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Abstract
The ubiquitin-proteasome system plays an important role in regulating muscle mass. Inducible
immunoproteasome subunits LMP-2 and LMP-7 are constitutively expressed in the heart; however,
their regulation and functions are poorly understood. We here investigated the hypothesis that
immunoproteasomes regulate cardiac muscle mass in diabetic mice. Type 1 diabetes was induced in
wildtype mice by streptozotocin. After hyperglycemia developed, insulin and the proteasome
inhibitor epoxomicin were used to treat diabetic mice for 6 weeks. Isolated mouse hearts were
perfused with control or high glucose solution. Catalytic proteasome β-subunits and proteolytic
activities were analyzed in the heart by immunoblotting and fluorogenic peptide degradation assays,
respectively. Insulin and epoxomicin blocked loss of heart weight and improved cardiac function in
diabetic mice. LMP-7 and its corresponding chymotryptic-like proteasome activity were increased
in diabetic hearts and high glucose-treated hearts. Myosin heavy chain protein was decreased in
diabetic hearts, which was largely reversed by epoxomicin. High glucose decreased LMP-2 protein
levels in perfused hearts. In diabetic hearts, LMP-2 expression was downregulated whereas
expression of the phosphastase and tensin homologue deleted on chromosome ten (PTEN) and the
muscle atrophy F-box were upregulated. Moreover, mice with muscle-specific knockout of PTEN
gene demonstrated increased cardiac muscle mass, while mice with LMP-2 deficiency demonstrated
PTEN accumulation, muscle mass loss, and contractile impairment in the heart. Therefore, we
concluded that high glucose regulates immunoproteasome subunits and modifies proteasome
activities in the heart, and that dysregulated immunoproteasome subunits may mediate loss of cardiac
muscle mass in experimental diabetic mice.
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1. Introduction
Diabetes mellitus is an independent risk factor for heart failure [1,2]. The pathological changes
in diabetic hearts are characterized by loss of cardiac muscle mass and deposition of connective
tissue [3,4]. The loss of contractile components contributes to cardiac dysfunction. The
ubiquitin-proteasome system (UPS) has been shown to mediate loss of muscle mass, including
cardiac muscle mass, in type 1 diabetes [5–7]. However, the underlying molecular mechanism
is not fully understood.

UPS controls protein quantity and quality [8]. The 26S proteasome is composed of regulatory
19S and catalytic 20S components [9–12]. The 20S proteasome possesses four stacked rings,
with two outer rings containing seven different α subunits and the two inner rings containing
seven different β subunits. The proteasome has three catalytic β subunits (β1, β2, and β5) that
are constitutively expressed, but they can be replaced by inducible β subunits to form so-called
immunoproteasomes. Constitutive β subunits are relatively stable in the heart and liver
compared to inducible β subunits [12]. Inducible β subunits are abundantly expressed in the
heart under basal conditions and mediate proteolytic activities [11,12]. However, little is known
about their regulation and functions in the heart. Inducible β subunits, consisting of low
molecular mass polypeptide (LMP)-2/β1i, multicatalytic endopeptidase complex-like
(MECL)-1/β2i, and LMP-7/β5i, preferentially form immunoproteasomes [13]. LMP-2 is
required for the incorporation of MECL-1. LMP-7, together with the constitutive β5 subunit,
mediates the chymotryptic-like activity of 20S proteasomes [12]. Originally, the
immunoproteasome subunits were regarded as transiently induced subunits to promote
antigenic peptide production in response to inflammatory stimuli by modifying the specificity
and activities of 20S proteasomes [13]. However, recent studies have shown that LMP-2 and
LMP-7 modify proteasome activities and increased cell survival under non-inflammatory
conditions [11,14].

Myocyte size and survival are negatively regulated by the phosphatase and tensin homologue
deleted on chromosome ten (PTEN) [15]. Protein kinase B (also called Akt), an important
downstream protein of PTEN, has been shown to increase muscle mass by inactivating
forkhead box class O transcription factor (FOXO) 3a [16,17]. In the present study, we have
demonstrated that high glucose regulates immunoproteasome subunits and proteolytic
activities of proteasomes, and that immunoproteasome dysregulation may mediate loss of
cardiac muscle mass in diabetic mice.

