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Abstract

In congestive heart failure (CHF), diaphragm weakness is known to occur and is associated with
myosin loss and activation of the ubiquitin-proteasome pathway. The effect of modulating
proteasome activity on myosin loss and diaphragm function is unknown. The present study
investigated the effect of in vivo proteasome inhibition on myosin loss and diaphragm function in
CHF rats. Coronary artery ligation was used as an animal model for CHF. Sham-operated rats
served as controls. Animals were treated with the proteasome inhibitor bortezomib (intravenously)
or received saline (0.9%) injections. Force generating capacity, cross-bridge cycling kinetics, and
myosin content were measured in diaphragm single fibers. Proteasome activity, caspase-3 activity,
and MuRF-1 and MAFbx mRNA levels were determined in diaphragm homogenates. Proteasome
activities in the diaphragm were significantly reduced by bortezomib. Bortezomib treatment
significantly improved diaphragm single fiber force generating capacity (~30-40%) and cross-
bridge cycling kinetics (~20%) in CHF. Myosin content was ~30% higher in diaphragm fibers
from bortezomib-treated CHF rats than saline. Caspase-3 activity was decreased in diaphragm
homogenates from bortezomib-treated rats. CHF increased MuRF-1 and MAFbx mMRNA
expression in the diaphragm, and bortezomib treatment diminished this rise. The present study
demonstrates that treatment with a clinically used proteasome inhibitor improves diaphragm
function by restoring myaosin content in CHF.
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The diaphragm is the main inspiratory muscle. Weakness of the diaphragm is associated
with dyspnea and increased morbidity and mortality in patients with congestive heart failure
(CHF) (21, 29, 31). Although mechanisms of impaired respiratory muscle function are
incompletely understood, recent work from our group points toward a prominent role for
enhanced myosin degradation through the ubiquitin-proteasome pathway (33, 34, 52). This
is of interest as muscle strength strongly depends on myosin content (7, 17). In CHF rats,
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single fibers dissected from the diaphragm generate less force compared with diaphragm
fibers of sham-operated rats (52). Reduction in force generating capacity was proportional to
the reduction in myosin content in these fibers. Furthermore, diaphragm weakness in CHF
was associated with increased activity of the proteasome. Although these data indirectly
suggest that activation of the ubiquitin-proteasome pathway plays a key role in respiratory
muscle dysfunction, this was not specifically investigated in previous studies.

Bortezomib is the first proteasome inhibitor that has been approved for use in humans, to
treat patients with multiple myeloma (40), and its use in other malignancies is under
investigation. Bortezomib is one of the most specific and potent proteasome inhibitors
currently available (3, 22) and exhibits relatively mild toxicity (40). Treatment with
bortezomib has been shown to prevent muscle mass loss in several experimental conditions
(4, 23, 24). However, these studies did not investigate the effect of proteasome inhibition on
content of specific contractile proteins, and, more importantly, on muscle function.

The aim of the present study was to investigate the effects of proteasome inhibition on
diaphragm function and myosin content in CHF rats. We hypothesized that proteasome
inhibition improves diaphragm function by restoring sarcomeric myosin content.

Essential steps in muscle protein degradation act upstream of the proteasome and include
ubiquitin-conjugation by specific E3-ligases (6, 47) and caspase-3 activation (13). To further
evaluate the mechanisms of contractile protein degradation, we examined the effect of
bortezomib on these steps.

CHF animal model

Myocardial infarction was induced by ligation of the left coronary artery, as described
previously (11, 37, 52). Briefly, adult male Wistar rats (250-300 g) were anesthetized by
inhalation of an isoflurane-oxygen mixture (2-5% isoflurane), intubated, and mechanically
ventilated. After a left lateral thoracotomy between the fourth and fifth rib, the left coronary
artery was ligated at its origin by a 5-0 silk suture. Sham-operated rats underwent a similar
procedure without the actual ligation. After the operation and during the following 2 days,
buprenorphine (20 pg/kg, subcutaneously) was administered daily for postoperative
analgesia.

