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Background: The development of a number of regenerative strategies in
recent years for curing heart disease represents a paradigm shift away from
conventional approaches which aim to manage heart disease. Effective
administration of pharmaceutical agents targeted directly to the diseased
tissue is the key to unlocking the potential of regenerative strategies, which
could augment current conventional treatments. Objective: The authors
review recent advances in targeted drug delivery to diseased cardiac tissue.
Methods: Various therapeutic methodologies designed to selectively deliver
pharmaceutical agents to diseased cardiac tissue are discussed in this review.
Conclusion: Targeted delivery of survival and engraftment promoting factors
to damaged cardiac tissue can be an important strategy, for example, in
creating a suitable microenvironment encouraging the engraftment of stem
cells. Further progress in this emerging field is contingent on the
discovery of new biomarkers that are upregulated in damaged cardiac
tissue and can be targeted for selective drug delivery. Once fully realized,
breakthroughs in this field will have direct applications in the diagnosis
and treatment of heart disease through more effective tissue-specific drug
delivery and improved imaging modalities.
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1. Introduction

Ischemic heart disease affects approximately 15.8 million Americans and of those
7.9 million suffer from a myocardial infarction (MI) (1. Myocardial infarction
often leads to congestive heart failure (CHF) and is a leading cause of death in
the US and other industrialized countries.

A myocardial infarction refers to the process of cellular death and necrosis
that occurs after the occlusion of a coronary vessel supplying blood to a specific
area of the myocardium. A reduction in coronary flow (ischemia) may result in
myocardial necrosis which in turn could lead to functional impairments in the
compromised region. If large enough, significant myocardial necrosis can lead to
severe contractile dysfunction with an inability of the heart to maintain perfusion
to vital organs, with subsequent decompensation and death.

Cardiac remodelling refers to the process of healing and repair that occurs after
various forms of injury to the left ventricle (LV), such as MI. The process
includes adverse changes in LV geometry and increases in LV mass in response
to altered hemodynamic conditions. Many investigators have correlated changes
in LV geometry and hypertrophy with elevations in angiotensin II and other
neurohormones post-MI. Several cardiac tissues, including cardiac myocytes,
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fibroblasts and endothelial cells, have been shown to produce
angiotensin locally. This local production of angiotensin II is
a key contributor to the global LV remodelling process [2].
Subsequent therapies that have correlated with a survival
advantage after an MI have targeted regression of the
LV remodelling process.

At the cellular level, the initial response of some affected
myocytes to the diminished oxygen supply is the initiation
of apoptosis, beginning 4 h after MI (34). This is followed
by a breakdown in the homeostasis of the cardiac cells and
a deterioration of the microenvironment, which initiates
mass necrosis starting 12 h after MI. Animal studies have
shown that it is possible to attenuate the level of apoptosis
and necrosis after MI through deletion of p53-upregulated
modulator of apoptosis (Puma) [5]. Also, increased levels of
circulating heat shock proteins (HSP) have been found to
correlate with the level of cytokines in circulation, activation
of monocytes and myocardial damage after MI [6]. However,
pretreatment with hyperthermia, which causes an increase in
the levels of circulating HSPs, played a cardioprotective role
resulting in a significant reduction in infarct size (7).

The deterioration of the microenvironment as a result of
this mass necrosis causes a significant inflammatory response
in the infarct region [3,41. This inflammatory response leads
to the release of cytokines such as IL-6 and IL-8 which in
turn results in the accumulation of and tissue infiltration by
white blood cells (WBCs) such as neutrophils, lymphocytes
and macrophages. In addition to cytokine release, myofibro-
blasts infiltrate the damaged tissue to assist in wound
healing. Once the WBCs reach the site of injury, they are
able to phagocytose the dead cells, hence beginning the
remodelling process.

The loss of muscle mass in the left ventricle, caused by
the phagocytosis of dead cells after the immune response,
results in a weakening of the ventricle wall. Starting as early
as 3 days after MI and continuing as late as 4 weeks after
MI, granulation tissue replaces the lost cardiac tissue with
strong fibrillar collagen types I and III to maintain structural
integrity in the ventricular wall [8]. The remodelling process
culminates in the formation of scar tissue which maintains
the structural integrity of the infarcted heart wall but
exhibits little contractile function [49]. At this stage, the
cardiac tissue is unlikely to recover its normal function
due to the difficulties associated with regenerating cardiac
tissue in a densely packed fibrillar scar [10].

In addition to the lost muscle mass, a transmural MI also
involves the deterioration of the microenvironment through
the proteolysis of extracellular matrix, vasculature and nerves.
Subsequent tissue repair does not involve a significant
regeneration of the microenvironment. For example, some
angiogenesis/vasculogenesis occurs naturally starting 3 days
after MI, but, due to the extent of the injury, this is
ineffective in completely restoring the lost vasculature, which
is an essential component of the microenvironment [8,11,12].

2. Mending the broken heart

The central function of the heart, that is pumping blood,
can be compromised by disease and/or injury, particularly
ischemia. To restore adequate circulation, a number of
pharmacological and/or invasive therapies are currently
used to treat heart disease. Clinical trials have provided a
rationale for medical and interventional treatment of
ischemic heart disease and its complications. These treat-
ments include the use of diuretics and vasodilators, such as
Lasix™" and Isosordil™, which reduce left ventricular filling
pressure and volume. Angiotensin converting enzyme (ACE)
inhibitors have been successful in lowering blood pressure
and attenuating the effects of angiotensin II, and thus
the cardiac remodelling process. Beta-blockers, such as
Metoprolol™, block the receptor sites of noradrenaline, with
positive actions on LV remodelling, adrenergic activity and
oxidative stress. Newer adjunctive therapies allowing further
improvements to survival include the use of an angiotensin
receptor antagonist, post-MI. While aspirin remains a
current therapeutic agent for this disorder, recent advances
in antiplatelet therapy have allowed for the development of
newer antiplatelet regimens such as clopidogrel and 2b3a
glycoprotein inhibitors which improve the short-term and
long-term outcomes among patients who have received a
coronary intervention with a stent [13]. Invasive therapies to
restore vital coronary perfusion, including coronary bypass
surgery and percutaneous catheter interventions, rescue only
the at risk myocardium, not the severely damaged tissues,
and have the risk of restenosis. While these interventions
have been efficacious, they do not restore myocardial
function in the long term and only moderately recover LV
function post-MI [14. Many experimental drugs and
new invasive treatments are currently under development
which have the potential to prevent aberrant cardiac
remodelling and repair the lost microenvironment post-MI.
Implementing these therapies through targeted or systemic
pharmacological interventions may represent important
strategies for treating heart disease.

There is potential for a number of these emerging
treatments to slow the progression of heart failure and widen
the time frame where other treatments can be effectively
administered, resulting in restoration of LV function after
an MI. For example, during the second week after MI,
a small percentage of cardiac cells naturally undergo
some cell division, however, this level of proliferation is
insufficient to repair the widespread damage after a
myocardial infarction [15]. These myocytes can be encouraged
to dedifferentiate and undergo mitosis, for example,
when treated with a p38 MAP kinase inhibitor [16].
Slowing the pathological remodelling process using long-
acting Ca®*-channel blockers injected directly into the heart
has also been shown to significantly improve the ejection
fraction by as much as 42% [17].
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Over the past few years there has been much excitement
and interest in developing regenerative approaches for curing
heart disease, by restoring the contractile function of the
heart through engineering replacement myocardium and its
supporting microenvironment, using approaches such as
cell-based therapy. Stem cells are self-renewing undifferentiated
cells that in the proper environment can develop into
specialized cells. Stem cells, therefore, have the potential to
regenerate cardiac tissue lost after an MI. A variety of
stem cells, including embryonic, bone marrow-derived
stem/progenitor cells and skeletal myoblasts have been used
to repair impaired myocardial tissue [18].