2. Materials and methods
2.1. Animals

All experiments were performed with age-matched male mice. At the time of the experiments,
mice were at least 2 months old. Lmp-2 knockout (Lmp-2−/−) mice were generated by deletion
of the corresponding gene using embryonic stem cell technology [18]. Lmp-2−/− mice were
backcrossed 10 times to C57BL6. B6.129S4-Ptentm1Hwu/J mice and B6.129S4-Tg(ckm-cre)
5Khn/J mice were purchased from The Jackson Laboratory. All procedures were approved by
the Johns Hopkins University Institutional Animal Care and Use Committee and conformed
to the Guide for the Care and Use of Laboratory Animals published by the U.S. National
Institutes of Health (NIH Publication No. 85-23, revised 1996).
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2.2. Generation of muscle-specific Pten knockout mice
Muscle-specific Pten knockout mice were generated from B6.129S4-Ptentm1Hwu/J (Ptenlp/lp)
mice and B6.129S4-Tg(ckm-cre)5Khn/J (mck-Cre+/−) mice. Ptenlp/lp mice possess two flanked
loxp sites on either side of exon 5 of the Pten gene. In mck-Cre+/− mice, the Cre recombinase
transgene is driven by the muscle creatine kinase (mck) promoter. Ptenlp/lp mice were crossed
with mck-Cre+/− mice and their offspring were backcrossed to Ptenlp/lp mice. Ptenlp/lp; mck-
Cre+/− mice were identified by genotyping (the protocols were provided by The Jackson
Laboratory). PTEN deletion in cardiac muscle was confirmed by immunohistochemistry and
Western blot analysis. Ptenlp/lp;mck-Cre−/− mice were used as controls.

2.3. Protocols for animal experiments
Diabetes was induced in mice by intra-peritoneal injection of STZ (two doses at 150 mg/kg,
one day apart). STZ was dissolved in PBS. Hyperglycemia developed within one week.
Diabetic mice were divided into three groups. The first group was given PBS. The second
group received insulin replacement by a daily sc injection of Lantus (Sanofi-Aventis,
Bridgewater, NJ, USA) at 8 U/100 g body weight, starting on the third day after STZ injection.
The third group was treated with the specific and irreversible proteasome inhibitor epoxomicin
(EPX) (Biomol International, Plymouth Meeting, PA, USA) for six weeks (0.5 mg/kg ip, once
a week). As previously reported, EPX inhibited proteasome activity [19]. Normal wildtype
mice treated with EPX were used as a control group. The mice tolerated this dosage of EPX
without obvious side effects. At the end of the experiments, echocardiography was performed,
and blood glucose and body weight were measured. Left ventricular function was assessed by
a Mikro-tip pressure catheter, and then the heart was removed and cross-sectioned into 5 pieces.
Cardiac sections were stained by 1.5% triphenyltetrazolium chloride (TTC) for 15 min at 37
°C. The heart and individual sections were weighed and photographed. Left ventricular muscle
mass (LVM, red) was measured by computerized planimetry (Image J, NIH, Bethesda, MD)
using the following equation: LVM = heart weight × LV muscle area (red)/[muscle area (red)
+ fibrosis area (white)]. Tibial length was measured, and the ratio of heart weight to tibial
length was calculated.

2.4. Immunohistochemistry
Formalin-fixed, paraffin-embedded hearts were sectioned at 6 μm, as described previously
[20]. Briefly, sections were deparaffinized, and then heat-induced antigen retrieval was
performed by Trilogy EDTA (Cell Marque Corp.), followed by a hot rinse in Trilogy.
Endogenous peroxidase activity was blocked by incubation in 0.3% H2O2. Slides were
incubated with anti-PTEN antibody (Cell Signaling Technology) for 3 hours. Sections were
counterstained in hematoxylin.

2.5. Mouse Langendorff preparation
Mice were anesthetized by intraperitoneal injection of pentobarbital (70 mg/kg), as described
previously [11]. Hearts were removed and perfused at a constant pressure with modified Krebs-
Henseleit (KH) buffer (in mmol/L: glucose 16.5, NaCl 120, NaHCO3 25, CaCl2 2.5, KCl 5.9,
MgSO4 1.2, and EDTA 0.5), which was maintained at 37°C and bubbled continuously with a
mixture of 95% O2 and 5% CO2. Perfusion with high glucose was achieved by increasing the
glucose concentration in the perfusate from 16.5 mmol/L to 33.0 mmol/L, without changes in
the other components.

2.6. Measurement of proteolytic activities of 20S proteasomes
Proteolytic activities of 20S proteasomes were measured by fluorogenic peptide degradation
assays, as described previously [11,12]. Briefly, hearts were homogenized on ice in the assay
buffer (25 mmol/L HEPES, pH 7.5, 0.5 mmol/L EDTA, 0.03% SDS). Equal amounts of protein
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were reacted with 0, 10, or 50 μmol/L of the substrates at room temperature. Suc-LLVY-
aminomethylcoumarin (−AMC) and Z-LLE-AMC were used to measure chymotryptic-like
and caspase-like proteasome activity, respectively. Boc-LLR-AMC was used to measure
tryptic-like proteasome activity in a separate buffer (25 mmol/L HEPES, pH 7.5, 0.5 mmol/L
EDTA, 0.05% NP-40, 0.001% SDS). The cleavage product AMC was analyzed in a
fluorometer (excitation/emission: 355/460 nm). Background activity (caused by
nonproteasomal degradation) was determined by addition of the proteasome inhibitor
lactacystin at a final concentration of 50 μmol/L. Lactacystin and all proteasome substrates
were purchased from Biomol International, Plymouth Meeting, PA, USA.