At the end of the experiment, rats were anesthetized with pentobarbital (70 mg/kg ip) and
mechanically ventilated. Aortic pressure and left ventricular pressures were measured by a
micromanometer-tipped catheter (SPC 330, Millar Instruments) inserted through the right
carotid artery. After a combined thoracotomy/laparotomy, the diaphragm muscle and
adherent ribs were quickly excised and divided in parts. One part was snap-frozen in liquid
nitrogen and stored at —80°C for later biochemical analyses, and the other parts were
prepared for contractile measurements. As described previously, heart weight and infarct
size were determined, and lung wet-to-dry ratio was assessed (52). Only data from rats with
infarcts >35% of the left ventricle (n = 25) were analyzed. This study was approved by the
Animal Ethics Committee, Radboud University Nijmegen, The Netherlands. During the
experiments, animals were fed ad libitum.

Treatment with proteasome inhibitor

Thirteen weeks after coronary artery ligation (n = 25) or sham operation (n = 17), animals
were randomly assigned to bortezomib treatment or control group. Bortezomib (Velcade;
Millennium Pharmaceuticals, Cambridge, MA) was injected intravenously (1.3 mg/m? body
surface area) on days 1, 4, 8, and 11. Similar dose and scheme were previously used in a
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phase 2 study of bortezomib for the treatment of multiple myeloma (40). Control animals
were injected on the same days with an equal volume (0.6 ml) of the vehicle saline (0.9%).
One hour after the last injection, animals were Killed as described above.

Measurement of proteasome activity

Proteasome activity was determined as described previously (33, 52). 20S proteasomes were
isolated from solubilized diaphragm samples in ice-cold buffer (pH 7.5) containing 50 mM
Tris-HCI, 5 mM MgCl,, 250 mM sucrose, 1 mM 1,4-dithiothreitol, 0.2 mM
phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sigma Aldrich, Zwijndrecht,
The Netherlands). After three sequential centrifugation steps of the supernatants at 10,000 g
(20 min), 100,000 g (1 h), and 100,000 g (5 h), the final pellet was resuspended in buffer
(pH 7.5) containing 50 mM Tris-HCI, 5 mM MgCls, and 20% glycerol. The protein content
of the proteasome preparation was determined based on Bio-Rad Protein Assay (Bio-Rad,
Veenendaal, The Netherlands). The proteolytic activity of the 20S proteasome extracts (15
ug) was determined by measuring the activity against the fluorogenic substrates succinyl-
leu-leu-val-tyr-7-AMC (LLVY-AMC) (Sigma-Aldrich). The peptidase activity was
determined by measuring the generation of the fluorogenic cleavage product (AMC) at 355
nM excitation wavelength and 460 nM emission wavelength. AMC standards were used to
quantify activity levels. Addition of a specific proteasome inhibitor (MG-132) confirmed
specificity of the assay.

Diaphragm muscle single fiber contractile measurements

Single fiber contractile measurements and experimental protocol were performed according
to previously described methods (52). In short, a rectangular bundle from the central costal
region of the right hemidi-aphragm was dissected, parallel to the long axis of the muscle
fibers. The muscle bundle was transferred to relaxing solution (5°C) containing 1% Triton
X-100 to permeabilize lipid membranes. Subsequently, single fibers were isolated from the
muscle bundle, attached to aluminum foil clips, and mounted in a temperature-controlled
(20°C) flow-through acrylic chamber (120-pl volume) on two hooks connected to a force
transducer (model AE-801; SensoNor, Horten, Norway) and a servomotor (model 308B,
Aurora Scientific). Sarcomere length was set at 2.4 um as the optimal length for force
generation. Muscle fiber cross-sectional area was deduced from fiber width and depth
measurements using a reticule in the microscope eyepiece. MIDAC software (Radboud
Univ. Nijmegen, The Netherlands) and a data acquisition board were used to record signals.
Maximum isometric force was determined by measuring force after perfusing the
experimental chamber with, successively, pCa 9.0 and pCa 4.0 solutions. Maximum specific
force was derived from dividing maximum isometric force by fiber cross-sectional area. The
rate constant for tension redevelopment (ki) was measured as described by Brenner and
Eisenberg (8) during activation at pCa 4.0. In short, fibers were rapidly released by ~15%,
and then ~50 ms later, restretched to their original length. During the rapid release and
restretch, cross-bridges detach, and force drops to zero. The cross-bridges then reattach, and
force redevelops. As published previously (19), the ki value was determined using a
computer algorithm for least-squares fit of a first-order exponential.

