as extracellular
signal-regulated kinase (ERK), c-Jun kinase (JNK), and p38.
The IKK complex consists of two kinases, IKKα and IKKβ
and a regulatory subunit (NEMO/IKKγ) [21]. IKK-activated
complex subsequently phosphorylates the inhibitory IκB
proteins which normally sequester NF-κB in an inactive
form in the cytoplasm. IκB protein phosphorylation leads
to their polyubiquitylation and subsequent degradation with
the concomitant release and nuclear translocation of NF-
κB. The activation of members of the MAPK family such as
JNK leads to the subsequent phosphorylation and activation
of the transcription factor AP-1. Further, stimulation of the
MyD88-dependent pathway in TLR 7, 8, and 9 can also lead
to the induction of type 1 interferons(IFN) possibly through
the activation of interferon regulatory factor 7 (IRF7) [22].

The MyD88-independent pathway which is the sole
signalling transduction system of TLR 3 and is an alternative
signalling pathway for TLR 4 also culminates in the activation
of NF-κB and AP-1 as well as IRF3 leading to the induction of
type 1 interferons. In the MyD88-independent pathway TRIF
is the main adaptor protein. In TLR 3 signalling TRIF binds
directly to the cytoplasmic portion of the receptor; however
in TLR 4 signalling the adaptor protein TRAM acts as a
bridge between TRIF and the TIR-containing domain. TRIF
can interact with TRAF6 or receptor-interacting protein-1
(RIP-1) leading to the activation of NF-κB and AP-1. Further

TRIF leads to the phosphorylation and the consequent
activation of IRF 3 and 7 leading to the induction of type
1 IFNs. Two members of the IKK family IKKi (IKKε) and
TBK1 [TRAF family member-associated NF-κB activator
(TANK) binding kinase-1 or T2K or NAK] are however
essential to this role [23, 24].

5. Ischaemia and Ischaemia/Reperfusion Injury

The pathophysiology of ischaemia and ischaemia/reperfu-
sion- (I/R-) induced injury has been extensively studied and
evaluated in various organ systems such as the kidneys, liver,
cardiovascular, and central nervous systems (CNS) (Table 2).
There is growing evidence that TLRs play an important
role in the propagation of the tissue damage caused by
ischaemia and I/R. However there is still a lack of significant
progress in understanding the pathophysiology of skeletal
muscle damage in CLI and the role TLRs play in this disease
process. Following ischaemia or I/R a number of cellular
and biochemical changes occur both locally and systemically.
This include the recruitment of activated neutrophils [25]
and lymphocytes [26], production of reactive oxygen species
(ROS), release of cytokines [27] and chemokines [28], and
activation of the complement system [29]. The generation
of ROS, ATP deletion, and activation of enzymes such as
phospholipases and proteases lead to cell necrosis. Apoptosis
has also been shown to occur following ischaemia [30],
and it is thought that mitochondrial dysfunction secondary
to ROS generation plays a role in inducing the apoptotic
mechanism. In addition, TLRs seem to play an important
role in mediating some of the ischaemia-induced injury.
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Endogenous ligands of TLRs such as fibrinogen, heparin
sulphate, hyaluronan, HSP60, HSP70, and HMGB-1 are
released by injured and necrotic cells. The subsequent
stimulation of TLRs by these ligands leads to the activation
of transcription factors NF-κB and AP-1 with a consequent
release of proinflammatory cytokines. Further TLRs have
been implicated in directly causing apoptosis via a pathway
involving Fas-associated death domain protein (FADD) and
caspase 8 [31].

6. The Role of Toll-Like Receptors in
the Pathophysiology of Cerebral Ischaemia
and I/R Injury

There is emerging evidence that TLRs play a role in neuronal
damage secondary to cerebral ischaemia. TLRs are thought
to be expressed primarily by the glial cells (microglia,
astrocytes, and oligodendrocytes) in the brain. Human
microglia are found to express TLRs 1–8 at detectable levels
and TLR 9 at low but detectable levels [32]. The expression of
TLRs in human astrocytes, however, is more restricted with
only TLR 3 mRNA detected at intermediate levels; mRNA
for TLRs 1, 2, 4, 5, and 9 were detectable but were low,
and TLRs 6, 7, 8, and 10 mRNA expression was found to
be rare to undetectable [33]. Very little is known about the
expression of TLRs in human oligodendrocytes, but Bsibsi et
al. [32] have reported expression of TLRs 2 and 3 in these
cells. TLRs 2 and 4 have also been found to be expressed in
mouse cerebral cortical neurons [34]. When microglia and
astrocytes are exposed to TLR ligands such as peptidoglycan,
double-stranded RNA, lipopolysaccharide, and bacterial
DNA there is a release of a wide range of proinflammatory
cytokines (including TNF-α, IL-6, and IL-12), chemokines,
and reactive oxygen species. This suggests that the TLRs are
involved in protecting the CNS against microbial infections,
although it is unclear whether this neuroinflammatory
response is beneficial or detrimental. Growing evidence
suggests that the TLRs expressed in the CNS also play an
important role in tissue development, cellular migration and
differentiation, and in limiting inflammation [66].

Acute inflammation exacerbates brain damage in cere-
bral ischaemia, and activation of the innate immune system
is an important component of this process. There is now
strong evidence suggesting that TLRs within the CNS play an
integral part in this inflammatory process. For example TLRs
2, 4, and 9 have been shown to be upregulated and activated
in cerebral ischaemia models [34, 35]. Significantly a number
of groups have reported reduced infarct size in TLR 2 and 4
knockout mice that have been exposed to cerebral ischaemia
[34, 36–38]. Kilic et al. [36] performed intraluminal middle
cerebral artery occlusion as a model of ischaemic stroke in
adult male C3H/HEJ TLR 4 knockout mice. They showed
that in the TLR4-deficient mice there was reduced ischaemic
neuronal injury, and the mechanism of this neuroprotective
effect was associated with deactivation of the MAP kinases
ERK 1, ERK2, JNK1, JNK2, and P38 [36]. Further, Caso et
al. [67] not only demonstrated reduced infarct size but also
recovery of neurological deficit in TLR 4 knockout mice that

had MCA occlusion suggesting actual clinical improvement
as a result of abolishing the effects of TLR 4. Interestingly,
studies have shown that LPS (TLR 4 ligand) pre-conditioning
helps to protect against subsequent ischaemic damage;
however the mechanism for this is unclear. Thus, there is
now significant evidence that TLRs in particular TLR 2
and 4 play a role in ischaemia-induced cerebral damage
but the exact mechanisms are yet to be elucidated. Apart
from the increase in proinflammatory cytokines, activated
glial TLRs also lead to the release of chemokines such as
macrophage inflammatory protein-2 (MIP-2) and monocyte
chemoattractant protein-1 (MCP-1) which attract peripheral
immune cells into the brain parenchyma and may lead to
further exacerbation of ischaemic damage. Using a model of
glucose deprivation as a form of energy deprivation, Tang et
al. [34] found that TLR2 and 4 are implicated in apoptotic
neuronal cell death via activation of the JNK-AP-1 pathway.
In addition they showed that the endogenous ligand of TLR
2 and 4, HSP70, is upregulated thus implicating HSP70 and
other endogenous ligands of TLRs in the pathogenesis of
cerebral ischaemia.

7. The Role of Toll-Like Receptors in
the Pathophysiology of Liver Ischaemia
and I/R Injury

Liver ischaemia and reperfusion can occur during a variety
of situations particularly during surgical procedures such
as liver transplant, vascular reconstruction, liver trauma,
and resection of large hepatic tumours. During the initial
ischaemic period a certain level of cellular damage has been
shown to occur [68]; however this is further exacerbated
following reperfusion [69]. The liver is primarily composed
of parenchymal cells (hepatocytes) constituting 65% of
the cells in the liver. The remaining part of the liver is
composed of nonparenchymal cells such as kupffer cells,
sinusoidal endothelial cells, biliary epithelial cells, hepatic
stellate, and dendritic cells. Studies have shown that both
the parenchymal and nonparenchymal cells express a large
repertoire of TLRs [39].

Kupffer cells which are the resident macrophages of the
liver play a central role in hepatic I/R injury. Following
hepatic ischaemia kupffer cells are activated and lead to
the release of both proinflammatory cytokines (TNF-α,
IL-6, and IL-1) as well as anti-inflammatory cytokines
(IL-10 and IL-13) and ROS [70]. Inflammatory cytokines
both initiate and maintain the inflammatory response and,
together with the activated complement system, result in the
migration and adhesion of leukocytes and recruitment of
neutrophils within the sinusoids [71]. Activated neutrophils
further exacerbate liver damage induced by reperfusion,
through the release of more ROS and proteases [72]. The
resulting increase in ROS causes oxidative stress and cell
death. Significantly, ROS especially hydrogen peroxide [73]
activate NF-κB which has been found to play a significant
role in liver I/R injury [74]. Cell death in liver I/R has
been shown to occur by both apoptosis [75] and necrosis
[76]. Inflammatory mediators such as TNF-α released by
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kupffer cells and neutrophils have been shown to activate
pro-apoptotic proteins such as caspase-3 and caspase-8
further highlighting the role of these cells in ischaemic liver
damage [77].

Several groups have illustrated the importance of TLR
signalling in hepatic I/R damage [40–42, 45]. In particular
TLR 4 and 9 are specifically implicated in the pathological
process. Tsung et al. [41] showed that chimeric mice lacking
functional TLR 4 subjected to liver I/R were protected from
tissue damage. Further they showed that this protective
effect was associated with a reduction in the activation of
JNK and NF-κB as well as a decrease in the expression of
the proinflammatory cytokines TNF-α and IL-6 and the
adhesion molecule ICAM-1. Shen et al. [43] also showed
that TLR 4 knockout mice were protected against hepatic
I/R injury, and this was associated with a reduction in local
and systemic TNF-α levels as well as reduced neutrophil
infiltration.

Circulating levels of HSP72 have shown to be increased
during hepatic I/R injury [44, 78]. HSP72 stimulated both
TLR 2 and 4 in hepatocytes leading to the activation
of NF-κB and the subsequent production of macrophage
inflammatory protein-2 (MIP-2) but not TNF-α or IL-6.
MIP-2 promotes neutrophil infiltration during hepatic I/R
injury, and blockade of MIP-2 has been shown to reduce
hepatic I/R injury [79]. In TLR 2 and 4 knockout mice, MIP-
2 production is reduced suggesting that both TLR 2 and 4
contribute to hepatic I/R injury [78]. However, despite an
increase in TLR 2 mRNA levels after hepatic I/R injury [40]
it has been found that TLR 4 but not TLR 2 is required in
initiating the hepatic injury cascade as it was demonstrated
that TLR 2 knockout mice and wild-type mice livers suffered
comparable I/R injury [80]. Further, Zhai et al. [80] have
suggested that TLR 4-induced hepatic damage in I/R is
mediated through the MyD88-independent pathway rather
than the MyD88-dependant pathway. They showed that IRF
3-deficient mice protected their livers from I/R injury in
a similar fashion to TLR 4-deficient mice but in MyD88-
deficient mice significant hepatic I/R injury still occurred.
This finding however cannot account for the increase in
the proinflammatory cytokines which occurs during liver
ischaemia and may be explained by the work carried out
by Bamboat et al. [42] demonstrating that TLR 9 may
also be involved in hepatic I/R injury. They reported that
following I/R TLR 9 knockout mice showed minimal hepatic
damage associated with reduced proinflammatory cytokine
levels (TNF-α, IL-6, and MCP-1) compared to wild-type
mice which exhibited severe hepatocellular necrosis. TLR
9 blockade also reduced liver damage and cytokine levels
in wild-type mice that were subjected to I/R. This suggests
that both TLR 4 and 9 play an important role in hepatic
damage secondary to ischaemia and I/R injury and that TLR
9 stimulation may mediate the increase in proinflammatory
cytokines.