Embryonic stem cells are totipotent and therefore have
the highest potential for differentiation into cardiac muscles.
However, research into the implementation of this type of
therapy is currently pending the development of an ethical
consensus regarding their use. Bone marrow-derived adult
stem/progenitor cells can differentiate into cardiomyocytes
and endothelial cells and have been shown to improve damaged
heart function in several animal studies by induction of
myocardial angiogenesis and/or regeneration in the infarcted
scar [19-21]. Therefore, bone marrow-derived stem/progenitor
cells have been the focus of many recent investigations
in animal studies and clinical trials [18,22-24). In clinical appli-
cations, transplantation of bone marrow-derived cells has
resulted in small (2.9 — 5.5%) but significant improvements
in ejection fraction [24,25]. Hematopoietic/endothelial pro-
genitor stem cells are derived from bone marrow cells and
are very rare. These are still the most promising type of
stem cells for use in treating ischemic diseases due to their
ability to produce vasculature [18]. Skeletal myoblasts are
another plentiful source of cells that have the potential to
regenerate infarcted myocardium and are extremely resistant
to ischemia [18]. In addition, endothelial cells, which have
traditionally been assumed to be terminally differentiated,
may also have the potential to be dedifferentiated to cardiac
cells under appropriate conditions [26].

Although stem cells herald the possibility of repairing
the damaged heart, recent attempts at rebuilding the
myocardium using stem cells have yielded disappointing
results [27,28]. Short-term studies have shown small gains in
cardiac function, while long-term improvements as a result
of stem cell treatments are uncertain [28]. The lack of a
supporting microenvironment, which ensures the survival
and engraftment of transplanted cells, may in part explain
these disappointing findings. Concurrent delivery of survival
and differentiation promoting factors into the damaged
heart is an important strategy for enhancing the regenerative
potential of transplanted stem cells in the heart. For exam-
ple, rebuilt myocardium must include a vascular network
able to nourish it under diverse metabolic demands. During
natural healing of injured tissue, endothelial cells, which are
the building blocks of these vascular networks, may be
partially formed by circulating bone-marrow-derived stem cells
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migrating to the site of injury [29.30.. However, this process
is unable to regenerate a sufficient microvascular network
for the healing heart (8,11,12].

The high affinity of mesenchymal stem cell (MSC)
migration to the site of injury and an absence of T-cell
response to MSCs [51] makes them arttractive not only as
potential donor cells for myocardial regeneration, but also as
a vehicle for gene transfer to the target cardiac tissue.
For example, mesenchymal stem cells taken from bone
marrow and  genetically  engineered to  produce
VEGF were found to provide a cardioprotective effect,
as well as to induce angiogenesis in diseased cardiac
tissue (32 In addition, other findings suggest
that heme-oxygenase-1 may increase cell survival in
ischemic  myocardium  through  anti-apoptotic  and
antioxidant activities. Expression of heme-oxygenase-1 by
engineered MSCs resulted in protection of transplanted
MSCs from apoptosis and led to the enhanced survival
of transplanted cells in the hypoxic environment of the
ischemic myocardium (33]. Delivery of genes into the
infarcted heart using cells other than MSCs, such as VEGF
transfected skeletal myoblasts, has demonstrated increased
angiogenesis in ischemic recipient myocardium compared to
animals treated with non-transfected cells 34]. Stem cells
combined with other methods, such as gene therapy,
can provide a powerful therapy for salvaging damaged
myocardium. The timely delivery of survival and engraft-
ment promoting factors may have significant implications
on the viability of implanted stem cells for regenerating lost
cardiac tissue.

Administration of pro-angiogenic compounds, such as
VEGE to the ischemic heart may represent a significant
strategy for encouraging new blood vessel formation before
or in combination with stem cell therapy (35-38]. However,
our experimental and mathematical modelling studies
indicate that systemic administration of VEGF may not be
able to regenerate cardiac vasculature to a level capable of
supporting stem cells [39.40]. In addition, concerns over pos-
sible side effects have hampered attempts at revascularizing
the infarcted myocardium using systemic delivery of pro-
angiogenic compounds such as VEGF and basic fibroblast
growth factor (bFGF) [41-44). Therefore, targeted drug
delivery may be able to play a key role in our attempts to
provide an appropriate microenvironment that can support
the regeneration of cardiac tissue lost to MI.

3. Aiming for the heart

Developments in targeted drug delivery to tumors have pro-
vided the groundwork for the burgeoning field of targeted
drug delivery to cardiac tissue. Anti-cancer drugs often have
undesirable side effects which limit the maximum tolerated
dose of the drug and often contribute to the quality of life
reduction in many patients undergoing cancer treatment.
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Therefore, selective targeting of drugs, genes, or contrast
agents to tumors has been an active area of research and
development for many years [4546]. An important develop-
ment has been the recognition of drastically different
endothelial surfaces in tumors which has lead to the concept
of endothelial cell adhesion molecule mediated targeted
drug delivery to tumors. For example, we have shown that
the anti-vascular drug Combretastatin selectively targeted
to irradiated tumors using immunoliposomes bearing an
arginine—glycine—aspartate  tripeptide (RGD)  tripeptide
sequence, which binds to the o 5 integrin in the tumor
vasculature, results in significant tumor growth delay [47).

During the past few years, and in part due to the
discovery of several biomarkers that are differentially
upregulated in diseased cardiac tissue [4849], various
experimental therapies for targeting drugs, genes, or contrast
agents to the heart have also been developed [50). These
experimental therapies have been selectively delivered via
either intravascular administration or direct injection
into the cardiac tissue. Ultrasound energy has also been
used to enhance the delivery of the drugs and image
echogenic microbubbles [51-53].

3.1 Particulate drug carriers

Nano-particulate drug carriers often passively accumulate in
regions of high vascular permeability such as those present
in many types of solid tumors [54]. For example, polyethyl-
eneglycol propyl ether (PEG-PE) (7 — 20 nm in diameter)
polymeric micelles have been shown to passively accumulate
in the infarct tissue at a rate eight times higher than that
observed in the adjacent normal myocardium in a rabbit
model of MI [s5]. IL-1 antagonist encapsulated liposomes
injected directly into the coronary artery, passively accumu-
late in the infarct region of diseased cardiac tissue, attenuating
the inflammatory response [56].

Upregulated expression of biomarkers, such as myosin,
after MI has long been recognized as an effective target for
selective delivery of drugs to the infarcted myocardium [57,58].
Recently, in a rabbit model of MI, radiolabelling was used
to show that anti-myosin PEGylated liposomes injected into
the myocardium preferentially bind to the compromised
infarcted heart vasculature [59,60]. Interestingly, cytoskeletal
antigen-specific immunoliposomes targeted to myosin
post-MI have been shown to prevent oncotic cell death by
fusing with the cell membranes using a ‘plug and seal’
approach to augment the membrane repair process [61].
Treatment with cytoskeletal —antigen-specific immuno-
liposomes in a rabbit animal model of MI, using this
‘plug and seal’ effect, resulted in a fivefold reduction in aver-
age infarct size [61].