Myosin heavy chain isoform composition and content per half sarcomere determination

Determination of myosin heavy chain iso-form composition and content by SDS-PAGE was
described previously (52) and adapted from Geiger et al. (17). In short, single fibers were
detached from the force transducer and servo-motor and solubilized in 25 pl of SDS sample
buffer. Sample volumes of 8 ul were loaded on 7% SDS-polyacrylamide gels to separate
proteins. Gels were silver stained according to the procedure described by Oakley et al. (32).
Myosin heavy chain isoforms were identified by comparing migration patterns with those of
control rat diaphragm bundle samples run on the same gels. After densitometer imaging
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(Syngene, Cambridge, UK), myosin heavy chain content in the muscle fibers was deduced
from the optical densities of known contents of purified rabbit myosin heavy chain (Sigma
Aldrich) run on every gel. Myosin heavy chain content per half sarcomere, at sarcomere
length of 2.4 um, was calculated through dividing fiber myosin heavy chain content by the
number of half-sarcomeres (2x length of fiber/2.4).

Western blots

For determining the proteasome content, diaphragm samples were homogenized in ~200 ul
of ice-cold buffer (pH 7.5) containing 50 mM Tris, 1 mM EDTA, 1 mM dithiothreitol, 1
mM phenylmethylsulfonyl fluoride, and protease inhibitor cocktail (Sigma Aldrich).
Homogenates were centrifuged at 10,000 g at 4°C for 10 min. For determining the amount
of ubiquitinated myosin and total myosin, diaphragm samples were homogenized in 100
volumes of ice-cold buffer, pH 7.4 (20 mM Tris, 20 mM EGTA, 1 mM DTT, protease
inhibitor cocktail, 0.5% SDS), boiled for 1 min, and centrifuged at 13,000 g at 20°C for 5
min. After protein concentration determination of the resulting supernatants, soluble proteins
were subjected to routine Western blotting using polyacrylamide SDS-gels and specific
antibodies (anti-20S proteasome subunit C8, Affiniti, Gorinchem, The Netherlands; anti-
poly-ubiquitin, Biomol, Exeter, UK; anti-myosin heavy chain, Upstate Millipore,
Amsterdam, The Netherlands). After washing, blots were incubated with a horseradish
peroxidase-conjugated goat anti-mouse antibody (Pierce, Ettenleur, The Netherlands) for
subsequent chemiluminescent detection. Protein bands were quantified using optical
densitometry software (GeneTools, Syngene, UK).

MuRF-1 and MAFbx mRNA determination with real-time quantitative PCR

MuRF-1 and atrogin/MAFbx mRNA were determined as described previously (26, 33).
Total RNA was extracted from diaphragm samples using TRIzol reagent (Invitrogen,
Carlsbad, CA) and dissolved in diethylpyrocarbonate-treated water. Total RNA was reverse
transcribed into cDNA using 50 ng of total RNA in a 20-pl reaction volume by using
SuperScript Reverse Transcriptase (Invitrogen). Quantitative PCR was performed in a total
reaction volume of 25 ul per reaction containing 12.5 pl of a SYBR green mix (Bio-Rad), 10
pmol of each forward and reverse primer, 1 ul cDNA, and nuclease-free water. Specific
primer sets for rat MAFbx, MuRF-1, and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) were purchased from SuperArray (Frederick, MD). PCR runs were performed in
triplicate using MyiQ real-time PCR detection system (Bio-Rad, Salt Lake City, UT). Levels
of MAFbx and MuRF-1 mRNA were normalized to that of GAPDH in arbitrary units.

Measurement of caspase-3 activity

Caspase-3 activity was determined as described previously (33, 52). Frozen diaphragm
samples were homogenized in a buffer containing 100 mM HEPES (pH 7.5), 10% sucrose,
0.1% Nonidet P-40, 10 mM dithiothreitol, and protease inhibitor cocktail (Sigma Aldrich).
Homogenates were subjected to three cycles of freeze-thaw before centrifugation at 18,000 g
for 30 min, and the supernatant (92.5 pg) was added to reaction buffer consisting of 100 mM
HEPES (pH 7.5), 10% sucrose, and 10 mM dithiothreitol. The fluorogenic substrate N-
acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC) was then added,
and the reaction was performed at 30°C for 60 min. The caspase-3 activity was determined
by measuring the generation of the fluorogenic cleavage product methylcoumarylamide
(AMC) from the fluorogenic substrate Ac-DEVD-AMC at 360 nM excitation wavelength
and 460 nM emission wavelength. AMC standards were used to quantify activity levels.
Specificity of the assay was confirmed by addition of the specific caspase-3 inhibitor Ac-
DEVD-CHO to the reaction mixture.

