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Introduction

The possibility of downregulating the expression of
abnormally expressed genes causing disease appears to
be of use in the development of novel therapeutic
approaches. In this regard, RNA interference (RNAi) rep-
resents an attractive strategy. RNAi, first discovered in
nematodes (1), derives from an evolutionarily conserved
mechanism involved in the defense against biological
phenomena based on the formation of double-stranded
RNA intermediates such as those occurring during RNA
virus invasion. More recently, RNAi has also been shown
to be responsible for regulating the expression of several
cellular genes by destroying mRNA, affecting translation
(2-4) and influencing promoter activity inducing DNA
methylation (for further information see Ref. 5). RNAi is
triggered by both single hairpin and double-stranded RNA
(dsRNA) precursors, which are processed to small RNA
duplexes of 21 nucleotides able to guide the destruction
or the translational repression of complementary single-
stranded RNA (ssRNA). Since it is possible to specifical-
ly downregulate the expression of the desired genes by
designing specific short RNA duplexes, RNAi not only
represents a novel attractive therapeutic strategy, but
may also facilitate functional genomic research. For these
reasons, several pharmaceutical companies have consid-
ered RNAi as an attractive opportunity.

The therapeutic potential of RNAi was initially demon-
strated in 2001 (6) and was then further developed. For
example, in cultured cancer cells, the possibility of specif-
ically reducing the intracellular level of a mutant form of
p53 led to a novel potential approach to the treatment of
cancer (7). Promising results have also been observed in
the downregulation of hepatitis C virus (HCV) infection
and spread (8). Even more striking is the potential use of
RNAi to treat leukemia and HIV infection (9). Among
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Abstract

Since the demonstration of the ability of small
interfering RNAs (siRNAs) to downregulate gene
expression in mammalian cells, many potential thera-
peutic applications have been explored. Here we pre-
sent an update on the studies performed in the car-
diovascular field, which at the moment are rather
limited compared to the applications studied for other
pathological conditions. So far, in the cardiovascular
field, three main research topics can be discerned: 1)
studies devoted to ameliorating and understanding the
mechanisms regulating cardiomyocyte function; 2)
studies aimed at preventing viral myocarditis; and 3)
studies dealing with vascular pathologies. Although
the potential applications of siRNAs in cardiovascular
pathologies are limited compared to other human dis-
eases, the reported studies suggest that siRNAs may
help to develop novel effective therapeutic approach-
es in the cardiovascular field.



RNAse type III endonuclease, i.e., Dicer. Dicer can also
process dsRNA originated by RNA viruses and artificially
introduced dsRNAs. Dicer produces dsRNA similar to but
shorter than that produced by Drosha, 21 nucleotides
long and paired in the 19 central nucleotides with 2
unpaired nucleotides at each end (14).

At this step of the pathway, dsRNA, now called siRNA
can be considered fully synthesized. To exert their bio-
logical role, siRNAs need to be embedded into a protein
complex called RISC (RNA-induced silencing complex)
where the siRNA strand complementary to the target
RNA is retained (15). The RISC complex, bound to a spe-
cific short ssRNA, can now perform the final step of the
RNAi process, i.e., the catalytic cleavage of the target
RNA (16, 17). The specific cleavage of the target RNA
leads to the formation of 5’-phosphate- and 3’-hydroxyl-
ending fragments and to subsequent rapid degradation of
the cleavage fragments. The RNA destined for degrada-
tion may be encoded by genes of an invading viral
genome, by transgenes, parasitic transposons or repeti-
tive elements contained in the host genome itself.
Alternatively, the target RNA may be related to a gene of
scientific or therapeutic interest, which can be downregu-
lated by the administration of exogenous siRNA specifi-
cally synthesized for this purpose. 

siRNA delivery

Despite the great variety of possible therapeutic appli-
cations of siRNAs, their in vivo delivery is still a problem
(18, 19). Indeed, while in vitro the major requirement is to
achieve efficient crossing of the cellular membrane, in
vivo siRNA must first access the target tissues/cells, and
ideally, should reside at the required location for a suffi-
cient length of time. Additionally, it needs to be protected
from degradation mediated by extracellular nucleases. 