In addition to HSP72, other endogenous TLR ligands
may be involved in hepatic I/R. Bamboat et al. [42] have
shown that DNA from necrotic hepatocytes stimulate TLR
9 leading to cytokine release. HMGB-1 is a DNA-binding
protein which is released by necrotic cells including

hepatocytes. HMGB-1 levels increase during liver I/R, and
inhibition of HMGB-1 with a neutralising antibody reduces
liver damage after I/R [42, 45]. Thus, numerous TLR
endogenous ligands have been implicated in hepatic I/R
injury; however it remains to be seen how much each of them
contributes to hepatic I/R injury.

8. The Role of Toll-Like Receptors in
the Pathophysiology of Renal Ischaemia
and I/R Injury

Renal ischaemia and I/R injury can occur during trans-
plantation, partial nephrectomy, aortic cross-clamping, and
following systemic hypotension and is a common cause of
acute renal failure (ARF). The pathogenesis of ischaemia
and I/R-induced renal injury is complex and incompletely
understood. However, it is not surprising that the innate
immune system plays a significant role in the injury
process. Ischaemia leads to the depletion of cellular ATP,
and this causes tubular epithelial cells to undergo necrosis
or apoptosis [81]. In addition to the cytotoxic effects of
hypoxia, I/R triggers numerous inflammatory events. The
renal endothelial and epithelial cells release inflammatory
cytokines (IL-1, IL-6 and TNF-α) [82] as well as chemokines
and express adhesion molecules that activate lymphocytes.
Further, the infiltrating leukocytes also generate cytokines
and ROS that exacerbate cellular injury. Several studies
have also highlighted the importance of activation of the
complement system [83], neutrophils [84], B cells [85], and
T cells [86] in the development of renal I/R injury.

TLR expression in the kidney has been studied by several
groups and mRNA for almost all the TLRs have been detected
in human kidneys [46–48]. However TLRs 1, 2, 3, 4, 5, and
7 were found to be more abundantly expressed than TLRs
6, 8, 9, and 10. TLR 2 and 4 are expressed in mouse renal
cortex and medulla, specifically in the proximal and distal
tubules as well as in the epithelium of Bowman’s capsule
[47]. Recent studies have implicated TLR 2 and 4 in the
pathogenesis of renal ischaemia and I/R injury. It has been
shown that TLR 2 and 4 mRNA is upregulated following
I/R in the epithelial cells of the distal tubules, thin limb of
the loops of Henle, and collecting ducts. This upregulation
was shown to be mediated by IFN-γ and TNF-α [47]. It
has been found that TLR 2 knockout mice are protected
against renal I/R injury [50, 51]. Leemans et al. [51] used
TLR 2 antisense oligonucleotide treatment to reduce TLR 2
protein in mice kidney and showed that this also protected
the kidney against I/R injury by demonstrating reduced renal
dysfunction. The detrimental effects of TLR 2 signalling in
renal I/R injury were observed to be due to an increase
in chemokine and cytokine (MIP-2, TNF-α, IL-6, IL-1β)
production, granulocyte and macrophage infiltration, as well
as tubular necrosis, and tubular epithelial cell apoptosis,
which was mediated through nonhematopoietic cells of the
kidney. Interestingly Shigeoka et al. [87] have suggested a
fascinating concept that renal damage in I/R due to TLR
2 activation is mediated through both a MyD88-dependent
pathway as well as a TLR 2-dependent/MyD88-independent
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pathway.TLR 4 has also been shown to play a significant
role in renal I/R injury. Wu et al. [49] have demonstrated
increased TLR 4 expression following kidney ischaemia. As
demonstrated in TLR 2 knockout mice, it has also been
shown that TLR 4 knockout mice are protected against renal
dysfunction following I/R injury [49, 50, 52]. Further TLR
4 knockout mice subjected to I/R showed reduced tubular
damage, neutrophil and macrophage accumulation, and
inflammatory cytokine and chemokine production. In vitro,
wild-type kidney tubular epithelial cells (TECs) that were
subjected to ischaemia produced inflammatory cytokines
and chemokines and underwent apoptosis. These effects
were attenuated in TLR4−/− and MyD88−/− TECs [49]. These
results provide significant evidence for the role of TLR 2
and 4 in the pathogenesis of ischaemia and I/R-mediated
renal damage. A number of studies have demonstrated an
upregulation of several TLR 2 and 4 endogenous ligands
such as HMGB-1, hyaluronan and biglycan in the kidney
during I/R injury [49, 51, 53] which may be involved in the
activation of these receptors and subsequent inflammatory
response and tissue damage in renal I/R.

9. The Role of Toll-Like Receptors in
the Pathophysiology of Myocardial
Ischaemia and I/R Injury

Myocardial ischaemia is most commonly due to occlusion
of a major coronary artery. Coronary artery occlusion
and the consequent reduction in blood flow usually occur
due to fissuring or erosion of an atherosclerotic plaque
with subsequent formation of thrombus. The pathogenesis
of ischaemia-induced myocardial damage has been inten-
sively studied, and a number of biochemical and cellu-
lar mechanisms have been discovered. Oxygen deficiency
induces metabolic changes such as decreased ATP and pH
as well as lactate accumulation. The altered biochemical
status leads to impaired membrane transport resulting in
an imbalance in intracellular electrolytes and propagates
various other pathological metabolic changes resulting
in cardiomyocyte death through necrosis and apoptosis.
Irreversible damage occurs after approximately 30 min-
utes of coronary artery occlusion. Reperfusion exacerbates
myocardial damage which is predominantly the effect of
oxygen radicals, calcium loading, and neutrophil activation.
Oxygen radicals cause further membrane damage, and neu-
trophils release inflammatory mediators and contribute to
microvascular obstruction [88–90]. Inflammatory cytokines
such as IL-6, TNF-α, IL-1β, and IL-8 have been shown
to be upregulated during periods of myocardial ischaemia
[91–93].

Most of the TLRs are expressed within the cardiovascular
system. In particular, TLR 2, 3, 4, and 6 are expressed in
rat cardiomyocytes [94] whilst both healthy and atheroscle-
rotic arteries express TLRs 1–9 [55]. TLR 2 and 4 have
been strongly implicated in myocardial damage following
ischaemia and reperfusion. Murine TLR 4 expression has
been shown to be increased after myocardial infarction
[56], and various studies have shown that TLR 4-deficient

mice have reduced myocardial infarct size when compared
with control mice [57, 58, 95]. Studies have shown that
the reduction in myocardial infarct size in TLR 4-deficient
mice is attributed to a reduction in neutrophil infiltration
and reduced JNK, NF-κB, and AP-1 activation with a
subsequent decrease in the levels of inflammatory cytokines
(IL-1β and Il-6) and monocyte chemotactic factor-1 [57,
60, 95]. The P13K/AKT pathway has also been reported
to play a role in protecting against myocardial I/R injury
in TLR 4-deficient mice [96]. Mice pretreated with the
TLR 4 antagonist eritoran prior to transient occlusion of
the left anterior descending artery were shown to develop
significantly smaller infarcts compared to mice treated with
vehicle alone. Further, eritoran pretreatment resulted in
reduced JNK phosphorylation, NF-κB nuclear translocation,
and proinflammatory cytokine expression [59].

There is also emerging evidence for the role of TLR 2
in myocardial I/R Injury. TLR 2 knockout mice subjected
to myocardial infarction have been shown to have a higher
survival rate than wild-type mice associated with a smaller
infarct size, reduced ROS production, and leukocyte infil-
tration [97, 98]. Further, both bone marrow chimeric mice
developed by transplanting TLR 2 knockout bone marrow
to WT mice or WT bone marrow to TLR 2 knockout mice
submitted to I/R 5 weeks after transplant displayed similar
protection as TLR2−/− mice against I/R-induced endothelial
dysfunction, suggesting a role for TLR 2 expressed on both
non-bone marrow cells such as endothelial cells and/or
cardiomyocytes and cells of bone marrow origin such as
neutrophils [98]. TLR 2 deficiency also abolished increased
IL-1β expression but did not affect TNF-α or IL-6 expression.
These studies provide some insight into the role of TLR 2
and 4 in myocardial I/R injury and may reveal potential
therapeutic targets.

HMBG-1 may again act as an endogenous TLR ligand
in myocardial ischaemia. Andrassy et al. [99] demonstrated
elevated levels of HMGB-1 following hypoxia in cardiomy-
ocytes in vitro and in ischaemic injury of the heart in
vivo. They also reported that treatment with recombinant
HMGB-1 worsens I/R injury, whereas treatment with the
HMGB-1 antagonist HMGB-1 box A reduced infarct size and
markers of tissue damage. In addition their data suggested
that HMGB-1-mediated myocardial damage involved JNK,
ERK 1 and 2, and NF-κB activation. Several other known
HMGB-1-inhibiting agents (ethyl pyruvate, green tea, and
adrenomedullin) have also been shown to preserve cardiac
function following a myocardial ischaemic insult [54, 100,
101]. Further studies may reveal the involvement of other
potential endogenous ligands in the setting of myocardial
ischaemia.

10. The Potential Role of Toll-Like
Receptors in the Pathophysiology of
Critical Limb Ischaemia

CLI is a severe form of PAD that is predominantly caused by
atherosclerosis in the peripheral arterial system. Whilst the
detailed pathophysiology of CLI is not well understood, there
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is a basic understanding of the pathogenesis of skeletal mus-
cle damage in peripheral arterial disease (PAD) and in I/R
injury. A large proportion of mass in the limb is comprised
of skeletal muscle, and therefore it is affected significantly by
ischaemia-induced tissue damage. Studies have shown that
irreversible muscle damage begins to occur after 3 hours
of ischaemia and is nearly complete after 6 hours [102].
Pipinos et al. [103] have proposed a potential pathway for
the pathogenesis of PAD-induced manifestations such as
skeletal muscle damage and tissue loss, where inflammation,
neutrophil activation and degranulation, and mitochondrial
dysfunction with excessive production of ROS occur when
blood supply is critically compromised. The consequences
of these pathological processes include reduced energy
production and damage to muscle as well nerves, skin, and
subcutaneous tissue. Indeed, Hayes et al. [104] found that
after a sustained period of ischaemia, diminishing ATP levels
correlated closely with worsening muscle necrosis. Further,
gastrocnemius muscle biopsies obtained from patients with
PAD contain a higher number of apoptotic cells com-
pared to controls as shown by Terminal Deoxynucleotidyl
Transferase Biotin-dUTP Nick-end Labelling- (TUNEL-)
staining and increased Caspase-3 activity [105]. Raised
circulating levels of proinflammatory cytokines (TNF-α;
14.48 ng/ml versus 9.32 ng/ml and IL-6; 11.81 ng/ml versus
7.30 ng/ml), chemokines (vascular cell adhesion molecule-
1 (VCAM-1); 485.09 ng/ml versus 464.35 ng/ml, and inter-
cellular adhesion molecule-1 (ICAM-1); 316.7 ng/ml versus
207.65 ng/ml) are found in the plasma of patients with
PAD [106]. Significantly, TNF-α and IL-6 have been shown
to induce muscle proteolysis, and this in turn has been
associated with reduced muscle mass and strength [62, 107,
108]. In addition TNF-α has also been reported to induce
apoptosis in skeletal myoblasts [63]. It is therefore possible
that the elevated levels of cytokines play a role in skeletal
muscle damage in CLI.

