
SPOTLIGHT REVIEW

Proteasome inhibitors and cardiac cell growth
Nadia Hedhli and Christophe Depre*

Department of Cell Biology and Molecular Medicine, Cardiovascular Research Institute, University of Medicine and Dentistry of New Jersey, New Jersey Medical School,
185 South Orange Avenue, MSB G-609, Newark, NJ 07103, USA

Received 4 May 2009; revised 19 June 2009; accepted 26 June 2009; online publish-ahead-of-print 3 July 2009

Time for primary review: 34 days

Activation of the ubiquitin-proteasome system has been described in different models of cardiac hypertrophy. Cardiac cell growth in
response to pressure or volume overload, as well as physiological adaptive hypertrophy, is accompanied by an increase in protein ubiquitina-
tion, proteasome subunit expression, and proteasome activity. Importantly, an inhibition of proteasome activity prevents and reverses cardiac
hypertrophy and remodelling in vivo. The focus of this review is to provide an update about the mechanisms by which proteasome inhibitors
affect cardiac cell growth in adaptive and maladaptive models of cardiac hypertrophy. In the first part, we summarize how the proteasome
affects both proteolysis and protein synthesis in a context of cardiac cell growth. In the second part, we show how proteasome inhibition can
prevent and reverse cardiac hypertrophy and remodelling in response to different conditions of overload.
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1. Introduction
The ubiquitin-proteasome system (UPS) represents the main
mechanism of degradation of intracellular cytosolic and nuclear
proteins. The UPS has two major biological functions, i.e. ubiquity-
lation and proteasome-mediated proteolysis (Figure 1).1,2 Ubiquity-
lation involves specific enzymes. The ubiquitin-activating enzyme
(E1) binds ubiquitin by a thioester bond in a reaction that requires
ATP hydrolysis. The ubiquitin-conjugating enzyme (E2) transfers
the ubiquitin moiety from E1 to the target protein, which is recog-
nized by the ubiquitin–protein ligase (E3). E3 ubiquitin ligase cata-
lyses the formation of the peptidyl bond between ubiquitin and the
target protein. Once the first ubiquitin is bound to its target, the
elongation of the poly-ubiquitin chain is performed by E2 and E3
(Figure 1).3– 5 This poly-ubiquitin chain subsequently transfers the
client protein to the proteasome for degradation through specific
proteolytic activities.

The 26S proteasome is made of the catalytic 20S core particle
and the regulatory 19S cap particle.6,7 The central 20S particle is
made of four stacked rings, two rings of a subunits and two
rings of b subunits, with the catalytic activity located inside the b

rings (Figure 1), where the client protein is degraded by three
main proteolytic activities: trypsin-like (located on the b2 subunit
and cutting the petidyl bond involving basic amino acids),

chymotrypsin-like (b5 subunit, for hydrophobic amino acids), and
peptidylglutamyl hydrolase or caspase-like activity (b1 subunit,
for acidic amino acids).8 The 19S cap (also named PA700) covering
both ends of the 20S proteasome is composed of six distinct
ATPases (Rpt1–6) providing an access to the catalytic core for
the substrates to be degraded (Figure 1). The 19S particle also con-
tains 12 non-ATPase (Rpn) subunits. In addition to the 19S cap, an
ATP-independent activator of the 20S particle is PA28, or 11S par-
ticle, which is composed of three family members forming two
complexes in vivo: a hetero-oligomer composed of a and b sub-
units and a homo-oligomer of g subunits (Figure 1). The different
PA28 complexes have different subcellular distributions and the
g oligomer is likely restricted to the nucleus.9,10 The PA28 protea-
some is also called the immunoproteasome because it has been
mainly characterized as producing the antigenic peptides
presented by the major histocompatibility complex.11 However,
we will see below that PA28 is also a component of the cardiac
proteasome.

