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Abstract: This study examined the hypothesis that cardiomyocyte metabolism is inherently linked to the Ubiquitin
Proteasome System. Rat neonatal ventricular cardiomyocytes were pulse-treated with 5 uM lactacystin for 30 min,
resulting in 95% loss of proteasome activity, and then maintained in culture for up to 24 h. Pulse-treatment resulted
in 36% decrease in cardiomyocyte mitochondrial reductase activity by 8 h which improved to 15% by 24 h. Bax pro-
teins were increased 2.5-fold by 8 h but declined by 16 h. Similar effects were observed for ubiquitinated proteins
suggesting recovery of proteasome function. Proteasome activity started to increase by 4 h and was back to base-
line by 16 h. Multiple proteasome subunits, including a1, were upregulated with peak 2 to 2.5-fold increased protein
levels at 8-16 h post-lactacystin which then declined. Incubating cardiomyocytes with 4 yM morpholino-antisense
oligonucleotides to the adl-subunit for up to 24 h post-lactacystin diminished recovery of proteasome activity (45%
at 24 h) and prevented the increase in ol protein levels. Ubiquitinated proteins remained elevated and cardiomyo-
cyte mitochondrial reductase activity was decreased 35% by 16 h. These results show that diminished function of
the ubiquitin proteasome system decreases cardiomyocyte metabolism. If proteasome activity recovers, function
improves, but preventing recovery diminishes metabolic function supporting the hypothesis that cardiomyocyte
metabolism is inherently linked to the ubiquitin proteasome system.
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Introduction sclerosis can be classified as proteasomal dys-

function disorders [17]. With regards to the car-

The ubiquitin-proteasome system (UPS) repre-
sents the major nonlysosomal pathway for deg-
radation of intracellular proteins. This pathway
removes proteins that have been tagged with
polyubiquitin at the e-NH, group of a substrate
lysine residue. Turnover of proteins by this sys-
tem has been implicated in control of numer-
ous cell functions, including the cell cycle and
cell division [1, 2], immune response and anti-
gen presentation [3-5], apoptosis [6-8], and
cell signaling [9-12]. In addition, the UPS plays
critical roles in protein quality control by remov-
al of damaged, oxidized and/or misfolded pro-
teins [13-16]. Over the past several years, it
has become increasingly clear that numerous
diseases, such as Alzheimers disease,
Huntingdons’ disease, and amyotrophic lateral

diovascular and related systems, studies have
shown that myocardial ischemia [18], various
mutant protein-associated cardiomyopathies
[16], atherosclerosis [19], and heart failure [20]
are associated with some degree of UPS dys-
function. However, until recently, the prevailing
belief was that the disease process caused the
UPS dysfunction, and not that the dysfunction
could cause the disease. Wang and co-workers
[21, 22] have provided convincing evidence
that at least with respect to the heart, protea-
somal dysfunction can not only worsen a dis-
ease process but may also be a direct cause.

Yet, despite these studies it has never been
convincingly shown that overall metabolic func-
tion of a cell, let alone a cardiomyocyte, is
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dependent on proteasome function. This has
always been inferred from the early yeast stud-
ies [23, 24] which show that proteasome sub-
unit knockouts are invariably lethal and from
later studies that show that pharmacologic inhi-
bition can result in apoptosis [7, 8, 25]. This
study examined the hypothesis that cardiomyo-
cyte metabolism is inherently linked to protea-
some function. We present evidence that car-
diomyocyte metabolic functions are diminished
when proteasome is inhibited, yet will recover if
inhibition is reversed.

Materials and methods
Animals

Female Sprague Dawley rats (19 days gravid)
were obtained from Taconic Research Animal
Breeders (Germantown, NY). All protocols were
approved by the Institutional Animal Care and
Utilization Committee and were in compliance
with the NIH Guide for the Care and Use of
Laboratory Animals (revised 1996).

