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Methods
and results

Cardiomyocyte apoptosis contributes to the development of diabetic cardiomyopathy. How the elevated glucose
levels associated with diabetes cause cell death is unknown. Here we report that high glucose-induced cardiomyocyte
death is mediated via monocyte chemotactic protein-1 (MCP-1) production and induction of a novel zinc-finger
protein.

H9¢c2 cardiomyoblasts treated with 28 mmol/L glucose were evaluated for MCP-1 production and induction of the
zinc-finger protein, MCP-1-induced protein (MCPIP). Disruptors of MCP-1 interaction with its receptor, CCR2, and
knockdown of MCPIP with siRNA were used to determine if MCP-1 and MCPIP mediate glucose-induced cell death.
The molecular mechanisms were evaluated by assessing reactive oxygen species (ROS) production, endoplasmic reti-
culum (ER) stress, and autophagy. Key findings were confirmed in isolated neonatal rat cardiomyocytes. Glucose
treatment of H9c2 cardiomyoblasts and isolated cardiomyocytes caused MCP-1 production, MCPIP induction,
ROS production, ER stress, autophagy, and cell death. Treatment with CCR2 antagonists and knockdown of
MCPIP attenuated glucose-induced ROS production, ER stress, autophagy, and cell death. Inhibition of ROS with
1400 W, tiron, and cerium oxide (CeO,) nanoparticles attenuated ER stress, autophagy, and cell death. Specific
inhibitors of ER stress and knockdown of IRE-1 attenuated glucose-induced autophagy and cell death. Inhibitors of
autophagy and knockdown of beclin-1 attenuated glucose-induced death.

Glucose-induced cardiomyocyte death is mediated via MCP-1 production and MCPIP induction, which causes
sequential events—ROS production, ER stress, autophagy, and cell death.

MCP-1 e MCPIP e Hyperglycaemia e Diabetic cardiomyopathy e Cerium oxide nanoparticles

1. Introduction

The number of individuals with diabetes is expected to reach 300
million by the year 2025." Individuals with diabetes have an increased
risk for developing heart failure.? Moreover, cardiovascular compli-
cations are considered to be the leading cause of mortality in diabetic
patien‘cs.3 Diabetes is known to alter cardiac structure and function
independent of coronary artery disease and hypertension, a condition
known as diabetic cardiomyopathy.”

Inflammation plays a critical role in the pathophysiological pro-
gression of cardiovascular diseases and heart failure>® A role for
inflammation in diabetic cardiomyopathy has also been implicated.”
Experimental evidence obtained with CCR2 or monocyte chemotac-
tic protein-1 (MCP-1) deficient mice®? and mice with cardiac-targeted

expression of MCP-1"%"" demonstrate a key role for MCP-1 in the
development of cardiovascular disease and heart failure. Increased
serum levels of MCP-1 found in humans correlate with markers of
the metabolic syndrome, including obesity, insulin resistance, type 2
diabetes, hypertension, and increased serum TG concentration.'* Fur-
thermore, endothelial cells and monocytes exposed to high glucose
levels are known to produce MCP-1."> We recently reported that
MCP-1 induces a novel zinc-finger protein, termed MCP-1-induced
protein (MCPIP)." The presence of MCPIP was found to be associ-
ated with apoptotic cardiomyocytes in a murine model of heart
failure. Association of MCPIP with human ischaemic heart disease
was also found." If and how glucose-induced MCP-1 and MCPIP
might play a role in the pathophysiological progression of diabetic car-
diomyopathy remains unknown.
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Recent studies suggest that cardiomyocyte loss plays a key role in
diabetic cardiac damage in both animals and humans.”>~"” Hypergly-
caemia is known to cause apoptosis'®'” that leads to diabetic cardio-
myopathy. Attenuation of hyperglycaemia-induced cardiomyocyte cell
death has been shown to prevent the progression of cardiac compli-
cations associated with diabetes.'® However, the molecular mechan-
isms by which hyperglycaemia contributes to development of diabetic
cardiomyopathy remain unclear.