2.7. Echocardiography
In vivo cardiac function was assessed by transthoracic echocardiography (Acuson Sequoia
C256, 13MHz transducer; Siemens) in conscious mice, as described previously [21]. M-mode
LV end-systolic and end-diastolic dimensions were averaged from 3–5 beats. Fractional
shortening (FS) was calculated from the end-diastolic diameter (EDD) and end-systolic
diameter (ESD) using the following equation: FS = 100% × [(EDD − ESD)/EDD]. Studies and
analysis were performed by investigators blinded to genotype or treatments.

2.8. Measurement of left ventricular pressure
After mice were anesthetized with pentobarbital (70 mg/kg) and were mechanically ventilated,
a Mikro-tip catheter (SPR671, Millar Instruments, Houston, Texas, USA) was inserted into
the left ventricle as we described previously [11]. Left ventricular pressure was directly
measured with the Powerlab Data Acquisition System and displayed on a computer. Left
ventricular developed pressure [LVDP = systolic pressure (LVSP) − end diastolic pressure
(LVEDP)], heart rate (HR), positive maximal LVP derivative (+dp/dtm), and negative maximal
LVP derivative (−dp/dtm) were automatically calculated using Chart 5 software
(ADInstruments, Colorado Springs, Colorado, USA).

2.9. Immunoblotting assay
Hearts were homogenized in the lysate buffer (in mmol/L: pH 7.5 Tris 20, NaCl 150, EDTA
1, EGTA 1, PMSF 1, Na3VO4 1, 1% Triton). Proteins were separated on a precast NuPAGE
Bis-Tris gel (Invitrogen) and transferred to a nitrocellulose membrane. Proteins were detected
by using primary antibodies, followed by horseradish peroxidase-conjugated secondary
antibody and enhanced chemiluminescence. Antibodies against PTEN, p-Akt (S-473), Akt, p-
FOXO3a, FOXO3a, and GAPDH were purchased from Cell Signaling Technology. MAFbx
antibody was from Santa Cruz Biotechnology. Antibodies against LMP-2, MHC, and MyoD1
were from Abcam Inc. Antibodies against LMP-7, MECL-1, β1, β2, β5, and α5 subunit were
from Biomol International, Plymouth Meeting, PA, USA.

2.10. Statistical analysis
Data are presented as mean ± standard error of the mean. The difference among groups was
analyzed by one-way ANOVA or Student’s t-test. Differences were considered significant if
p < 0.05.

3. RESULTS
3.1. Diabetic cardiomyopathy in STZ-treated mice is attenuated by proteasome inhibition

After 6 weeks of diabetes, STZ-treated mice exhibited lower body weight (BW) and heart
weight (HW) than control (CON) mice (Table 1). Moreover, the study of left ventricular
function showed that LVDP, +dp/dt, −dp/dt, and FS were significantly decreased in STZ-
treated mice. Insulin replacement controlled blood glucose, inhibited the loss of BW and HW,
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and improved the left ventricular systolic function (Table 1 and Fig. 1). Therefore, diabetic
cardiomyopathy was present in STZ-treated mice. However, LVEDP was unchanged in STZ-
treated mice. To determine whether 20S proteasomes play a role in diabetic cardiomyopathy,
we treated diabetic mice with EPX for 6 weeks. EPX did not decrease blood glucose in STZ
mice, but it significantly increased BW and HW and improved LVDP, +dp/dt, −dp/dt, and FS
in these diabetic mice. EPX itself did not increase HW and FS but instead decreased the ratio
of HW/BW (Table 1 and Fig. 1). Taken together, these results suggested that 20S proteasomes
play an important role in the development of diabetic cardiomyopathy.

3.2. High glucose increases LMP-7 protein levels and its corresponding chymotryptic-like
proteasome activity in the heart

To determine whether LMP-7 and β5 subunit are regulated in STZ-treated mice, we measured
them by Western blot analysis. LMP-7 and β5 subunit protein levels were increased in STZ
hearts by 280% and 82%, respectively (Fig. 2A). However, non-catalytic α5 subunit was
unchanged (Fig. S1A). To determine whether high glucose regulates LMP-7 and β5 subunit in
the heart, we exposed isolated hearts from wildtype mice to high glucose (HG) or the perfusion
buffer containing control glucose (CG) for 4 hrs. HG significantly increased LMP-7 protein
levels (Fig. 2A). However, β5 subunit protein levels were unchanged in HG-treated hearts (Fig.
2A). To determine whether STZ directly regulates LMP-7 in the heart, we exposed isolated
mouse hearts to different concentrations of STZ for 4 hrs. LMP-7 protein levels were not
increased in the STZ-treated hearts (Fig. S2). Moreover, to determine whether LMP-7
upregulation in the heart is caused by high osmotic pressure, we subjected isolated mouse hearts
to HG or mannitol perfusion buffer for 4 hrs. The two buffers were equal in osmotic pressure.
HG increased LMP-7 protein levels, but mannitol did not (Fig. S3). Consistent with the increase
in LMP-7, the chymotryptic-like proteasome activity was also significantly increased in
diabetic hearts (Fig. 2B) and in HG hearts (Fig. 2B).