Chemicals and reagents

Suc-LLVY-AMC, lactacystin (Lac), and the fol-
lowing antibodies: polyubiquitin (FK1) and pro-
teasome subunits - B5 (poly), monoclonal a3
(MCP106), a6 (MCP257) and Rpt6 (P45-110)
were obtained from Biomol Research Lab
(Plymouth Meeting, PA). Polyclonal antibody for
proteasome subunit, al, was obtained from
Abcam (Cambridge, MA). The morpholino-anti-
sense oligonucleotide (morpholino-5-TACTG-
GTTGCGAAACATAGCTCCGG-3’) directed against
the al subunit of the proteasome (x1-MAO)
was synthesized by Gene Tools LLC (Philomath
OR) and was used in combination with the
Endo-Porter® transport system (Gene Tools
LLC). All other reagents were obtained from
reputable sources.

Isolation and culture of neonatal cardiomyo-
cytes

Ventricular cardiomyocytes were harvested
from 1 to 2 day old neonatal rat pups as previ-
ously described [26] using established tech-
niques [27, 28]. Cardiomyocytes were main-
tained in DMEM/F-12 medium (Invitrogen,
Carlsbad CA) containing 10% fetal bovine
serum, penicillin/streptomycin, and Ara-C, 10
umol/L.

Metabolic activity

Cell metabolic function was assessed using the
MTT (dimethylthiazol-2-yl]-2,5-diphenyltetrazo-
lium bromide) assay as described by Mosmann
[29] using dimethyl sulfoxide to dissolve the
crystals.

DNA content

Changes in DNA content was determined by
assessing 5-bromo-2’-deoxyuridine (BrdU) inc-
orporation into DNA using a commercially avail-
able kit (Cell Proliferation ELISA, BrdU (coloro-
metric), Roche Applied Sciences, Indianapolis,
IN).

26S-proteasome activity

Cardiomyocytes were disrupted using sonica-
tion into Hepes buffer (50 mmol/L) containing;:
KCl 20 mmol/L, MgCl, 5 mmol/L, DTT 1
mmol/L, pH 7.5, and then centrifuged at
10,000xg for 30 min, at 4°C. ATP-stimulated
proteasome chymotryptic activity was deter-
mined in cell lysates using the method
described by Reinheckel et al [30] as modified
by Powell et al [31] over a range of ATP concen-
trations from 7-56 pymol/L.

Western blotting

To prepare lysate, cardiomyocytes were sus-
pended in RIPA buffer containing (mmol/L):
NaCl 150, Tris 50, 1% NP-40, 0.5% DOC, 0.1%
SDS, pH 8.0, sheared, and then centrifuged at
10,000¢ for 5 min. Lysate proteins (10-50 ug)
were separated on 4-20% Tris-HCI gels (Ready
Gel® (Bio-Rad Laboratories, Hercules, CA))
using standard SDS-PAGE [32] with immuno-
blotting carried out using standard techniques,
and developed with an enhanced chemilumi-
nescence (ECL) kit (Perkin EImer Life Sciences,
Boston MA).

Statistical analysis

All results are expressed as mean * SEM.
Statistical significance of differences between
two populations with equal variance was with a
Students t-test. Analysis of differences between
multiple sample populations with equal vari-
ances was with one way ANOVA followed by
Tukeys test for post-hoc analysis. Statistical dif-
ferences of p<0.05 were considered to be sig-
nificant. All statistics were performed using the
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Figure 1. Cardiomyocyte proteasome activity recov-
ers after pulse-treatment with Lac but is diminished
when treatment is followed by a1-MAO. RNVCs were
pulse-treated with Lac, 5 ymol/L, and then main-
tained in culture for up to 24 h. The times indicated
in the figure represent elapsed time (h) after addi-
tion of Lac. In a separate set of experiments, RNVCs
were pulse-treated with Lac, 5 umol/I, for 30 min af-
ter which the cells were incubated with a1-MAO for
16 and 24 h. The cells were then harvested and (A)
26S-proteasome activity determined or (B) ubiquiti-
nated proteins assessed. The values are expressed
as percent of baseline (mean value = 6127 + 1129
AFU/h/mg protein) and represent the mean + SEM
of 3 to 10 separate determinations. The images in
panel b are representative of 3 separate experi-
ments *P<0.05 (ANOVA) when compared with base-
line values. ¥P<0.05 (t-test) when compared with cor-
responding Lac alone group only.
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SigmaStat statistical analysis package (Jandel
Scientific (SSI), Richmond, CA).