TLRs 1–9 have been shown to be expressed in skeletal
muscle [61, 64, 109]. Further, there is evidence to suggest
that some of the TLRs are functional as lipopolysaccharide
(LPS) and a synthetic tripalmitoylated cysteine-, serine-,
and lysine-containing peptide (Pam), TLR 4, and TLR 2
ligands, respectively, induce TNF-α, IL-6, and IL-1β mRNA
expression in gastrocnemius muscle and C2C12 myotubes
[64, 109]. Further IL-6 induction has been shown to be
mediated via activation of NF-κB [62]. Warren et al. [61]
demonstrated that TLRs 2, 4, 6, 8, and 9 are upregu-
lated following freeze-induced skeletal muscle damage. TLR
endogenous ligands such as HMGB-1 and HSPs have been
shown to be expressed in skeletal muscle. HMGB-1 has been
reported to induce skeletal muscle damage in inflammatory
myopathies, and the expression of HSPs is upregulated
in skeletal muscle following hypoxia and ATP depletion
[110, 111]. We have recently found upregulation of TLRs
2, 4, and 6 protein expression in muscle biopsies obtained
from patients with CLI (Figure 2). This indicates that TLRs
are likely to be involved in the pathophysiology of CLI,
possibly by contributing to the tissue damage that occurs,
and provides the rationale to further elucidate the role of
TLRs in the pathogenesis of skeletal muscle damage in CLI.
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Figure 2: Representative western blots showing (a) increased TLR
2, TLR 4, and TLR 6 protein expression in gastrocnemius muscle
biopsies obtained from patients with CLI compared to controls.
(b) Densitometric quantification of TLR 2, 4, and 6 levels in CLI
muscle. ∗P < 0.05 compared to control. The human experiments
were conducted in accordance with the Declaration of Helsinki
(1964), and informed consent was obtained from patients with
prior approval from the local ethics committee.
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Figure 3: Proposed pathophysiological mechanism of skeletal muscle damage in CLI. Skeletal muscle ischaemia initiates muscle cell
apoptosis and necrosis leading to the release of endogenous ligands such as HMGB-1. Subsequently TLRs are activated in other viable
muscle cells causing signalling through one or more TLR signalling pathways. This may lead to the activation of transcription factors such
as NF-κB, AP-1, IRF 3, and 2. The consequent activation of transcription factors leads to the induction and release of proinflammatory
cytokines, chemokines, and interferons that propagate the skeletal muscle damage.

11. Conclusion

It can be concluded that following ischaemia and I/R signif-
icant tissue damage occurs in a number of different organs.
The intricate mechanisms involved may differ depending on
the type and duration of insult. However it is clear that
inflammation following immune cell infiltration and ROS
generation play a significant role in mediating cytotoxicity.
There is ample evidence that TLRs of both immune and
nonimmune cell origin are upregulated and activated in
ischaemia leading to the production of various proinflamma-
tory cytokines and chemokines. Both the MyD88-dependent
and MyD88-independent TLR signalling pathways may be
involved in mediating the ischaemic tissue damage, and the
dominant signalling cascade used may be organ specific.
TLRs have also been implicated in apoptotic cell death which
plays a large part in ischaemia-induced cell damage. Necrotic
cell death has also been shown to occur following ischaemia,
and this is important as numerous TLR endogenous ligands
such as HSP60 and HMGB-1 have been shown to be
released during this process. This phenomenon may explain
why TLRs are activated in sterile inflammation during
ischaemia and provide an opportunity to manipulate the
pathophysiological process in order to reduce cell damage.

There is growing evidence to suggest that some of these
destructive processes are involved in the pathophysiology of
skeletal muscle damage in CLI, and TLRs are implicated
in mediating this damage. However, further studies are
required to elaborate on the preliminary data including the
identification of the key TLRs involved in mediating skeletal
muscle damage in CLI (Figure 3). One can speculate that
TLR 2 and TLR 4 may be important as there is extensive data

on the role of these two receptors in mediating ischaemic
and I/R injury. However, other TLRs such as TLR 1 and 6
are promising targets as they are known to heterodimerise
with TLR 2 [16]. It would also be essential to identify
the particular TLR signalling pathways and transcription
factors involved in ischaemic skeletal muscle. Further TLR
antagonists are under clinical development in the treatment
of a number of inflammatory and autoimmune diseases
[19], and TLR antagonists have also been shown to reduce
ischaemia-induced injury. A better understanding of the
pathophysiology of CLI with concomitant development of
TLR antagonists may identify treatment modalities that can
be translated into clinical benefit for patients with CLI.
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Abdominal aortic aneurysm (AAA) is a common disease with a large heritable component. There is a need to improve our
understanding of AAA pathogenesis in order to develop novel treatment paradigms. Genome wide association studies have
revolutionized research into the genetic variants that underpin the development of many complex diseases including AAA. This
article reviews the progress that has been made to date in this regard, including mechanisms by which loci identified by GWAS may
contribute to the development of AAA. It also highlights potential post-GWAS analytical strategies to improve our understanding
of the disease further.

1. Introduction

Abdominal aortic aneurysm (AAA) is a common, late onset
disease which, left untreated, can rupture with a high resul-
tant mortality. Approximately 5% of Caucasian males aged
65–74 will harbor a AAA [1] and the major risk factors for
the condition include male sex, cigarette smoking, a history
of cardiovascular disease, and a family history of AAA [2, 3].
Currently, the best predictor of rupture is maximal aneurysm
diameter and surgical repair is indicated in AAA greater than
5.5 cm [4]. Population screening with abdominal ultrasound
scans (US) reduces the burden of aneurysm related death
[5, 6], but there is a lack of evidence to support any
pharmacological therapies to attenuate AAA progression
and/or rupture. The advent of endovascular aneurysm repair
has reduced short-term perioperative mortality associated
with AAA repair [7] but nationwide audits indicate that
elective repair still carries a mortality risk in region of 1.5–
7% [8]. In patients deemed unfit for surgical repair ten-
year survival is less than 25% [9]. Understanding the genetic

architecture of the condition may provide a blueprint for
uncovering novel pathobiological pathways and targets for
nonsurgical treatments.

The role that genetic factors play in the development
of AAA has become increasingly prominent in recent
years following Clifton’s initial observation that the disease
appeared to run in families [10]. Family history of AAA is an
established risk factor for the disease, with male first-degree
relatives of probands at approximately fourfold greater risk
than the general population [11–13]. A twin-study of AAA
has estimated the heritability to be as high as 70% [14], and
familial studies have failed to demonstrate consistent modes
of inheritance, suggesting that it is likely to be a complex
disease [13, 15], resulting from a complicated network of
environmental and genetic risk factors. There has been some
progress in discovery of rare monogenic cause of aneurysmal
disease in thoracic aorta (Table 1) but in common with
other complex disorders, deciphering causal genetic variants
in AAA has proved a difficult task. Familial-based linkage
studies have identified areas of the genome that are strongly
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Table 1: Monogenic causes of thoracic aortic diseases.

Phenotype/syndrome Gene Reference

Marfan syndrome FBN1 [17]

Loeys-Doetz—ascending
aortic aneurysm

TGFBR1 and TGFBR2 [18]

Thoracic aortic aneurysm MYH11, ACTA2, SMAD3 [19–21]

associated with the disease, but attempts to refine the signal
have so far been unsuccessful [15, 16].

2. Genetic Studies of AAA

2.1. Candidate Gene Approaches. The “common-disease
common-variant” hypothesis poses that common complex
diseases arise from the accumulation of genetic variants,
each with a modest effect on risk (low penetrance) and
environmental risk factors [22, 23]. It is this hypothesis that
has underpinned the developments of genetic association
studies, whereby the frequency of indexed genetic variants is
compared between cases and controls.

A number of candidate gene association studies for AAA
have been published. Review of the literature, however,
reveals that many studies were underpowered and gave
inconsistent results, a problem shared by many other com-
plex disorders [24]. Small studies with a low P value obtained
by chance have been more readily published than negative
findings (so-called publication bias), and the results are often
not replicated in larger studies with greater statistical power.
Despite this, meta-analysis of candidate gene studies suggests
that single nucleotide polymorphisms (SNPs) in genes of
the renin-angiotensin system and folate metabolism are
consistently associated with an increased risk of developing
AAA (Table 2) [25, 26]. There has been considerable interest
in the role of polymorphisms in the TGF-β superfamily and
risk of developing AAA as these genes have been causally
implicated in aneurysmal disease affecting the thoracic aorta.
Baas et al. found association between SNPs in TGF-β receptor
1 and 2 (TGFBR1 and TGFBR2) and risk of AAA in a Dutch
cohort [27], but these associations were not replicated in
two cohorts from New Zealand and Australia [28]. There
have also been studies demonstrating suggestive associations
between SNPs in Latent Transforming Growth Factor 4
(LTBP4) and expansion of AAAs, but again, this finding has
not been replicated in independent follow-up studies [29].

Efforts by the Human HapMap consortium (http://
hapmap.ncbi.nlm.nih.gov/index.html.en/), the SNP consor-
tium (http://www.ncbi.nlm.nih.gov/SNP/), and more re-
cently the 1000 genome project (http://www.1000genomes
.org/) have uncovered much of the common variation seen
throughout the human genome. Linkage disequilibrium
(LD: the nonrandom association of alleles at two or more
loci) means that only a fraction of all possible SNPs require
genotyping, in order to impute information on nontyped
genetic variation, and chips that simultaneously genotype up
to 1 million variants at a time are commercially available.

In genomewide association studies (GWASs), a panel
of common SNPs (minor allele frequency >5%) capturing
common genetic variation across the entire genome is
compared in groups of cases and controls. This approach
is “hypothesis-free” and therefore not subject to potential
biases seen in candidate gene studies. Owing to the large
number of independent test in a single association study,
there are many factors to consider when designing a GWAS.
Most importantly, this multiple testing strategy results in
a large number of potentially false positive associations.
To adjust for this, stringent criteria for “genome wide
significance” are applied and replication of findings in
independent cohorts is required. A potential consequence
of this is that many true-positive associations may be lost
in the “statistical noise”. A second issue is that with only a
few exceptions, the effect size of common variants is small.
Carriers of risk alleles are generally at 10–30% increased odds
of disease compared to noncarriers. These characteristics
necessitate extremely large sample sizes in order to have suf-
ficient statistical power, with recent publications combining
multiple studying hundreds of thousands of subjects at a
time [14, 30]. As of June 2011, 951 GWASs have now been
published in a wide range of disorders and traits (http://www
.genome.gov/gwastudies/).

2.2. GWASs and AAA. In 2007, the field of genomic research
was ignited by simultaneous publication of three GWASs
of cardiovascular disease [31–33]. Each of the studies
demonstrated a strong association between common SNPs
on Chromosome 9p21.3 [34], in a gene desert (an area of the
genome with no known protein-coding genes). These data
exemplified the power of GWAS, as this locus would not have
been given priority using a candidate gene approach. The
limitations were, however, also highlighted as the functional
significance of this locus was unclear. It has taken a further
3-4 years to understand the biological mechanisms by which
these variants act, and the translational benefit of these
discoveries is not likely to be realized in the near future. A
year following publication of these GWAS, it was reported
that SNPs at this locus were also strongly associated with
the presence of AAA [34]. These SNPs are common in the
population (risk allele frequency∼45–50%), and individuals
carry 0, 1, or 2 risk alleles. The risk of developing AAA is
increased by ∼30% per allele carried. The association with
AAA has now been replicated in a number of well-powered
case-control studies (Table 3) [35–37].