3.3. MHC protein levels are reduced in hearts from STZ-treated mice through the proteasome
pathway

To determine whether increased proteasome activity regulates MHC protein levels in hearts
from STZ-treated mice, we treated diabetic mice with or without the proteasome inhibitor
epoxomicin. MHC was significantly decreased in diabetic mice (Fig. 3A). However,
epoxomicin blocked the proteasome-mediated downregulation of MHC by 75% (Fig. 3A). ).
No difference in MHC protein levels was found in diabetic mice treated with EPX treatment
and insulin treatment. Moreover, MHC protein levels were not increased in EPX-treated normal
mice (Fig. 3B). Therefore, increased proteasome activity mediates loss of MHC protein, most
likely through its degradation, in diabetic hearts.

3.4. High glucose decreases LMP-2 protein levels in the heart
LMP-2 is essential for the formation of immunoproteasomes [11,13]. To determine whether
LMP-2 is regulated in diabetic hearts, we measured LMP-2 levels in control and STZ hearts.
LMP-2 was significantly decreased in diabetic mice (Fig. 4A). Next, we analyzed β1, MECL-1,
and β2 subunits in these samples. A modest increase in β1 was found in STZ hearts (Fig. 4A).
MECL-1 was significantly decreased in STZ hearts (Fig. 4A), but no significant change was
found in β2 protein. To determine whether high glucose regulates LMP-2 in the heart, we
measured LMP-2 protein levels in isolated mouse hearts perfused with HG. HG significantly
decreased LMP-2 levels in the heart (Fig. 4A), but had no effect on β1 subunit, MECL-1, and
β2 subunit (Fig. 4A). After isolated hearts were exposed to mannitol perfusion buffer for 4 hrs,
no decrease in LMP-2 and MECL-1 was found (Fig. S2). Moreover, direct exposure of isolated
hearts to STZ did not cause a decrease in LMP-2 and MECL-1 (Fig. S2). To assess whether
the alteration in LMP-2 levels impacts the proteolytic activities of proteasomes, we measured
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caspase-like and tryptic-like proteasome activity in CON and STZ hearts. Tryptic-like
proteasome activity was significantly decreased in diabetic hearts (Fig. 4B). However, no
significant change was found in caspase-like proteasome activity between these groups.

3.5. PTEN accumulation and MAFbx expression are increased in STZ-induced diabetic hearts
To determine whether the signaling pathway for muscle degradation is activated in diabetic
hearts, we first determined the effect of LMP-2 downregulation on PTEN protein levels in
diabetic hearts. PTEN protein levels were significantly increased in hearts from STZ-treated
mice (Fig. 5). We then measured p-Akt and total Akt, p-FOXO3a and total FOXO3a, MAFbx,
and MyoD1 in STZ and CON hearts. p-Akt was significantly decreased in diabetic hearts (Fig.
5). The levels of total Akt were also decreased, but the ratio of p-Akt to total Akt remained
significantly decreased in these hearts (17 ± 7 vs. 73 ± 3 %). Consistent with these results, p-
FOXO3a was significantly decreased (Fig. 5), and MAFbx was significantly increased (Fig.
5). Moreover, the myogenic regulatory factor MyoD1 was decreased in diabetic hearts (Fig.
5). However, Erk1/2 phosphorylation was not significantly different in STZ and CON hearts
(Fig. S1B). Taken together, these results suggested that PTEN activity is increased and that
signaling for muscle-specific protein degradation may be up-regulated in STZ-induced diabetic
hearts.

3.6. PTEN inactivation increases cardiac muscle mass in mice
To demonstrate that PTEN regulates cardiac muscle mass in mice, we generated muscle-
specific Pten knockout mice (Ptenlp/lp; mck-Cre+/− mice). We detected PTEN protein levels
in the heart by immunohistochemistry. Ptenlp/lp; mck-Cre−/− mice were used as a control group.
PTEN protein was decreased in the cardiac muscle from Ptenlp/lp; mck-Cre+/− mice compared
with Ptenlp/lp; mck-Cre−/− mice (Fig. 6A). We also measured PTEN, p-Akt, and total Akt in
these mice by Western blot analysis. PTEN was down-regulated in the heart and skeletal muscle
from Ptenlp/lp; mck-Cre+/− mice, and p-Akt was increased in the heart but not in skeletal muscle
(Fig. 6B). No difference was found in the liver from these mice. Ptenlp/lp; mck-Cre+/− mice
developed cardiac hypertrophy (Fig. 6C). Importantly, MHC protein levels were increased in
these mice (Fig. 6D).