Results

In these experiments two protocols, pulse-
treatment with Lac, or pulse-treatment with Lac
followed by sustained incubation with a mor-
pholino-based antisense oligonucleotide direct-
ed against the ol subunit of the proteasome,
were assessed for their effects on cardiomyo-
cyte metabolic function. These two protocols
had decidedly different effects so results are
described separately. However, because it is
necessary to compare the two protocols with
each other the results may be summarized in a
single figure.

Effects of pulse-treatment with Lac

To examine the effect of short term inhibition of
proteasome on cardiomyocyte metabolic func-
tion RNVCs were pulse-treated with Lac, 5
pmol/1, for 30 min, after which the inhibitor was
washed out and the cells incubated for up to 24
h.

Recovery of proteasome activity: Pulse treat-
ment with Lac resulted in 95% loss of 26S pro-
teasome chymotryptic activity within 30 min
(Figure 1A). Proteasome activity started to
recover by 4 h post-treatment and was not dif-
ferent from baseline by 8 h. Initial inhibition of
proteasome was accompanied by incremental
increases in cardiomyocyte ubiquitinated pro-
teins which peaked at 8 h, then decreased by
16 h, and by 24 h was back at baseline (Figure
1B - top) consistent with the changes in protea-
some activity. Recovery of proteasome activity
was accompanied by a concerted upregulation
and increase in de novo synthesis of all protea-
some subunits analyzed including «3, a6, B5
and Rpt 6 (Figure 2) and o-1 (Figure 3). All of
the subunits showed a similar pattern of
expression which typically was an incremental
increase in protein content peaking at 8to 16 h
and then decreasing towards baseline by 24 h
(Figure 2 - bottom panel presents semi-quanti-
tative analysis of the a3 subunit).

Bax protein levels: We analyzed Bax protein lev-
els as a representative proteasome regulated
protein [33]. Bax was observed to be signifi-
cantly (P<0.05) increased by about 2.5-fold at
8 h (Figure 4A - top). Yet, none of the changes
in Bax protein content were accompanied by
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Figure 2. Concerted upregulation of 26S-proteasome
subunits following pulse-treatment of cardiomyocytes
with Lactacystin. RNVCs were pulse-treated with Lac,
5 pmol/I, for 30 min, and then maintained in culture
for up to 24 h. The times indicated in the figure rep-
resent elapsed time (h) after addition of Lac. At the
indicated time points, RNVCs were harvested and
a3, a6, B5, and Rpt6 subunit protein levels deter-
mined using immunoblot methods. Top panel, Com-
posite membrane depicting changes in protein levels
(representative of 3 to 4 separate experiments). Bot-
tom panel, Densitometry of changes in &3 subunit
protein levels. The values are expressed as the % of
baseline and represent the mean + SEM of 3 to 4
separate experiments. *P<0.05 (ANOVA) when com-
pared with baseline values.

corresponding increases in Bax mRNA levels
(Figure 4B) suggesting stabilization rather than
increased expression of the protein.

Metabolic activity: The MTT assay was then
used to measure overall cardiomyocyte meta-
bolic activity through NADP(H)-dependent oxi-
doreductases. Pulse treatment of cardiomyo-
cytes with Lac had a biphasic effect on
metabolic activity as determined by the MTT
assay (Figure BA). Metabolic activity was
depressed by 36% (P<0.05) by 8 h post-treat-
ment, however recovered to a large degree and
stabilized about 15% lower than baseline by 24
h. DNA content studies with BrdU (Figure 5B)
indicated that the initial decrease in cardiomyo-
cyte metabolic activity was not associated with
cell death and the recovery was not associated
with cell division.
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Figure 3. Diminished al subunit expression follow-
ing treatment of cardiomyocytes with antisense oli-
gonucleotides. RNVCs were pulse-treated with Lac, 5
umol/L, for 30 min, and then maintained in culture
for up to 24 h. In a separate set of experiments, RN-
VCs were pulse-treated with Lac, 5 umol/I, for 30 min
after which the cells were incubated with a1-MAO for
16 and 24 h. At the indicated time points, RNVCs
were harvested and protein levels of the al subunit
determined using immunoblot techniques. Top pan-
el, composite depicting changes in ol protein levels
in the absence (-MAQ) and presence (+MAO) of the
antisense oligonucleotide. Bottom panel, densitom-
etry of a1 subunit protein. The depicted membranes
are representative of 3 to 4 separate experiments.
The values are expressed as the percent of the base-
line values and are expressed as the mean + SEM
of 3 to 4 separate experiments. “P<0.05 (ANOVA)
when compared with baseline and corresponding +
a1-MAO values.