Am J Physiol Lung Cell Mol Physiol. Author manuscript; available in PMC 2011 May 25.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

van Hees et al. Page 5

Data treatment and statistical methods

All data represent the mean + SE of at least six animals in each group. Single fiber data were
grouped per fiber types slow and 2x and averaged per rat, with two to four fibers measured
per rat. Differences between groups were analyzed with a one-way ANOVA. Student-
Newman-Keuls post hoc testing was performed on data from CHF saline vs. CHF
bortezomib groups and sham saline vs. sham bortezomib groups. Because of a limited
amount of diaphragm tissue per rat, proteasome activity, caspase-3 activity, MuRF-1 and
MAFbx mRNA levels, and Western blotting studies are not based on the same animals,
although there is extensive overlap. A probability level of P < 0.05 was considered
significant unless otherwise indicated.

RESULTS

CHF indexes

As previously reported (52), CHF was characterized by reduced systolic and elevated
diastolic left ventricular pressures, pulmonary congestion, and cardiomegaly (see Table 1).
Bortezomib treatment did not significantly affect body weight and the severity of heart
failure, as indicated by similar blood pressures, heart weights, infarct sizes, and lung weight
wet-to-dry ratios in CHF rats treated with bortezomib and saline.

Proteasome activity

20S proteasome activity was higher in the diaphragm from CHF-saline rats than sham-saline
(P < 0.05), and bortezomib treatment significantly inhibited proteasome activity in both
CHF and sham rats (Fig. 1A). To investigate if changes in proteasome activity are the result
of changes in the number of proteasomes, we determined the protein level of the C8 subunit
of the 20S proteasome. Figure 1B demonstrates that CHF and bortezomib treatment did not
significantly affect proteasome content in the diaphragm.

Diaphragm muscle single fiber contractility

In line with our previous findings (52), CHF decreased maximal force generation in rat
diaphragm single fibers (P < 0.01, Fig. 2A). Bortezomib treatment increased maximal force
generation in diaphragm fibers from CHF rats (P < 0.05). The k¢ was used as a measure for
cross-bridge cycling kinetics. K was lower in diaphragm fibers from CHF saline rats than
sham (P < 0.01, Fig. 2B). Bortezomib treatment improved ki, in CHF diaphragm fibers (P <
0.01). In sham, however, no effect of bortezomib treatment on maximal force generation and
kir was observed. These findings were observed in two most predominant rat diaphragm
fiber types, slow and 2x.

Diaphragm single fiber myosin content

Myosin content per half sarcomere was reduced in diaphragm fibers from CHF-saline rats
compared with sham-saline (P < 0.05, Fig. 3A). Bortezomib treatment increased myosin
content per half sarcomere in CHF diaphragm fibers of both type slow and 2x (P < 0.05). In
sham, bortezomib did not alter myosin content per half sarcomere. Cross-sectional area of
diaphragm fibers were not significantly affected by CHF or bortezomib treatment (Fig. 3B).
Alterations in maximal force generating capacity were proportional to changes in myosin
content per half sarcomere (Fig. 3C).

Ubiquitinated myosin levels

Ubiquitinated myosin heavy chain levels were determined by Western blotting. Because
total myosin content of the diaphragm is affected by both CHF and proteasome inhibition
(Fig. 3), the amount of ubiquitinated myosin was normalized for total myosin content.
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Myosin ubiquitination was higher in diaphragm homogenates from CHF rats compared with
sham (P < 0.05, Fig. 4). Bortezomib treatment increased levels of ubiquitinated myosin in
sham (P < 0.05), but not significantly (P = 0.17) in CHF.

MuRF-1 and MAFbx mRNA

Compared to sham-saline, MRNA levels of MuRF-1 and MAFbx were higher in the
diaphragm muscle of CHF-saline rats (P < 0.01, Fig. 5). Bortezomib treatment resulted in a
downregulation of MuRF1 and MAFbx mRNA expression in CHF (respectively, P < 0.05
and P = 0.06), but not in sham.