The first GWAS specifically of AAA was published in
2009 and identified association of on SNP on Chr3p12.3 with
AAA [38]. This association did not meet conventional levels
of genomewide significance and has not been replicated in
independent sample sets [39]. However, in 2010 a larger
GWAS with greater statistical power reported a novel asso-
ciation with sequence variant in DAB2IP on Chr9q33 [40].
The discovery phase included 1,292 individuals with AAA
(defined as an infrarenal aortic diameter >3 cm) and 30,530
unscreened controls (a small proportion of whom are likely
to harbor AAA), while follow-up replication studies included
3,297 cases and 7,451 controls (all cases and controls were
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Table 2: SNPs associated with AAA after meta-analysis of candidate gene studies [25, 26].

Gene/polymorphism Number of studies (total cases/controls) Effect size (OR and 95% CI)

Angiotensin type 1 Receptor/A116C (rs5186) 1 study, 3 populations (1226/1712) 1.386 (1.2–1.601)

Angiotensin converting Enzyme I/D (rs4646994) 4 (1657/2238) 1.238 (1.12–1.36)

Methlyenetetrahydrofolate reductase +677C>T 5 (1086/895) 1.234 (1.020–1.494)

Matrix metalloproteinase 9 (MMP9, 1562C>T ) 3 (848/802) 1.09 (1.01–1.18)

Table 3: Association with SNPs in the 9p21 locus with AAA.

Author Cases/Controls SNP OR (P-value)

Helgadottir et al. [34] 2836/16732 rs10757278 1.31 (1.2E− 12)

Bown et al. [35] 899/815 rs1333049 1.22 (0.004)

Thompson et al. [36] 741/1366 rs10757278 1.38 (0.03)

of European ancestry). The variant conferred a per allele
odds ratio for AAA of 1.21, a smaller effect than that seen
with the 9p21 variant. Interestingly, the investigators also
found an association between this SNP and CHD, venous
thromboembolism, and peripheral arterial disease and the
association with CHD has now been replicated in further
independent cohorts [41]. Further GWASs are expected in
the future [30], and it is possible that meta-analyses of these
datasets will uncover further variants associated with the
disease.

2.3. Functional Analysis of GWAS Loci to Uncover Novel Pa-
thobiological Pathways. Initial excitement from three sepa-
rate GWAS reporting robust associations between common
risk variants on Chr9p21.3 and myocardial infarction was
tempered by the fact that the functional significance of
the locus was not immediately obvious. The lead SNP
(or any in close LD with it) does not lie in a protein
coding gene. It has, however, been identified that this risk
variant overlaps with the recently annotated noncoding RNA
(ncRNA), ANRIL. NcRNAs can alter expression of protein
coding genes by mechanisms such as gene silencing, DNA
methylation, chromatin remodeling, and RNA interference
[42]. Functional studies of this locus have demonstrated
that carriers of the risk variant have reduced expression of
ANRIL, along with other nearby genes such as CDKN2A and
CDKN2B [43] which are inhibitors of cellular senescence
involved on controlling cellular proliferation and apoptosis.
Jarinova et al. found that the risk locus has enhancer activity
in primary human aortic smooth muscle cells and that
pathways involved in cellular proliferation were upregulated
in risk allele carriers [44]. Visel et al. then demonstrated
that targeted deletion of this region in a mouse model leads
to increased expression of the CDKN2A and CDKN2B and
that aortic smooth muscle cells from these animals displayed
excessive proliferation and diminished senescence [45]. More
recently, it was shown that the region at 9p21 is densely
packed with enhancer sites that are capable of altering
expression of both neighboring and distant genes by physical
interaction. Specifically, variants associated with CHD (and
AAA) disrupt binding of the transcription factor STAT1,
which results in altered expression CDKN2A and CDKN2B,

MTAP (methylthioadenosine phosphorylase, an enzyme that
plays a major role in polyamine metabolism), and IFNA21
(interferon alpha-21). It was also demonstrated that the
transcriptional control of the 9p21 enhancers was remodeled
with interferon-γ, providing evidence that genetic variation
is one factor that determines the response to inflammatory
stimuli within the vasculature [46].

The SNP in DAB2IP discovered by GWAS also associates
with coronary artery disease, peripheral arterial disease,
venous thromboembolism, and pulmonary embolism but
shows no association with any classical CHD risk factors
[40, 41]. DAB2IP, located on Chromosome 9q33, is a GTPase
activating protein thought to play an important role in
prostate cancer metastasis [47]. A SNP in this gene has
been associated with aggressive prostate cancer [48], while
in vitro functional studies have demonstrated that loss of
the protein leads to enhanced cell proliferation and reduced
apoptosis, via the PI3-Akt pathway [49]. DAB2IP expression
is significantly reduced in AAA tissue compared to tissue
from healthy controls [50], and this SNP did correlate with
reduced expression of the protein in aortic tissue (though
this was not reproduced in mammary artery tissue) [40].
It is possible, therefore, that this variant also promotes
excessive vascular smooth muscle cell (VSMC) proliferation,
through reduced expression of DAB2IP in aortic tissue.
Interestingly, DAB2IP expression is modulated by EZH2,
a histone methyltransferase forms part of the polycomb
repressor complex, and has been proposed as a potential
drug target in prostate cancer [51, 52]. If, at a molecular
level, the link between genetic variation at this locus, DAB2IP
expression, and vascular disease was uncovered, enzymes
such as EZH2 could also be potential novel targets in
pharmacological therapies to attenuate AAA formation.

Whilst it appears that the two SNPs discovered for AAA
may both be influencing a common disease pathway, there
was no evidence of epistatic interaction between the 9p21
and DAB2IP SNP, with simply additive effects on AAA risk
[40]. We have found the same with regard to risk of CHD;
approximately 40% of the population who carry 2 or more
risk alleles at these loci have a hazard ratio for myocardial
infarction of 1.7 compared to individuals carrying zero
risk alleles [41]. This suggests that accumulation of small
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disturbances in different elements of the VSMC proliferation
pathway combines to increase the risk of both atherosclerosis
and AAA.

The small effect sizes seen with GWAS-identified variants
do not preclude potential biological importance, as they
may highlight important pathways in disease [53]. For
example, genes highlighted by GWAS of type 2 diabetes
mellitus (T2DM) are known targets for thiazolidinediones
and sulphonylureas [54], drugs commonly used in this
condition. For AAA, the genomewide data are pointing to
pathways involved in promoting excessive VSMC prolifera-
tion. Cigarette smoking, a major environmental risk factor
for both diseases, leads to increased levels of proliferation in
VSMCs [48, 55], whilst a role for excessive VSMC prolifera-
tion in aneurysm formation elsewhere in the arterial tree has
been demonstrated—mutations in ACTA2 (smooth muscle
actin alpha 2) and TGFBR2 (transforming growth factor
beta receptor 2) promote excessive VSMC proliferation and
are causal for thoracic aneurismal disease [19, 56]. Indeed,
evidence from candidate gene studies also suggests a role
for excessive VSMC proliferation. The Angiotensin II type
1 receptor 1166C polymorphism has been associated with
AAA in three independent cohorts [26] (per allele odds ratio
1.60, 95% CI 1.32–1.93, P = 1.1 × 10−6), and it has been
shown that this polymorphism increased vascular response
to circulating Angiotensin II [57], a potent stimulator of
VSMC proliferation and migration [58].

3. Future Directions for Genomics and
Pathobiology of AAA

3.1. Study Design to Refine and Augment Signals. In genetic
studies a useful alternative to dichotomizing complex disor-
ders is to consider the clinical end-point as a combination
of different continuous traits [59]. Within the population,
infrarenal aortic diameter is a continuously distributed
phenotype (skewed to the right) [60], with AAA rupture
(the clinical end-point of interest) in aortas less than 4 cm
almost unheard of. Rather than dichotomizing into AAA
versus no AAA (cut-off threshold 3 cm), another option as
suggested by Plomin [59] would be to study the trait across
the range of variation in the population. This strategy has
been used to great effect in other complex disorders; for
example, following discovery of loci for T2DM, a binary
outcome, signals have been refined by studying continuous
traits associated with the disease such as fasting glucose,
insulin secretion, and obesity. Population-based studies
provide greater freedom from biases, better definition of
environmental exposures before disease onset, and clearer
characterization of the evolution of traits over time [61].

Another area that has received limited attention in the
literature to date is the discovery of variants that associate
with rapid aneurysm expansion of small AAA. It is not clear
whether this phenotype has a large heritable component or
whether the genes that predispose to AAA are also those
that predispose to rapid expansion. For example, it does
not appear that the 9p21 SNP associates with expansion
rates [36]. It should be noted, however, that genetic studies

of expansion have often been small and underpowered,
with heterogeneity in the cohorts with regard to how the
phenotype is actually measured and modeled, which is a
major methodological concern. These problems will only
be overcome by a large-scale collaborative effort to produce
standardized methods for phenotype definitions and data-
collection.

3.2. Rare Variants/Exome Sequencing. Despite the discovery
of large numbers of variants associated with many complex
diseases by GWAS, the majority of observed heritability in
most of these diseases remains unexplained [62]. This has
prompted speculation that rare variants of large effect (which
are poorly covered on currently available gene chips) may
be important in development of common diseases [62].
Rare causative mutations have been identified by exome-
sequencing experiments in a handful of single genedisorders
[63, 64], whilst deep resequencing efforts have identified
rare variants of large effect at loci implicated by GWAS
in traits such as triglyceride levels [65]. Despite these
successes, the whole genome/exome resequencing studies
for common complex diseases remain limited by expense,
statistical power, and computational capacity [66].

3.3. MicroRNAs and AAA. MicroRNAs (miRNAs) are a class
of endogenous noncoding single-stranded RNAs (19–24
nucleotides) that are important regulators of gene expres-
sion. miRNAs are transcribed as primary miRNAs (pri-
miRNAs), processed to precursor miRNAs (pre-miRNAs),
and then to mature miRNAs. It is estimated that more than
60% of protein-coding genes are regulated by these small
RNAs [67, 68], composing a new complicated regulatory
network with a significant role in biological functions that
are frequently regulated cooperatively by large numbers of
genes.

The VSMC is crucial to the progression of almost all
vascular wall disorders including AAA [69, 70]. Liu et
al. studied the expression of miRNAs in an experimental
animal model of AAA and discovered a group of miRNAs
differentially expressed in AAA versus normal Sprague
Dawley rat aortas [71]. Bioinformatics analyses for predicted
mRNA targets of differentially expressed miRNAs showed
enrichment for cell signaling pathways thought to play a role
in human AAA development, such as the mitogen-activated
protein kinase pathway. Recently Leeper et al. performed
an in vitro miRNA microarray analysis of human VSMC to
identify 28-upregulated and 3-downregulated miRNAs that
were significantly and sustainably altered during the differ-
entiation process [72]. Among the regulatory miRNAs for
VSMC, miRNA-26a was of particular interest as it appeared
to serve as an inhibitor of VSMC differentiation by inhibiting
the effect on the signaling pathways downstream of the
TGF-β/BMP superfamily of growth factors. Cells deficient in
miRNA-26a lost their migratory phenotype toward a growth
factor/serum gradient and displayed enhanced rates of
programmed cell death. These effects on the TGF-β pathway
and on VSMC proliferation, migration, and apoptosis in
particular suggested that miRNA-26a could be important in
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Figure 1: Model of miR-155 binding to the 3′UTR of AGTR1
and association with the 1166A>C polymorphism (rs5186). The
hairpin-shaped precursor of miR-155 (pre-miR-155) after being
exported in the cytoplasm is assembled into the RNA-induced
silencing (RISC) complex (mature miR-155), which transfers it to
recognise specific mRNA targets. miR-155 binds with complete
sequence complementarity to its target mRNA seed site and induces
posttranscriptional gene silencing. In the presence of the −1166 C
allele in the 3′UTR of AGTR1, the compensatory base pairing is
affected, and miR-155 binding is inhibited leading to increased
AGTR1 expression.