3.7. LMP-2 deficiency leads to PTEN accumulation and cardiomyopathy
To determine whether LMP-2 downregulation is sufficient to induce PTEN accumulation, we
measured PTEN protein levels in wildtype Lmp-2+/+ and Lmp-2−/− hearts. In Lmp-2−/− hearts,
LMP-2 protein was undetectable (Fig. 7A); PTEN expression was significantly increased (Fig.
7A); p-Akt was significantly decreased (Fig. 7A). Furthermore, MHC protein levels were
decreased in Lmp-2−/− hearts (Fig. 7A). To determine whether LMP-2 is necessary for
preservation of muscle mass and heart function, we measured left ventricular muscle mass
(LVM) and FS in littermate Lmp-2+/+ and Lmp-2−/− mice at the age of 18 months. LMP-2
deletion led to a balloon-like heart in mice (Fig. 7B). Despite increased heart weight in
Lmp-2−/− mice (0.221 vs 0.178 g), their LVM and FS were significantly decreased (Fig. 7C
and 7D). Fibrotic tissue (white) was clearly seen in the endomyocardium of Lmp-2−/− mice
(Fig. 7C). Therefore, LMP-2 deficiency leads to loss of cardiac muscle mass and contractile
dysfunction, a cardiomyopathy similar to that seen in type 2 diabetic hearts.

4. DISCUSSION
We have reported three important findings. First, we showed that high glucose increases LMP-7
and its respective chymotryptic-like proteasome activity and decreases LMP-2 in the heart.
Second, we demonstrated that LMP-7 is up-regulated in STZ-induced diabetic hearts, and that
increased chymotryptic-like proteasome activity contributes to the reduction of MHC protein
levels. Third, we showed that LMP-2 is decreased in diabetic hearts, and that LMP-2 deficiency
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leads to PTEN accumulation and Akt inactivation and results in cardiomyopathy in mice.
Therefore, our study for the first time has demonstrated that immunoproteasome subunits play
an important role in regulating cardiac muscle mass, and that their dysregulation may promote
the development of diabetic cardiomyopathy.

Although immunoproteasome subunits are constitutively expressed in the heart, little is known
about their regulation and function. Our knowledge about LMP-2 and LMP-7 largely comes
from studies of inflammatory cells. LMP-2 and LMP-7 are encoded by the major
histocompatibility complex class II region [22,23]. During infection, interferon-γ up-regulates
LMP-2 and LMP-7 to promote antigen presentation [24]. Signal transducer and activator of
transcription (Stat) 1α and interferon regulatory factor 1 are required for their gene expression
[25,26]. However, LMP-2 protein expression can be detected in Stat-1 knockout mice under
basal conditions [24]. A Stat-1-independent pathway may play an important role in regulating
LMP-2 expression under non-inflammatory conditions. Nitric oxide up-regulates LMP-2 and
LMP-7 protein levels through activation of cAMP-response element-binding protein [14]. In
the present study, LMP-2 was decreased but LMP-7 was increased in STZ-induced diabetic
hearts. We showed that high glucose decreases LMP-2 in the heart; therefore, hyperglycemia
may contribute to the decrease in LMP-2 in diabetic hearts. Because LMP-2 can be
downregulated by oxidants in the cell, the effect of high glucose on LMP-2 may be caused by
increased ROS or decreased NO in diabetic hearts [27]. Although inflammatory factors in
diabetic hearts have the potential to increase LMP-7 expression, LMP-7 is upregulated in
isolated hearts exposed to high glucose, a condition in which inflammation is absent.
Furthermore, STZ or high osmotic pressure did not have a direct impact on protein levels of
the immunoproteasome subunits in perfused hearts. Therefore, high glucose may cause the
differential regulation of LMP-2 and LMP-7 in the heart. This may help to explain why
glycemic control is effective in preventing diabetic cardiomyopathy. It is not known whether
hyperlipidemia and hypoinsulinemia also contribute to regulation of immunoproteasome
subunits in diabetic hearts. Further studies are warranted to determine the molecular
mechanisms responsible for the dysregulation of immunoproteasome subunits in diabetic
hearts.

