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Background: Diabetic cardiomyopathy is a major risk factor in diabetic patients but its pathogenesis remains
poorly understood. The ubiquitin-proteasome system (UPS) facilitates protein quality control by degrading un-
necessary and damaged proteins in eukaryotic cells, and dysfunction of UPS is implicated in various cardiac dis-
eases. However, the overall functional status of the UPS and its pathophysiological role in diabetic
cardiomyopathy have not been determined.
Methods and results: Type I diabetes was induced in wild-type and transgenic mice expressing a UPS functional
reporter (GFPdgn) by injections of streptozotocin (STZ). STZ-induced diabetes progressively impaired cardiac
UPS function as evidenced by the accumulation of GFPdgn proteins beginning two weeks after diabetes induc-
tion, and by a buildup of total and lysine (K) 48-linked polyubiquitinated proteins in the heart. To examine the
functional role of the UPS in diabetic cardiomyopathy, cardiac overexpression of PA28α (PA28αOE) was used
to enhance proteasome function in diabetic mouse hearts. PA28αOE diabetic mice displayed exhibited restora-
tion of cardiac UPS function, as demonstrated by the diminished accumulation of GFPdgn and polyubiquitinated
proteins.Moreover, PA28αOEdiabeticmice exhibited reducedmyocardial collagen deposition, decreased cardio-
myocyte apoptosis, and improved cardiac systolic and diastolic function.
Conclusion: Impairment of cardiac UPS function is an early event in STZ-induced diabetes. Overexpression of
PA28α attenuates diabetes-induced proteotoxic stress and cardiomyopathy, suggesting a potential therapeutic
role for enhancement of cardiac proteasome function in this disorder.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Diabetes mellitus remains a major health problemworldwide and is
associatedwith a high rate of mortality andmorbidity due cardiovascu-
lar complications [1]. Diabetic cardiomyopathy, defined as ventricular
dysfunction in the absence of coronary artery disease and hypertension,
is onemajor risk factor among others in diabetic patients [2,3]. Manifes-
tations of diabetic cardiomyopathy includemyocyte hypertrophy, inter-
stitial fibrosis, cardiomyocyte dropout, and decreased diastolic and
systolic function [4,5]. Research into the pathophysiology underlying
the progression of diabetic cardiomyopathy to heart failure has identi-
fied increased oxidative stress, altered substratemetabolism,mitochon-
drial dysfunction, impaired calcium homeostasis and upregulation of

the renin-angiotensin system as possible contributory factors [4–6].
However, the precise molecular and cellular mechanisms underpinning
its pathogenesis remain to be elucidated.

The ubiquitin proteasome system (UPS) maintains protein homeo-
stasis by timely degradation of unnecessary and/or damaged proteins
such as terminallymisfolded proteins and oxidized proteins. UPS-medi-
ated protein degradation generally involves two steps, the ubiquitin-
specific E1-E2-E3 enzyme-mediated covalent attachment of ubiquitin
to protein targets (i.e., ubiquitination) and degradation of the modified
targets by the proteasome [7,8]. Eukaryotic cells have several types of
proteasome complexes, which are generally comprised of a 20S core
proteasome (20S) and different regulatory complexes such as the 19S
proteasome (19S) and the 11S proteasome (11S), to carry out protein
degradation.While the 19S-20S-19S complexes, known as the 26S pro-
teasome, are responsible for selective degradation of most intracellular
proteins in a ubiquitin- and ATP-dependent manner, the 11S-activated
proteasome is generally believed to mediate protein degradation in a
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ubiquitin- and ATP-independent manner [7]. The 11S proteasome can
be formed by either PA28α and PA28β heteroheptamers (α3β4 or
α4β3) or by PA28γ in homoheptamers (γ7).

As a major player of intracellular protein quality control, the UPS is
essential to the survival and function of most eukaryotic cells including
cardiomyocytes. Dysfunction of the UPS disrupts protein homeostasis
and has been implicated in human cardiomyopathies and various
forms of murine cardiomyopathies including desmin-related, hypertro-
phic and ischemic cardiomyopathy [9–11]. UPS dysfunction in these dis-
eased hearts is typicallymanifested by increased ubiquitinated proteins,
decreased proteasomal peptidase activities, oxidative damage to pro-
teasome subunits and aberrant protein aggregates, indicating a proteo-
lytic demand-supply imbalance. Emerging evidence suggests that
impairment of UPS function is sufficient to cause cardiomyopathy and
heart failure or to expedite maladaptive cardiac remodeling [12–15].
Moreover, improvement of proteasome function by overexpression of
11S proteasome subunit PA28αwas shown to protect the heart against
pathological stresses in experimentalmodels ofmyocardial ischemia re-
perfusion, desmin-related cardiomyopathy and right ventricle hyper-
trophy [16,17]. These lines of compelling evidence suggest that UPS
dysfunction may be a common mechanism in the pathogenesis of di-
verse cardiac diseases.

Circumstantial data links UPS dysfunction to diabetic cardiomyopa-
thy. Alterations in the expression of UPS components, changes in
proteasomal peptidase activities and increased ubiquitinated and oxi-
dized proteins have been detected in the hearts of different diabetes
models [18–20]. However, the effects of diabetes on the overall cardiac
UPS function and its pathophysiological role in diabetic cardiomyopathy
have not been examined. Using an in vivo UPS functional reporter in
combination with other biochemical analyses, we have unveiled here
that cardiac UPS function is impaired soon after the onset of type I dia-
betes and further deteriorates with diabetes progression. Moreover, en-
hancement of cardiac proteasome function by overexpression of PA28α
alleviated the proteotoxic stress in diabetic hearts and attenuated cardi-
ac dysfunction. Our findings suggest that insufficient proteasome func-
tion is a novel mechanism underlying the development of diabetic
cardiomyopathy.