Basically, two main categories of siRNA delivery sys-
tems exist – viral and nonviral (19). Viral constructs have
the advantage of being very efficient, but they may induce
serious adverse effects in vivo (20). Nonviral approaches
are considered to have far fewer drawbacks, although the
delivery efficiency needs improvement (21). To overcome
this limitation, a number of innovative approaches are
being intensively pursued. 

Nonviral approaches consist of the delivery of naked
nucleic acid by physical methods (electroporation, for
example), by hydrodynamic injection and by the use of
synthetic carriers. Hydrodynamic tail vein injection in mice
(22) consists of the rapid injection of a large volume into
the tail vein such that a transient increase in venous pres-
sure and extravasation of the nucleic acid occur. Nucleic
acid molecules are rapidly internalized when presented to
parenchymal cells using this technique. This strategy is
effective in the liver, but in other organs such as the kid-
ney, pancreas, spleen, lung and heart the efficiency is
reduced (23) to approximately one-tenth of that achieved
in the liver. Interestingly, this approach appears to be
more efficient for the delivery of siRNAs than for plasmid
DNA, possibly due to the smaller size of siRNAs and the

other potential applications of RNAi, in this review we
focus on its use in the cardiovascular field. A detailed
description and discussion of siRNA selection and deliv-
ery via viral vectors will be not addressed here. For this
topic, we recommend previously published reviews (10-
13).

Mechanism of RNA interference

To date, the two most common types of small RNAs
mediating the process of RNAi are represented by
microRNA (miRNA) (4) and short interfering RNA (siRNA)
(3). miRNAs are formed by an initial long precursor
processed by specific RNase type III endonucleases
called Drosha and Dicer  (Fig. 1) (3). Drosha, which is
active in the nucleus, promotes the formation of double-
stranded fragments with two nucleotides overhanging at
the 3’-end and a phosphate at the 5’-end. Subsequently,
exportin 5 mediates the export of dsRNA fragments to the
cytoplasm, allowing further processing by the second

514 Potential applications of siRNAs in the cardiovascular field

Fig. 1. Sequence of the events occurring during RNA interfer-
ence. Following Dicer action, the siRNA is incorporated into the
RISC complex, where the antisense strand guides the protein
complex to the complementary region on the target mRNA; fol-
lowing recognition, the target RNA is cut and eventually degrad-
ed.



tion from nonspecific interactions and tissue targeting. As
no single material possesses all of these required prop-
erties, they considered modular conjugates of three mate-
rials to obtain the multiple properties required. Kakizawa
et al. (35) studied the possibility of using organic-inorgan-
ic hybrid nanoparticles based on the self-associating
properties of a block copolymer such as poly(ethylene
glycol)-block-poly(aspartic acid) (PEG-PAA) with calcium
phosphate. 

Our group (36, 37) proposed a polymeric blend matrix
(consisting of alginates and pluronics) containing siRNA-
liposome complexes in the context of restenosis preven-
tion. Our approach aimed to confer siRNA protection
against degradation and to minimize blood wash, thereby
substantially increasing the intravascular residence time
of siRNAs. 

Finally, an emerging approach consists of conjugation
of siRNA to lipid molecules, a strategy with the potential
to improve siRNA stability in vivo and to facilitate mem-
brane association because of the lipophilic conjugate.
Soutschek et al. (38) conjugated a cholesterol molecule
to the 3’-end of an siRNA by means of a pyrrolidine link-
er. The activity of this novel composite molecule was then
tested in vivo in a rat by i.v. injection. The authors showed
improved pharmacokinetic properties for the cholesterol-
siRNA molecule as compared to unconjugated siRNAs.
Additionally, it was possible to show that the cholesterol
conjugate does not substantially impair siRNA activity.
The cholesterol-siRNA molecule showed broad tissue
distribution 24 h after injection, with significant levels
detected in heart, liver, kidney, adipose and lung tissues.
This study, together with another (39), indicated a novel
strategy with the potential to efficiently deliver siRNA in
vivo.

low intracellular siRNA concentrations required for gene
knockdown. Additionally, siRNAs, acting in the cyto-
plasm, do not require nuclear import, which is a signifi-
cant barrier to the delivery of biologically active plasmid
DNA (24). Finally, an important advantage of hydrody-
namic tail vein injection lies in its simplicity, with no spe-
cialized equipment being required. However, while applic-
able in murine models, hydrodynamic delivery is of very
limited clinical value. Calculating from a 20-g mouse to a
70-kg man, this type of siRNA delivery would require an
intravenous injection of 3-7 l of siRNA solution within 5
seconds.