The clinical importance of the proteasome is rapidly expanding.
For example, a dysfunction of the proteasome has been involved in
neurological diseases, such as Huntington’s and Alzheimer’s dis-
eases.12,13 Another potential clinical application is the regression
of cancer growth by proteasome inhibition. The first proteasome
inhibitor approved for use in clinical trials is bortezomib (PS-341,
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Velcadew), a specific and reversible inhibitor that shows promising
results in both haematological and solid tumours.14– 16 Our
hypothesis is that the therapeutic potential of manipulating protea-
some activity could be extended to heart disease. Cardiac cell
growth represents the main mechanism of adaptation to an
increase in workload, but it progressively leads to heart failure.
Based on the findings in cancer, investigating the role of the protea-
some during cardiac growth caused by volume or pressure over-
load might give new insights into how to rescue cardiac function.
However, few studies addressed the role of the proteasome in
the control of cardiac growth. Such a role is likely for the following
reasons. First, increased cardiac wall stress from overload auto-
matically creates an increase in protein synthesis. It is estimated
that in normal conditions, up to 50% of nascent proteins will be
degraded by the proteasome even before peptide elongation is
achieved.17 Cellular stress increases the production of denatured
proteins, which must be degraded to avoid the activation of
pro-apoptotic signals. Secondly, as discussed further below, a quali-
tative regulation of E3 ubiquitin ligases during overload may lead to
the degradation of specific substrates interfering with an increase in
cell size. Thirdly, a role for the proteasome in the progression
of heart disease is supported by the observation that proteasome
activity decreases in different forms of severe cardiac disease, such
as cardiomyopathies,18 heart failure,19 and ischaemia/reperfusion.20

Reactivation of the proteasome in these conditions might be part
of the therapeutic approach.

In this review, we provide a brief overview of the pharmacologi-
cal tools of proteasome inhibition, we describe how the protea-
some can affect both cardiac proteolysis and protein translation,

and we address three specific questions about the role of protea-
some in cardiac hypertrophy. Does cardiac hypertrophy affect pro-
teasome activity and proteasome subunit expression? Does a
manipulation of proteasome activity affect cardiac hypertrophy?
Can proteasome inhibition reverse cardiac remodelling after impo-
sition of pressure or volume overload?

2. Pharmacological inhibition
of proteasome activity
Proteasome inhibitors generally exert their effect by direct binding
to the b subunits of the 20S particle.21,22 For instance, bortezomib
is a dipeptide boronic acid, which reversibly inhibits the
chymotryptic-like activity (b5) and the caspase-like activity (b1)
of the proteasome (Table 1). Reciprocally, lactacystin and epoxyke-
tones are irreversible proteasome inhibitors widely used in vitro
and in vivo.23– 25 Lactacystin inhibits proteasome activity by
forming an ester bond preferentially with the N-terminus of the
b5 subunit, but is not absolutely specific for the proteasome.
The most specific inhibitors available are epoxyketones (Table 1),
such as epoxomicin. Epoxomicin forms a cyclic morpholino struc-
ture with a Thr residue of the b5 subunit, a reaction that cannot
take place with other proteases.4

Bortezomib is the first proteasome inhibitor used against cancer,
particularly in malignancies from secretory cells.26 The accelerated
rate of translation and secretion in such cells includes a large pro-
portion of misfolded proteins in the endoplasmic reticulum (ER)
and Golgi,27 which are shuttled back from the ER to the UPS, a