AAA development. These results were confirmed using two
independent animal models of AAA disease, where miRNA-
26a expression coincides temporally with VSMC apoptosis
and cell loss.

Another miRNA-related mechanism of diseases suscepti-
bility is where SNPs alter miRNA target sites. For example,
the 1166A>C polymorphism (rs5186) in the angiotensin
receptor 1 (AGTR1) that has been associated with AAA
by candidate gene analysis appears to abolish miR-155-
mediated regulation of the AGTR1 gene [73, 74] (Figure 1).
Angiotensin II receptor type 1 (AT1) signaling stimulates
proliferation of VSMC and vascular fibrosis [75], while the
AT1 receptor blocker Losartan has been shown to reduce
experimental aneurysm formation in mouse models of
Marfan’s disease [76]. Daugherty et al. showed that selective
blockade of AT1 signaling with Losartan attenuated AAA
formation in the Angiotensin II-infused apoE−/− mouse
model, but blockade of AT2 signalling resulted in more severe
atherosclerosis and aneurysmal disease [77]. Taken together,
these data suggest that micro-RNAs are likely to play a role in
the remodeling process seen during aneurysm development,
and further research of genetic variation in both microRNAs
and their targets may uncover some novel insights.

4. Conclusions

Whilst GWASs are redefining our understanding of many
complex diseases including AAA, it is clear that they repre-
sent only an early step in the process of genetic discovery.
It is too early to define specific translational roles for
any of the loci identified so far that associate with AAA,

but light is being shed on pathobiological pathways such
as those involved in excessive VSMC proliferation, which
has potential implications for development of nonsurgical
therapies. Further discoveries will rely upon collaboration of
large research consortia as seen in other complex diseases and
careful consideration of how information from genomewide
data could be harnessed to develop specific therapies and
individualized preventative strategies.
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Systemic sclerosis (scleroderma: SSc) is a multisystem, connective tissue disease of unknown aetiology characterized by vascular
dysfunction, autoimmunity, and enhanced fibroblast activity resulting in fibrosis of the skin, heart, and lungs, and ultimately
internal organ failure, and death. One of the most important and early modulators of disease activity is thought to be oxidative
stress. Evidence suggests that the free radical nitric oxide (NO), a key mediator of oxidative stress, can profoundly influence the
early microvasculopathy, and possibly the ensuing fibrogenic response. Animal models and human studies have also identified
dietary antioxidants, such as epigallocatechin-3-gallate (EGCG), to function as a protective system against oxidative stress and
fibrosis. Hence, targeting EGCG may prove a possible candidate for therapeutic treatment aimed at reducing both oxidant stress
and the fibrotic effects associated with SSc.

1. Introduction: Nitric Oxide and
Systemic Sclerosis

The free radical nitric oxide (NO) is an important physio-
logical signalling molecule, potent vasodilator, and mediator
of oxidative stress. Nitric oxide is synthesised from L-ar-
ginine by NO synthase (NOS), and three main isoforms of
NOS have been identified with a constitutive expression in
neuronal (nNOS or NOS 1), endothelial (eNOS or NOS 3),
and several other cell types including fibroblasts. Further-
more, an inducible expression (iNOS or NOS 2) in response
to a variety of inflammatory stimuli is possible [1]. Although
NO is a gas, it is a highly reactive, short-lived, molecule
able to rapidly diffuse across cell membranes. Nitric oxide
exerts its biological effects by the reaction of NO with a
diverse range of targets such as haem groups, iron and
zinc clusters, and cysteine residues. Since the discovery of
NO as a key endothelial-derived vasodilator molecule in
cardiovascular physiology and the award of the Nobel Prize
in 1998 to Robert F. Furchgott, Ferid Murad, and Louis
J. Ignarro, the field of NO research has rapidly expanded
to encompass many biomedical areas. Subsequently, NO

has been demonstrated to act as a signalling molecule in
many other tissues and regulates physiological and cellular
processes in a variety of pathologies such as hypertension,
cancer, diabetes, and male impotence [1].

In the disease scleroderma (SSc: systemic sclerosis), the
metabolism of NO appears to be profoundly disturbed.
There is considerable evidence implicating overproduction
of NO [2–5] and reactive oxygen species (ROS) such
as superoxide anions (O2

.−) and peroxynitrite (ONOO−)
[3, 4, 6–8] in the pathogenesis of SSc, an often fatal
rheumatic disease of unknown aetiology. Regulation of NO
by endogenous levels of the NOS inhibitor asymmetric
dimethylarginine (ADMA) has also recently been proposed
[9]. Major features of SSc are enhanced fibroblast activ-
ity, collagen overproduction, autoimmunity, and vascular
dysfunction [10–12]. There are several classified clinical
subgroups, including limited (lSSc) and diffuse (dSSc)
cutaneous SSc, which reflect the nature of the disease in
their degree of skin sclerosis, immunological profile, and
microvascular dysfunction [13, 14]. Endothelial activation
and damage are also an early part of this process [14–17]. The
nature of the factors that induce endothelial dysfunction is
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still unclear; however, there are several serological biomark-
ers that reflect the vasculopathy of the disease. These include
the vasoconstrictor endothelin [18], cell adhesion molecules
such as selectin [19], anti-endothelial antibodies [20], and
the vasodilator nitric oxide [2, 3, 5]. While indeed an early
modulator of disease activity is thought to be oxidative stress,
the etiology of events and role of NO remain unknown.
Recent reports suggest that the abnormal production of ROS
is linked to fibroblast activation by the increased expression
of stimulatory serum autoantibodies to the platelet-derived
growth factor receptor in SSc [21].

2. Fibrosis and Oxidative Stress in
Systemic Sclerosis

In SSc the excessive connective tissue fibrosis is the most
characteristic pathological manifestation of the disease [10].
The fibrosis is especially prominent in the diffuse cutaneous
form of SSc, where excessive connective tissue accumulation
is due to overproduction of the extracellular matrix by
fibroblasts and myofibroblasts, activated by soluble factors
such as transforming growth factor beta (TGF-β) [22–26]
and connective tissue growth factor [27]. Myofibroblasts are
a differentiated and activated form of fibroblast which have
been shown to persist in SSc fibroblast cultures and are
responsible for increased collagen synthesis and deposition.
The molecular mechanisms underlying the origin of the
myofibroblast are complex; however, they play a crucial role
in wound healing and the development of fibrosis [28, 29].
The fibrotic process is most prominent in the skin, lungs,
heart, gastrointestinal tract, kidney, tendons and ligaments,
and endocrine glands; widespread perivascular fibrosis also
occurs. Fibrotic damage to these affected organs accounts for
much of the morbidity and mortality associated with SSc.

The scleroderma phenotype at the cellular level has
also been shown to be characterized by oxidative stress,
an imbalance between the elevated level of ROS and/or
the impaired function of the antioxidant defence system
[30]. ROS usually include O2

.−, hydrogen peroxide (H2O2),
hydroxyl radicals ( .OH), and ONOO−. The sources of
oxidative stress in SSc are complex and interactive and
likely to be due to ischaemic-reperfusion injury, dysregulated
metabolism of the free radical NO [2–5], and generation
of ROS by fibroblasts [6] and activated leukocytes such
as monocytes via the NADPH oxidase system [31]. ROS
have been demonstrated to be cell transducers of fibroblast
proliferation [6], collagen-gene expression, and myofibrob-
last phenotype conversion in SSc [6, 8, 21]. During the
1990s–early 2000s clear evidence for oxidative stress in SSc
emerged by the enhanced oxidation of lipids and lipoproteins
(oxLDL) [32, 33], increased isoprostane production [34–
37], and also the presence of modified, nitrated proteins in
the plasma and skin [4, 7]. In SSc what is less certain is
the exact stage at which increases in free radicals and other
reactive species occur, the potential counteractive role of
the antioxidant defence system or how both elements are
linked to the main events of the disease such as the vascular
abnormalities, and the increased synthesis of extracellular

matrix, leading to fibrosis. Early studies demonstrated that
there is reduced antioxidant capacity in SSc; plasma ascorbic
acid (vitamin C), α-tocopherol, β-carotene, and selenium
were found to be lower in patients than in controls [30,
32, 38]. Additionally, the beneficial effects of the antioxidant
probucol in patients with Raynaud’s phenomenon, a vascular
pathology which is associated with SSc, have been shown
[39]. Subsequently, antioxidant therapy was proposed as a
possible treatment in SSc [30, 38, 39] and also in other
diseases [40, 41] with the focus being on the antioxidants
counteracting the ROS-induced endothelial damage and
vasculopathy that occur. More recently, natural antioxidants
such as polyphenols from green tea (Camellia sinensis)
extracts, a popular beverage consumed worldwide, have
attracted attention due to their potent antioxidant effects,
particularly that of one component, (-)-epigallocatechin-3-
gallate (EGCG). In this paper, we will discuss findings about
the mechanisms of NO-mediated modulation of fibrosis
as well as evidence suggesting that the dietary antioxidant
EGCG could be a therapeutic target for SSc.

3. Nitric Oxide as a Regulator of the
Fibrogenic Response.

The versatile free radical NO has been implicated in the
pathogenesis of SSc. In most biological situations NO is
largely oxidized to nitrate (NO3

−) and nitrite (NO2
−),

with the measurement of total nitrate and nitrite NO(x)

production, as well as ADMA levels, seen as a reflection
of endothelial dysfunction in many diseases [1, 9, 42].
Early studies involving NO(x) production in SSc have shown
conflicting results [2, 3, 5, 43, 44]; however, the discrep-
ancy in these results could be explained by differences in
the degree of inflammatory disorder, disease subset, and
treatment of the patients. Furthermore, modifications in the
dietary NO(x) intake were not attempted in many of these
studies. Later on other groups [2, 4, 5, 45, 46] demonstrated
evidence implicating overproduction of NO, with increased
plasma NO3

−/NO2
− levels, together with elevated nitration

of plasma proteins, a marker of ONOO− production [4].
Nitrated proteins [47, 48] are also found in the skin in
SSc associated with sites of inflammation [3, 4]. There is
a growing literature showing strong tissue localization of
nitrotyrosine staining or increased levels of free and protein-
bound nitrotyrosine in inflammatory diseases. For example,
strong staining of nitrotyrosine has been found in lung
sections from patients with lung injury [49], while significant
amounts of 3-nitrotyrosine have been reported from patients
with rheumatoid arthritis [50] and chronic renal failure
[51, 52].