A second nonviral approach for in vivo siRNA delivery
is based on synthetic vehicles that contain cationic poly-
mers and/or lipids (19). In order to be effective and reli-
able, this strategy requires that the delivery vehicle must
not only overcome cellular barriers, but also form stable
complexes with siRNAs during membrane crossing.
Positively charged agents (cationic nature is essential for
complex formation with anionic siRNAs) are often toxic
after systemic administration (25). To eliminate this draw-
back, the use of uncharged, hydrophilic polymers has
been proposed. These polymers, inhibiting nonspecific
hydrophobic and charge-charge interactions, increase
circulation time in vivo and thus facilitate enrichment in
the target organ (19), with decreased toxicity. Examples
of these polymers include polyethylene glycol (PEG),
polyhydroxypropylmethacrylic acid and cyclodextrins
(26). 

Another way to reduce the toxicity of positively
charged compounds is to add polyanion to cationic com-
plexes in order to form layered structures (27). Heyes et
al. (28) employed a homologous series of cationic lipids
with incremental degrees of saturation to encapsulate
and deliver siRNA. Notably, they demonstrated that the
degree of saturation of cationic lipids affects lipid pKa,
fusogenicity, cellular uptake and gene silencing ability.
Bartlett et al. (29) considered a cyclodextrin-based poly-
cation vector stabilized by surface PEGylation intended
for systemic administration. Schiffelers et al. (30) focused
their attention on strategies based on the development of
self-assembling nanoscale carriers for the targeted deliv-
ery of siRNA to the vasculature, with the aim of inhibiting
tumor or ocular angiogenesis. In particular, nanoparticle
delivery systems have been developed with a ligand-poly-
mer-polymer conjugate. Kim et al. (31) used folate-modi-
fied cationic polyethylenimine (PEI) for siRNA delivery.
Kushibiki et al. (32) considered cationized gelatin delivery
systems of plasmid DNA expressing siRNA for the TGF-
β type II receptor to prevent interstitial renal fibrosis.
Moriguchi et al. (33) designed the multifunctional enve-
lope-type nano device (MEND) modified with stearylated
octa-arginine (STR-R8) (Fig. 2). MEND consists of a poly-
cation-condensed plasmid DNA core and a lipid enve-
lope. The lipid envelope is modified with the membrane-
penetrating peptide STR-R8 to improve cellular uptake
and intracellular trafficking. Woodle and Lu (34) proposed
nanoparticles allowing both nucleic acid binding into a
core that can release siRNAs into the cytosol and protec-
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Fig. 2. A multifunctional envelope-type nano device (MEND)
modified with stearylated octa-arginine (STR-R8) is depicted.
MEND consists of a polycation-condensed plasmid DNA core
and a lipid envelope structure. The lipid envelope is modified with
the membrane-penetrating peptide STR-R8 to improve cellular
uptake and intracellular trafficking. Reprinted from Int J Pharm
301, Moriguchi, R., Kogure, K., Akita, H. et al. A multifunctional
envelope-type nano device for novel gene delivery of siRNA
plasmids, 277-85. Copyright 2005, with permission from
Elsevier.



regard, Watanabe et al. (40) explored an innovative
approach with potential utility for future therapeutic appli-
cation, based on inhibition of phospholamban (PLB)
expression in cardiomyocytes. PLB forms complexes with
and inhibits sarcoplasmic reticulum Ca2+-ATPase 2
(SERCA2) (41) (Fig. 3). SERCA2 mediates Ca2+ uptake
into the sarcoplasmic reticulum and is thus a major deter-
minant in regulating cardiac contraction (42). In addition
to PLB binding, SERCA2 activity depends on several
other variables, including its intracellular levels. Low
SERCA2 levels underlie, at least in part, impaired cardiac
function in heart failure (43). 