Caspase-3 activity

Caspase-3 activity was higher in diaphragm homogenates from CHF-saline rats than sham-
saline (P < 0.05; Fig. 6A). Bortezomib treatment significantly decreased caspase-3 activity
in the diaphragm of CHF and sham rats.

Inhibition of caspase-3 by bortezomib was an unexpected finding. To examine if bortezomib
directly inhibits caspase-3, we measured cleaving activity of recombinant caspase-3 in the
presence and absence of 25 nM bortezomib in vitro. Bortezomib did not affect recombinant
caspase-3 activity (Fig. 6B). However, addition of bortezomib to diaphragm homogenates of
untreated CHF and sham rats decreased caspase-3 activity. This indicates that bortezomib
inhibited caspase-3 in an indirect fashion.

DISCUSSION

This study is the first to show that modulation of proteasome activity improves diaphragm
contractility in an animal model associated with muscle wasting. Treatment with the
proteasome inhibitor bortezomib increased diaphragm contractility in CHF rats by restoring
myosin content. In addition, our data show that proteasome inhibition affects mediators
upstream of the proteasome, like MuRF-1 and caspase-3. These findings improve the
understanding of respiratory muscle wasting in CHF and provide a rationale for
investigating the therapeutic applicability of modulating ubiquitin-proteasome activation in
muscle wasting conditions.

Myosin degradation by the proteasome in CHF diaphragm

Recently, treatment with bortezomib has been shown to prevent muscle weight loss in
experimental muscle wasting (4, 23, 24). In the present study, we used a clinical dosage of
bortezomib to investigate the effect of proteasome inhibition on recovery of specific
contractile protein loss and muscle dysfunction. The contractile protein myosin seems to be
selectively targeted by the ubiquitin-proteasome pathway during peripheral muscle wasting
in cancer cachexia (1). In accordance with those observations, our data provide additional
evidence for proteasome-dependent myosin degradation, as in vivo proteasome inhibition
increased myosin content in the CHF diaphragm muscle.

Of special interest is our finding that restoring myosin content by proteasome inhibition
partially reverses diaphragm muscle weakness in CHF animals. This implicates that
diaphragm weakness results from increased myosin degradation by the proteasome.
Furthermore, the rise in maximal force generation is proportional to the rise in myosin
content in CHF diaphragm fibers (Fig. 3C). Thus maximal force per myosin content was not
affected by bortezomib treatment in CHF. When one presumes that bortezomib does not
affect the trigger for respiratory muscle wasting, at least bortezomib did not change the
severity of CHF (Table 1), then these data indicate that the proteasome degrades myosin that
is not functionally compromised. Indeed, the ubiquitin-proteasome pathway plays a key role
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in recognition and subsequent degradation of dysfunctional proteins, but is involved in the
turnover of functional proteins as well (25, 39). Therefore, it seems that diaphragm
dysfunction in CHF results from a general imbalance between protein degradation and
synthesis, rather than from an increased degradation of dysfunctional proteins. The effects of
proteasome inhibition on protein synthesis have not been studied yet.

Interestingly, bortezomib treatment not only improved maximal force generation of CHF
diaphragm fibers, but increased the rate constant of tension redevelopment as well. The rate
constant of tension redevelopment is an estimate for cross-bridge cycling kinetics (44),
which are slowed in CHF diaphragm (10, 52). Impaired cross-bridge cycling kinetics may
arise from increased oxidation of contractile proteins (19, 35, 36, 41), but could also be a
result of increased myofilament lattice spacing (30, 45). Although we cannot exclude that
proteasome inhibition affects contractile protein oxidation, our data support the involvement
of increased myofilament lattice spacing in CHF diaphragm dysfunction, as proteasome
inhibition restored myosin concentration and improved the rate constant of tension
redevelopment.