Several recent studies have shown that the inflammatory
response that often accompanies ischemic cardiac episodes
may result in the upregulation of a number of endothelial
cell adhesion molecules, including intercellular adhesion
molecule-1 (ICAM-1) and platelet selectin (P-selectin) [62-64],

within the diseased tissue. These adhesion molecules can in
turn be used as targets for treatment or selective delivery of
therapeutic agents to the infarct region [41]. Direct injection
of anti-P-selectin [65-67) and anti-ICAM-1 [67] antibodies
into ischemic myocardium was found to attenuate early
remodelling by prevention of leukocyte infiltration in the
diseased tissue, resulting in an overall 20 — 25% reduction in
infarct size. Also, a marked reduction in infarct size (59%),
improved myocardial blood flow and regional function,
and reduced myocardial inflammation has been reported
with simultaneous inhibition of glycoprotein IIb/IIla and
o, f3; integrin (e8]

Upregulated expression of adhesion molecules in the
vasculature of the diseased cardiac tissue represents the
most promising target for drug delivery. Competitive
binding of liposomes conjugated to the carbohydrate
sialyl Lewis®, which is a ligand for the selectin class of
adhesion molecules, with polymorphonuclear leukocytes,
was found to reduce cardiac necrosis by 70% in a feline
model of ischemia/reperfusion injury [69]. Using antibody-
coated model drug carriers and immunohistochemical stain-
ing in a rat model of MI, we have shown that P-selectin
expression by endothelial cells reaches a peak of upregula-
tion at 4 h after MI and its level returns to normal by 48 h
after MI, while ICAM-1 expression reaches a peak at 24 h
and returns to normal 48 h after MI (64). Furthermore, anti-
P-selectin  conjugated radiolabelled PEGylated immuno-
liposomes injected immediately or 4 h after MI and allowed
to circulate for 24 h preferentally accumulated in the
infarcted myocardium [64]. In preliminary experiments, we
have found that anti-P-selectin conjugated immunoliposomes
containing VEGE when injected immediately post-MI,
result in significant improvements in fractional shortening
and end-diastolic diameter (Figure 1), which persists up to
4 weeks after treatment (Figure 2).

3.2 High frequency ultrasound

An external high frequency beam of ultrasound aimed at the
infarcted heart can disrupt drug/gene carrying vesicles,
thereby locally delivering their payload (51-53). In general,
these vesicles are in the range of 1 — 2 microns in diameter
and their optimum release is dependent on several
parameters [70], including a critical pressure amplitude larger
than 1.2 MPa [71]. Vesicles carrying a recombinant adenovirus
containing the B-galactosidase gene, injected into the jugular
vein of rats, and disrupted with high frequency ultrasound
targeted to the myocardium resulted in a 10-fold increase in
the level of gene expression in the myocardium compared to
control [72]. Using this technique, the disruption in the
endothelial barrier as a result of vesicle destruction may be
the key to successful viral transduction in targeted tissue [72].
Rats that underwent ultrasonic microbubble destruction
prior to injection with microbubbles containing the
B-galactosidase gene showed a twofold increase in gene
expression [72]. High frequency ultrasound vesicle disruption
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VEGF-IL treated MI

Figure 1. Administration of VEGF-immunoliposomes (VEGF-IL) targeted to P-selectin immediately after ligation of left
anterior descending coronary artery to induce a myocardial infarction (MI) resulted in significant improvements in left
ventricular wall motion 4 weeks after MI. Panels A, B, and C are representative ultrasound MMODE traces of left ventricular wall
motion of a normal (No MI) heart, an untreated infarcted heart 4 weeks after Ml and an infarcted heart treated with VEGF-IL 4 weeks

after M, respectively.
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Figure 2. Improvements in fractional shortening in rats treated with immunoliposomes containing vascular endothelial
growth factor (VEGF-IL) targeted to P-selectin injected immediately post-Ml.

MI: Myocardial infarction.

has also been utilized to deliver a gene for VEGF to the
infarct site of rat myocardium (73,74 resulting in a significant
increase in VEGF expression as well as a significant increase
in vascular density (73].

3.3 Peri-infarct injections

The direct injection of drugs/genes into the peri-infarct
myocardium or vasculature has also been used to target
therapeutic agents directly to the diseased tissue. Direct
injection of adeno-cyclin A2, which has previously been

shown to initiate cardiomyocyte mitosis, into the peri-infarct
region of rat hearts, resulted in a 26% increase in ejection
fraction [75]. Animals pretreated with an injection of an
adenoviral vector coding for heat shock protein 70 (HSP70)
into the wall of the left ventricle showed a decrease in
infarct size (24.5 versus 41.9%) after a 30 min episode
of ischemia [76]. In another study, direct injection of an
adenovirus encoding for human growth hormone, which has
been shown to induce myocardial hypertrophy and reverse
ventricular remodelling, was shown to improve cardiac
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function in a rat MI model [77]. Gene therapy, administered
directly into the heart vasculature, was shown to promote
the expression of the therapeutic transgene S100A1 in a
rat MI model, resulting in a = 30% improvement in global
cardiac function after 8 weeks of treatment [78].

Clinically, gene transfer through direct injection of
plasmid DNA encoding for VEGF into ischemic myo-
cardium has been shown to promote angiogenesis [37). In
addition to stimulating angiogenesis, direct intramyocardial
injection of a plasmid encoding human VEGF has been
shown to promote cardiomyocyte entrance into mitosis [79].
While adult cardiomyocytes have receptors for VEGE it is
unclear if VEGF acts on them directly to promote division
or through an indirect pathway [791. In addition to its
angiogenic properties, the cardioprotective properties of
VEGF and bFGF make them ideal candidates for targeted
delivery to post-MI tissue [32,80,81]. However, VEGF therapy
alone can lead to the possible development of functionally
abnormal blood vessels [44]. Therefore, targeted delivery of
VEGEF along with complementary angiogenic compounds
such as angiopoietin-1, RhoA and Racl should result in the
establishment of a functional vasculature post-ML

Administering these direct injections in a controlled
release formulation may effectively increase the plasma half-
life of many cardiac drugs. Biodegradable hydrogel micro-
spheres containing bFGF injected into the peri-infarct region
in a pig MI model resulted in improvements in left
ventricular function, reductions in left ventricular remodelling
and an increase in vessel density [82]. Nanofibers combined
with platelet-derived growth factor, which is thought to have
cardioprotective properties, were locally injected into the
myocardium of infarcted rats resulting in significant improve-
ments in fractional shortening (38.3 versus 28.2% for
controls) and end-systolic dimension 3 months after MI 83].
In a similar study, direct injection of insulin-like growth
factor (IGF-1) biotinylated with nanofibers into the infarct
region of rat myocardium provided a targeted and sustained
release of IGF-1 for 28 days after MI [84]. When combined
with an injection of transplanted cardiomyocytes, this
treatment resulted in a reduction in infarct size, a 25%
increase in myocyte cross-sectional area, and a significant
improvement in systolic function [84].

3.4 Targeted contrast agents

Several commercially available echogenic microbubbles
have been used clinically for enhanced
echocardiography [71.85]. These microbubbles are gas-filled
lipid shells which reflect more ultrasound than the sur-
rounding tissue, thus providing a clear image of myocardial

contrast

perfusion [71]. Inherently echogenic, acoustically reflective
liposomes can also be generated by adjusting the lipid
composition using a dehydration/rehydration procedure (8s].

The upregulation of the inflammatory response post-MI
provides an opportunity for targeting contrast enhancing
particulate and/or molecular probes to site-specific biomarkers

on diseased cardiac tissue. The development of microbubbles
for targeted therapy and imaging has been reviewed
recently [87] and will be discussed here only briefly.

Small (1 — 2 microns) acoustically reflective ligand-targeted
microbubbles have been used for in vivo cardiac contrast
imaging [88-90]. Clinically, large microbubbles targeted to
areas of inflammation, which express ICAM-1, have been
used in myocardial contrast echocardiography (MCE) to
detect regions of acute cardiac transplant rejection [91].
Quantifying the degree of intramyocardial infiltration of
macrophages and T lymphocytes by leukocyte-targeted
microbubbles may have the potential to noninvasively assess
the degree of rejection of transplanted hearts [(92,93]. Leukocytes,
which attach to the walls of inflamed endothelial cells after
a period of ischemia/reperfusion, can also be targeted using
echogenic albumin and lipid microbubbles [94].