Watanabe et al. (40) counteracted the reduced activi-
ty of SERCA2 in heart failure cardiomyocytes by reducing
levels of the inhibitor PLB. For this purpose, siRNAs
directed against PLB were delivered to cultured rat car-
diac myocytes using the hemagglutinating virus of Japan
(HVJ) envelope vector. After demonstrating concentra-
tion-dependent activity of the siRNAs directed against

Cardiovascular applications

Whereas the use of siRNA in the cardiovascular field
for both therapy and as a tool for basic research purpos-
es is still in its infancy, many promising investigations
have indicated the great potential of this type of molecule.
To date, three main research areas can be identified: 1)
studies devoted to ameliorating and understanding the
mechanisms regulating cardiomyocyte function; 2) stud-
ies aimed at preventing viral infection of the heart; and 3)
studies dealing with the treatment of vascular patholo-
gies.

Cardiomyocyte function

Despite current treatments, heart failure still repre-
sents an important problem in clinical practice. Thus,
novel therapeutic approaches are now being developed,
including those based on the use of siRNAs. In this
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Fig. 3. PLB regulation of SERCA2-mediated Ca2+ intake in the sarcoplasmic reticulum. The physiological balance between PLB and
SERCA2 (A) is disrupted by the addition of H2O2 to cultured cardiomyocytes (B). The increase in H2O2 levels, a condition which partial-
ly simulates the in vivo situation of failing cardiomyocytes, determines a significant and parallel reduction in SERCA2 and PLB levels,
which leads to a reduction in Ca2+ uptake by the sarcoplasmic reticulum (B). The reduction in PLB levels by specific siRNAs determines
an increased affinity of SERCA2 for Ca2+ (C).



NCX1 knockout cultured cells. However, even if sponta-
neous beating was normal, a reduction in Ca2+ transient
amplitude, a depression in the rate of Ca2+ rise and
decline, elevated diastolic Ca2+ concentrations and short-
er action potentials were observed. The authors conclud-
ed that these data indicate an important but nonessential
role for NCX1 in the regulation of cardiac contractility. The
relationship between NCX1 and SERCA2, however, still
remains unclear. Whereas Seth et al. (44) showed that
the downregulation of SERCA2 is followed by a compen-
satory increase in NCX1 expression, Hurtado et al. (46)
reported that suppression of NCX1 expression is followed
by downregulation of SERCA2 expression, instead of the
expected upregulation. Further studies are required to
understand the mechanism regulating Ca2+  homeostasis.

In addition to research aimed at improving and under-
standing cardiomyocyte contractility, studies have also
been conducted to explore the mechanisms regulating
myocardial damage following hypoxia-ischemia.
Natarajan et al. (47) studied hypoxia inducible factor-1
(HIF-1), a key regulator of genes involved in oxygen
homeostasis in response to reduced oxygen tension (Fig.
4). Under physiological conditions of normoxia, HIF-1 lev-
els are negatively regulated by HIF-1α prolyl 4-hydroxy-
lase-2 (PHD-2) which targets HIF for ubiquitination and
proteasomal degradation. In hypoxia-ischemia, PHD-2 is
less active and HIF levels therefore increase and drive
the expression of several genes, such as iNOS, which
protect the myocardium against hypoxia-ischemia-related
damage. The authors hypothesized that the elevation in
HIF levels immediately before ischemia-hypoxia might
reduce myocardial damage. For this purpose, an siRNA
directed against PHD-2 was prepared and tested both in
vitro and in vivo. In vitro tests performed under conditions
of normoxia in the murine endothelial cell line SVEC4-10
in the presence of 100 nM siRNA transfected with the
liposome RNAiFect, showed a clear downregulation of
PHD-2. This effect was paralleled by an increase in HIF-
1 and iNOS, a gene regulated by HIF-1 that has a pro-
tective effect against ischemia-hypoxia. These data were
confirmed in vivo in a mouse model of ischemia-reperfu-
sion, where it was also possible to show a reduction in the
size of cardiac damage, paralleled by a significant
improvement in hemodymamic performance. Although
these interesting findings may open the way to novel
approaches to the treatment of ischemic-hypoxic cardiac
damage, further studies are required to examine the
effects of this treatment in long postischemic periods.