Figure 1 Structure of the ubiquitin-proteasome pathway. See text for details. U, ubiquitin. The figure shows the reactions catalysed by E1, E2,
and E3 (blue). For the 26S proteasome, the 19S cap (red) is composed of six ATPase subunits (Rpt1–6) and 12 non-ATPase subunits (Rpn1–
12), the 20S core is composed of two inner rings made of seven b subunits (blue) and two outer rings containing seven a subunits (green), and
the 11S activator (yellow) is composed of three subunits, a, b, and g.
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process known as ER-associated degradation.28 In the presence of
proteasome inhibitors, this retrograde process cannot take place.
The accumulation of unfolded proteins in the ER results in the acti-
vation of the ‘unfolded protein response’, a process that activates
pro-apoptotic cascades to destroy the tumour cell by apopto-
sis.28– 30 It has been shown that proteasome inhibitors can chal-
lenge ER stress in the heart as well,31,32 and, accordingly, several
clinical case reports have mentioned a potential cardiotoxicity of
bortezomib in patients treated for malignancies.33,34 In a large
series of patients treated for myeloma, however, the cardiotoxicity
of bortezomib was barely different from that of high-dose dexa-
methasone.35 Reciprocally, other studies have shown a protective
effect of proteasome inhibitors, diametrically opposite to the
pro-apoptotic effects described in cancer cells. For example, pro-
teasome inhibitors increase cell survival in animal models of ischae-
mia/reperfusion in the kidney, heart, and brain.36– 38 Similarly,
treatment of hypertensive rats with a proteasome inhibitor sup-
presses the development of cardiac fibrosis.39 In diseases associ-
ated with bone loss, treatment of mice with proteasome
inhibitors increases osteoblast differentiation and bone
formation.40

Therefore, it is possible that variable physiological consequences
result from proteasome inhibition depending on the cell type that
is targeted, the type of proteasome inhibitor, and the dose used.
Another explanation relates to the fact that the proteasome
cleaves the client protein with different proteolytic activities, as
explained above. Epoxomicin, for example, is highly specific for
the chymotryptic-like activity (b5)41 and therefore does not
totally inhibit the proteasome. Epoxomicin can block proteasome
activity by no more than 30–40%,42 which may explain its limited
toxicity for normal cells with low secretory function in organs such
as the heart, brain, and kidney. In fact, a 25% inhibition of the chy-
motryptic activity is sufficient to induce apoptosis in tumour cells,
whereas an 80% inhibition of the chymotryptic activity in normal
cells, such as blood, liver, and spleen, is well tolerated.4 In addition,
proteasome composition, activity, and post-translational modifi-
cations vary depending on the tissues examined.43 Comparison
of proteasomes from heart and liver shows that the liver carries
a significantly higher amount of inducible subunits, such as b1i
and b5i.43 Also, the liver proteasome contains higher amount of
phosphorylated proteins and is less sensitive to proteasome
inhibitors.43

3. The proteasome affects both
proteolysis and protein synthesis

3.1 The proteasome and proteolysis
Cardiac myofibrillar proteins are in a constant state of degradation
and resynthesis. The balance between these two processes in
response to stress mechanisms determines the number of func-
tional contractile units and myocardial mass. It has been shown
that myosin heavy chain is degraded by the proteasome,44

suggesting that an impairment of the proteasome pathway might
affect cardiac function and mass. Other contractile proteins, such
as actin, troponin, and tropomyosin, are also targeted by the pro-
teasome.45 It is possible that a dysfunction in proper ubiquitination
and proteasomal degradation of proteins during chronic hypertro-
phy might be interpreted as a signal of decompensation that would
precipitate heart failure.46 Moreover, specific ubiquitin ligases (E3),
such as muscle-atrophy F-box (atrogin-1) and muscle-specific ring
finger-1 (MuRF1), which were initially only associated with skeletal
muscle atrophy,47,48 are now implicated in the pathophysiology of
cardiac hypertrophy.49–51 Atrogin-1 interacts with the
calcium-activated serine/threonine phosphatase calcineurin and
causes its degradation by the proteasome, leading to the inhibition
of calcineurin-induced cardiac hypertrophy in response to patho-
logical stimuli.50

The targeted proteolysis of specific substrates also involves tran-
scription factors, such as NF-kB, which participates in the inflam-
matory reaction triggered by necrosis following ischaemia.52