In animal models, intravascular and transvascular ultra-
sound has been successful in detecting plaques using inher-
ently echogenic ligand-coated liposomes [9596]. P-selectin,
which is generally upregulated within minutes to hours of
inflammatory/ischemic episodes [6497-100], has been used
as a prime target for the delivery of echogenic vesicles.
Strong enhancement of ultrasound images in inflamed tissue,
resulting from microvascular retention of microbubbles
targeted to P-selectin, can be used to assess the extent of
inflammation and tissue injury [101]. Gas-filled microbubbles
targeted to P-selectin have also been used to identify recently
ischemic myocardium [63].

Other imaging modalities that have been used to provide
contrast in cardiac tissue, including MRI, CT and SPECT,
have been reviewed elsewhere [102-105] and are outside the
scope of this review. These and other advances in targeted
imaging techniques have direct applications to targeted
drug delivery (87). Further progress in the field of
targeted drug/contrast agent delivery is in part contingent
on the discovery of new biomarkers that are differentially
upregulated in inflamed/ischemic cardiac tissue.

3.5 Vehicles for drug delivery

The development of new and novel drug/contrast agent
delivery vehicles, including liposomes, polymeric micelles,
biodegradable nanoparticles and dendrimers, has been the
focus of many studies [106]. An ideal drug delivery vehicle
must be non-toxic, biocompatible, non-immunogenic
and biodegradable.

The most common vehicle currently used for targeted
drug delivery is the liposome [107]. Liposomes are non-toxic,
non-hemolytic and non-immunogenic even upon repeated
injections; they are biocompatible and biodegradable and
can be designed to avoid clearance mechanisms (reticulo-
endothelial system (RES), renal clearance, chemical or
enzymatic inactivation, etc.) [108,109]. Lipid-based, ligand-
coated nanocarriers can store their payload in the hydro-
phobic shell or the hydrophilic interior depending on

the nature of the drug/contrast agent being carried.
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Depending on the formulation and design, liposomes can
effectively control the pharmacokinetics and biodistribution
of the drug, and specific tissues can be avoided or
targeted, and thus therapeutic index enhancement can be
achieved in principle both via toxicity reduction and efficacy
enhancement. A major drawback to liposome usage 7 vivo
is their immediate uptake and clearance by the RES system
and their relatively low stability 7z vivo. To combat this,
polyetheleneglycol (PEG) can be added to the surface of the
liposomes. Increasing the mole percent of PEG on the
surface of the liposomes by 4 — 10% significantly increased
circulation time 77 vivo from 200 to 1000 min [59].
Polymeric micelles are another type of drug delivery
vehicle used for drug delivery [54]. Polymeric micelles are made
from self-assembling co-polymers which, once formed, have
a hydrophobic core that can be used to carry poorly soluble
drugs [54,110]. Dendrimers are polymer-based delivery vehicles
which have a core that branches out in regular intervals to
form a small, spherical and very dense nanocarrier [111]. The
extravasation rate of dendrimers across the microvasculature
can be controlled by their size, molecular weight and physio-
chemical properties [112]. Biodegradable particles have the
potential to not only target the diseased myocardium, but
also deliver their payload as a controlled release therapy [113].
Biodegradable particles bearing ligands to P-selectin,
endothelial selectin (E-selectin) and ICAM-1 have been
found to adhere to inflamed endothelium [100] and their use
can be easily extended for use in inflamed cardiac tissue.

4. Conclusion

The limited advances in the field of targeted drug delivery
to diseased cardiac tissue have their roots in targeted
drug delivery to tumors or have resulted from developments
of novel targeted contrast agents for imaging. Many of
the processes that underlie the progression of heart disease
(e.g., upregulation of the inflammatory response) are similar
to those observed in other pathologies (e.g., cancer).
Therefore, advances in targeted drug delivery to tumors,
for example, could have a direct influence on our attempts
to selectively deliver therapeutics to cardiac tissue.
Ligand-targeted liposomes and microbubbles have been
the most widely used vehicles for preferential delivery of
contrast agents to cardiac tissue. However, these lipid-based
nano-carriers have a low signal-to-noise ratio during
sonography. Therefore, identification of more suitable bio-
logical targets in the cardiac tissue is required before these
techniques can become widely used in a clinical setting [89].
Improved targeted imaging modalities are critical to our
efforts in developing truly individualized treatments for
heart disease, including better detection and demarcation of
the extent of the MI as well as the determination of
the optimum conditions for administration of stem cells
and other therapeutics [114]. Success in the field of targeted
contrast agent delivery to cardiac tissue will be highly
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dependent on advances in bioimaging technology and
carrier optimization [115].

While the design of new drug carrying vehicles has been
the focus of intense research and development during the
past decade, the efforts to identify biomarkers that are
differentially upregulated in diseased (cardiac) tissue has
received less attention. The search for appropriate biomarkers
that are significantly and differentially upregulated in
diseased cardiac tissue is a prerequisite in our efforts to
develop targeted drug delivery technologies that could have
clinical applications. Many biological targets currently used
for preferential delivery of imaging and therapeutic agents to
cardiac tissue exhibit a low differential of upregulation
between normal and diseased tissue. While advances in imag-
ing technologies (such as software/hardware developments)
can potentially compensate for the low selectivity of targeted
contrast agents, ligand-based targeted drug delivery is more
dependent on the availability of optimal biomarkers that can
be preferentially targeted. This lack of optimal biomarkers
is not unique to cardiac pathologies and is in part why
targeting drugs to tumor endothelium that has been
‘sensitized’ with ionizing radiation, for example, has been
more successful [47). Currently, it is not clear whether
existing clinical interventions can ‘sensitize’ cardiac tissue in
a manner that further upregulates biomarkers which can
then be targeted using ligand-based drug delivery vehicles.

The development of a number of novel therapies for curing
heart disease represents a paradigm shift away from conven-
tional approaches which aim to manage heart disease. Many
of these emerging novel treatments, for example stem cell
therapies, require the formation of an appropriate micro-
environment that can only be generated through administra-
tion of pharmaceutical agents whose side effects can be
circumvented with targeted drug delivery. Advances in the
field of targeted drug delivery to cardiac tissue will be an
integral component of our efforts to regenerate cardiac tissue.

5. Expert opinion

Current treatments for heart disease, such as bypass surgery,
stenting, [B-blockers and diuretics are either highly
invasive or rely on continuous administration of various
pharmaceuticals. In the past few years there has been much
excitement and interest in developing regenerative approaches
for curing heart disease using stem cells, pro-angiogenic
drugs and treatments that prevent cardiac remodelling.
However, these regenerative strategies have, at best, resulted
in marginal improvements in cardiac function and at this
time, clinical management of heart disease still relies primarily
on traditional treatment methodologies.

Once fully realized, rebuilding lost myocardium using
novel approaches such as stem cell therapy may prevent
the appearance of chronic cardiac failure following ML
However, cardiomyocytes are highly dependent on their
microenvironment for survival and currently it is not clear
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if treatments such as stem therapy alone can produce the
robust microenvironment capable of supporting the survival
and engraftment of transplanted cells. For example, recent
evidence indicates that the limited improvements in cardiac
function observed after current stem cell treatments may be
in part due to angiogenesis [32]. Furthermore, the lack of a
supporting vasculature for the highly oxygen-dependent
cardiomyocytes may in part explain why recent attempts at
rebuilding the myocardium using only stem cell therapies
have yielded disappointing results [27,28]. The presence of an
appropriate microenvironment in the infarct region may also
be an important factor in enhancing the integration of
transplanted cells into the surrounding tissue.