In this report, we provide evidence that exposure of H9¢2 cardio-
myoblasts to high glucose causes production of MCP-1 and expression
of MCPIP. We show that glucose-induced cardiomyoblast death is
mediated via induction of MCPIP caused by MCP-1 production. More-
over, H9¢c2 cells exposed to high glucose levels display increased reac-
tive oxygen species (ROS) production that results in an endoplasmic
reticulum (ER) stress response that leads to autophagy and H9c2 car-
diomyoblast death. We found that MCP-1 induction of MCPIP was
responsible for the mediation of this series of events that led to cell
death. The key findings observed in H9c2 cardiomyoblasts were
further validated in isolated neonatal rat cardiomyocytes. Thus, our
results strongly suggest that hyperglycaemia-induced MCP-1
production and the consequent induction of MCPIP would lead to
death of cardiomyocytes and thus contribute to the pathophysiological
progression of diabetic cardiomyopathy.

2. Methods

The experimental procedures in mice and protocols used in this study
were approved by Animal Care and Use Committee of the University
of Central Florida, animal protocol number 08-42, conforming with the
Guide for the care and use of laboratory animals published by the US
National Institutes of Health (NIH Publication No. 85-23, revised 1996).

2.1 Cell culture

Isolated neonatal rat ventricular myocytes (Supplementary materials) and
H9¢2 cardiomyoblasts (ATCC) were grown in modified Dulbecco’s Modi-
fied Eagles Medium (Supplementary materials). Cells were treated with/
without 28 mmol/L D-glucose for 0, 12, 24, or 48 h. Cells were treated
with/without appropriate amounts of inhibitors 1-3 h prior to glucose
treatment (Supplementary materials).

2.2 Neonatal rat cardiomyocyte isolation

Neonatal rat ventricular myocytes were isolated from hearts of 2-
3-day-old Sprague—Dawley rats by Trypsin digestions as previously
described.'”*

In brief, hearts were removed surgically and ventricular cardiomyocytes
were prepared by 0.12% Trypsin (Invitrogen) in Calcium-free phosphate-
buffered saline (PBS: 137 mM NaCl, 2.68 mM KCl, 10 mM Na,HPO,,
1.76 mM KH,POy4, pH 7.4). Cardiomyocytes were pre-plated for 2 h in
DMEM supplemented with 15% FBS containing appropriate antibiotics
to reduce non-myocyte contamination and then plated (2.0 x 10° cells)
in culture flasks and incubated at 37°C and 5% CO, in humidified
atmosphere.

2.3 Cell death assays

Cell viability and death were measured by (3-(4,5-Dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT)(Promega), trypan blue
(Gibco), and TMR TUNEL*" assays using manufacturer’s instructions.
For MTT assay, cells were plated on 96-well plates prior to treatment
with/without glucose and was evaluated using a spectrophotometer
measuring absorbance at 570 nm. For trypan blue, 1 x 10° cells were col-
lected and treated with a 1:4 dilution of trypan blue. After 2 min, cells

were counted on a haemacytometer. TMR TUNEL experiments were
performed in four-well chamber slides, and cells were seeded at 0.5 x
10° cells per well prior to experimentation.

2.4 ROS measurements

ROS production was evaluated flurometrically using Dihydrorhodamine
123 (DHR123). Briefly, 24 h after treatment with 28 mM glucose, cells
were treated with 1 wmol/L DHR123 for 30 min at 37°C and 5% CO,.
Cells were then washed 3x with 1x PBS. 5 x 10° cells were plated on
a 96-well plate and were subjected to fluorometric analysis (excitation:
550 nm; emission: 590 nm).

2.5 RT-PCR

Total RNA was isolated with the RNAeasy kit (Invitrogen) and first-strand
cDNA was synthesized using 1 g total RNA (DNase-treated) using | script
cDNA synthesis kit (Bio-Rad); 3-actin served as an internal control. Primers
designed for real-time PCR are listed in Supplementary materials.