NF-kB is a heterodimer sequestered in the cytoplasm by the
inhibitory-binding protein, IkB. Upon stimulation by stress factors
(hypoxia, reactive oxygen species, lipopolysaccharide, TNFa,
etc.), IkB is phosphorylated by specific IkB kinases, which targets
IkB for ubiquitylation and proteolysis.53 As a result, NF-kB translo-
cates into the nucleus and activates the transcription of genes
encoding cytokines, adhesion molecules, interleukins, the inducible
isoform of nitric oxide synthase, and matrix metalloproteases
(MMPs) among others, which altogether promote the inflamma-
tory reaction characterizing the acute phase of myocardial infarc-
tion (MI).54 Blocking NF-kB activity with proteasome inhibitors
limits the infiltration of ischaemic myocardium by leucocytes and
decreases infarct size by �50% in vivo.55

3.2 The proteasome and protein
synthesis
The proteasome not only regulates proteolysis, but it may also
control protein translation. We describe below three potential
mechanisms by which proteasome inhibition could block trans-
lation initiation and elongation, but only the first one has been
demonstrated in the heart.

The first potential mechanism is the degradation of repressors
of hypertrophy, such as the inducible cyclic AMP early repressor
(ICER).56 Upon stimulation of b-adrenergic receptors, increased
cAMP production leads to an activation of the cAMP response
element-binding protein (CREB), a transcription factor activating
the expression of genes involved in cardiac cell growth, contracti-
lity, and protection against apoptosis.57 By binding the cAMP
response element, ICER prevents the transactivation of these
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Table 1 Proteasome inhibitors: classes and targets

Class Compound Inhibition Proteasome
target

Peptide
aldehydes

MG-132,
MG-115

Reversible b1, 2, and 5
subunits

Boronic acid
peptides

MG-262, PS-341 Reversible b1 and 5
subunits

Lactacystins b-Lactone,
PS-519

Irreversible b5 subunit

Epoxyketones Epoxomicin,
eponemycin

Irreversible b5 subunit
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genes by CREB, which is followed by an inhibition of hypertrophy
and increased apoptosis.56 It was shown in cardiac myocytes that
the UPS controls the degradation rate of ICER and thereby its
activity,58 by the binding of specific E3 ligases that are themselves
transcriptionally regulated.59

The second mechanism relates to ribosome assembly. Ubiquitin,
a very abundant protein in the cell, is first translated as a precursor,
or hybrid protein, from which the ubiquitin moiety is subsequently
freed by cleavage. The proteins to which ubiquitin is initially fused
have been identified as two specific subunits of the ribosome, the
proteins L28 and L60.60 These ubiquitin tails act as chaperones to
facilitate ribosome assembly, after which they are cleaved.60 A sat-
uration of the UPS upon proteasome inhibition may therefore
interfere with that process. That theory is supported by the obser-
vation that short-term proteasome inhibition interferes with ribo-
some maturation in the nucleolus.61

The third potential mechanism is by modifying the activity of the
elongation factor eEF1A, which participates in co-translational
protein degradation, a mechanism by which nascent but denatured
proteins can be rapidly degraded by the proteasome.62 Specifically,
eEF1A binds the denatured client protein, but not a correctly
folded peptide,63 and subsequently delivers it to the 19S protea-
some.64 eEF1A is indispensable for protein elongation because it
binds aminoacyl tRNAs to the A-site of the ribosomes. It is there-
fore possible that upon proteasome inhibition, eEF1A becomes
saturated with damaged peptides and can no longer play a role
in translation (Figure 2).

4. Proteasome and cardiac
cell growth
Cardiac hypertrophy represents a stimulation of cardiac cell
growth in response to increased workload, which can be physio-
logical (e.g. exercise) or pathological (e.g. pressure overload due
to systemic hypertension or aortic valve stenosis, or volume over-
load due to MI or valvular regurgitation). The hypertrophied heart
is characterized by an increase in wall thickness, which counteracts
the increased wall stress caused by the overload. During cardiac
hypertrophy, the increase in protein synthesis rate in the heart
results in an increase in abundance of sarcomeric proteins.