Muscle protein degradation is primarily mediated by chymotryptic-like proteasome activity
[7]. LMP-7 protein levels are associated with the chymotryptic-like activity of 20S proteasomes
[11,12,14]. Although constitutive β5 subunit also mediates chymotryptic-like activity, it may
not play an important role in determining this proteasome activity in the heart. It has been
shown that increased chymotryptic-like activity is correlated with increased LMP-7 expression
in the liver, and that relatively high β5 subunit levels do not lead to high chymotryptic-like
activity in the heart [12]. Importantly, LMP-7 over-expression leads to increased chymotryptic-
like activity [28]. Consistent with the present study, a 68% increase in β5 was found in diabetic
hearts in a previous report by Powell et al [29]. However, this change is relatively modest
compared with the 280% increase in LMP-7 we found in the diabetic hearts. Importantly, the
high glucose-induced increase in chymotryptic-like activity was associated with upregulation
of LMP-7, not the β5 subunit. Moreover, no decrease in total protein synthesis was detected
in STZ-induced diabetic hearts, and the loss of cardiac muscle mass resulted from increased
proteasome activity, not from calcium-activated and lysosomal proteolysis [7]. The specific
proteasome inhibitor EPX blocked loss of MHC protein by 75% in diabetic mice. EPX did not
reduce blood glucose levels, but it had the same inhibitory effect on the development of diabetic
cardiomyopathy as insulin. This suggests that EPX acts on the downstream target of high
glucose. Therefore, our study indicates that 20S proteasome activation plays an important role
in the development of diabetic cardiomyopathy. However, EPX and insulin did not fully
prevent the loss of cardiac mass in diabetic mice despite the lack of a decrease in BW and
cardiac function. Nevertheless, the fact that insulin was able to protect STZ mice against
cardiomyopathy strongly suggests that the effects of STZ are largely independent of its
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potential toxic effect on the heart. Since LMP-7 mediates chymotryptic-like activity, the
upregulation of LMP-7, together with β5 (at later time points), may increase proteolytic activity
and promote degradation of cardiac muscle protein in STZ-induced diabetic mice. The loss of
cardiac muscle mass mainly impairs systolic function and may not have an effect on diastolic
function in these diabetic mice [30]. In the present study, LVEDP was not significantly changed
in STZ mice, but the mice had a decrease in −dp/dt, suggesting that the relaxation in cardiac
muscle was impaired.

In contrast to the STZ model, cardiomyopathy in the newly discovered type 1 diabetes model
Akita mice is characterized by a loss in cardiac mass and diastolic function with preservation
of systolic function [31]. However, Akita mice do not develop myocardial fibrosis [31].
Fibrosis is an important histopathological characteristic of diabetic cardiomyopathy, which has
been implicated in the impairment of diastolic function in diabetes [32]. Thus, although Akita
mice have the advantages of developing early onset of diastolic dysfunction and do not have
potential extrapancreatic drug toxicity, these animals also have limitation with regard to
extrapolation of findings to human diabetes [33]. Nevertheless, it will be interesting to
determine whether the expression of LMP-7 and β5 subunits in Akita mice is regulated in a
similar manner as in STZ-treated mice.

LMP-2 plays an important role in the formation of immunoproteasomes. It has been reported
that chymotryptic-like and tryptic-like proteasome activities are decreased in LMP-2 knockout
mice [11,18]. Decreased tryptic-like proteasome activity in STZ-induced diabetic hearts
supports the essential role of LMP-2 in assembling immunoproteasomes. However, it is not
known why caspase-like proteasome activity, which is mediated by LMP-2, is increased in
Lmp-2−/− mice [11,18]. In our study, no change in caspase-like proteasome activity was found
in STZ-induced diabetic mice, probably due to increased β1 subunit in the heart. Interestingly,
it has been proposed that LMP-2 can regulate the specificity of 20S proteasomes [34]. Indeed,
LMP-2 deficiency causes the impairment of PTEN degradation in the heart [11]. Although
PTEN may be one of many accumulated proteins, it plays an important role in cell growth,
differentiation, and survival [35,36]. In cardiomyocytes, increased expression of PTEN causes
myocyte atrophy by inactivating Akt [15]. The present study showed that muscle-specific
PTEN inactivation increases cardiac muscle mass. Our findings therefore underscore the
importance of PTEN in preserving cardiac muscle mass. In myocytes, Akt activity is regulated
by PTEN and PI3K [7,35]. Activated Akt phosphorylates FOXO3a and increases its
exportation from the nucleus to the cytoplasm, leading to decreased MAFbx expression [16,
17]. In STZ-induced diabetic hearts, the Akt/FOXO signaling pathway is regulated [7]. Our
study further showed that MAFbx is increased in these diabetic hearts. MAFbx has been
reported to inhibit myogenesis in skeletal muscle through degradation of MyoD1 [37]. Indeed,
regeneration of cardiac muscle is impaired in STZ-induced diabetic mice [38]. Whether
MyoD1 regulates myogenesis in the heart remains to be determined. Although the role of
LMP-2 in regulating proteasome activity and specificity is not fully understood, LMP-2
deletion is sufficient to cause muscle mass loss and contractile dysfunction in the heart. LMP-7
upregulation may have an additive effect on the process by increasing muscle protein
degradation.

