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Abstract
Molecular mechanisms leading to myocardial injury during warm or cold ischemia are
insufficiently understood. Although proteasomes are thought to contribute to myocardial ischemia-
reperfusion injury, their roles during the ischemic period remain elusive. Because donor hearts are
commonly exposed to prolonged global cold ischemia prior to cardiac transplantation, we
evaluated the role and regulation of the proteasome during cold ischemic storage of rat hearts in
context of the myocardial ATP content. When measured at the actual tissue ATP concentration,
cardiac proteasome peptidase activity increased by 225% as ATP declined during cold ischemic
storage of hearts in University of Wisconsin (UW) solution for up to 48h. Addition of the specific
proteasome inhibitor epoxomicin to the UW solution inhibited proteasome activity in the cardiac
extracts, significantly reduced edema formation and preserved the ultrastructural integrity of the
cardiomyocyte. Utilizing purified 20S/26S proteasome enzyme preparations, we demonstrate that
this activation can be attributed to a subset of 26S proteasomes which are stable at ATP
concentrations far below physiological levels, that ATP negatively regulates its activity and that
maximal activation occurs at ATP concentrations in the low mol/L range. These data suggest that
proteasome activation is a pathophysiologically relevant mechanism of cold ischemic myocardial
injury. A subset of 26S proteasomes appears to be a cell destructive protease that is activated as
ATP levels decline. Proteasome inhibition during cold ischemia preserves the ultrastructural
integrity of the cardiomyocyte.
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Introduction
Hypothermic storage of a donor organ is a commonly used method to protect it from
ischemic injury. However, in cardiac transplantation, cold ischemic storage of human hearts
is limited to 4–6h and the risk of primary graft failure and death rises dramatically as
ischemic time increases[1]. A significant amount of research has been focused on
reperfusion injury in post-ischemic hearts. However, much less is known on the molecular
mechanisms leading to organ injury within the ischemic period.

Recent observations implied a role of proteasomes in various cardiac pathologies, including
myocardial warm and cold ischemia-reperfusion injury[2–4]. During reperfusion of post
ischemic hearts partial inactivation of the proteasome has been reported and was suggested
to contribute to impaired removal of oxidized proteins[4–7]. In addition, previous findings
suggested that proteasome dysfunction may already occur in the cold ischemic heart prior to
reperfusion[4].

ATP/Mg2+ is known to regulate 26S activity, its assembly and stability[8–11]. Although
myocardial ischemia is associated with depletion of the tissue ATP content, the possible role
and regulation of proteasomes during cardiac ischemia have not been evaluated in context of
the actual tissue ATP content. Therefore, the purpose of this study was to evaluate the
regulation of the cardiac proteasome during cold ischemia (CI) under conditions that
resemble the cardiac ATP content and to assess whether proteasomes contribute to cold
ischemic myocardial injury.

Material and Methods
Animal protocol

All procedures were approved by the Institutional Animal Care and Use Committee. Male
Lewis rats (200–250g, Harlan) were anesthetized (1%–2% inhaled isoflurane; Baxter) and
hearts were harvested as described[4]. In brief, the abdomen was opened and heparin
(1000U) was injected into the inferior vena cava. A midline thoracotomy was performed, the
heart dissected and flushed with normal saline. For cardioplegic arrest, the vena cavae were
transsected to vent the heart and cold (4°C) University of Wisconson solution (UW, 10mL,
ViaSpan, Duramed) were injected into the ascending aorta. Hearts were stored in UW ± 50
μmol/L epoxomicin (Boston Biochem) at 4°C for up to 48h. Biopsies from the left ventricle
were taken for histopathological and ultrastructural evaluation and determination of wet-
weight dry-weight (W/D) ratios. The remaining tissue was snap frozen and stored at −80°C
until processing.

W/D ratios were determined gravimetrically, as described[12].

ATP concentrations ([ATP])
Hearts were homogenized in 1% TCA, centrifuged (2000g, 10min, 4°C) and supernatants
collected. Supernatants were diluted 1:10(volume/volume) in 50mmol/L Tris-acetate,
2mmol/L EDTA, pH7.75, and ATP determined using a bioluminescence assay (Invitrogen),
as described[11].