In the present study, proteasome inhibition in CHF was effective, but did not completely
restore diaphragm function. Bortezomib incompletely inhibited proteasome activities (Fig.
1), but it is unlikely that a complete proteasome inhibition would fully restore diaphragm
function. On the contrary, given the fact that the ubiquitin-proteasome pathway serves basic
housekeeping cell functions, the incomplete inhibition may suggest a therapeutic window
between beneficial and toxic effects. A more likely explanation for incomplete recovery of
diaphragm function is the relative short duration of treatment with respect to the chronic
stage of disease. In addition, although the present study demonstrates major accountability
for the ubiquitin-proteasome pathway in effectuating diaphragm dysfunction, we cannot
exclude the possible involvement of proteasome-independent pathways. For example,
increased lysosomal degradation and calpain activities have also been associated with
diaphragm wasting (28). In contrast to other proteasome inhibitors, like MG-132 and
lactacystin, bortezomib is highly specific for the proteasome and does not target these
proteolytic systems (22). Thus, the recovery of diaphragm function in the present study is
most likely to be the result of proteasome inhibition.

Proteasome inhibition in healthy diaphragm

The present study clearly shows that treatment with a highly specific proteasome inhibitor
improves diaphragm function by restoring myosin content in CHF. Although not the main
focus of this study, we also determined the effect of bortezomib on diaphragm function in
healthy animals. Interestingly, proteasome inhibition did not affect diaphragm function and
myosin content in healthy animals. As myosin is the most predominant muscle protein, this
observation is in line with previously reported unaltered muscle weight of healthy animals
treated with bortezomib (4, 23). Thus, treatment with a highly specific proteasome inhibitor
restores myosin content in pathological conditions, but proteasome inhibition seems not to
be sufficient to induce muscle growth, i.e., hypertrophy. Unaltered cross-sectional areas of
fibers from bortezomib-treated rats, both CHF and healthy, confirm the absence of fiber
hypertrophy (Fig. 3B). Therefore, our results strongly suggest that recovery of myosin loss
and hypertrophy follow different mechanisms.

Proteasome inhibition and upstream signaling pathways

Most proteins to be degraded by the proteasome are in advance marked for degradation by
covalent linkage to a chain of ubiquitin (18, 47). Proteasome inhibition has previously been
demonstrated to result in accumulation of ubiquitinated proteins (50). Indeed, in the present
study, bortezomib treatment increased the levels of ubiquitinated myosin in sham-operated
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rats. Unexpectedly, proteasome inhibition by bortezomib did not significantly increase
ubiquitinated myosin levels in CHF rats (Fig. 4), indicating reduced myosin ubiquitination.
MuRF-1 plays a prominent role in ubiquitination of myosin (9, 14). In line with these
observations, in our study, bortezomib reduced MuRF-1 expression in CHF diaphragm, but
not in sham (Fig. 5), providing an explanation for the absence of raised ubiquitinated myosin
levels after bortezomib treatment in CHF (Fig. 4). Indeed, reduced expression of E3-ligases
after bortezomib treatment has been reported previously in burn-induced muscle atrophy
(24). The mechanism of bortezomib-induced reduction in MuRF-1 expression has not been
studied.

Regulation of caspase-3 by bortezomib

Bortezomib

For improved muscle function, myosin should not only be intact and functional, but as well
have retained its position in the sarcomere. Caspase-3 is one of the proteolytic enzymes that
is thought to cleave myofilaments from the sarcomere preceding degradation by the
proteasome (13). Previous studies demonstrated that caspase-3 is activated during muscle
wasting (5, 33, 48, 52). The present study shows that bortezomib treatment decreased
caspase-3 activity in the diaphragm muscle of CHF rats. This could be a critical step in
prevention of CHF-induced atrophy. Furthermore, caspase-3 inhibition could play a role in
diminishing MuRF-1 and MAFbx levels, as administration of a caspase-3 inhibitor in
muscle-wasted mice decreased mRNA expression of these E3-ligases (48). Thus, the effects
of bortezomib on myosin content and diaphragm function might be mediated by reducing
caspase-3 activity.