Regenerating the appropriate microenvironment in
post-MI tissue may require the administration of a number
of pharmaceuticals which unfortunately often have undesir-
able side effects [41-44]. For example, concerns over possible
side effects have hampered attempts at revascularizing the
infarcted myocardium using systemic delivery of pro-
angiogenic compounds such as VEGF and/or bFGE
Therapies combining stem cell administration with novel
approaches for preferentially delivering various drugs to
infarct tissue may offer our best hope for regenerating
myocardium lost during an infarction.

Many of the limited advances in the field of targeted drug
delivery to cardiac tissue have been adapted from targeted
cancer therapies or have been variations of techniques used
in the development of targeted contrast agents. At present,
targeted delivery of drugs to cardiac tissue relies on either
the application of an external source of energy to initiate the
drug release (e.g., ultrasonic disruption of microbubbles) [72]
or the active accumulation of ligand-coated drug carriers
which preferentially adhere to altered endothelium in diseased
cardiac tissue [59,64,69].

The use of external energy sources to initiate drug release
may be limited by the accessibility and location of the tissue
being targeted, which is often deep inside the chest cavity.
This could result in drug release to non-targeted tissue,
which effectively lowers the maximum tolerated dose of
the drug being administered. In addition, the precision of
delivery using this method is directly dependent on how
well the location and extent of the targeted tissue can be
identified with other imaging modalities.

Ligand-coated drug carriers are ideally not as dependent
on pinpointing the location and extent of the diseased tissue.
Once injected into the bloodstream, for example, ligand-
coated particles circulate until they encounter altered
endothelium to which they bind and release their payload.
However, the effectiveness of ligand-coated drug carriers is
highly dependent on target identification/selection. A key
requirement in this approach is that certain molecules, which
are at a low basal level in normal tissue, be dramatically
upregulated in diseased tissue. Antibody-based targeting
schemes for drug delivery and imaging applications have
had limited success, in major part due to the fact that

molecule expression differential between normal and targeted
tissues is often not high. While in recent times developing
novel drug delivery vehicles has been the focus of many
studies, progress in identifying more appropriate biomarkers
that are significantly upregulated in diseased tissue has been
limited. In our opinion, future advances in the fields of
ligand-based targeted drug delivery/imaging will be highly
dependent on identifying more appropriate biological targets
in cardiac tissue.

At present it is not known whether, and to what degree,
stem cells benefit the cardiac tissue, either by directly regen-
erating cardiomyocytes or by indirectly releasing factors that
prevent cardiac remodelling. For example, if bone marrow
mononuclear cells reduce the infarct size primarily by releasing
VEGEF into the surrounding tissue [116], then targeted drug
delivery may be a more effective means for delivering VEGF
to diseased myocardium. The underlying mechanisms of how
stem cells may benefit diseased cardiac tissue have yet to be
systematically studied. Given our current state of knowledge,
at this time it is difficult to judge which targeted delivery
technologies will be most effective in revitalizing the
microenvironment for regenerating cardiac tissue.

Over the next 10 years, advances in the field of targeted
drug delivery should play a more central role in our efforts
to make the transition from treating heart disease to curing
it. Regenerative strategies such as stem cell treatments are
likely to play a key role in this transition. However, it is
unlikely that stem cell therapies alone will be able to regen-
erate lost cardiac tissue. Combining stem cells with other
(targeted) therapies to regenerate the appropriate micro-
environment will provide the required framework to ensure
that newly generated cardiac tissue can function normally
and can integrate into and work in unison with the existing
tissue. Given the central role of the vasculature, it is likely
that regenerating the vascular framework through targeted
delivery of pro-angiogenic drugs will be a central feature of
these therapies. Future therapies will combine stem cells
with appropriate signaling molecules that will ensure stem
cell proliferation towards cardiac lineage and enhance their
integration into the surrounding tissue.

Scientific advances are not the only obstacle in the
path to the development of these therapies. The scientific
community must also make a concerted effort to educate
the public on the benefits and risks associated with these
novel therapies.

Acknowledgements

We would like to thank Parkson Chong for the use of his
laboratory facilities. MF Kiani is an Established Investigator
of the American Heart Association. This work was supported
by grants from the Susan G Komen Foundation (to MF Kiani),
DOD Breast Cancer Research Program (to MF Kiani) and
the National Heart, Lung and Blood Institute Faculty Career
Development Award (to D Crabbe).

466 Expert Opin. Drug Deliv. (2008) 5(4)

RIGHTS LI M Hiy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Bibliography
Papers of special note have been highlighted
as either of interest (*) or of considerable

interest (°®) to readers.

1. Rosamond W, Flegal K, Furie K, et al.
Heart disease and stroke statistics — 2008
update: a report from the American Heart
Association Statistics Committee and
Stroke Statistics Subcommittee.
Circulation 2008;117(4):e25-146

2. Cohn N, Ferrari R, Sharpe N. Cardiac
remodelling — concepts and clinical

implications: a consensus paper from an

international forum on cardiac remodelling.

Behalf of an International Forum on
Cardiac Remodelling. ] Am Coll Cardiol
2000;35(3):569-82

3. Bialik S, Geenen DL, Sasson IE, et al.
Myocyte apoptosis during acute myocardial
infarction in the mouse localizes to hypoxic
regions but occurs independently of p53.

J Clin Invest 1997;100(6):1363-72

4. Cleutjens JB, Blankesteijn WM,
Daemen MJ, Smits JE The infarcted
myocardium: simply dead tissue, or a lively
target for therapeutic interventions?

Cardiovasc Res 1999;44(2):232-41
5. Toth A, Jeffers JR, Nickson B, et al.

Targeted deletion of Puma attenuates
cardiomyocyte death and improves cardiac
function during ischemia-reperfusion.
Am ] Physiol Heart Circ Physiol
2006;291(1):H52-60

6. Satoh M, Shimoda Y, Akatsu T; et al.
Elevated circulating levels of heat shock
protein 70 are related to systemic
inflammatory reaction through monocyte
Toll signal in patients with heart failure
after acute myocardial infarction.

Eur J Heart Fail 2006;8(8):810-5

7. Gowda A, Yang CJ, Asimakis GK, et al.
Cardioprotection by local heating:
improved myocardial salvage after ischemia
and reperfusion. Ann Thorac Surg

1998;65(5):1241-7
8.  SunY, Kiani ME Postlethwaite AE,

Weber KT. Infarct scar as living tissue.

Basic Res Cardiol 2002; 97(5):343-7
. Review of dynamic changes in

the microenvironment after a

myocardial infarction.

9. Urbanek K, Quaini E Tasca G, et al.
Intense myocyte formation from cardiac
stem cells in human cardiac hypertrophy.
Proc Natl Acad Sci USA
2003;100(18):10440-5

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Urbanek K, Torella D, Sheikh F et al.
Myocardial regeneration by activation of
multipotent cardiac stem cells in ischemic
heart failure. Proc Natl Acad Sci USA
2005;102(24):8692-7

Sun'Y, Weber KT. Infarct scar: a dynamic
tissue. Cardiovasc Res 2000;46(2):250-6

Wang B, Ansari R, Sun'Y, et al. The scar
neovasculature after myocardial infarction
in rats. Am J Physiol Heart Circ Physiol
2005;289(1):H108-13

Cannon CP, Weintraub WS, Demopoulos
LA, et al. Comparison of early invasive and
conservative strategies in patients with

unstable coronary syndromes treated with

the glycoprotein IIb/IIla inhibitor tirofiban.

N Engl ] Med 2001;344(25):1879-87
Adorisio R, De LL, Rossi J, Gheorghiade M.

Pharmacological treatment of chronic heart

failure. Heart Fail Rev 2006;11(2):109-23
Beltrami AP, Urbanek K, Kajstura J, et al.