Preparation of heart extracts
Frozen hearts were homogenized in 1/10 phosphate buffered saline, pH7.4(1:5 weight/
volume), centrifuged (20,000g, 4°C, 30min) and supernatants (= extracts) aliquoted[4].
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Proteasomes
Highly purified 20S/26S enzyme preparations derived from human erythrocytes were
obtained from Biomol. The 26S consist of 20S which are singly and doubly capped with 19S
regulator complexes in a molar ratio of 1:1.5[11].

Peptidase activities
Peptidase activities were measured employing the fluorogenic peptide substrates N-Suc-Leu-
Leu-Val-Tyr-7-amino-4-methylcoumarin (chymotryptic-like, CT-L), Bz-Val-Gly-Arg-7-
amino-4-methylcoumarin (tryptic-like, T-L) and Z-Leu-Leu-Glu-AMC (caspase-like, Casp-
L) (all from Biomol), as described[4, 11]. Reaction mixtures contained 1mmol/L DTE, 0–
5mmol/L ATP, 0–5mmol/L MgCl2, 10mmol/L Tris/HCl, pH7.5, 100 μmol/L peptide
substrate and 1mg/mL cardiac extracts or 4 μg/mL 20S/26S proteasomes. To differentiate
the proteasome from other peptidase activities in cardiac extracts, the epoxomicin sensitive
proportions were determined by addition of 7 μmol/L epoxomicin to the incubation
mixtures[4, 13]. Proteasome peptidase activity was calculated as total peptidase activity
minus peptidase activity in the presence of epoxomicin. All enzyme assays were performed
immediately after preparation of the cardiac extracts to prevent from proteasome
inactivation by freeze-thawing. Enzyme time-progression curves showed linearity for 40min
for all activities.

Proteasome ELISA
20S/26S ELISAs were performed as described[11]. For the 26S ELISA, all buffers
contained ATP/Mg2+ as described in the results section.

Western blotting
Western blotting with anti-ubiquitin (Sigma) and densitometric quantification of the
chemiluminescence signals were performed as described[4]. Anti-glyceraldehyde 3-
phosphate dehydrogenase (Anti-GAPDH; 1:4000; Applied Biosciences) in combination with
HRP labeled anti-mouse (1:5000; GE Healthcare) were used as control for the protein
transfer to the blotting membranes.

Analytical gel filtration was performed on a Superose6-column (GE Healthcare) in 25mmol/
L Tris/HCl, pH7.5, 100mmol/L NaCl, 50 μmol/L ATP, 5mmol/L Mg2+ at 5°C using the
DuoFLow-chromatography system (Bio-Rad). The flow rate was 0.25mL/min and fractions
of 0.5mL were collected. The column was calibrated using proteins of known molecular
mass.

Light microscopy
Biopsies from the left ventricle were fixed in 10% formalin and embedded in paraffin.
Sections (thickness: 5μm) were stained with hematoxylin and eosin (H&E) and Masson’s
trichrome stain. Slides were examined under light microscopy (magnification ×40, ×100,
×200, ×400) by a pathologist (M.M.P.) who was blinded as to the treatment of the hearts.

Transmission electron microscopy (TEM)
Biopsies of the left ventricle were fixed with 4% glutaraldehyde, postfixed in 1%OsO4,
0.1mol/L cacodylate buffer, and embedded as monolayers in Embed 812. Ultrathin sections
(90nm) were stained with uranyl acetate and lead citrate and analyzed by TEM (Hitachi
H-600, Pleasanton, CA) by a pathologist (M.M.P.) who was blinded as to the treatment of
the hearts.
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Statistics
Data are expressed as mean±SEM. Student’s t-test and one-way ANOVA with Tukey post-
hoc correction for multiple comparisons were calculated with the SPSS-program (Chicago,
IL). Regression analyses were calculated with the GraphPad-Prism-program (GraphPad-
Software, San Diego, CA). A two-tailed p<0.05 was considered significant.