Interestingly, in SSc there is the paradoxical situation
in which NO production by eNOS in endothelial cells
is decreased possibly due to the rapid reaction of NO
and O2

.− to generate the reactive intermediate ONOO−

[53, 54] or due to the presence in the circulation of
natural inhibitors of NOS activity such as ADMA [9, 42]
(Figure 1). Therefore, in SSc reduced eNOS expression and
microcirculatory dysfunction are in part contributory to the
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Figure 1: Schematic diagram depicting the possible pathways in which NO modulates collagen type I gene expression to affect fibrosis. In
the first hypothesis (1), the rapid reaction between NO and O2

.− leads to decreased NO bioavailability. NO regulation by ADMA may also
occur. NO normally can directly activate transcription factors such as NFκB, SP-1, and AP-1 to inhibit collagen gene expression. The second
possibility (2) is that NO normally by activating the protective stress enzyme HO-1 can negatively modulate the NADPH oxidase pathway.
In fibrosis, activation of the NADPH oxidase pathway has been shown to increase collagen synthesis and myofibroblast differentiation. The
third plausible pathway (3) is that there is signalling crosstalk following TGF-β binding to a receptor. Signal pathways potentially important
here include the MAP kinase JNK. This would synergise with the Smad signalling pathway and decrease the activation of downstream TGF-
β-dependent genes. Alternatively, NO could enhance the proteasomal degradation of SMAD. In the fourth pathway (4), NO indirectly exerts
its effects by modulating oxidative stress through upregulation of antioxidant/redox defence genes such as Nrf2 leading to regulation of the
extracellular matrix.

associated Raynaud’s Phenomenon that is well described in
these patients [3, 14–16, 55]. In contrast at inflammatory
sites the formation of NO, by iNOS, and O2

.− are increased
by the presence of inflammatory cells such as macrophages
or activated fibroblasts [56]. Immunohistological studies of
scleroderma skin also show that, as the disease progresses to
the later fibrotic stages, the production of eNOS is down-
regulated, while iNOS is upregulated [3]. Furthermore, stud-
ies suggest that under conditions when NO overproduction
occurs, S-nitrosylation of the ADMA regulating enzyme
dimethylarginine dimethylaminohydrolase (DDAH) dimin-
ishes DDAH activity, leading to an accumulation of ADMA.
Subsequently, NOS inhibition as a type of regulatory feed-
back mechanism may result [57] (Figure 1). Indeed, there
is further evidence to indicate increased circulatory levels of
ADMA in the serum of diffuse SSc patients, suggesting an
NOS regulatory mechanism later on in the disease [4].

NO has also been reported to act as an antifibrotic
effector in animal models of experimental fibrosis [58, 59].
For example, in a murine model of pulmonary fibrosis, a

loss of NO bioactivity, in eNOS knock-out mice, resulted
in prolonged fibrosis [58]. Furthermore, another study also
demonstrated that overexpressing eNOS, using transgenic
mice, reduced fibrotic content after bleomycin-induced fi-
brosis [59]. In rats, the long-term inhibition of the inducible
form of NOS (iNOS) has also been shown to favour the de-
velopment of fibrosis [60]. Additional studies assessing NO
metabolism in the tight-skin 1 (Tsk-1/+) mouse, which
is predisposed to SSc and often used as an experimental
animal model for fibrosis, reported that while type I collagen
protein expression was elevated in Tsk-1/+ skin tissue, eNOS
protein and gene expressions were reduced compared to
wild-type controls [61]. Furthermore, there was decreased
NOS activity in Tsk-1/+ skin tissue [61]. Correspondingly,
the protective antioxidant enzyme haemoxygenase-1 (HO-
1) and the associated transcription factor nuclear factor
erythroid-2-related factor 2 (Nrf2) showed reduced protein
and gene expression levels in Tsk-1/+ skin, while there
was also less total antioxidant activity [61]. The findings
suggested that there was also abnormal NO metabolism in
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the Tsk-1/+ mouse, particularly in the skin, while expression
and activity of protective antioxidants were reduced.

Several studies have gained insights into the intracellular
mechanisms by which NO might further modulate a fibrotic
phenotype. Nitric oxide can induce HO-1, which is also
induced by a variety of cellular stress, including free-radical-
mediated stresses and oxygen deprivation [62]. HO-1 in
turn can also increase oxidative-stress-related transcription
factors such as Nrf2. Because of high similarity between the
Nrf2-binding sequence (NF-E2 motif) and the antioxidant
response element (ARE) in regulatory regions of sev-
eral phase 2 antioxidant enzymes, Nrf2 is a putative medi-
ator of ARE responses. Consequently, other ARE-bearing
protective phase 2 antioxidant/redox enzymes such as
glutathione peroxidase, and classical antioxidant enzymes
such as superoxide dismutase [SOD] and catalase as well
as HO-1 induce Nrf2 gene expression (Figure 1). There
is a large body of evidence suggesting that HO-1 is a
cytoprotective enzyme, and its induction in the setting
of increased cellular stresses helps maintain physiological
homeostasis [63]. Thus, embryonic fibroblasts derived from
HO-1−/− knock-out mice are significantly less resistant to
the cytotoxicity induced by H2O2 and paraquat than wild-
type controls [64, 65]. Conversely, cells overexpressing HO-
1 have been reported to be more resistant to oxidant-
induced toxicity than controls [64]. Indeed, other groups
which examined Nrf2−/− knock-out mice reported increased
bleomycin-induced pulmonary fibrosis [66] and expression
of extracellular matrix genes such as collagens after hyperoxic
exposure [67] when compared to wild-type controls. It has,
thus, been suggested that an increased oxidative burden by
suppression of antioxidant defence mechanisms in Nrf2−/−

mice secondarily triggers regulation of extracellular matrix
genes for repair responses [67]. Interestingly, recently studies
in SSc have also suggested Nrf2 as a target for antifibrotic
therapy [68].

Other studies suggest that NO influences fibrosis through
modulatory effects on the TGF-β pathway [69–71], initiation
of fibroblast apoptosis and myofibroblast differentiation
[60, 72, 73], and/or neutralization of profibrotic ROS [53,
54] (Figure 1). Additionally, NO can modulate collagen
synthesis; however, at present, the mechanisms and signalling
pathways of NO-mediated inhibition of collagen are not
clear. NO inhibition of collagen in dermal SSc fibroblasts
has been reported to be by cGMP-independent regulatory
mechanisms and in part may be due to up-regulation of
matrix metalloproteinase-1 (MMP-1, an essential collage-
nase involved in collagen degradation) protein and activity
levels and/or inhibition of prolyl hydroxylase activity (an
enzyme important in the posttranslational processing of
collagen) [74]. Similarly, further evidence has also confirmed
a role for NO in regulation of the extracellular matrix in
other fibrotic diseases and cell types [70, 73, 75–80]. It was
initially discovered in vascular smooth muscle cells [77, 78]
and in mesangial cells [70, 80]. Recently, this downregulation
has also been found in human dermal [69, 74], intestinal
[81], and rat cardiac [76] fibroblast cells. From the view
of the signalling pathway, it has been shown that NO
downregulation of collagen synthesis in other cell types can

occur in a cGMP-dependent [69, 76] or independent manner
even though addition of NO could increase intracellular
levels of cGMP [75, 82]. Furthermore other investigators
using rat mesangial cells show that it is possible that the
suppression of collagen synthesis by NO could involve an
increase in MMP production and activity [80, 83]. Indeed,
NO regulation of prolyl hydroxylase has been postulated
in lapine articular chondrocytes [75]. Prolyl hydroxylase
catalyses the formation of 4-hydroxyproline in collagens by
hydroxylation of proline, and the reaction, in particular,
requires Fe2+ and ascorbate and generates free radicals,
all of which are sensitive to NO [84]. Under-hydroxylated
procollagens do not form stable triple helices at body tem-
perature and, thus, remain partially unfolded, where they are
presumably more susceptible to degradation by intracellular
collagenases. An additional number of intracellular targets
for NO have been described [85], including NO regulation
of NADPH oxidase [86], MAP kinases (e.g., JNK, ERK) [87],
SMADs [71], and transcription factors (e.g., NFκB, AP-1,
SP-1) [88] which are key signalling pathways of fibroblast
proliferation and collagen gene expression [6, 8, 25, 89, 90]
(Figure 1). Taken together these studies strongly suggest a
definitive link between NO expression and modulation of
fibrosis.

4. Antioxidants, (-)-Epigallocatechin-3-Gallate,
and Systemic Sclerosis

In systemic sclerosis clear evidence for oxidative stress has
been shown by increased levels of O2

.− [6], antibodies against
oxLDL [91], enhanced lipid peroxidation [32, 33], increased
F2-isoprostanes [35–37], and increased circulatory levels of
nitrotyrosine [4, 7]. Additionally, ROS-induced endothelial
damage occurs as well as the underlying vasculopathy
associated with SSc known as Raynaud’s Phenomenon.
Raynaud’s Phenomenon is characterised by transient attacks
of cold-induced digital ischaemia associated with intense
vasospasm in the fingers [55, 92, 93]. It occurs as a primary
condition and as secondary to SSc. Currently, the underlying
disorder of Raynaud’s Phenomenon is thought to be related
to the abnormal regulation of peripheral vascular tone at the
level of the digital microcirculation [55, 92, 93]. Although
nearly all patients with SSc exhibit Raynaud’s Phenomenon,
it is still uncertain whether their pathogenesis is identical to
patients with Raynaud’s Phenomenon alone. Furthermore,
in SSc, it is not only the digital and peripheral vessels
that exhibit vasospasm but also the vessels of the internal
organs [13]. The pathophysiology underlying the cold-
induced vasospasm characteristic of Raynaud’s Phenomenon
remains confused [55, 92]. Initially, it was suggested that
α2-adrenoceptors accounted for the supersensitivity [94].
Further studies found that α1-adrenoceptors appears to pre-
dominate in the physiological control of cold-induced digital
vasoconstriction whereas both α1- and α2-adrenoceptors
play an equal role in Raynaud’s subjects [15]. However,
selective antagonism of these receptor subtypes in both
normal and Raynaud’s subjects did not abolish vasoconstric-
tion suggesting that nonadrenergic mechanisms may also
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contribute to this response. Other studies in the dorsal hand
vein [95], digital arteries [96], as well as isolated gluteal
subcutaneous resistance arteries [97] of primary Raynaud’s
subjects show an impairment of endothelium-dependent
relaxation.

Although the vasospastic condition in Raynaud’s Phe-
nomenon may arise as a result of a functional disturbance
at the level of the vessel wall, it is possible that circulating
factors in the blood that alter the release of endothelial
cell mediators, such as prostacyclin, NO, endothelin, or in-
crease ROS and oxidative stress may contribute to the dis-
ease [93]. Early clinical trials, however, indicate limited
success in treatment of patients with Raynaud’s Phenomenon
secondary to SSc with antioxidants such as α-tocopherol
or vitamin C, which did not decrease urinary markers
of oxidative stress such as F(2)-isoprostanes nor improved
microvascular perfusion after cold exposure [98, 99]. More
hopeful has been the use of the potent antioxidant N-
acetylcysteine which has been shown to improve the vascular
symptoms of Raynaud’s Phenomenon in patients with SSc
[100, 101]. The type of antioxidant used, phase of the
disease, and duration of use may be key factors in successful
treatment therapies involving antioxidants in both SSc and
the associated Raynaud’s Phenomenon.

Natural antioxidants, such as polyphenols from green
tea extracts, are now being considered and investigated in
particular (-)-epigallocatechin-3-gallate (EGCG). Other less
active polyphenol constituents of green tea are believed to
be (-)-epigallocatechin (EGC), (-)-epicatechin (EC), and (-)-
epicatechin-3-gallate (ECG). The prominent antioxidant ef-
fects of EGCG derive from the phenol rings that can act as
electron traps to scavenge free radicals, inhibit the formation
of ROS such as O2

.− and ONOO−, and reduce oxidative
stress [102, 103]. EGCG has a higher potent antioxidant
capability than α-tocopherol or vitamin C [104], and has
been demonstrated to be an effective inhibitor of oxidative-
stress-induced protein tyrosine nitration during isolation of
platelets [48, 105].