Effects of pulse-treatment with Lac followed by
incubation with «1-MAO

To determine if the reversible effects observed
with pulse-treatment with Lac could be prevent-
ed, experiments were conducted to inhibit
recovery of proteasome activity. To be certain
that the effects were due to proteasome inhibi-
tion, proteasome was knocked down using a
gene silencing technique. Following pulse-treat-
ment with Lac, RNVCs were incubated with
a1-MAO (4 umol/I plus Endo-Porter®, 6 umol/I)
for the remainder of the experiment. To allow
time for endocytosis of the antisense oligo
these experiments concentrated on the later
time points, 16 h and 24 h post-Lac treat-
ment.
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Figure 4. Changes in Bax protein in cardiomyocytes
pulse-treated with Lac alone. RNVCs were pulse-
treated with Lac, 5 ymol/L, for 30 min, and then
maintained in culture for 24 h. At the indicated time
points cells were harvested and Bax protein deter-
mined. Panel (A) (upper) Bax protein following pulse
treatment with Lac alone; (lower) densitometry of
Bax protein. Panel (B) Bax mRNA determination. De-
picted images are representative of 3 to 4 separate
experiments. “P<0.05 (ANOVA) when compared with
control group.
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Diminished recovery of proteasome activity:
Unlike Lac alone, treatment with o1-MAO
resulted in suppression of 26S proteasome
activity which was most apparent at 24 h
(P<0.05) which recovered to only 45% of base-
line (Figure 1A). Diminished recovery of protea-
some activity was accompanied by incremental
increases in cardiomyocyte content of ubiquiti-
nated proteins over baseline at 16 and 24 h
(Figure 1B - bottom) in contrast to that observed
with Lac alone (Figure 1B - top) at the same
time points. Treatment with the a1-MAO almost
completely suppressed the de novo synthesis
of al subunit protein (Figure 3) to levels no
greater than baseline).

Metabolic activity: Incubation with the a1-MAO
resulted in sustained suppression of cardio-
myocyte metabolic activity as indicated by
depressed NADP(H) oxidoreductase activity
(Figure 5A). Metabolic activity was significantly
less than that observed with Lac alone (P<0.05)
at the 16 h time point averaging a 30-35%
decrease and was still depressed at 24 h.
Incubation with the a1-MAO in the absence of
the Endo-Porter had no effect on metabolic
activity (data not shown).
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Figure 5. Reversible suppression of cardiomyocyte
metabolic activity following pulse treatment of car-
diomyocytes with Lac alone is more sustained when
followed by a1-MAO. RNVCs were pulse-treated with
Lac, 5 umol/l, for 30 min and then maintained in
culture for up to 24 h. In a separate set of experi-
ments, RNVCs were pulse-treated with Lac, 5 umol/I,
for 30 min after which the cells were incubated with
a1-MAO for 16 and 24 h. Cells were assessed for (A)
metabolic activity and (B) BrdU uptake at the indi-
cated times. The values represent the means + SEM
of 3 to 8 separate experiments. *P<0.05 (ANOVA)
when compared with 0.5 h time point. ¥P<0.05 (t-
test) when compared with corresponding Lac alone
group only.

Discussion

This study demonstrates that reversible inhibi-
tion of the UPS impairs cardiomyocyte meta-
bolic function which improves upon recovery of
UPS function. However, if steps are taken to
diminish recovery of the UPS cardiomyocyte
metabolic function remains depressed. While
this may seem intuitive it has previously never
been demonstrated. Proteasomal dysfunction
has now been described in a variety of disor-
ders. With respect to the cardiovascular sys-
tem, myocardial ischemia [34] and heart failure
[20, 35] are two prominent cardiac pathologies
possessing a component of proteasome dys-
function. Both of these pathologies have dimin-
ished cell function as a prominent component
but it is unclear whether this can be directly
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related to the dysfunctional proteasome. The
results of the current studies would suggest
such a relationship and that cell metabolic
function can be directly related to overall pro-
teasome function.