4.1 Cardiac workload affects proteasome
expression and activity
An increase in proteasome subunit protein expression and activity
is well documented in several models of cardiac hypertrophy. For
instance, chronic (2 years) pressure overload induced by thoracic
aortic banding in dogs caused an up-regulation of transcripts
encoding poly-ubiquitin, ubiquitin-processing enzymes, as well as
proteasome subunits.23 This genomic response was accompanied
by an increase in proteasome protein expression, an increase in
chymotryptic- and tryptic-like activities of the proteasome, and a
decrease in phosphorylation of the a7 protein.23 In an additional
study, an increase in transcripts encoding proteasome subunits
and ubiquitinating enzymes was found in the left atrium of a dog
model with terminal congestive heart failure caused by
pacing-induced ventricular hypertrophy.65

Furthermore, data collected in patients offer concrete evidence
for a regulation of the proteasome in chronic conditions of left
ventricular hypertrophy and heart failure. In patients with aortic
valve stenosis, for example, ubiquitination was increased by
two-fold compared with control during the stage of compensated
hypertrophy and was further increased by 12-fold after the tran-
sition into heart failure.66 Increased expression of regulatory pro-
teins of the proteasome was further confirmed by functional
proteomics in myocardial samples from patients with idiopathic,
dilated cardiomyopathy.67

Activation of the proteasome occurs as well in response to
pharmacologically induced cardiomyopathy. Rats made diabetic
upon treatment with streptozotocin show a two-fold increase in
cardiac proteasome activity and a marked increase in expression
of proteasome subunits from the 19S, 20S, and 11S particles.68

Such increase is accompanied by a decrease in ejection fraction
and fractional shortening, and an increase in chamber diameter,
all indicators of a deterioration of cardiac function.68 Of interest,
that model showed an increase in expression of the 11S particle
(PA28 or immunoproteasome), demonstrating that this specific
particle can be involved in removing damaged or senescent pro-
teins in the heart, such as the carbonyl proteins that accumulate
in response to diabetes. This novel observation extends the phys-
iological function of PA28 beyond its participation in antigen pres-
entation.11 A pharmacologically induced activation of cardiac
proteasome has also been demonstrated upon treatment with
doxorubicin, a potent anthracycline used for the treatment of
cancer and which induces irreversible cardiomyopathy leading to

Figure 2 Transport of denatured proteins to the proteasome
by eEF1A. The elongation factor eEF1A binds aminoacyl tRNAs
to the A-site of the ribosomes, and it participates in
co-translational protein degradation by delivering denatured
client proteins to the 19S proteasome. If eEF1A becomes satu-
rated with damaged peptides, it can no longer promote trans-
lation. 40S, small ribosome subunit; 60S, large ribosome
subunit; AAAAA, poly A tail.
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heart failure.69 Doxorubicin increases the expression of the
carboxy terminus of Hsp70-interacting protein, an ubiquitin
ligase playing a central role in protein quality control.69

4.2 Inhibition of the proteasome prevents
and reverses cardiac hypertrophy
We will address first the development and regression of maladap-
tive hypertrophy, followed by an example of adaptive hypertrophy.

4.2.1 Proteasome inhibition prevents maladaptive
hypertrophy
The afterload is defined as the pressure against which the ventri-
cles must contract to eject blood. In case of increased afterload,
the left ventricle must generate more pressure to open the
aortic valve and to eject blood into the systemic circulation,
which is defined as pressure overload, such as typically found in
patients with systemic hypertension. This condition is reproduced
in animal models by aortic banding to generate a pressure gradient
that reproduces an increased afterload. Because pressure overload
ultimately results in heart failure, exploring pharmacological agents
that can regress hypertrophy, preserve contractile function, and/or
minimize the remodelling are directly relevant on a clinical per-
spective. For example, treatment of mice with rapamycin, an inhibi-
tor of the mammalian target of rapamycin (mTOR), can both
prevent and reverse hypertrophy in a model of pressure overload,
while preserving contractile function.70,71 A similar role was
described recently for proteasome inhibitors. In our study, treat-
ment with epoxomicin started before aortic banding in mice com-
pletely prevented the development of cardiac hypertrophy,
although no deterioration in cardiac function was observed.23