2. Methods

2.1. Animals

The transgenic mouse models expressing a tetracycline-controlled
transactivator protein (tTA), PA28α or GFPdgn were previously de-
scribed [17]. These mice were maintained in the FVB/N inbred back-
ground for our studies. Eight- to 10-week-old male mice were injected
intraperitoneally with streptozotocin (STZ, 50 mg/kg, Sigma-Aldrich)
for five consecutive days to induce type I diabetes. Animals with fasting
blood glucose levels greater than 250 mg/dL at day 7 post the first STZ
injection were deemed diabetic and included in the studies. All animal
experiments were approved by the Augusta University Institutional An-
imal Care and Use Committee.

2.2. Immunoblotting, fluorescence confocal microscopy and histology
staining

Proteinswere extracted from ventricularmyocardium tissues or cul-
tured cells and subjected to SDS-PAGE as previously described [21].
Membranes were incubated overnight at 4 °C with antibodies against
GFP (sc-9996, 1:5000, Santa Cruz), ubiquitin (#04-263, 1:1000,
Sigma-Aldrich), K48-ubiquitin (#8081, 1:1000, Cell Signaling Technolo-
gy), GAPDH (SAB1405848, 1:6000, Sigma-Aldrich), β-tubulin (E7,
1:5000, Developmental Studies Hybridoma Bank) and PA28α (custom-
ized [22]).

Fluorescence confocal microscopy was performed as described pre-
viously [21]. Direct GFP fluorescence on O.C.T.-embedded ventricular

myocardium sections (5 μm) was visualized using a Zeiss LSM 510 up-
right confocal microscope (Zeiss). The images were captured with the
same PMT voltage setting among groups and digitalized using the asso-
ciated software.

Histological analyses were performed using 5-μm paraffin-embed-
ded ventricular myocardium sections. Cardiac fibrosis was assessed by
Masson's Trichrome staining using the Trichrome Stain kit (American
MasterTech). Data were quantified by Image-Pro Plus (Media
Cybernetics).

2.3. Determination of proteasome peptidase activity

Proteasome peptidase activity was quantified as previously de-
scribed [23]. Briefly, myocardial tissues were homogenized at 4 °C in
10 volumes of HEPES buffer (50 mmol/L, pH 7.5). The supernatants of
the homogenates were immediately used for protein concentration
assay followed by determination of peptidase activities. The following
synthetic fluorogenic peptides: Suc-Leu-Leu-Val-Tyr-7-amino-4-
methylcoumarin (AMC) (18 μmol/L, Enzo Life Sciences), Z-Leu-Leu-
Glu-AMC (45 μmol/L, Enzo Life Sciences), and Ac-Arg-Leu-Arg-AMC
(40 μmol/L, Enzo Life Sciences) were used respectively for measuring
chymotrypsin-like, caspase-like, and trypsin-like peptidase activities
in the absence or presence of a proteasome inhibitor, MG-132
(20 μmol/L, for chymotrypsin-like and caspase-like activity) or
Epoxomicin (5 μmol/L, for trypsin-like activity), and in the absence or
presence of ATP (28 μmol/L), respectively. Measurements of each spec-
imen were performed in triplicates. Twenty micrograms of crude pro-
tein extracts were added to 200 μL of the HEPES buffer containing the
fluorogenic substrate to each well in 96-well plates, and incubated at
37 °C. The fluorescence intensity was measured after 60 min of incuba-
tion using a Synergy H4 plate reader (Bio-Tek) with excitation wave
length of 380 nm and emission wave length at 460 nm. The portion of
peptidase activity inhibited by the proteasome inhibitor was attributed
to the proteasome.

2.4. Pressure-volume loop analysis

For the invasive assessment of left ventricular (LV) pressure–volume
(P-V) relationship, micewere anesthetizedwith isoflurane (2%) inmedical
grade oxygen, intubated and artificially ventilated. Body temperature was
monitored with a rectal thermometer andmaintained at 37 °C. Retrograde
catheterization of the LV was performed via the right carotid artery with a
1.2-Fmouse P-V catheter (Millar). The instrumented animal was stabilized
for 10min, datawere recorded at a sampling rate of 1500Hzduring steady-
state conditions, and P-V loops were constructed using LabChart8
(ADInstruments). The raw conductance volumes were corrected for paral-
lel conductance by the hypertonic saline bolus.

2.5. RNA preparation and quantitative real-time polymerase chain reaction
(qRT-PCR)

Isolation of total RNA and reverse transcription into single-stranded
cDNA were performed as previously described [21]. Gene expression
levels were measured in triplicate per biological sample by real-time
PCR (StepOnePlus Real-Time PCR system, Life Technologies) using the
SYBR-Green assay with gene-specific primers at a final concentration
of 200 nM. The following primers were used: GFP-forward:
GGGCACAAGCTGGAGTACAACT, GFP-reverse: ATGTTGTGGCGGATCTT
GAAG. Relative gene expression was calculated using the 2-ΔΔct method
against a mouse house-keeping gene hypoxanthine guanine
phosphoribosyl transferase (Hprt).

2.6. Terminal dUTP nick end-labeling (TUNEL) assays

Myocardial cryosections were fixed with 4% paraformaldehyde and
rinsed with cold PBS. TUNEL staining was performed using the In Situ
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