To demonstrate this relationship it was neces-
sary to devise a means of reversibly inhibiting
proteasome since sustained inhibition of car-
diomyocyte proteasome invariably leads to cell
death [26]. This was accomplished by pulse-
treatment of neonatal cardiomyocytes with a
concentration of Lac that inhibited proteasome
virtually completely. Following washout, protea-
some activity recovered over a period of hours
even though Lac is often thought to be irrevers-
ible. Recovery was due to a concerted upregu-
lation of proteasome subunits with peak levels
of most of the subunits occurring within 8 to 16
h consistent with a previous study in vascular
smooth muscle cells [36]. Aside from the obvi-
ous focus on the cardiomyocyte, the current
study differs from this previous study in that
newly synthesized proteasome was demon-
strated to be functional as increased cell con-
tent of ubiquitinated proteins diminished as
function of the UPS returned.

Reversible dysfunction of the UPS was associ-
ated with reversible depression of mitochon-
drial NADP(H) oxidoreductase activity as mea-
sured by the MTT assay. The actual mechanism
for this effect is not clear although it could be
related to dysregulation of the multitude of sig-
naling pathways regulated by the UPS. It is now
recognized that many pro- and anti-apoptotic
proteins are regulated by the UPS and include
NFkB which is regulated at multiple levels [37],
the JNK and JAK-STAT pathways [11], the Bcl-2
family, including Bax [38], and Smac/DIABLO
[39]. Evidence for interference in degradation
of such a protein can be garnered from the BAX
experiments which demonstrated 2.5-fold
increases in Bax protein levels which peaked at
8 h and then declined as proteasome activity
recovered. That this small increase represents
protein stabilization is very strongly supported
by the lack of corresponding changes in mRNA
levels for this protein. Moreover, there does not
appear to be significant cell death as indicated
by the BrdU results suggesting depression of
metabolic function.

To show proof of concept recovery of the prote-
asome after pulse-treatment with Lac had to

11

be prevented. Since upregulation of protea-
some subunits during treatment with inhibitors
involves expression of new protein [36], the
easiest way to accomplish this would have
been use of a protein synthesis inhibitor.
Unfortunately, this involved incubation with
cycloheximide for prolonged periods which
invariably killed all of the cells (not shown). For
this reason, an alternative and more specific
approach was employed. Cardiomyocytes were
incubated with a morpholino-based antisense
oligonucleotide directed against the ol subunit
of the proteasome. The sequence of this oligo
is based on a previous study showing that pro-
longed incubation of fibroblasts with the naked
15-mer antisense oligo can suppress protea-
some activity [40]. Morpholino-based oligos are
excellent substrates for endocytosis via the
Endo-Porter® transport system [41] and have
been used previously in cardiomyocytes [42].
Preliminary experiments with a fluorescent
morpholino-based oligo showed rapid penetra-
tion into cardiomyocytes (not shown). Pulse-
treatment with Lac followed by the a1-MAO
resulted in a more sustained suppression of
26S proteasome activity which demonstrated
about 50% recovery by 24 h. The upregulation
of the a1 subunit associated with Lac pulse-
treatment was virtually completely prevented.
Suppression of proteasome activity was con-
firmed by the presence of increased content of
ubiquitinated proteins. From a functional stand-
point, this consecutive treatment protocol
resulted in sustained irreversible suppression
of cardiomyocyte NADP(H) oxidoreductase
activity.

Conclusions

It is now becoming clear that many pathologies
thought to involve primarily excessive activa-
tion of signaling pathways have as a compo-
nent, dysfunction of the UPS. In its role as the
major cellular degradative organelle, the prote-
asome would serve to degrade these signaling
molecules resulting in cessation of their bio-
logical effect. However, in the presence of a
severely dysfunctional UPS, activity of these
pathways can not be terminated and what may
have been an initial adaptive response
becomes lethal. In the current study we demon-
strate diminished cardiomyocyte NADP(H) oxi-
doreductase activity coincident with protea-
some inhibition that is reversible if proteasome
can recover activity within a short time frame.
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However, if UPS recovery is interfered with car-
diomyocyte metabolic function does not recov-
er. These observations support the hypothesis
that cardiomyocyte viability is inherently linked
to proteasome function and lend credence to
the concept that proteasome dysfunction can
initiate disease as suggested by the in vivo
studies of Wang and co-workers [21, 22].
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