In conclusion, high glucose upregulates LMP-7 and its corresponding chymotryptic-like
proteasome activity and downregulates LMP-2 in the heart. The dysregulation of
immunoproteasome subunits is present in STZ-induced diabetic hearts, leading to UPS
dysfunction and loss of cardiac muscle mass. Our study suggests that immunoproteasome
subunits play a critical role in regulating cardiac muscle mass under physiological and
pathological conditions. Therefore, immunoproteasome subunits may be effective therapeutic
targets for preventing and treating diabetic cardiomyopathy.
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FIG. 1.
Diabetic cardiomyopathy is attenuated by EPX in STZ mice. Diabetes was induced in wildtype
C57BL6 mice with STZ. Insulin and epoxomicin (EPX) were used to treat diabetic mice for 6
weeks. Vehicle (CON) and EPX only treatment were controls. Representative left ventricular
pressure recording and echocardiography. Each picture was chosen from 4–5 animal studies.
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FIG. 2.
LMP-7 is up-regulated and chymotryptic-like proteasome activity is increased in STZ-induced
diabetic hearts and normal hearts treated with high glucose. A: STZ (S) and CON (C) hearts
were collected for Western blot analysis of LMP-7 and β5 subunit. GAPDH was used as a
loading control. Isolated hearts from wildtype mice were exposed to high glucose (HG) and
control glucose (CG) for 4 hrs. LMP-7 and β5 subunit protein levels were examined. B:
Chymotryptic-like proteasome activity was measured by fluorogenic assay in STZ and CON
hearts and in HG and CG hearts (D). N = 3–4. *: p < 0.01vs. CON. #: p < 0.01 vs. CG.
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FIG. 3.
MHC protein levels are reduced in STZ-induced diabetic hearts and this is inhibited by EPX.
Diabetic mice were treated with or without EPX for 6 weeks. MHC was analyzed by Western
blot analysis. N = 3, *: p < 0.01 vs. CON or EPX. B: Diabetic mice were treated with EPX or
insulin and normal mice were treated with EPX for 6 weeks.
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FIG. 4.
LMP-2 and MECL-1 protein levels and tryptic-like proteasome activity are decreased in STZ-
induced diabetic hearts. A: LMP-2, β1, MECL-1, and β2 were measured by Western blot
analysis in STZ (S, solid bar) and CON (C, open bar) hearts and in HG and CG hearts. B:
Tryptic-like and caspase-like proteasome activities were measured in STZ and CON hearts. N
= 3–4, *: p < 0.01 vs. CON. **: p < 0.05 vs. CON. #: p < 0.01 vs. CG.
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FIG. 5.
PTEN/Akt/FOXO3a/MAFbx signaling axis is regulated in STZ-induced diabetic hearts.
PTEN, p-Akt and Akt, p-FOXO3a and FOXO3a, MAFbx, and MyoD1 were analyzed in STZ
(S, solid bar) and CON (C, open bar) hearts. N = 3, *: p < 0.01 vs. CON.
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FIG. 6.
Cardiac muscle mass is increased in muscle-specific Pten knockout mice. A: PTEN
immunohistochemistry. PTEN was expressed in cardiac muscle in Pten lp/lp; mck-Cre+/−

control mice (red arrows), but undetectable in Pten lp/lp; mck-Cre −/− control mice. B: PTEN,
p-Akt, and total Akt protein levels in the heart, liver, and skeletal muscle. C: Whole hearts of
Pten control and knockout mice. The data from A–C are representative of 3 Pten lp/lp; mck-
Cre+/− mice and 3 Pten lp/lp; mck-Cre −/− mice. D: MHC was increased in Pten lp/lp; mck-
Cre+/− mice. N = 3, *: p < 0.01vs. Pten lp/lp; mck-Cre−/−.
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FIG. 7.
LMP-2 deficiency leads to loss of cardiac muscle mass and a decrease in cardiac function in
mice. A: Western blots of LMP-2, PTEN, p-Akt and Akt, and MHC in Lmp-2+/+ (open bar)
and Lmp-2−/− (solid bar) mice. N = 4, *: p < 0.05 vs. Lmp-2+/+. B: Whole hearts and middle
sections from Lmp-2+/+ and Lmp-2−/− mice. The thickness of left ventricular muscle (red) was
decreased. Fibrotic tissue (white) formed in the endomyocardium. The pictures are
representative of 4 Lmp-2+/+ mice and 4 Lmp-2−/− mice. C and D: LVM and FS were decreased
in Lmp-2−/− mice. N = 4, *: p < 0.01 vs. Lmp-2+/+.