Evidence that human cardiac myocytes
divide after myocardial infarction. N Engl
] Med 2001;344(23):1750-7

Engel FB, Schebesta M, Duong MT, et al.
p38 MAP kinase inhibition enables
proliferation of adult mammalian

cardiomyocytes. Genes Dev

2005;19(10):1175-87

Nishiya D, Enomoto S, Omura T, et al.
The long-acting Ca2+-channel blocker
azelnidipine prevents left ventricular
remodelling after myocardial infarction.
J Pharmacol Sci 2007;103(4):391-7

Vertesaljai M, Piroth Z, Fontos G, et al.
Drugs, gene transfer, signaling factors:

a bench to bedside approach to myocardial
stem cell therapy. Heart Fail Rev 2007

Review of myocardial stem cell therapies.

Tomita S, Li RK, Weisel RD, et al.
Autologous transplantation of bone
marrow cells improves damaged

heart function. Circulation

1999;100(19 Suppl):11247-56
Jackson KA, Majka SM, Wang H, et al.

Regeneration of ischemic cardiac muscle
and vascular endothelium by adult stem

cells. J Clin Invest 2001;107(11):1395-402
Kudo M, Wang Y, Wani MA, et al.

Implantation of bone marrow stem cells
reduces the infarction and fibrosis in
ischemic mouse heart. ] Mol Cell Cardiol
2003;35(9):1113-9

Orlic D, Kajstura J, Chimenti S, et al.
Mobilized bone marrow cells repair the

infarcted heart, improving function and

Scott, Crabbe, Krynska, Ansari & Kiani

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

survival. Proc Natl Acad Sci USA
2001;98(18):10344-9

Fukuda K. Use of adult marrow
mesenchymal stem cells for regeneration
of cardiomyocytes. Bone Marrow

Transplant 2003;32(Suppl 1):525-7
Schachinger V, Erbs S, Elsasser A, et al.

Intracoronary bone marrow-derived
progenitor cells in acute myocardial
infarction. N Engl ] Med
2006;355(12):1210-21

Assmus B, Honold ], Schachinger V, et al.
Transcoronary transplantation of
progenitor cells after myocardial infarction.

N Engl ] Med 2006;355(12):1222-32
Condorelli G, Borello U, De Angelis L,

et al. Cardiomyocytes induce endothelial
cells to trans-differentiate into cardiac
muscle: implications for myocardium
regeneration. Proc Natl Acad Sci USA
2001;98(19):10733-8

Chien OK. Making a play at regrowing
hearts. Science 2006;20(8):34-9
Reviews progress in myocardial stem

cell therapies.

Wollert KC. Cell therapy for acute
myocardial infarction. Curr Opin
Pharmacol 2008

Reviews progress in myocardial

stem cell therapies.

Annabi B, Lee YT, Turcotte S,
et al. Hypoxia promotes murine
bone-marrow-derived stromal cell

migration and tube formation.

Stem Cells 2003;21(3):337-47
Garmy-Susini B, Varner JA. Circulating

endothelial progenitor cells. Br ] Cancer

2005;93(8):855-8
Le Blanc K, Tammik C, Rosendahl K, et al.

HLA expression and immunologic
properties of differentiated and

undifferentiated mesenchymal stem cells.

Exp Hematol 2003;31(10):890-6

Matsumoto R, Omura T, Yoshiyama M,

et al. Vascular endothelial growth
factor-expressing mesenchymal stem cell
transplantation for the treatment of acute
myocardial infarction. Arterioscler Thromb
Vasc Biol 2005;25(6):1168-73

Tang YL, Tang Y, Zhang YC, et al.
Improved graft mesenchymal stem cell
survival in ischemic heart with a
hypoxia-regulated heme oxygenase-1
vector. ] Am Coll Cardiol
2005;46(7):1339-50

Expert Opin. Drug Deliv. (2008) 5(4)

467

RIGHTS LI M Hiy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Aiming for the heart: targeted delivery of drugs to diseased cardiac tissue

34, Suzuki K, Murtuza B, Smolenski RT, et al.
Cell transplantation for the treatment of
acute myocardial infarction using vascular
endothelial growth factor-expressing

skeletal myoblasts. Circulation
2001;104(12 Suppl 1):1207-12

35.  Eriksson U, Alitalo K. VEGF receptor 1
stimulates stem-cell recruitment and new
hope for angiogenesis therapies. Nat Med
2002;8(8):775-7

36. Coultas L, Chawengsaksophak K,
Rossant J. Endothelial cells and VEGF in
vascular development. Nature

2005;438(7070):937-45
37. Losordo DW, Vale PR, Symes JF et al.

Gene therapy for myocardial angiogenesis:
initial clinical results with direct myocardial
injection of phVEGF165 as sole therapy
for myocardial ischemia. Circulation

1998;98(25):2800-4

38. Machens HG, Salehi J, Weich H, et al.
Angiogenic effects of injected VEGF165
and sVEGFR-1 (sFLT-1) in a rat flap
model. ] Surg Res 2003;111(1):136-42

39. Wang B, Scott RC, Pattillo CB, et al.
Modelling oxygenation and selective
delivery of drug carriers post-myocardial
infarction. Adv Exp Med Biol
2008;614:333-43

40. Wang B, Scott RC, Pattillo CB, et al.
Microvascular transport model predicts
oxygenation changes in the infarcted heart
after treatment. Am ] Physiol Heart
Circ Physiol 2007;293(6):H3732-9

41.  Weber KT, Gerling IC, Kiani ME et al.
Aldosteronism in heart failure: a
proinflammatory/fibrogenic cardiac
phenotype. Search for biomarkers and
potential drug targets. Curr Drug Targets
2003;4(6):505-16

42.  Carmeliet P. Basic concepts of (Myocardial)
angiogenesis: role of vascular endothelial
growth factor and angiopoietin. Curr Interv

Cardiol Rep 1999;1(4):322-35
43.  Holash J, Wiegand SJ, Yancopoulos GD.

New model of tumor angiogenesis:
dynamic balance between vessel regression

and growth mediated by angiopoietins and

VEGE Oncogene 1999;18(38):5356-62
44.  Pettersson A, Nagy JA, Brown LEF, et al.

Heterogeneity of the angiogenic response
induced in different normal adult tissues
by vascular permeability factor/vascular
endothelial growth factor. Lab Invest
2000:80(1):99-115

45.  Orive G, Hernandez RM, Rodriguez GA,
et al. Drug delivery in biotechnology:

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

present and future. Curr Opin Biotechnol
2003;14(6):659-64

Dunchoo AL, Anderson M, Majumdar S,
et al. Cell adhesion molecules for targeted
drug delivery. ] Pharm Sci
2006;95(9):1856-72

Pattillo CB, Sari-Sarraf E Nallamothu R,
et al. Targeting of the antivascular drug
combretastatin to irradiated tumors results
in tumor growth delay. Pharm Res
2005;22(7):1117-20

Novel approach for targeting drugs to
upregulated adhesion molecules in

irradiated tumors.

Jones SP, Trocha SD, Strange MB, et al.
Leukocyte and endothelial cell adhesion
molecules in a chronic murine model
of myocardial reperfusion injury.

Am ] Physiol Heart Circ Physiol
2000;279(5):H2196-201

Lestini BJ, Sagnella SM, Xu Z, et al.
Surface modification of liposomes for
selective cell targeting in cardiovascular
drug delivery. ] Control Rel
2002;78(1-3):235-47

Torchilin VP. Recent approaches to
intracellular delivery of drugs and
DNA and organelle targeting. Ann Rev
Biomed Eng 2006

Lindner JR, Kaul S. Delivery of drugs
with ultrasound. Echocardiography
2001;18(4):329-37

Newman CM, Bettinger T. Gene therapy
progress and prospects: ultrasound
for gene transfer. Gene Ther

2007;14(6):465-75

Vancraeynest D, Havaux X, Pouleur AC,
et al. Myocardial delivery of colloid
nanoparticles using ultrasound-targeted
microbubble destruction. Eur Heart J
2006;27(2):237-45

Torchilin VP. Targeted polymeric micelles
for delivery of poorly soluble drugs.
Cell Mol Life Sci 2004;61(19-20):2549-59

Lukyanov AN, Hartner WC, Torchilin VP.
Increased accumulation of PEG-PE
micelles in the area of experimental
myocardial infarction in rabbits.