Our finding that bortezomib treatment decreases caspase-3 activity in the diaphragm muscle
is surprising, as several studies have shown that bortezomib induces apoptosis by activating
caspase-3 in cancer cell lines (16, 20, 38, 43). Previously, it has been postulated that the
effect of proteasome inhibition on caspase-3 depends on cell cycle status (12), as
proteasome inhibition induces apoptosis in proliferating cells, while it protects terminally
differentiated cells from apoptosis. The muscle fiber is terminally differentiated, thus our
findings are consistent with the cell cycle dependency of proteasome inhibition on caspase-3
activity. Importantly, bortezomib in vitro does not affect recombinant caspase-3 (Fig. 6B),
providing evidence for indirect inhibition of caspase-3 by bortezomib. For example,
decreased proteasomal degradation of caspase-3 inhibitor XIAP may play a role (46).
Furthermore, a recent study demonstrated that bortezomib increased levels of caspase-8
inhibitor c-FLIP (27), and caspase-8 has been shown to be responsible for caspase-3
activation in an inflammation model for diaphragm weakness (49). Thus, it seems that
subsequent effects of proteasome inhibition, i.e., caspase-3 inhibition, are involved in
effectuating the recovery of diaphragm function in CHF rats. However, future studies with
specific caspase-3 inhibitors are needed to establish the exact role of caspase-3 activation in
CHF diaphragm dysfunction.

Bortezomib is the first proteasome inhibitor approved for use in humans and used for
treatment of multiple myeloma (40). Bortezomib is a monomeric boronic acid that interacts
with a threonine residue located on the B-subunit that confers chymotryptic-like proteolytic
activity of the 26S proteasome (2). Peptide boronic acids, such as bortezomib, are highly
specific and up to 100-fold more potent than their peptide aldehyde analogs (3). Together
with its relatively mild toxicity (40), this makes bortezomib the best drug candidate to study
the proteasome dependency of muscle weakness in vivo. The present data show that
bortezomib treatment (intravenously) in CHF rats reduces proteasome activity in the
diaphragm muscle. Although a tendency towards decreased proteasome content in
bortezomib-treated animals was observed, differences between groups did not reach
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statistical significance (Fig. 1B). This indicates that bortezomib primarily inhibits proteolytic
activity per proteasome.

In conclusion, the present study demonstrates that in vivo treatment with a proteasome
inhibitor improves diaphragm contractility by restoring myosin content in CHF. Proteasome
inhibition may exert these positive effects by subsequently affecting caspase-3 and muscle-
specific E3-ligases. Despite its availability for human use, the application of bortezomib in
CHF is at this moment strictly experimental. Investigating the effectiveness of bortezomib in
other models for muscle wasting, such as COPD (33), mechanical ventilation (42), sepsis
(15), and cancer (51) is needed to further explore the therapeutic applicability of modulating
ubiquitin-proteasome activation to recover contractile function in muscle weakness.
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Fig. 1.

A: proteasome activity in diaphragm of congestive heart failure (CHF) and sham-operated
rats treated with proteasome inhibitor bortezomib or saline (n = 6—7 per group). Proteasome
activity was significantly higher in CHF saline diaphragm than in sham saline, and
bortezomib treatment significantly reduced proteasome activity in the rat diaphragm. AMC,
amido-4-methylcoumarin. Data are presented as means + SE. *P < 0.05 vs. sham saline, TP
< 0.01 vs. CHF saline. B: proteasome subunit C8 content as determined by Western blotting.
Top: signals on blots were quantified with densitometry software. Bortezomib did not affect
the amount of proteasomes in rat diaphragm. Data are presented as means + SE. Bottom:
representative immunoblots of proteasome subunit C8.
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Fig. 2.

Diaphragm contractility in chemically skinned single fibers from CHF and sham-operated
rats treated with proteasome inhibitor bortezomib or saline (n = 6-8 per group). Fibers are
grouped per myosin heavy chain isoform slow and 2x. A: maximal force generation in
diaphragm fibers from CHF saline rats was decreased compared with sham. Bortezomib
treatment improved force generating capacity in CHF diaphragm fibers, but not in sham.
CSA, cross-sectional area; Fnax, maximal force at pCa 4.0. Data are presented as means +
SE. *P < 0.01 vs. sham saline, TP < 0.05 vs. CHF saline. B: the rate constant of force
redevelopment (ki) was lower in diaphragm fibers from CHF saline rats compared with
sham. Bortezomib treatment increased ki, in CHF diaphragm fibers, but not in sham. Data
are presented as means + SE. *P < 0.01 vs. sham saline, TP < 0.01 vs. CHF saline.
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Fig. 3.