Connected to the above-mentioned study are reports
from Yin et al. (48) and Davidson et al. (49), who used
siRNA to explore the role of HSF1 (heat shock factor 1)
and FLIP (FLICE-inhibitory protein), respectively, in car-
diac ischemia-reperfusion models. Yin et al. (48) used
siRNA (i.p. injection) to downregulate the expression of
HSF1, a transcription factor known to be associated with
pathophysiological stresses such as whole-body hyper-
thermia (WBH) and ischemia-reperfusion, in mice. The
authors demonstrated that HSF1 plays an essential role
in WBH preconditioning against ischemia-reperfusion

PLB mRNA, the authors studied the effect of PLB ablation
on the affinity of SERCA2 for Ca2+. They showed that
downregulation of PLB by siRNA increases the affinity of
SERCA2 for Ca2+, thereby enhancing the sarcoplasmic
reticulum Ca2+ uptake rate. To better mimic conditions
found in vivo in the failing heart, they tested the efficacy
of the siRNA in cardiac myocytes treated with H2O2,
which is typically produced in the failing heart. Exposure
of rat cardiomyocytes to H2O2 led to a significant and par-
allel reduction in SERCA2 and PLB levels and a con-
comitant reduction in both sarcoplasmic reticulum Ca2+

uptake affinity and maximum velocity. Under these condi-
tions, which partially simulate the in vivo conditions of fail-
ing cardiomyocytes, the authors demonstrated that
siRNA-treated cardiomyocytes displayed an increased
affinity of SERCA2 for Ca2+, most likely due to a decrease
in the levels of PLB. Thus, the authors provided proof of
concept that it is feasible to improve Ca2+ uptake by act-
ing on the SERCA2-PLB complex. It should be noted,
however, that even if sarcoplasmic reticulum Ca2+ uptake
is an initial and critical step to confer normal contractility
to cardiomyocytes, other factors are also involved in this
process and should be considered for future therapeutic
applications.

siRNAs not only have the potential to correct the
pathological cardiomyocyte contraction typical of heart
failure, but they can also be used to dissect the role of
genes regulating contraction. In this regard, an interesting
study was carried out by Seth et al. (44), who investigat-
ed the consequences of SERCA2 downregulation by
siRNA. Cultured neonatal rat and embryonic chicken car-
diomyocytes were transduced using an adenoviral vector
expressing an siRNA directed against position 173 of
SERCA2 mRNA. As a result of SERCA2 downregulation,
it was possible to demonstrate a compensatory mecha-
nism with regard to Ca2+ homeostasis. The intracellular
store deficiency of Ca2+ due to SERCA2 downregulation
was compensated by upregulation of the expression of
the transient receptor potential channel proteins TRPC4
and TRPC5 and of Na+/Ca2+ exchanger (NCX) genes,
which are also involved in Ca2+ export/import. Thus, vari-
ation in Ca2+ homeostasis leads to a transcriptional cross-
talk that results in remodeling of Ca2+ signaling pathways.
These findings have clear relevance not only for the bet-
ter understanding of Ca2+-associated cardiac pathologies
such as heart failure and cardiac hypertrophy (45), but
also for the identification of novel therapeutic strategies.

Another example of how siRNA techniques can be
used to understand the role of genes involved in Ca2+ reg-
ulation and cardiomyocyte contractility emerged from the
work of Hurtado et al. (46). In these experiments, the
authors examined the effects of depletion of the exchang-
er protein NCX1. This protein is involved in the excitation-
contraction coupling via Ca2+ efflux regulation in the heart.
Rat cultured cardiomyocytes were transduced with an
adenoviral vector expressing an siRNA directed against
region 2040-2069 of the NCX mRNA. In contrast to the
lethal phenotype of NCX1 knockout mice, Hurtado et al.
could show grossly normal cardiomyocyte contractility in
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and contributes significantly to the social burden of heart
failure. Affected individuals may require long-term med-
ical therapy, and in many cases heart transplantation.
Significant evidence from animal models and clinical
studies (51) indicates that viruses represent major etio-
logical causes of myocarditis. In particular, group B cox-
sackieviruses (CVB) are the most frequent cause of
symptomatic viral myocarditis. CVB3 is a nonenveloped
single-stranded RNA virus of positive polarity, which,
upon entry into host cells, induces the synthesis of viral
capsid proteins and nonstructural proteins using the host
translational apparatus (Fig. 5). 