J Control Rel 2004;94(1):187-93

Reports passive accumulation of
particulate drug carriers in

diseased myocardium.

Suzuki K, Murtuza B, Smolenski RT, et al.
Overexpression of interleukin-1 receptor
antagonist provides cardioprotection

against ischemia-reperfusion injury

57.

58.

59.

60.

6l.

62.

63.

64.

65.

66.

associated with reduction in apoptosis.

Circulation 2001;104(12 Suppl 1):1308-13
Torchilin VP, Khaw BA, Smirnov VN,

Haber E. Preservation of antimyosin
antibody activity after covalent coupling to

liposomes. Biochem Biophys Res Commun

1979;89(4):1114-9

Liang W, Levchenko T, Khaw BA,
Torchilin V. ATP-containing
immunoliposomes specific for cardiac
myosin. Curr Drug Deliv 2004;1(1):1-7
Novel approach for targeting drugs

to upregulated biomarkers in the

diseased myocardium.

Torchilin VP, Klibanov AL, Huang L, et al.
Targeted accumulation of polyethylene
glycol-coated immunoliposomes in
infarcted rabbit myocardium. FASEB ]
1992;6(9):2716-9

Klibanov AL, Khaw BA, Nossiff N,

et al. Targeting of macromolecular
carriers and liposomes by antibodies to
myosin heavy chain. Am J Physiol
1991;261(4 Suppl):60-5

Khaw BA, DaSilva J, Hartner WC.
Cytoskeletal-antigen specific
immunoliposome-targeted in vivo
preservation of myocardial viability.

J Control Rel 2007;120(1-2):35-40

Sun B, Fan H, Honda T, et al. Activation of
NF kappa B and expression of ICAM-1 in
ischemic-reperfused canine myocardium.

J Mol Cell Cardiol 2001;33(1):109-19
Villanueva FS, Lu E, Bowry S, et al.

Myocardial ischemic memory imaging with
molecular echocardiography. Circulation
2007;115(3):345-52

Novel approach for targeting contrast

agents to diseased myocardium.

Scott RC, Wang B, Nallamothu R, et al.
Targeted delivery of antibody conjugated
liposomal drug carriers to rat myocardial
infarction. Biotechnol Bioeng
2007;96(4):795-802

Novel approach for targeting drugs to
upregulated adhesion molecules in the

diseased myocardium.

Arai M, Masui Y, Goldschmidt-Clermont P,
et al. P-selectin inhibition prevents early
neutrophil activation but provides only
modest protection against myocardial
injury in dogs with ischemia and
forty-eight hours reperfusion. ] Am

Coll Cardiol 1999;34(1):280-8

Hayward R, Campbell B, Shin YK,
et al. Recombinant soluble P-selectin

glycoprotein ligand-1 protects against

468

Expert Opin. Drug Deliv. (2008) 5(4)

RIGHTS LI M Hiy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

myocardial ischemic reperfusion injury

in cats. Cardiovasc Res 1999;41(1):65-76
Fukushima S, Coppen SR, Varela-Carver A,

et al. A novel strategy for myocardial
protection by combined antibody therapy
inhibiting both P-selectin and intercellular
adhesion molecule-1 via retrograde
intracoronary route. Circulation

2006;114(1 Suppl):1251-6
Sakuma T, Sari I, Goodman CN, et al.

Simultaneous integrin alphavbeta3 and
glycoprotein IIb/IlIa inhibition causes
reduction in infarct size in a model of
acute coronary thrombosis and primary
angioplasty. Cardiovasc Res
2005;66(3):552-61

Murohara T, Margiotta J, Phillips LM,
et al. Cardioprotection by
liposome-conjugated sialyl
Lewisx-oligosaccharide in myocardial
ischaemia and reperfusion injury.
Cardiovasc Res 1995;30(6):965-74

Chen S, Shohet RV, Bekeredjian R, et al.
Optimization of ultrasound parameters for
cardiac gene delivery of adenoviral or
plasmid deoxyribonucleic acid by
ultrasound-targeted microbubble
destruction. ] Am Coll Cardiol
2003;42(2):301-8

Chatterjee D, Jain B, Sarkar K.
Ultrasound-mediated destruction of
contrast microbubbles used for medical
imaging and drug delivery. Physics Fluids
2005;17(10)

Shohet RV, Chen S, Zhou YT, et al.
Echocardiographic destruction of albumin
microbubbles directs gene delivery to the
myocardium. Circulation

2000;101(22):2554-6
Zhigang W, Zhiyu L, Haitao R, et al.

Ultrasound-mediated microbubble
destruction enhances VEGF gene delivery

to the infarcted myocardium in rats.

Clin Imaging 2004;28(6):395-8

Korpanty G, Chen S, Shohet RV, et al.
Targeting of VEGF-mediated angiogenesis
to rat myocardium using ultrasonic
destruction of microbubbles. Gene Ther
2005;12(17):1305-12

Woo Y], Panlilio CM, Cheng RK, et al.
Myocardial regeneration therapy for
ischemic cardiomyopathy with cyclin A2.
J Thorac Cardiovasc Surg
2007;133(4):927-33

Okubo S, Wildner O, Shah MR, et al.
Gene transfer of heat-shock protein 70

reduces infarct size in vivo after

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

ischemia/reperfusion in the rabbit heart.

Circulation 2001;103(6):877-81
Jayasankar V, Bish LT, Pirolli TJ, et al.

Local myocardial overexpression of growth
hormone attenuates postinfarction
remodelling and preserves cardiac
function. Ann Thorac Surg
2004;77(6):2122-9

Pleger ST, Most P, Boucher M, et al.
Stable myocardial-specific AAV6-S100A1
gene therapy results in chronic functional
heart failure rescue. Circulation
2007;115(19):2506-15

Laguens R, Cabeza MP, Vera ]G,

et al. Entrance in mitosis of adult
cardiomyocytes in ischemic pig hearts
after plasmid-mediated rhVEGF165
gene transfer. Gene Ther
2002;9(24):1676-81

Sun L, Cui M, Wang Z, et al.
Mesenchymal stem cells modified with
angiopoietin-1 improve remodelling in a
rat model of acute myocardial infarction.
Biochem Biophys Res Commun
2007;357(3):779-84

Scheinowitz M, Kotlyar A, Zimand S, et al.
Basic fibroblast growth factor induces
myocardial hypertrophy following acute
infarction in rats. Exp Physiol

1998;83(5):585-93
Sakakibara Y, Tambara K, Sakaguchi G,

et al. Toward surgical angiogenesis using
slow-released basic fibroblast growth
factor. Eur J Cardiothorac Surg
2003;24(1):105-11

Hsieh PC, MacGillivray C, Gannon J,
et al. Local controlled intramyocardial
delivery of platelet-derived growth factor
improves postinfarction ventricular
function without pulmonary toxicity.

Circulation 2006;114(7):637-44
Davis ME, Hsieh PC, Takahashi T, et al.

Local myocardial insulin-like growth
factor 1 (IGF-1) delivery with biotinylated
peptide nanofibers improves cell therapy
for myocardial infarction. Proc Natl Acad
Sci USA 2006;103(21):8155-60

Klibanov AL. Ultrasound molecular
imaging with targeted microbubble
contrast agents. ] Nucl Cardiol
2007;14(6):876-84

Alkan-Onyuksel H, Demos SM, Lanza GM,
et al. Development of inherently echogenic

liposomes as an ultrasonic contrast agent.