Zu et al. Page 19

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 July 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Zu et al. Page 20

Ta
bl

e 
1

V
en

tri
cu

la
r p

ar
am

et
er

 in
 1

4-
w

ee
k-

ol
d 

m
ic

e

C
O

N
ST

Z
ST

Z
 +

 IN
S

ST
Z

 +
 E

PX
E

PX

n 
=1

0
n 

=1
0

n 
= 

5
n 

= 
7

n 
= 

4

G
LU

, m
g/

dl
S

11
0 

± 
4

41
8 

± 
16

a
39

8 
± 

52
40

8 
± 

33
11

6 
± 

3

E
10

8 
± 

3
54

7 
± 

27
a

15
6 

± 
11

53
3 

± 
31

12
0 

± 
6

B
W

, g
27

.9
 ±

 0
.7

20
.1

 ±
 1

.0
a

25
.7

 ±
 1

.1
c

24
.0

 ±
 0

.6
d

27
.5

 ±
 0

.7

H
W

, m
g

13
9.

4 
± 

3.
6

10
3.

3 
± 

3.
0a

11
7.

6 
± 

3.
8a

,d
11

5.
0 

± 
3.

3a
,d

12
4.

7 
± 

6.
3

TL
, m

m
2.

12
 ±

 0
.0

2
2.

08
 ±

 0
.0

2
2.

10
 ±

 0
.0

2
2.

08
 ±

 0
.0

2
2.

08
 ±

 0
.0

2

H
W

/T
L,

 m
g/

m
m

65
.7

 ±
 1

.7
49

.7
 ±

 1
.4

a
56

.0
 ±

 2
.0

a,
d

54
.3

 ±
 1

.6
a,

d
59

.9
 ±

 3
.0

H
W

/B
W

, m
g/

g
4.

99
 ±

 0
.0

6
4.

88
 ±

 0
.1

4
4.

59
 ±

 0
.1

2a
4.

71
 ±

 0
.1

8
4.

53
 ±

 0
.1

2a

H
R

, b
pm

44
7 

± 
14

46
8 

± 
14

44
6 

± 
21

51
9 

± 
27

46
7 

± 
58

LV
D

P,
 m

m
 H

g
75

 ±
 3

56
 ±

 5
.5

a
84

 ±
 4

c
84

 ±
 3

c
90

 ±
 7

LV
ED

P,
 m

m
 H

g
10

 ±
 1

8 
± 

1
14

 ±
 2

11
 ±

 2
10

 ±
 2

(+
)d

p/
dt

, m
m

 H
g/

se
c

42
70

 ±
 2

30
27

16
 ±

 4
70

b
41

18
 ±

 2
1d

39
08

 ±
 2

81
51

58
 ±

 3
50

(−
)d

p/
dt

, m
m

 H
g/

se
c

37
83

 ±
 1

91
20

95
 ±

 4
05

a
38

62
 ±

 3
21

d
38

07
 ±

 1
56

d
51

47
 ±

 8
25

ED
D

, m
m

2.
92

 ±
 0

.0
7

2.
67

 ±
 0

.0
3b

2.
92

 ±
 0

.0
8

2.
88

 ±
 0

.1
0

2.
95

 ±
 0

.1
0

ES
D

, m
m

1.
15

 ±
 0

.0
4

1.
53

 ±
 0

.0
8a

1.
04

 ±
 0

.0
4d

1.
18

 ±
 0

.0
7

1.
18

 ±
 0

.0
4

FS
, %

60
.6

 ±
 0

.6
42

.5
 ±

 3
.2

a
64

.4
 ±

 0
.6

c
59

.2
 ±

 1
.3

c
60

.1
 ±

 0
.6

Ty
pe

 1
 d

ia
be

te
s w

as
 in

du
ce

d 
by

 S
TZ

. I
ns

ul
in

 (I
N

S)
 a

nd
 e

po
xo

m
ic

in
 (E

PX
) w

er
e 

us
ed

 to
 tr

ea
t d

ia
be

tic
 m

ic
e 

fo
r 6

 w
ee

ks
. B

lo
od

 g
lu

co
se

 (G
LU

) w
as

 m
ea

su
re

d 
at

 th
e 

st
ar

t (
S)

 o
f t

he
 tr

ea
tm

en
ts

 a
nd

 a
t t

he
 e

nd
 (E

)
of

 th
e 

ex
pe

rim
en

t. 
B

W
, b

od
y 

w
ei

gh
t; 

H
W

, h
ea

rt 
w

ei
gh

t; 
TL

, t
ib

ia
l l

en
gt

h;
 H

R
, h

ea
rt 

ra
te

; L
V

D
P,

 le
ft 

ve
nt

ric
ul

ar
 d

ev
el

op
ed

 p
re

ss
ur

e;
 E

D
D

, e
nd

-d
ia

st
ol

ic
 d

ia
m

et
er

; E
SD

, e
nd

-s
ys

to
lic

 d
ia

m
et

er
. F

S,
 fr

ac
tio

na
l

sh
or

te
ni

ng
.

a p 
< 

0.
01

 v
s C

O
N

,

b p 
< 

0.
05

 v
s C

O
N

.

c p 
< 

0.
01

 v
s S

TZ
,

d p 
< 

0.
05

 v
s S

TZ
.

J Mol Cell Cardiol. Author manuscript; available in PMC 2011 July 1.