Prominent cytopathic alterations in CVB3-infected
cardiac cells, as well as CVB persistence in the myocardi-
um of affected individuals, have been well documented
(52-55). Heart tissue damage depends not only on a
direct viral cytolytic effect, but also on the immune
response elicited by the virus. In this regard, the contri-
bution of the immune system to tissue injury relies on a
complex balance between protective and detrimental

injury. Davidson et al. (49) directed siRNAs against FLIP,
which regulates death receptor-mediated apoptosis in a
wide variety of cell types. In cultured cardiomyocytes, the
authors demonstrated that FLIP confers protection from
ischemia-reperfusion, possibly through more than one
pathway.

In conclusion, although potential siRNA-based thera-
peutic applications in the cardiovascular field are present-
ly limited, basic research studies have had a broader dif-
fusion. We believe that this is due, at least in part, to the
lack of an ideal in vivo delivery system which can guar-
antee safe, specific and controlled release of siRNA to
cardiovascular cells. Despite this limitation, we believe
siRNA-based applications have the potential to be used
to ameliorate cardiac dysfunction.

Viral myocarditis

Despite current therapeutic approaches, myocarditis
is a major cause of morbidity and mortality worldwide (50)
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Fig. 4. HIF regulation by PHD-2. HIF-1α prolyl 4-hydroxylase-2 (PHD-2) targets HIF-1 (hypoxia inducible factor-1) for ubiquitin-depen-
dent proteasomal degradation under conditions of normoxia; this prevents the expression of cardioprotective genes regulated by HIF
itself (A). The downregulation of PHD-2 by a specific siRNA increases the levels of HIF, allowing the HIF-dependent activation of car-
dioprotective genes (B).



Yuan et al. (59) designed siRNAs directed against the
UTR viral region, the capsid protein VP1, the viral RNA
polymerase 3D, the AUG start codon region and the viral
protease 2A. siRNAs (300 nM) were transfected with
Oligofectamine into HeLa cells and the HL-1 cardiac mus-
cle cell line. Subsequently, the cells were infected with
CVB3 at a multiplicity of infection (MOI) of 10. The most
active siRNA, i.e., that directed against viral protease 2A,
achieved 90% inhibition of CVB3 replication. Since the
siRNA should be able to effectively inhibit an ongoing
viral infection in the clinical setting, the authors also test-
ed the efficacy of the most active siRNA in downmodulat-
ing a pre-existing viral infection. For this purpose, HeLa
cells were infected with an MOI of 0.01 for 1 h and

immunological pathways (56). This implies that any inter-
ference with the immune response may have unpre-
dictable, if not deleterious, effects on the course of the
disease. Additionally, the observation that immunosup-
pressive therapy did not lead to an improvement in car-
diac ejection fraction when compared with conventional
therapy (57) further suggests that targeting the immune
system is not the optimal strategy for the treatment of
CVB myocarditis. Moreover, we demonstrated in a
murine model of CVB3 myocarditis that early limitation of
viral load is an important factor in the prevention of chron-
ic myocarditis (58). Thus, novel strategies focused main-
ly on the selective destruction of the CVB3 genome have
been developed. 
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Fig. 5. Electron microscopic image of CVB3 (A) and genome structure (B). Within the viral genome, the portion encoding for the pro-
tease 2A appears to be the most indicated for siRNA-mediated destruction of the CVB3 genome. 



triggered an immune-mediated remodeling process in the
infected organs. 

The clearance of CVB3 and thus the attenuation of
CVB3-mediated tissue damage might be achieved by
improving the efficacy and specificity of siRNA delivery
systems. So far, however, the lack of ideal delivery sys-
tems has forced the use of increased amounts of anti-
CVB3 siRNA and/or to repeated siRNA administration. As
this solution can have important negative consequences
in terms of systemic toxicity, alternative strategies are
required. In this regard, attention has been focused on
inhibition of the expression of the coxackievirus and ade-
novirus receptor (CAR) required for CVB3 internalization.
In HeLa cells transfected with a CAR-directed siRNA (100
nM), Werk et al. (69) showed a specific reduction in CAR
protein and a reduction in viral titer of about 60% com-
pared to controls. A more pronounced inhibition of CVB3
titers was not achieved. This is probably due to the pres-
ence of the decay accelerating factor (DAF), which func-
tions as a co-receptor for CVB3 internalization. Thus, it
would be interesting to evaluate whether dual inhibition of
the expression of CAR and DAF could enhance the pro-
tective effect against CVB3 infection. Moreover, it may be
appropriate to explore the efficacy of a combined
approach based on the targeting of CVB3 as well as the
CAR and DAF receptors.