2.6 Immunoblot analysis

Cells were treated with cell lyses buffer and protein samples were col-
lected and subjected to immunoblot using the appropriate polyclonal anti-
bodies (Supplementary material).

2.7 siRNA treatment

Cells were treated with 100 nmol/L of a chemically synthesized siRNA
targeted for MCPIP, BECN1, or IRE1 (Ambion) or with 100 nmol/L non-
specific siRNA (Ambion) using Dharmafect transfection reagent 12 h
prior to treatment with/without 28 mM glucose.

2.8 Statistical analysis

The experimental data were analysed by using SPSS statistical software
(SPSS Inc.) under Windows XP. All values are presented as mean + SEM.
Results were compared between groups by ANOVA analysis followed by
t-tests. Differences were considered significant at a P-value of <0.05.

3. Results

3.1 High glucose-induced death of H9c2
cardiomyoblasts is mediated via MCP-1
production and induction of MCPIP

Since it is known that hyperglycaemic conditions can induce the
expression of MCP-1 in cultured monocytes,'” we tested whether
H9¢2 cardiomyoblasts exposed to high glucose (28 mmol/L glucose)
concentration could also cause production of MCP-1. We found
that MCP-1 protein levels significantly increased in H9¢2 cardiomyo-
blast 12 h after treatment with 28 mmol/L glucose and reached
maximal levels at 24 h after treatment (Figure 1A, see Supplementary
material online, Figure $1). H9¢2 cells treated with 28 mM mannitol, to
control for osmolarity, resulted in increased MCP-1 protein levels, but
the induction was not as significant as cells treated with 28 mM
glucose (Figure 1A, see Supplementary material online, Figure ST).
H9¢2 cardiomyoblasts treated with high glucose and 28 mM mannitol
were found to induce cell death in a concentration-dependent
manner as determined by trypan blue. Although both high glucose
and mannitol treatment were found to induce cell death (Supplemen-
tary material online, Figure ST7), the percentage of dead cells was
greater in H9c2 cardiomyoblasts treated with high glucose than in car-
diomyoblasts treated with 28 mM mannitol. To determine whether
the MCP-1 produced by H9c2 cardiomyoblasts is involved in cell
death induced by high glucose exposure, we tested whether inhibition
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Figure | H9c2 cardiomyoblasts treated with 28 mmol/L glucose resulted in MCP-1 production and MCPIP induction that caused cell death. H9c2
cardiomyoblasts were treated with/without 28 mmol/L glucose. (A) At 12 and 24 h, cell lysate was collected and analysed using immunoblot with
MCP-1 antibody. Results were quantified against B-actin (*P < 0.03). (B) Cardiomyoblasts treated with 28 mmol/L glucose were treated with/
without 25 pg/mL CCR2 (lane 2) antibody, 2 wg/mL propagermanium (lane 3), or 250 ng/mL pertussis toxin (PTX) (lane 4) for 24 and 48 h.
(Top) Cell lysate was collected at 48 h and analysed using immunoblot with MCPIP antibody. No treatment, lane 1. 3-Actin served as a control.
(Bottom) Cells were evaluated for death using trypan blue (*P < 0.03). (C and D) Cardiomyoblasts were treated with 28 mmol/L glucose or mannitol
with/without siRNA specific for MCPIP or with non-specific sSIRNA (NS siRNA). At 24 and 48 h, cell death was analysed using trypan blue (C) or

TUNEL assay (D; *P < 0.03).

of MCP-1 binding to its CCR2 receptor would attenuate high
glucose-induced cell death in H9c2 cardiomyoblasts. Antibody specific
to CCR2 significantly attenuated glucose-induced cell death as
measured by trypan blue (Figure 1B). Inhibitors of G-protein
coupled receptor, propagermanium and pertussis toxin, attenuated
high glucose-induced cell death (Figure 1B). These results indicate
that MCP-1 binding to its receptor mediates high glucose-induced
H9c2 death.