Results
The myocardial ATP content in heart extracts during CI decreased with t1/2 of 8.3±2h (Fig.
1A). When measured at the physiologiocal myocardial [ATP,5mmol/L][14] and 37°C,
proteasome CT-L activity increased during CI by 30–40%. When measured at the actual
tissue [ATP], this activity increased by 225% within 24h of CI and remained constant until
48h (Fig. 1B/C). As compared with measurements at 37°C, proteasome CT-L activity in
non-ischemic heart extracts was 8-fold lower at 4°C (pmol/50 μg/h: 105±14 at 37°C vs.
13±4 at 4°C;p<0.05). When measured at 4°C, proteasome activity increased within 12h of
cold ischemic storage by 750% and remained constant thereafter (Fig. 1B/C).

After CI in UW supplemented with epoxomicin, proteasome peptidase activity in the heart
extracts was inhibited by more than 90% when measured at 37°C and 4°C (Fig. 1D). [ATP]
were comparable after CI in UW with (200±37nmol ATP/g wet weight) and without
(238±25nmol ATP/g wet weight) epoxomicin.

W/D ratios increased from 3.51±0.07 in non-ischemic hearts to 3.94±0.04 and 4.04±0.07
after 12h and 24h of CI, respectively (p<0.001 for both time points). This increase was
significantly attenuated with epoxomicin (W/D ratios: 3.61±0.05 and 3.72±0.12 after 12h
and 24h, respectively; p<0.01 both time points) (Fig. 1E).

Normal hearts and hearts after 24h of CI with or without epoxomicin were indistinguishable
when evaluated by light microscopy (Fig. S1A/B). TEM demonstrated profound impairment
of the myocardial ultrastructure after 24h of CI, as reflected by pronounced perinuclear and
cytoplasmatic edema, ballooned and partly disrupted mitochondria with flocculent densities,
prominent I-bands, disrupted myofibrills and clumped and marginated chromatin of the
nucleus (Fig. 1F and Fig. S1C, center panels). All of these ultrastuctural changes were
attenuated with epoxomicin (right panels).

A representative image from Western blotting experiments with extracts from a non-
ischemic heart and hearts after 24h of CI in UW with and without epoxomicin is shown in
Fig. S2A. Because the chemiluminescence signals for free ubiquitin were much stronger
than the signals for ubiquitin-protein conjugates (>15kDa; Fig. S2A–left panel), the latter
were visualized with a longer exposure time (Fig. S2A–right panel). The signal
corresponding to free ubiquitin was not affected by CI (lanes 2–4). Ubiquitin-protein
conjugates decreased in intensity after CI (lanes 6/7). Supplementation of UW with
epoxomicin slightly increased the signals for ubiquitin-protein conjugates (lane 8).
Quantification of the chemiluminescence signals from four independent experiments
confirmed these observations (Fig. S2B).

We further evaluated the effect of ATP on CT-L proteasome activity in cardiac extracts
from non-ischemic hearts which were harvested without cardioplegia (Fig. 2A). The
endogenous [ATP] in these cardiac extracts was 0.51±0.1nmol/g wet weight. This was 20-
fold lower than the [ATP] in extracts from hearts that were harvested after cardioplegic
arrest with UW (10.6±5nmol/g wet weight, n=5), suggesting that most of the endogenous
ATP was consumed during tissue harvest. Based on the volume of extracts that were used in
the incubation mixtures, the assay [ATP] in the absence of exogenous ATP was 10–20nmol/
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L. As compared with measurements at a physiological myocardial [ATP], proteasome CT-L
activity increased the further the assay [ATP] was reduced. Maximal activation was reached
at 100 μmol/L of exogenous ATP (695±122% of the activity at 5mmol/L ATP(=100%)).