Similar results were found in Dahl salt-sensitive rats treated simul-
taneously with a high salt diet and with bortezomib.72 The same
group showed that suppression of cardiac hypertrophy by protea-
some inhibitors is a reversible process, suggesting that sustained
cardiac proteasome inhibition is required to prevent the develop-
ment of cardiac hypertrophy.72 Altogether, these studies show that
proteasome activation is required for the development of cardiac
hypertrophy by pressure overload. The mechanism by which pro-
teasome inhibition prevents the development of cardiac hypertro-
phy is multifactorial. We explained above the role of specific E3
ligases in the turnover of sarcomeric proteins, as well as the
specific function of the proteasome in the degradation of inhibitors
of hypertrophy. In addition, several pro-hypertrophic signalling
pathways can be down-regulated in response to proteasome inhi-
bition, such as Akt, ERK1/2, calcineurin, and cyclins.72,73

4.2.2 Proteasome inhibition reverses
maladaptive hypertrophy
Although the studies summarized above show that proteasome
inhibition can prevent hypertrophy, it would be much more clini-
cally relevant if proteasome inhibitors, when administered after
the onset of pressure overload, could improve contractile function
by preventing further development of cardiac cell hypertrophy. To
address that possibility, animals were submitted to 3 weeks of
aortic banding to induce cardiac hypertrophy. Treatment with
epoxomicin was started 2 weeks after banding, at which time
point significant hypertrophy had developed and cardiac function

deteriorated. Blocking proteasome activity in that model reversed
pre-existing hypertrophy and stabilized cardiac function.25 Unlike
the effects of proteasome inhibitors on cancer cells, no increase
in apoptosis was found at the dose used in that study.25 Compar-
able results were found in a murine model of isoproterenol-
induced cardiac hypertrophy in the presence of the proteasome
inhibitor PS-519.74 Although proteasome activity was not
measured in that study, addition of a proteasome inhibitor also
caused a regression of hypertrophy and a decrease in myocyte
cross-sectional area.74

Because cardiac hypertrophy is considered an adaptive
response, preventing hypertrophy with proteasome inhibitors in
the face of overload may seem counterintuitive. However,
several recent studies have challenged this concept. In one
example, increased wall stress upon banding in mice with genetic
deletions preventing the development of hypertrophy was not
accompanied by functional deterioration of the heart, at the oppo-
site of the corresponding wild-type mice.75 A second example,
mentioned above, is illustrated by the mTOR inhibitor rapamycin,
which limits hypertrophy in a context of pressure overload by two
mechanisms that are very similar to our observations with protea-
some inhibitors. First, the administration of rapamycin before the
induction of pressure overload blocks the development of hyper-
trophy without impairing contractile function,70 which reproduces
the prophylactic effects of epoxomicin that we described.23 Sec-
ondly, the administration of rapamycin after induction of overload
reverses hypertrophy and improves contractility,71 again reprodu-
cing similar effects of epoxomicin.25

4.2.3 Proteasome inhibition reverses
adaptive hypertrophy
Adaptive hypertrophy is defined as an increase in cardiac cell size
resulting from increased cardiac workload without increased wall
stress, as typically found in the athlete’s heart. We studied adaptive
hypertrophy in a model of cardiac-specific over-expression of H11
kinase (H11K), also denoted Hsp22 or HspB8, which is a member
of the family of small heat shock proteins.24 H11K is expressed
predominantly in the heart and skeletal muscle, and plays a critical
role in the maintenance of cardiac cell survival and in promoting
cell growth.24 A transgenic (TG) mouse with cardiac-specific over-
expression of H11K is characterized by a 30% increase in the heart
weight/body weight ratio, by the re-expression of a foetal gene
programme, and by concentric hypertrophy with preserved con-
tractile function at echocardiography.76 The mechanism of hyper-
trophy in that model critically involves the activation of the bone
morphogenetic protein receptor and the subsequent stimulation
of the Akt signalling pathway.76–78 In that model, over-expression
of H11K in the heart resulted in a significant increase in protea-
some subunit protein expression and activity, as well as a subcellu-
lar redistribution of the proteasome towards the nuclear
compartment.24 Interestingly, an age-dependent increase in pro-
teasome activity was found in the H11K TG which parallels the
corresponding increase in heart weight.24 A 1-week daily treat-
ment with the proteasome inhibitor epoxomicin decreased the
chymotryptic activity of the proteasome and significantly reduced
parameters of cardiac hypertrophy, such as heart weight/body
weight ratio, heart weight/tibial length ratio, and cardiac cell size,
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without affecting cardiac function.24 Over-expression of H11K in
cardiac myocytes was sufficient to activate the proteasome and
increase protein synthesis, which was blocked by epoxomicin.24