A: myosin heavy chain content per half sarcomere in diaphragm fibers from CHF and sham-
operated rats treated with bortezomib or saline (n = 6—7 per group). Fibers are grouped per
myosin heavy chain isoform slow and 2x. Myosin heavy chain content was lower in CHF
saline diaphragm fibers than in sham. Bortezomib increased myosin heavy chain content in
CHF diaphragm fibers, but not in sham. Data are presented as means + SE. *P < 0.05 vs.
sham saline, TP < 0.05 vs. CHF saline. B: cross-sectional areas of diaphragm fibers from
CHF and sham-operated rats treated with bortezomib or saline (n = 67 per group). Fibers
are grouped per myosin heavy chain isoform slow and 2x. CHF and bortezomib did not
significantly affect cross-sectional fiber areas. Data are presented as means + SE. C:
maximal force (Fmax) per half sarcomere myosin heavy chain content in diaphragm fibers
from CHF and sham-operated rats treated with bortezomib or saline (n = 6-7 per group).
Fibers are grouped per myosin heavy chain isoform slow and 2x. Neither CHF nor treatment
with bortezomib significantly changed maximal force per half sarcomere myosin heavy
chain content. Data are presented as means + SE.
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Sham CHF

Ubiquitinated myosin levels in diaphragm from CHF and sham-operated rats treated with
bortezomib or saline (n = 67 per group). Top: signals on blots were quantified with
densitometry software. The amount of ubiquitinated myosin per total myosin in CHF
diaphragm is higher than in sham. Ubiquitinated myosin levels increased in the diaphragm

of bortezomib-treated rats compared with

saline. Bottom: representative immunaoblots of

total myosin and ubiquitinated myosin. MHC, myosin heavy chain. Data are presented as

means + SE. *P < 0.05 vs. sham saline.
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Fig. 5.

E3-ligase mRNA expression in diaphragm of CHF and sham-operated rats treated with
bortezomib or saline (n = 7 per group). MuRF-1 and MAFbx mRNA expression are higher
in CHF saline diaphragm than in sham saline. Bortezomib treatment results in a significant
downregulation of MuRF-1 mRNA in CHF diaphragm. Data are presented as means + SE.
*P < 0.01 vs. sham saline, tP < 0.05 vs. CHF saline.
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Fig. 6.

A: caspase-3 activity in diaphragm homogenates from CHF and sham-operated rats treated
with bortezomib or saline (n = 6 per group). Caspase-3 activity was significantly higher in
CHF saline diaphragm than in sham saline, and bortezomib treatment significantly reduced
caspase-3 activity in the rat diaphragm. Data are presented as means + SE. *P < 0.05 vs.
sham saline, TP < 0.01 vs. CHF saline. B: the effect of bortezomib in vitro on caspase-3
activity. Diaphragm homogenates and recombinant caspase-3 (10 units) were subjected to
caspase-3 activity assay in the presence and absence of (25 nM) bortezomib. Bortezomib in
vitro did not affect recombinant caspase-3 cleaving rate, whereas bortezomib distinctly
reduced caspase-3 cleaving rate of diaphragm homogenates from saline-treated sham rats
and CHF rats.
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Animal characteristics of CHF and sham-operated rats treated with proteasome inhibitor bortezomib or saline

Sham-Saline (n = 9)

Sham-Bortezomib (n = 8)

CHF-Saline (n = 13)

CHF-Bortezomib (n = 12)

BW (pretreatment), g 41615
BW (end treatment), g 418+8
Aorta SP, mmHg 93+9
Aorta DP, mmHg 6919
LV SP, mmHg 110+12
LV DP, mmHg 142
Heart weight, g 1.3+0.04

Infarct size, %

LW wet to dry ratio 4.5+0.1

LW/BW, mg/g 2.0+0.5

41349
409+8
88+3

6845
102+10

1+1

1.3+0.02

4.5+0.1

2.1+0.5

4086
41246

74+3*
5043

8443
1042

2.1+0.17
4041

4.9+0.1"

5.9:0.9"

398+10
394+9

74+2"
5942

773"
11+3*

2.1+0.1%
41£1

*

5.1+0.2

6.1+1"

Data are presented as means + SE.

*
P < 0.05 vs. sham-saline.

BW, body weight; SP, systolic pressure; DP, diastolic pressure; LV, left ventricle; LW, lung weight.
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