To confirm the phenomenon of proteasome activation by low [ATP], we studied the effect
of ATP on enzyme activities in highly purified 26S and 20S preparations. Measurements of
the ATP dependency of CT-L (Fig. 2B), T-L (Fig. 2C) and Casp-L (Fig. 2D) 26S activities
resulted in a similar activation by low [ATP] with peak activities at concentrations between
10–50 μmol/L. Variation of the [ATP] had no activating effect on the CT-L activity in 20S
preparations (Fig. 2B,▪). When Mg2+ was chelated with EDTA, the activating effect of low
[ATP] on 26S activity disappeared (Fig. 2B,○), thus indicating that ATP hydrolysis is
required for activation. Consistent with this assumption, reduction of the Mg2+

concentration activated 26S activity and resulted in peak activities at 50 μmol/L Mg2+ in the
presence of 2 mmol/L ATP, while reduction of Mg2+ down to the low μmol/L range did not
affect 26S peptidase activity in the presence of 20 μmol/L ATP (Fig. 2E). Variation of the
Mg2+ concentration had no effect on 20S peptidase activity (Fig. 2E,▪).

Quantification of constant amounts of 20S and 26S at various [ATP] showed that reduction
of ATP from 5mmol/L to 2mmol/L resulted in a linear decrease of the 26S content by 60–
75% in the presence and absence of 5mmol/L Mg2+. Further reduction of [ATP] did not
result in a further decrease of the 26S content, suggesting that approximately 30% of 26S are
stable at low [ATP], independent of the availability of ATP for hydrolysis (Fig. 2F).
Variation of [ATP] did not affect 20S content (Fig. 2F).

To further confirm that a proportion of 26S is stable at low [ATP], 26S was gel-filtered in
the presence of 50 μmol/L ATP,5 mmol/L Mg2+ (Fig. 2G). The elution profile of the 20S
content showed an asymmetrical peak that corresponded to the native molecular mass of the
20S (700kDa; fraction #23) and a wide left sided shoulder at an elution position
corresponding to the native molecular mass of the 26S (>1.5MDa; fraction #19). The latter
contained approximately 30% of the total amounts of 20S. The elution profile of the
proteasome peptidase activity showed the opposite distribution with maximal enzyme
activities in fraction #19 (>1.5MDa) and a right sided shoulder at an elution position of
700kDa. Peptidase activity that eluted in fraction #19 was 3-fold higher than the activity
eluted in fraction #23.

Discussion
The present study uncovers a direct relationship between the proteasome, tissue [ATP] and
myocardial injury during CI. Furthermore, our observations imply that a subset of the 26S
acts as a cell-destructive protease that is activated when the cellular energy supply declines.

The finding that ATP negatively regulates proteasome activities is consistent with previous
measurements of proteasome inhibitor sensitive peptidase activities in crude heart
extracts[15].

Activity measurements at the actual tissue [ATP] under normo- and hypothermic conditions
after CI suggested significant activation of the cardiac proteasome as the tissue ATP content
declines in the ischemic heart. As demonstrated by enzyme activity measurements at the
physiological [ATP] in the present study, and by previous studies that assessed proteasome
activity in ischemic hearts without adjusting [ATP] in the enzyme assays to the actual tissue
[ATP][4–6], this activation remains concealed as long as the regulatory effect of ATP is not
being considered.
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Proteasome inhibition during CI with the specific inhibitor epoxomicin[13] resulted in a
significant reduction of organ edema and preserved the ultrastructural integrity of the
cardiomyocyte. This provided initial evidence that proteasome activation is a
pathophysiologically relevant mechanism of ischemic myocardial injury.

Proteasome inhibitors have previously been shown to reduce cardiac ischemia reperfusion
injury[16, 17]. However, information on the cardiac proteasome was not provided and
beneficial effects of proteasome inhibitors were attributed to their immune modulatory and
anti-inflammatory actions. The present study now provides initial evidence that proteasome
inhibition has direct cardioprotective effects during CI.

The phenomenon that proteasome activation during CI was 4–5-fold higher when enzyme
assays were performed at 4°C as compared to 37°C could have multiple explanations.
Besides the possibility that quantification of the low fluorescence signals in peptidase assays
with extracts from non-ischemic hearts at 4°C possibly underestimates the activity, the
peptide substrate N-Suc-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin is not exclusively
used by the proteasome as a substrate[18]. Thus, competing peptidases in the cardiac
extracts might be more sensitive to hypothermia than the proteasome. Furthermore,
degradation of natural proteins by the proteasome requires a complex series of protein-
protein interactions[19]. Because hypothermia is likely to decelerate these interactions,
which are not required for processing of the artificial peptidase test substrates, it may reduce
the competing effect of natural protein substrates on proteasome peptidase activities in the
cardiac extracts and accentuate the activating effect of low [ATP].