Addition of epoxomicin to cardiac myocytes also blocked the
stimulation of protein synthesis by pro-hypertrophic stimuli, such
as insulin and angiotensin-II.24 This finding further demonstrates
that proteasome activity and protein translation are closely associ-
ated, which extends the role of the proteasome beyond protein
degradation only.

4.3 Proteasome inhibition reverses
myocardial remodelling
A major consequence of stress-induced pressure and volume over-
load is ventricular remodelling, which consists in ventricular
dilation and in the accumulation of extracellular matrix, in particu-
lar of collagen.79 Collagen accumulation in the failing heart affects
cardiac geometry and wall stress, thereby altering myocyte func-
tion.80,81 Collagen exists in several distinct types, of which type I
and type III predominate in the myocardium. Collagen type I is
the most abundant form and it has the highest tensile strength.82

Increase in collagen formation occurs in response to growth
signals (especially angiotensin-II and the transforming growth
factor b) activating the fibroblasts. Although collagen provides
strength, it also increases myocyte stress. Collagen is degraded
by MMPs. The gelatinases MMP-2 and MMP-9 are expressed
both in cardiac fibroblasts and in myocytes, and degrade several
types of collagen (including the types I and III).83 Disruption of
the collagen matrix by MMPs increases the stress for the cardio-
myocytes, leading to further hypertrophy.80 Also, this dissociation
of collagen bundles by MMPs automatically leads to additional col-
lagen synthesis through transcriptional activation of the corre-
sponding genes.80 There is therefore a direct relationship
between extracellular matrix turnover and cardiac cell size. It has
been shown in rat cardiac fibroblasts that proteasome inhibitors
decrease the transcriptional activity of genes encoding MMP-2
and MMP-9, as well as collagen types I and III.39

The mechanism of regression of collagen accumulation upon
proteasome inhibition relies on the fact that proteasome inhibitors
prevent the activation of the transcription factor NF-kB, which is
activated upon cardiac stress, such as overload or ischaemia, by
the proteasomal degradation of its specific inhibitor, IkB.84 Block-
ing the proteasome prevents the degradation of IkB and the
activation of NF-kB, which results in decreased accumulation of
extracellular matrix in the myocardium (Figure 3). Inhibition
of NF-kB is also achieved in cardiac tissue by over-expression of
PR39,85 a peptide binding reversibly to the a7 subunit of the pro-
teasome and which selectively prevents the degradation of IkB
without affecting the overall proteasome activity.86 Mice over-
expressing PR39 in the heart are characterized by a decrease in
infarct size after coronary occlusion,85 increased angiogenesis,87

and up-regulation of markers of hypertrophy.88 Unlike the chemi-
cal inhibitors targeting the b subunits of the proteasome, the bio-
logical inhibition by PR39 demonstrates that the a subunits also
modulate the activity and substrate specificity of the proteasome.