J Pharm Sci 1996;85(5):486-90

Scott, Crabbe, Krynska, Ansari & Kiani

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Bull JL. The application of microbubbles
for targeted drug delivery. Expert Opin
Drug Deliv 2007;4(5):475-93

Novel approach for targeting drugs to
upregulated adhesion molecules in the

diseased myocardium.

Villanueva FS, Jankowski R], Klibanov S,
et al. Microbubbles targeted to intercellular
adhesion molecule-1 bind to activated
coronary artery endothelial cells.

Circulation 1998;98:1-5

Villanueva FS, Wagner WR, Vannan MA,
Narula J. Targeted ultrasound imaging
using microbubbles. Cardiol Clin
2004;22(2):283-98, vii

Quaia E. Microbubble ultrasound
contrast agents: an update. Eur Radiol

2007;17(8):1995-2008
Weller GE, Lu E, Csikari MM, et al.

Ultrasound imaging of acute cardiac
transplant rejection with microbubbles
targeted to intercellular adhesion
molecule-1. Circulation
2003;108(2):218-24

Kondo I, Ohmori K, Oshita A, et al.
Leukocyte-targeted myocardial contrast
echocardiography can assess the degree of
acute allograft rejection in a rat cardiac

transplantation model. Circulation

2004;109(8):1056-61
Christiansen JB, Leong-Poi H, Klibanov AL,

et al. Noninvasive imaging of myocardial
reperfusion injury using leukocyte-targeted

contrast echocardiography. Circulation

2002;105(15):1764-7

Lindner JR, Coggins MP, Kaul S,

et al. Microbubble persistence in

the microcirculation during
ischemia/reperfusion and inflammation
is caused by integrin- and
complement-mediated adherence to
activated leukocytes. Circulation

2000;101(6):668-75
Demos SM, kan-Onyuksel H, Kane BJ,

etal. In vivo targeting of acoustically
reflective liposomes for intravascular and

transvascular ultrasonic enhancement.

J Am Coll Cardiol 1999;33(3):867-75
Hamilton AJ, Huang SL, Warnick D,

et al. Intravascular ultrasound

molecular imaging of atheroma
components in vivo. ] Am Coll Cardiol
2004;43(3):453-60

Zou X, Shinde PV, Dagia NM, et al.
PSGL-1 derived from human neutrophils
is a high-efficiency ligand for

endothelium-expressed E-selectin under

Expert Opin. Drug Deliv. (2008) 5(4)

469

RIGHTS LI M Hiy



Expert Opin. Drug Deliv. Downloaded from informahealthcare.com by Hacettepe Univ. on 12/02/12
For personal use only.

Aiming for the heart: targeted delivery of drugs to diseased cardiac tissue

98.

99.

100.

101.

102.

103.

104.

105.

flow. Am ] Physiol Cell Physiol
2005;289(2):C415-24

Rinko L], Lawrence MB, Guilford WH.
The molecular mechanics of P- and
L-selectin lectin domains binding to

PSGL-1. Biophys ] 2004;86(1 Pt 1):544-54

Park EY, Smith MJ, Stropp ES, et al.
Comparison of PSGL-1 microbead and
neutrophil rolling: microvillus elongation

stabilizes P-selectin bond clusters.

Biophys ] 2002;82(4):1835-47

Sakhalkar HS, Dalal MK, Salem AK, et al.
Leukocyte-inspired biodegradable particles
that selectively and avidly adhere to
inflamed endothelium in vitro and

in vivo. Proc Natl Acad Sci USA
2003;100(26):15895-900

Lindner JR, Song J, Christiansen J, et al.
Ultrasound assessment of inflammation
and renal tissue injury with microbubbles
targeted to P-selectin. Circulation

2001;104(17):2107-12
Meoli DF, Sadeghi MM, Krassilnikova S,

et al. Noninvasive imaging of myocardial
angiogenesis following experimental
myocardial infarction. J Clin Invest

2004;113(12):1684-91

Epstein FH. MRI of left ventricular
function. ] Nucl Cardiol
2007;14(5):729-44

Nahrendorf M, Jaffer FA, Kelly KA,

et al. Noninvasive vascular cell adhesion
molecule-1 imaging identifies inflammatory
activation of cells in atherosclerosis.
Circulation 2006;114(14):1504-11
Thimister PW, Hofstra L, Liem IH, et al.
In vivo detection of cell death in the

area at risk in acute myocardial infarction.

J Nucl Med 2003;44(3):391-6

106.

107.

108.

109.

110.

111.

112.

113.

114.

Arayne MS, Sultana N, Qureshi E Review:
nanoparticles in delivery of cardiovascular

drugs. Pak ] Pharm Sci 2007;20(4):340-8

Hashida M, Kawakami S, Yamashita F.
Lipid carrier systems for targeted drug and
gene delivery. Chem Pharm Bull (Tokyo)
2005;53(8):871-80

Lian T, Ho RJ. Trends and developments
in liposome drug delivery systems.

J Pharm Sci 2001;90(6):667-80

Moghimi SM, Hunter AC, Murray JC.
Long-circulating and target-specific
nanoparticles: theory to practice.
Pharmacol Rev 2001;53(2):283-318

Ding BS, Dziubla T, Shuvaev VV, et al.
Advanced drug delivery systems that target
the vascular endothelium. Mol Interv

2006;6(2):98-112
Tomalia DA, Reyna LA, Svenson S.

Dendrimers as multi-purpose nanodevices
for oncology drug delivery and
diagnostic imaging. Biochem Soc Trans

2007;35(Pt 1):61-7
El Sayed M, Kiani MF, Naimark MD,

et al. Extravasation of poly(amidoamine)
(PAMAM) dendrimers across microvascular

network endothelium. Pharm Res

2001;18(1):23-8

Eniola AO, Hammer DA. Characterization
of biodegradable drug delivery vehicles with
the adhesive properties of leukocytes II:
effect of degradation on targeting activity.
Biomaterials 2005;26(6):661-70

Bloch SH, Dayton PA, Ferrara KW.
Targeted imaging using ultrasound
contrast agents. Progress and opportunities
for clinical and research applications.

IEEE Eng Med Biol Mag 2004;23(5):18-29

115. Porter TR. Cardiovascular imaging of
remote myocardial ischemia: detecting a
molecular trace of evidence left behind.
Circulation 2007;115(3):292-3

e Editorial on the potential of targeted
imaging for quantifying cardiac ischemia.

116. Hiasa K, Egashira K, Kitamoto S, et al.
Bone marrow mononuclear cell therapy
limits myocardial infarct size through
vascular endothelial growth factor.

Basic Res Cardiol 2004;99(3):165-72

Affiliation

Robert C Scott!, Deborah Crabbe? MD,
Barbara Krynska? PhD, Ramin Ansari’ MD &
Mohammad F Kiani™'* PhD

Author for correspondence

Temple University,

Department of Mechanical Engineering,
1947 North 12th St.,

Philadelphia, PA 19122, USA

Tel: +1 215 204 4644; Fax: +1 215 204 4956;
E-mail: mkiani@temple.edu

2Temple University,

Department of Medicine,

1947 North 12th St.,

Philadelphia, PA 19122, USA

3Temple University,

Department of Neurology,

1947 North 12th St.,

Philadelphia, PA 19122, USA

“Temple University,

Department of Radiation Oncology,
1947 North 12th St.,

Philadelphia, PA 19122, USA

470

Expert Opin. Drug Deliv. (2008) 5(4)

RIGHTS LI M Hiy