Although ATP dependent and proteasome inhibitor sensitive peptidase activities in tissue
extracts have been attributed to the 26S[6, 15], the observation that proteasome activities are
negatively regulated by ATP is difficult to interpret as the 26S disassembles when the ATP
concentration is reduced[8, 10, 11]. To resolve this paradox, we employed purified 20S and
26S for a direct assessment of the influence of ATP on proteasome activity and stability.
Consistent with previous findings on CT-L peptidase activity of purified 26S[20], activity
measurements confirmed maximal activation of all three major 26S peptidase activities by
ATP in the low μmol/L range, and also a dose-dependent down regulation of its peptidase
activity when ATP was increased to its physiological concentration in the heart[14], as we
detected in cardiac extracts.

Variation of the Mg2+ concentration in peptidase activity assays, quantification of the 20S/
26S content at various [ATP] and gel-filtration experiments suggested that ATP hydrolysis
is required for 26S activation and that approximately 30% of 26S are stable at very low
levels of ATP. The latter is consistent with our previous findings from solid phase affinity
immobilization experiments[11].

Proteasome activation by low [ATP] was detectable in extracts from hearts under
physiological baseline conditions, during prolonged CI and in highly purified 26S derived
from human blood cells. Thus, this regulation is likely to represent a general physiological
mechanism that controls the activity of a major proteolytic system. Therefore, these data
support the notion that the 26S is under direct control of the cellular energy status, that a
subset of 26S is a cell destructive protease that is activated as ATP declines and that a
sufficient energy supply prevents the tissue from autodestruction.

Polyubiquitylated proteins are the preferred 26S substrates[21]. The finding that high
molecular mass ubiquitin-protein conjugates were decreased after CI could point towards
their increased degradation when the 26S is activated as ATP declines. However, the effects
of epoxomicin on the disappearance of ubiquitin-protein conjugates during CI were small
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and variable, which questions a causal relationship. Previous studies inferred that the
ubiquitin-protein conjugate pool size results from direct control of ligation or disassembly
rates, whereas potential modulation of the degradation rates would have little effects[22, 23].
Therefore, it is conceivable that the decrease in cardiac ubiquitin-protein conjugates after CI
is rather the effect of altered function of ubiquitin-protein ligase systems and
deubiquitylating enzymes. On the other hand, degradation of ubiquitin-protein conjugates
might have occurred before epoxomicin was able to permeate into the cell and accumulate in
sufficient concentrations.