Our group is in the process of developing novel strate-
gies based on the downmodulation of CVB3 infection by
targeting cellular gene(s) implicated both in the CVB3 life
cycle and in the development of cardiac tissue remodel-
ing. We have studied permissive (ABY/SnJ) and resistant
(C57BL/6) mice infected with 105 plaque forming units of
CVB3 Nancy strain. The animals were sacrificed 4, 8 and
28 h postinfection, the hearts were perfused and explant-
ed, and total RNA was isolated and subjected to
microchip analysis (Affymetrix; whole mouse genome).
Based on the results, we have selected a pool of candi-
date genes related to the CVB3 life cycle and myocardial
remodeling. We now plan to explore the effect of down-
regulation of the selected genes alone or in combination
with a previously selected siRNA directed against pro-
tease 2A (61). For our approach, as well as any strategy
based on targeting cellular genes, caution should be
observed in terms of the biological consequences of
downmodulating genes which, in addition to the regulation
of the CVB3 life cycle, also have other biological functions. 

Vascular-related studies

Complications of atherosclerosis are the most com-
mon cause of death in Western societies. The pharmaco-
logical lowering of blood LDL cholesterol has been shown
to be protective with regard to atherosclerosis-associated
morbidity and mortality. Nevertheless, alternative/comple-
mentary treatments targeting different aspects of the
atherogenic process may significantly improve the out-
come of patients. Blaschke et al. (70) reported that C-
reactive protein (CRP) induces apoptosis in cultured
human vascular smooth muscle cells (VSMCs). As the

subsequently transfected with the protease 2A siRNA.
They found effective inhibition of ongoing viral replication,
strengthening the potential therapeutic value of this
siRNA. Finally, the reported enhanced antiviral effect of
multiple siRNAs directed against HIV-1 prompted the
authors to test whether combined administration of differ-
ent siRNAs would also improve anti-CVB3 efficacy.
Disappointingly, neither an additive nor a synergistic
effect on CVB3 replication could be observed, as recent-
ly reported by others, including our group (60, 61).
Whether this depends on the siRNAs tested or on the
biology of CVB3 remains to be clarified. However, despite
the lack of enhancement, this approach remains poten-
tially relevant for long-term treatment. Indeed, mutated
virus variants may be produced to escape from siRNA
destruction, whereas the presence of multiple siRNAs
may render escape less likely, thus maintaining the effi-
cacy of the siRNA-based approach. 

Consistent with the above-mentioned work, Merl et al.
(62) confirmed the efficacy of siRNA-mediated targeting
of CVB3 in vitro, expanding this observation to the in vivo
situation. An siRNA directed against a part of the CVB3
genome coding for protease 2A, different from that used
by Yuan (59), was evaluated. Protease 2A RNA was cho-
sen as a target for several reasons. The protease is of
fundamental importance for virus replication  (63), as it
processes the viral polyprotein into individual structural
and nonstructural proteins; it cleaves the eukaryotic
translation initiation factor 4G (eIF4G) (64), resulting in
host cap-dependent translation inhibition; and it cleaves
(65) the poly(A)-binding protein (PABP), an RNA-binding
protein essential for protein translation. Additionally, in
both cultured cardiomyocytes and murine hearts infected
with CVB3 (66), protease 2A proteolytically cleaves dys-
trophin and dystrophin-associated glycoproteins, subvert-
ing cardiac tissue architecture and thereby contributing to
the pathogenesis of dilated cardiomyopathy, a late
sequela of CVB3 infection (67, 68). Finally, reduced dys-
trophin levels in cardiac tissue was associated with high-
er viral replication rates (68), suggesting a negative regu-
lation function of dystrophin on viral replication. Thus,
reducing the levels of protease 2A should attenuate viri-
on production, host protein synthesis shut off and modifi-
cation of cardiac tissue architecture. In HeLa cells trans-
fected with 300 nM of siRNA in the presence of
Oligofectamine and subsequently infected with CVB3 at 5
MOI, the authors observed a protective effect up to 48 h
postinfection, with a peak in the reduction of viral titers 
> 90% of controls. In vivo, the authors administered the
protease 2A siRNA by hydrodynamic transfection to
lethally infected mice. Compared to controls, mice receiv-
ing the protease siRNA after viral infection showed a sig-
nificantly improved life span, with 1 of 8 animals surviving
infection. In addition, it was shown that CVB3 titers in var-
ious organs, such as the heart, liver, lung and kidney,
were markedly reduced in treated animals compared to
controls. Despite these encouraging results, most of the
siRNA-treated animals died, most likely because of the
persistence of low amounts of CVB3, which may have
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among which endothelial cell dysfunction seems to play a
pivotal role. In particular, it has been proposed that
endothelial cells increase the expression of adhesion
molecules, such as the intercellular adhesion molecules
(ICAMs). ICAMs, in turn, induce leukocyte adherence and
penetration, events which trigger intimal thickening and
eventually graft occlusion. Walker et al. (72) designed an
siRNA directed against ICAM-1 and tested it in human
vein endothelial cells (HVECs) stimulated by TNF-α. At
an siRNA concentration of 100 nM and using Cellfectin as
the transfection agent, a decrease in ICAM expression to
13% of controls was observed, indicating the potential of
the proposed approach, especially as the vein graft can
be treated ex vivo after harvesting and before implanta-
tion, eliminating the problem of the in vivo delivery of
siRNAs. Further animal experiments are needed to con-
firm the in vitro data and to demonstrate a reduction in
intimal thickening and graft occlusion.