Studies have also shown that EGCG may directly inhibit
molecular targets and regulate multiple signal transduction
pathways such as MAP kinases (PI3-kinase, ERK) and
transcription factors (Nrf2, NF-κB, AP-1) and/or induce
antioxidant enzymes such as HO-1 [106, 107]. In addition
to its antioxidant properties, it has been shown to possess
antifibrotic, anticancer, and anti-inflammatory activities reg-
ulating both TGF-β and PDGF-induced α1(I) collagen, fi-
bronectin, α-smooth muscle actin (α-SMA), and prolifera-
tion in activated human and rat hepatic stellate cells [108–
110], rat pancreatic cells [111, 112], human keloid fibroblasts
[113], and SSc dermal fibroblasts [114]. Additionally, EGCG
can counteract TGFβ-induced ROS in human dermal fibrob-
lasts from healthy controls, SSc patients, and in a dermal
fibroblast cell line, indicating its potential effectiveness as
an antioxidant to reduce oxidant stress in the disease scle-
roderma [114]. Interestingly, other studies have shown data
that EGCG can beneficially inhibit ROS through attenuating
NADPH oxidase expression [115, 116]. Furthermore, topical
administration of EGCG has successfully been shown to
inhibit ultraviolet radiation-induced oxidative stress and

tumorigenesis in human and animal skin models [117, 118].
Particularly useful will also be animal models of fibrosis
where recently, in the case of bleomycin-induced pulmonary
fibrosis and carbon tetrachloride-induced hepatic fibrosis,
EGCG has been promisingly shown to exert anti-fibrotic
effects [119–121].

In summary, it is clear that further studies are needed
to delineate the key NO-mediated signal transduction and
transcription pathways that facilitate type I collagen produc-
tion and fibrosis in the disease scleroderma. Studies such as
these will help define key targets and candidates for therapy.
Furthermore the dietary antioxidant EGCG, with its long
history of safe beverage consumption in green tea together
with its demonstrated potent antioxidant capability, is a
good candidate for therapeutic treatment targeting oxidative
stress and fibrogenesis in patients with SSc. Further clinical
studies, to confirm its efficacy, determine optimal dosage and
duration of use, and treatment indicators are required.
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[9] R. H. Böger, P. Vallance, and J. P. Cooke, “Asymmetric dim-
ethylarginine (ADMA): a key regulator of nitric oxide syn-
thase,” Atherosclerosis Supplements, vol. 4, no. 4, pp. 1–3,
2003.



6 Cardiology Research and Practice

[10] C. P. Denton, C. M. Black, and D. J. Abraham, “Mechanisms
and consequences of fibrosis in systemic sclerosis,” Nature
Clinical Practice Rheumatology, vol. 2, no. 3, pp. 134–144,
2006.

[11] C. T. Derk and S. A. Jimenez, “Systemic sclerosis: current
views of its pathogenesis,” Autoimmunity Reviews, vol. 2, no.
4, pp. 181–191, 2003.

[12] J. Varga and D. Abraham, “Systemic sclerosis: a prototypic
multisystem fibrotic disorder,” Journal of Clinical Investiga-
tion, vol. 117, no. 3, pp. 557–567, 2007.

[13] C. M. Black and C. P. Denton, “Scleroderma and related
disorders in adults and children,” in Oxford Textbook of
Rheumatology, P. J. Maddison, D. A. Isenberg, P. Woo, and D.
N. Glass, Eds., pp. 1217–1247, Oxford University Press, New
York, NY, USA, 2nd edition, 1998.

[14] R. J. Prescott, A. J. Freemont, C. J. P. Jones, J. Hoyland, and P.
Fielding, “Sequential dermal microvascular and perivascular
changes in the development of scleroderma,” Journal of
Pathology, vol. 166, no. 3, pp. 255–263, 1992.

[15] R. R. Freedman, R. Girgis, and M. D. Mayes, “Endothelial
and adrenergic dysfunction in Raynaud’s phenomenon and
scleroderma,” Journal of Rheumatology, vol. 26, no. 11, pp.
2386–2388, 1999.

[16] A. J. Freemont, J. Hoyland, P. Fielding, N. Hodson, and M.
I. V. Jayson, “Studies of the microvascular endothelium in
uninvolved skin of patients with systemic sclerosis: direct
evidence for a generalized microangiopathy,” British Journal
of Dermatology, vol. 126, no. 6, pp. 561–568, 1992.

[17] R. Sgonc, M. S. Gruschwitz, G. Boeck, N. Sepp, J. Gruber,
and G. Wick, “Endothelial cell apoptosis in systemic sclerosis
is induced by antibody-dependent cell-mediated cytotoxicity
via CD95,” Arthritis and Rheumatism, vol. 43, no. 11, pp.
2550–2562, 2000.

[18] M. B. Kahaleh, “Endothelin, an endothelial-dependent vaso-
constrictor in scleroderma: enhanced production and profi-
brotic action,” Arthritis and Rheumatism, vol. 34, no. 8, pp.
978–983, 1991.

[19] C. P. Denton, M. C. M. Bickerstaff, X. Shiwen et al., “Serial
circulating adhesion molecule levels reflect disease severity in
systemic sclerosis,” British Journal of Rheumatology, vol. 34,
no. 11, pp. 1048–1054, 1995.

[20] A. Pignone, C. Scaletti, M. Matucci-Cerinic et al., “Anti-
endothelial cell antibodies in systemic sclerosis: significant
association with vascular involvement and alveolo-capillary
impairment,” Clinical and Experimental Rheumatology, vol.
16, no. 5, pp. 527–532, 1998.

[21] S. S. Baroni, M. Santillo, F. Bevilacqua et al., “Stimulatory
autoantibodies to the PDGF receptor in systemic sclerosis,”
New England Journal of Medicine, vol. 354, no. 25, pp. 2667–
2676, 2006.

[22] Y. Chen, S. W. Xu, J. van Beek et al., “Matrix contraction
by dermal fibroblasts requires transforming growth factor-
β/activin-linked kinase 5, heparan sulfate-containing proteo-
glycans, and MEK/ERK: insights into pathological scarring in
chronic fibrotic disease,” American Journal of Pathology, vol.
167, no. 6, pp. 1699–1711, 2005.

[23] Y. Chen, S. W. Xu, M. Eastwood et al., “Contribution of
activin receptor-like kinase 5 (transforming growth factor
β receptor type I) signaling to the fibrotic phenotype of
scleroderma fibroblasts,” Arthritis and Rheumatism, vol. 54,
no. 4, pp. 1309–1316, 2006.

[24] G. Lakos, S. Takagawa, S. J. Chen et al., “Targeted disruption
of TGF-β/Smad3 signaling modulates skin fibrosis in a

mouse model of scleroderma,” American Journal of Pathology,
vol. 165, no. 1, pp. 203–217, 2004.

[25] A. Leask and D. J. Abraham, “TGF-β signaling and the fi-
brotic response,” FASEB Journal, vol. 18, no. 7, pp. 816–827,
2004.

[26] S. Liu, X. Shi-Wen, L. Kennedy et al., “FAK is required for
TGFβ-induced JNK phosphorylation in fibroblasts: impli-
cations for acquisition of a matrix-remodeling phenotype,”
Molecular Biology of the Cell, vol. 18, no. 6, pp. 2169–2178,
2007.

[27] C. Fonseca, G. E. Lindahl, M. Ponticos et al., “A polymor-
phism in the CTGF promoter region associated with systemic
sclerosis,” New England Journal of Medicine, vol. 357, no. 12,
pp. 1210–1220, 2007.

[28] B. Hinz, S. H. Phan, V. J. Thannickal, A. Galli, M. L.
Bochaton-Piallat, and G. Gabbiani, “The myofibroblast: one
function, multiple origins,” American Journal of Pathology,
vol. 170, no. 6, pp. 1807–1816, 2007.

[29] D. J. Abraham, B. Eckes, V. Rajkumar, and T. Krieg, “New
developments in fibroblast and myofibroblast biology: impli-
cations for fibrosis and scleroderma,” Current Rheumatology
Reports, vol. 9, no. 2, pp. 136–143, 2007.

[30] A. L. Herrick and M. Matucci Cerinic, “The emerging
problem of oxidative stress and the role of antioxidants in
systemic sclerosis,” Clinical and Experimental Rheumatology,
vol. 19, no. 1, pp. 4–8, 2001.

[31] P. Sambo, L. Jannino, M. Candela et al., “Monocytes of
patients with systemic sclerosis (scleroderma) spontaneously
release in vitro increased amounts of superoxide anion,”
Journal of Investigative Dermatology, vol. 112, no. 1, pp. 78–
84, 1999.

[32] K. R. Bruckdorfer, J. B. Hillary, T. Bunce, R. Vancheeswaran,
and C. M. Black, “Increased susceptibility to oxidation of
low-density lipoproteins isolated from patients with systemic
sclerosis,” Arthritis and Rheumatism, vol. 38, no. 8, pp. 1060–
1067, 1995.

[33] M. Tikly, K. Channa, P. Theodorou, and M. Gulumian,
“Lipid peroxidation and trace elements in systemic sclerosis,”
Clinical Rheumatology, vol. 25, no. 3, pp. 320–324, 2006.

[34] L. Casciola-Rosen, F. Wigley, and A. Rosen, “Scleroderma
autoantigens are uniquely fragmented by metal-catalyzed
oxidation reactions: implications for pathogenesis,” Journal
of Experimental Medicine, vol. 185, no. 1, pp. 71–79, 1997.

[35] J. L. Cracowski, P. H. Carpentier, B. Imbert et al., “Increased
urinary F2-isoprostanes in systemic sclerosis, but not in
primary Raynaud’s phenomenon: effect of cold exposure,”
Arthritis and Rheumatism, vol. 46, no. 5, pp. 1319–1323,
2002.

[36] C. M. Stein, S. B. Tanner, J. A. Awad, L. J. Roberts, and
J. D. Morrow, “Evidence of free radical-mediated injury
(isoprostane overproduction) in scleroderma,” Arthritis and
Rheumatism, vol. 39, no. 7, pp. 1146–1150, 1996.

[37] F. Ogawa, K. Shimizu, E. Muroi et al., “Serum levels of
8-isoprostane, a marker of oxidative stress, are elevated in
patients with systemic sclerosis,” Rheumatology, vol. 45, no.
7, pp. 815–818, 2006.

[38] S. Gabriele, P. Alberto, G. Sergio, F. Fernanda, and M. C.
Marco, “Emerging potentials for an antioxidant therapy as
a new approach to the treatment of systemic sclerosis,”
Toxicology, vol. 155, no. 1–3, pp. 1–15, 2000.

[39] C. P. Denton, T. D. Bunce, M. B. Dorado et al., “Probu-
col improves symptoms and reduces lipoprotein oxidation
susceptibility in patients with Raynaud’s phenomenon,”
Rheumatology, vol. 38, no. 4, pp. 309–315, 1999.



Cardiology Research and Practice 7

[40] D. A. Lawlor, G. D. Smith, D. Kundu, K. R. Bruckdorfer,
and S. Ebrahim, “Those confounded vitamins: what can
we learn from the differences between observational versus
randomised trial evidence?” Lancet, vol. 363, no. 9422, pp.
1724–1727, 2004.

[41] K. R. Bruckdorfer, “Antioxidants and CVD,” Proceedings of
the Nutrition Society, vol. 67, no. 2, pp. 214–222, 2008.

[42] P. Vallance and J. Leiper, “Cardiovascular biology of the
asymmetric dimethylarginine:dimethylarginine dimethyl-
aminohydrolase pathway,” Arteriosclerosis, Thrombosis, and
Vascular Biology, vol. 24, no. 6, pp. 1023–1030, 2004.

[43] B. Kahaleh and P. S. Fan, “Down regulation of nitric oxide
synthase gene in microvascular endothelial cells from lesional
scleroderma: assessment by quantitative RT-PCR and possi-
ble role for cytoxic T-cells,” Arthritis and Rheumatism, vol. 41,
supplement 9, p. S277, 1998.