The beneficial actions of epoxomicin in the present study support the concept of proteasome
inhibitors as potential cardiac therapeutics, and suggest that this strategy could be used to
improve organ preservation in cardiac transplantation. Nevertheless, it should be noted that
the proteasome inhibitor MG132 decreased recovery of post-ischemic function in a perfused
rat heart preparation[6]. Besides the possibility that these effects might be attributable to the
limited specificity of MG132[24], its adverse effects on contractility in post-ischemic hearts
could also be related to differential sensitivities of cardiac 20S subpopulations to the
proteasome inhibitors MG132 and bortezomib[25]. Along with our finding of a
subpopulation of 26S that is stable and activated at low [ATP], these data collectively point
towards specific functions of proteasome subpopulations and imply that the side effect
profile of proteasome inhibitors can be reduced if subpopulation specific inhibitors become
available.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A: ATP content in hearts during CI in UW solution, in % of non-ischemic hearts (n=5/time
point). Data were analyzed by non-linear regression analysis (r2=0.81). B: Proteasome CT-L
activity in hearts from A. Activity was measured at 5mmol/L ATP and 37°C(■), at the
actual tissue ATP content (as determined in A: CI0h: 5mmol/L(=100%), CI4h: 4.25mmol/
L(=85%), CI8h: 3mmol/L(=60%), CI12h: 1.5mmol/L(=30%), CI24 h: 0.75mmol/L(=15%)
and CI48h: 0.5mmol/L(=10%)) and 37°C(●) or at 4°C(□). All incubation mixtures
contained 5mmol/L Mg2+. *: p<0.05 vs. non-ischemic hearts measured at 5mmol/L ATP,
37°C. C: To assess proteasome peptidase activity activation at each condition (same
symbols as in B), the activation factor was calculated as (Atx−At0)/At0 in which At0 is the
activity in extracts from non-ischemic hearts (=0min CI) and Atx the activity after a given
period of CI.
D: CT-L proteasome activity in extracts from hearts after 24h of CI in UW supplemented
with (open bars) or without (grey bars) epoxomicin. n=5/group. Enzyme activities were
measured at the actual tissue ATP content and at 37°C or 4°C, as indicated in the graph. *:
p<0.05 for the comparison between hearts stored with and without epoxomicin. E: W/D
ratios of hearts during CI in UW with (+) or without (−) epoxomicin, n=5/group. Boxes
extend from the 25th to 75th percentile, the horizontal line shows the median. Error bars
show the range of data (min/max). *: p<0.05 vs. non-ischemic hearts (open box). #: p<0.05
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vs. hearts stored for the same duration in the presence of epoxomicin. F: Representative
photomicrographs showing transmission electron microscopy (15000x) in a non-ischemic
heart after cardioplegic arrest (ctrl.), in the heart after cardioplegic arrest and 24h of CI in
UW (CI24h) and after CI in UW supplemented with 50 μmol/L of epoxomicin (CI24h
+Epox). cpe: cytoplasmatic and perinuclear edema. I: I-bands. Arrows: ballooned and partly
disrupted mitochondria. Arrowheads: disrupted myofibrils. Scale bars − 1 μm.
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Fig. 2.
A–D: Activities are expressed as % of activity measured at the normal myocardial ATP
concentration (5mmol/L=100%); n=5. Mg2+ was constant (5mmol/L) in all assays. A: ATP
dependency of the proteasome CT-L activity in extracts from non-ischemic hearts. Hearts
were harvested without cardioplegic arrest; n=5. B–D: ATP dependency of proteasome CT-
L (B), T-L (C) and Casp-L (D) activity in highly purified proteasome preparations. □:26S;
■:20S; ○:26S, activity measurements in the presence of 5mmol/L EDTA. Activity
measurements at 0mmol/L ATP were performed in the presence of 5mmol/L EDTA without
addition of ATP to the incubation mixtures (the total ATP concentration in these incubation
mixtures containing 26S was 8 μmol/L and derived from the stock 26S solution). E: Mg2+
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dependency of the CT-L proteasome activity. □:26S, 2mmol/L ATP; :26S, 20 μmol/L
ATP; ■: 20S, 2mmol/L ATP. Data are % of activity measured at 5mmol/L Mg2+, 2mmol/L
ATP. Activity measurements at 0mmol/L Mg2+ were performed in the presence of 5mmol/L
EDTA. F: Measurement of 20S and 26S content by ELISA. 160–500 ng of 20S or 26S were
loaded onto the ELISA plate at the given ATP concentrations and 0 or 5mmol/L Mg2+, and
incubated for 2h. For all subsequent steps, ATP/Mg2+ was kept constant at 5mmol/L. Data
are expressed as % of proteasome content when assayed at 5mmol/L ATP and Mg2+; n=5–7.
○:20S measured with the 20S ELISA. ■:26S measured with the 26S ELISA; 0mmol/L
Mg2+. :26S measured with the 26S ELISA; 5mmol/L Mg2+. G: Gel filtration of 26S on
Superose6. The running buffer contained 50 μmol/L ATP, 5mmol/L Mg2+. Fractions were
analyzed for 20S content by ELISA (●) and proteasome CT-L activity (□; incubation
mixtures contained 50 μmol/L ATP and 5mmol/L Mg2+). △: elution positions of molecular
mass standards. The line shows the standard curve derived from linear regression analysis
(r2=0.98).
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