Although we insisted above on the importance of proteasome
inhibition in preventing tissue remodelling that leads to heart

failure, the failing heart is paradoxically characterized by a dramatic
down-regulation of proteasome activity.19 It is not clear whether
such down-regulation is causally related to the progression of
the disease or whether it represents an attempt for a compensa-
tory mechanism. Also, it remains unclear whether the pharmaco-
logical treatment of heart failure affects proteasome activity. The
decrease in cardiac output that accompanies any form of heart
failure triggers a neurohormonal response from both the renin–
angiotensin and the sympathetic systems. Therefore, the main
therapeutic avenues to blunt the functional degradation of the
failing heart include inhibitors of angiotensin-converting enzyme
(ACE), blocking the renin–angiotensin axis, and b-blockers,
attenuating the sympathetic stimulation. The protective mechan-
isms following ACE inhibition involve a decrease in afterload, a
decrease in scar tissue, an inhibition of apoptosis, and a decrease
in ventricular hypertrophy.89 Low-dose b-blockers improve the
contractile performance of the failing heart.90 Proteasome activity
might participate in the therapeutic effects of ACE-inhibitors and
b-blockers, although this has not been explored in the heart. It
is known that in skeletal muscle, for example, angiotensin-II stimu-
lates protein degradation through a stimulation of the UPS leading
to muscle wasting, which is inhibited by proteasome inhibitors.91

This is reversed by insulin-like growth factor-I, which down-
regulates UPS activity92 and restores muscle mass.93 However,
this stimulation of the UPS by angiotensin-II is opposite to the
down-regulation found in the failing heart. As for the sympathetic
system, the cyclic AMP-dependent protein kinase (PKA), which lies
downstream the b-adrenergic receptors, activates proteasome
assembly and activity.94 The desensitization of the failing heart to
catecholaminergic stimulation might therefore participate in the

Figure 3 Interference of proteasome inhibitors with cardiac
remodelling. During cardiac stress, NF-kB is activated upon
removal of IkB, which is phosphorylated by IKK, and degraded
by the proteasome. NF-kB activation stimulates the expression
of MMPs, leading to cardiac remodelling, increased expression
of collagen, alteration in cardiac structure, and increased stress.
Inhibition of the proteasome prevents IkB degradation, thereby
restraining NF-kB activity.
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down-regulation of proteasome activity in that condition. The
therapeutic goal of b-blockers in heart failure is to resensitize
the sympathetic response, which could be accompanied by a reac-
tivation of the UPS through PKA. It is therefore possible that pro-
teasome inhibition could be beneficial in a context of hypertrophy
and remodelling, whereas proteasome reactivation might be
necessary in the failing heart.

Although preventing collagen build-up is beneficial for cardiac
remodelling in the chronic setting, it could increase the risk of
cardiac rupture at the acute phase following MI. Cardiac rupture
results from an imbalance between mechanical stretch and
tensile resistance of the necrotic tissue, due to an imbalance
between the enzymatic activity of MMPs and the rate of collagen
deposition.95 Necrotic myocardium subject to rupture shows
increased expression of different forms of MMPs,96 whereas
decreasing MMP activity reciprocally limits the risk of rupture.97

Blocking collagen build-up and deposition upon proteasome inhi-
bition might increase the risk of myocardial rupture, although
this remains to be demonstrated. Such possibility is supported by
a study showing that over-expression of the b2-adrenergic recep-
tor decreases the risk of myocardial rupture after MI by increasing
collagen deposition.98

5. Conclusions
Proteasome activity and proteasome protein subunit expression
increase in different conditions of cardiac hypertrophy, both in
animal models and in patients. Reciprocally, pharmacological inhi-
bition of proteasome activity prevents and reverses hypertrophy.
Proteasome inhibitors also decrease ventricular remodelling in a
context of cardiac overload, at least in part by preventing the acti-
vation of the transcription factor NF-kB, thereby limiting collagen
deposition. A partial inhibition of proteasome activity is sufficient
to observe these beneficial effects, at concentrations that do not
induce cell toxicity. Several lines of evidence point to the possibility
that proteasome inhibition interferes not only with protein degra-
dation, but also with protein synthesis. These observations further
support the concept of manipulating proteasome activity for the
treatment of hypertrophic heart disease.
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