[44] B. Kahaleh, P. S. Fan, M. Matucci-Cerinic, M. Stefanovic-
Racic, and L. Ignarro, “Study of endothelial dependent
relaxation in scleroderma,” Arthritis and Rheumatism, vol. 36,
supplement 9, p. S180, 1993.

[45] A. Sud, M. Khullar, A. Wanchu, and P. Bambery, “Increased
nitric oxide production in patients with systemic sclerosis,”
Nitric Oxide—Biology and Chemistry, vol. 4, no. 6, pp. 615–
619, 2000.

[46] K. Takagi, Y. Kawaguchi, M. Hara, T. Sugiura, M. Harigai, and
N. Kamatani, “Serum nitric oxide (NO) levels in systemic
sclerosis patients: correlation between NO levels and clinical
features,” Clinical and Experimental Immunology, vol. 134,
no. 3, pp. 538–544, 2003.

[47] S. Y. Low, M. Sabetkar, K. R. Bruckdorfer, and K. M. Naseem,
“The role of protein nitration in the inhibition of platelet
activation by peroxynitrite,” FEBS Letters, vol. 511, no. 1–3,
pp. 59–64, 2002.

[48] M. Sabetkar, S. Y. Low, K. M. Naseem, and K. R. Bruckdorfer,
“The nitration of proteins in platelets: significance in platelet
function,” Free Radical Biology and Medicine, vol. 33, no. 6,
pp. 728–736, 2002.

[49] N. W. Kooy, J. A. Royall, Y. Z. Ye, D. R. Kelly, and J. S.
Beckman, “Evidence for in vivo peroxynitrite production in
human acute lung injury,” American Journal of Respiratory
and Critical Care Medicine, vol. 151, no. 4, pp. 1250–1254,
1995.

[50] P. I. Mapp, R. Klocke, D. A. Walsh et al., “Localization of 3-
nitrotyrosine to rheumatoid and normal synovium,” Arthritis
and Rheumatism, vol. 44, no. 7, pp. 1534–1539, 2001.

[51] K. Bennett-Richards, N. J. Bradley, D. Kundu, J. E. Deanfield,
L. Rees, and K. R. A. Bruckdorfer, “A marked increase
in plasma nitrated proteins in children with chronic renal
failure,” Nitric Oxide—Biology and Chemistry, pp. 238–239,
2000.

[52] N. Fukuyama, Y. Takebayashi, M. Hida, H. Ishida, K. Ichi-
mori, and H. Nakazawa, “Clinical evidence of peroxynitrite
formation in chronic renal failure patients with septic shock,”
Free Radical Biology and Medicine, vol. 22, no. 5, pp. 771–774,
1997.

[53] H. Cai and D. G. Harrison, “Endothelial dysfunction in
cardiovascular diseases: the role of oxidant stress,” Circulation
Research, vol. 87, no. 10, pp. 840–844, 2000.

[54] J. S. Beckman and W. H. Koppenol, “Nitric oxide, superoxide,
and peroxynitrite: the good, the bad, and the ugly,” American
Journal of Physiology—Cell Physiology, vol. 271, no. 5, part 1,
pp. C1424–C1437, 1996.

[55] A. L. Herrick, “Pathogenesis of Raynaud’s phenomenon,”
Rheumatology, vol. 44, no. 5, pp. 587–596, 2005.

[56] M. Matucci Cerinic and M. B. Kahaleh, “Beauty and
the beast. The nitric oxide paradox in systemic sclerosis,”
Rheumatology, vol. 41, no. 8, pp. 843–847, 2002.

[57] J. Leiper, J. Murray-Rust, N. McDonald, and P. Vallance, “S-
nitrosylation of dimethylarginine dimethylaminohydrolase
regulates enzyme activity: further interactions between nitric
oxide synthase and dimethylarginine dimethylaminohydro-
lase,” Proceedings of the National Academy of Sciences of the
United States of America, vol. 99, no. 21, pp. 13527–13532,
2002.

[58] M. P. Chung, M. M. Monick, N. Y. Hamzeh, N. S. Butler,
L. S. Powers, and G. W. Hunninghake, “Role of repeated
lung injury and genetic background in bleomycin-induced
fibrosis,” American Journal of Respiratory Cell and Molecular
Biology, vol. 29, no. 3, part 1, pp. 375–380, 2003.

[59] S. Yoshimura, Y. Nishimura, T. Nishiuma, T. Yamashita, K.
Kobayashi, and M. Yokoyama, “Overexpression of nitric ox-
ide synthase by the endothelium attenuates bleomycin-in-
duced lung fibrosis and impairs MMP-9/TIMP-1 balance,”
Respirology, vol. 11, no. 5, pp. 546–556, 2006.

[60] M. G. Ferrini, D. Vernet, T. R. Magee et al., “Antifibrotic role
of inducible nitric oxide synthase,” Nitric Oxide—Biology and
Chemistry, vol. 6, no. 3, pp. 283–294, 2002.

[61] A. Dooley, S. Y. Low, A. Holmes et al., “Nitric oxide synthase
expression and activity in the tight-skin mouse model of
fibrosis,” Rheumatology, vol. 47, no. 3, pp. 272–280, 2008.

[62] R. Motterlini, R. Foresti, M. Intaglietta, and R. M. Winslow,
“NO-mediated activation of heme oxygenase: endogenous
cytoprotection against oxidative stress to endothelium,”
American Journal of Physiology—Heart and Circulatory Phys-
iology, vol. 270, no. 1, part 2, pp. H107–H114, 1996.

[63] R. Stocker and M. A. Perrella, “Heme oxygenase-1: a novel
drug target for atherosclerotic diseases?” Circulation, vol. 114,
no. 20, pp. 2178–2189, 2006.

[64] R. Hori, M. Kashiba, T. Toma et al., “Gene transfection
of H25A mutant heme oxygenase-1 protects cells against
hydroperoxide-induced cytotoxicity,” Journal of Biological
Chemistry, vol. 277, no. 12, pp. 10712–10718, 2002.

[65] K. D. Poss and S. Tonegawa, “Reduced stress defense in
heme oxygenase 1-deficient cells,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 94,
no. 20, pp. 10925–10930, 1997.

[66] H. Y. Cho, S. P. M. Reddy, M. Yamamoto, and S. R. Klee-
berger, “The transcription factor NRF2 protects against pul-
monary fibrosis,” FASEB Journal, vol. 18, no. 11, pp. 1258–
1260, 2004.

[67] H. Y. Cho, S. P. Reddy, A. DeBiase, M. Yamamoto, and S.
R. Kleeberger, “Gene expression profiling of NRF2-mediated
protection against oxidative injury,” Free Radical Biology and
Medicine, vol. 38, no. 3, pp. 325–343, 2005.

[68] K. Komura, J. Wei, G. Lord, and J. Varga, “The triterpenoid
CDDO abrogates canonical TGF-beta signaling and fibrotic
responses in normal and scleroderma fibroblasts by stabiliz-
ing the anti-oxidant nuclear factor-like 2 (Nrf2),” Arthritis
and Rheumatism, vol. 62, supplement 10, p. 617, 2010.

[69] A. J. Chu and J. K. Prasad, “Up-regulation by human
recombinant transforming growth factor β-1 of collagen
production in cultured dermal fibroblasts is mediated by the
inhibition of nitric oxide signaling,” Journal of the American
College of Surgeons, vol. 188, no. 3, pp. 271–280, 1999.

[70] P. A. Craven, R. K. Studer, J. Felder, S. Phillips, and F. R.
DeRubertis, “Nitric oxide inhibition of transforming growth
factor-β and collagen synthesis in mesangial cells,” Diabetes,
vol. 46, no. 4, pp. 671–681, 1997.



8 Cardiology Research and Practice

[71] M. Saura, C. Zaragoza, B. Herranz et al., “Nitric oxide reg-
ulates transforming growth factor-β signaling in endothelial
cells,” Circulation Research, vol. 97, no. 11, pp. 1115–1123,
2005.

[72] D. Vernet, M. G. Ferrini, E. G. Valente et al., “Effect of nitric
oxide on the differentiation of fibroblasts into myofibroblasts
in the Peyronie’s fibrotic plaque and in its rat model,” Nitric
Oxide—Biology and Chemistry, vol. 7, no. 4, pp. 262–276,
2002.

[73] E. G. A. Valente, D. Vernet, M. G. Ferrini, A. Qian, J. Rajfer,
and N. F. Gonzalez-Cadavid, “L-Arginine and phosphodi-
esterase (PDE) inhibitors counteract fibrosis in the Pey-
ronie’s fibrotic plaque and related fibroblast cultures,” Nitric
Oxide—Biology and Chemistry, vol. 9, no. 4, pp. 229–244,
2003.

[74] A. Dooley, B. Gao, X. Shi-Wen et al., “Effect of nitric oxide
and peroxynitrite on type I collagen synthesis in normal
and scleroderma dermal fibroblasts,” Free Radical Biology and
Medicine, vol. 43, no. 2, pp. 253–264, 2007.

[75] M. Cao, A. Westerhausen-Larson, C. Niyibizi et al., “Nitric
oxide inhibits the synthesis of type-II collagen without al-
tering Col2A1 mRNA abundance: prolyl hydroxylase as a
possible target,” Biochemical Journal, vol. 324, part 1, pp.
305–310, 1997.

[76] N. N. Kim, S. Villegas, S. R. Summerour, and F. J. Villarreal,
“Regulation of cardiac fibroblast extracellular matrix produc-
tion by bradykinin and nitric oxide,” Journal of Molecular and
Cellular Cardiology, vol. 31, no. 2, pp. 457–466, 1999.

[77] V. Kolpakov, D. Gordon, and T. J. Kulik, “Nitric oxide-
generating compounds inhibit total protein and collagen syn-
thesis in cultured vascular smooth muscle cells,” Circulation
Research, vol. 76, no. 2, pp. 305–309, 1995.

[78] P. R. Myers and M. A. Tanner, “Vascular endothelial cell
regulation of extracellular matrix collagen: role of nitric
oxide,” Arteriosclerosis, Thrombosis, and Vascular Biology, vol.
18, no. 5, pp. 717–722, 1998.

[79] M. W. Owens, S. A. Milligan, and M. B. Grisham, “Inhibition
of pleural mesothelial cell collagen synthesis by nitric oxide,”
Free Radical Biology and Medicine, vol. 21, no. 5, pp. 601–607,
1996.

[80] H. Trachtman, S. Futterweit, and P. Singhal, “Nitric oxide
modulates the synthesis of extracellular matrix proteins in
cultured rat mesangial cells,” Biochemical and Biophysical
Research Communications, vol. 207, no. 1, pp. 120–125, 1995.

[81] D. Chakravortty and K. S. N. Kumar, “Induction of cell
proliferation and collagen synthesis in human small intesti-
nal lamina propria fibroblasts by lipopolysaccharide: possible
involvement of nitric oxide,” Biochemical and Biophysical
Research Communications, vol. 240, no. 2, pp. 458–463, 1997.

[82] R. D. Curran, F. K. Ferrari, P. H. Kispert et al., “Nitric oxide
and nitric oxide-generating compounds inhibit hepatocyte
protein synthesis,” FASEB Journal, vol. 5, no. 7, pp. 2085–
2092, 1991.

[83] H. Trachtman, S. Futterweit, P. Garg, K. Reddy, and P. C.
Singhal, “Nitric oxide stimulates the activity of a 72 kDa
neutral matrix metalloproteinase in cultured rat mesangial
cells,” Biochemical and Biophysical Research Communications,
vol. 218, no. 3, pp. 704–708, 1996.

[84] K. I. Kivirikko, R. Myllylä, and T. Pihlajaniemi, “Protein
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