Another strategy followed to circumvent the problem
of artery occlusion by atherosclerotic plaques involves the
mechanical elimination of the obstruction by means of a
balloon catheter introduced in the artery (percutaneous
transluminal angioplasty, or PCTA) (73). Subsequently, a
rigid scaffold, or stent, is placed at the site of intervention
(Fig. 6). The stent can efficiently prevent the early arteri-
al elastic recoil and late remodeling (restenosis) associat-
ed with  PCTA (74). Stents, however, do not completely
solve the problem of artery re-occlusion. Indeed, they
induce particularly pronounced intimal hyperplasia (75)
characterized by proliferation of VSMCs. Recently, the
use of stents releasing antiproliferative drugs has sub-
stantially reduced VSMC proliferation, and consequently

presence of excessive apoptotic cells within the plaque
renders the plaque itself more prone to rupture (71), it is
evident that understanding the mechanisms regulating
this process may contribute to the discovery of novel ther-
apeutic approaches. In this regard, Blaschke et al.
demonstrated that the proapoptotic effects of CRP are
mediated through the protein growth arrest- and DNA
damage-inducible gene 153 (GADD153). This finding
was also substantiated by the use of an siRNA directed
against GADD153. In cultured VSMCs transfected with
100 nM siRNA complexed with siPORT Lipid, the
researchers demonstrated that, upon reduction of
GADD153 expression, the proapoptotic effect of CRP
was reduced about 2-fold in comparison to controls.
Besides providing a novel mechanism through which
plaque rupture may occur, this work suggests the possi-
bility that downregulation of CRP and/or GADD153
expression may have therapeutic value in the stabilization
of atherosclerotic plaques. 

In addition to treatments aimed at downmodulating
the atherosclerotic process, novel strategies are also
required to treat the sequelae of atherosclerosis. A typical
case is represented by the need to restore blood flow in
coronary vessels occluded by atherosclerotic plaque. A
possible approach is represented by coronary artery
bypass grafting (CABG) using autologous saphenous
veins. Unfortunately, this technique is plagued by 20%
and 50% graft occlusion, respectively, 1 month and 10
years after intervention. This leads to vein graft occlusion
and thus a new risk for myocardial damage. Intimal thick-
ening of the graft, comparable to early lesions seen in
atherosclerotic vessels, depends on different factors,
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Fig. 6. In-stent restenosis.  Stenotic arteries (A) are re-vascularized by balloon dilatation (B) and implantation of a rigid scaffold, or stent
(C). Especially in diabetic patients, this procedure may be followed by re-occlusion of the vessel (in-stent restenosis) (D), mainly due to
the hyperproliferation of vascular smooth muscle cells.



both cases, the efficacy of the selected siRNAs and the
possibility of local delivery may substantially simplify
siRNA-based applications.

In conclusion, whereas the potential applications of
siRNA in cardiovascular pathologies are presently limited
compared to other human diseases, studies suggest that
siRNAs may contribute to the development of novel ther-
apeutic approaches in the cardiovascular field. 
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