We tested whether high glucose treatment of H9c2 cardiomyo-
blasts could induce MCPIP. High glucose and mannitol treatment
induced MCPIP production with glucose treatment resulting in a
more profound effect (Supplementary material online Figure ST).
That the MCPIP induction was mediated via MCP-1 interaction with
CCR2 was shown by the fact that treatment with CCR2 antibody,
and the G-protein coupled receptor inhibitors propagermanium
and pertussis toxin attenuated induction of MCPIP by high glucose
treatment (Figure 1B, top). To determine if MCPIP is involved
in glucose-induced cardiomyoblast death, we tested whether knock-
down of MCPIP could attenuate glucose-induced cell death. Knock-
down of MCPIP with MCPIP-specific siRNA (Supplementary
online, S1) the attenuation
glucose-induced cardiomyoblast death as measured by trypan blue
or TUNEL assay while treatment with non-specific siRNA had little
effect (Figure 1C and D). Knockdown of MCPIP also resulted in the
attenuation of mannitol-induced death (Figure 1C and D). These

material Figure resulted in of

results demonstrate that glucose-induced cardiomyoblast death is
mediated via MCP-1 induction of MCPIP.

3.2 Exposure of H9c2 cardiomyoblasts to
high glucose levels induces ROS production
mediated via MCPIP

Since high glucose concentration was reported to elevate ROS
levels,” =" we tested whether MCPIP plays a role in this induction
of ROS in H9¢2 cardiomyoblasts. Exposure of H9c2 to 28 mmol/L
glucose caused an increase in fluorescence of the free radical dye
DHR123 (Figure 2A, left). Knockdown of MCPIP with specific sSiRNA
significantly attenuated ROS production when compared with
untreated and non-specific siRNA controls (Figure 2A, left). We
tested whether this MCPIP-mediated ROS induction was caused by
an increase in NADPH oxidase activity. Treatment of cardiomyoblasts
with 28 mmol/L glucose resulted in the migration of the NADPH
oxidase subunit phox47 to the plasma membrane (Figure 2B, left;
see Supplementary material online, Figure S2), indicating activation
of phox47, while knockdown of MCPIP with specific siRNA abolished
this migration to the membrane (Figure 2B, right; see Supplementary
material online, Figure S2). Thus, MCPIP mediates the activation of
NADPH oxidase resulting in the increased production of ROS by
glucose treatment. This notion is further supported by our obser-
vation that the treatment of H9¢2 cells with the ROS/RNS inhibitors
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Figure 2 H9c2 cardiomyoblasts treated with 28 mmol/L glucose resulted in cell death that was mediated via MCPIP-induced ROS production. (A,
left) H9c2 cardiomyoblasts were treated with 28 mmol/L glucose with/without siRNA specific for MCPIP or with non-specific siRNA. After 24 h, ROS
was measured using DHR 123 (excitation: 550 nm; emission 590 nm, *P < 0.05). (A, right) Cardiomyoblasts treated with 28 mmol/L glucose were
treated with/without 20 wM Apocynin, 300 nM CeO, nanoparticles, or 50 wM L-NAME. At 0, 24, and 28 h, ROS was measured using DHR 123 (exci-
tation: 550 nm; emission: 590 nm (*P < 0.03). (B, left) Cardiomyoblasts were treated with/without 28 mmol/L glucose. Cell lysate was collected and
the membrane fractions were isolated. Both cytosol and membrane fractions were evaluated using immunoblot with phox47 antibody. Results were
quantified by taking the membrane/cytosol fraction (*P < 0.03). (B, right) Cardiomyoblasts were treated with 28 mmol/L glucose with/without siRNA
specific for MCPIP or with non-specific siRNA. Cell lysate was collected and the membrane fractions were isolated. Cytosol and membrane fractions
were evaluated using immunoblot with phox47 antibody. Results were quantified by taking the membrane/cytosol fraction (*P < 0.03). (C) Cardio-
myoblasts treated with 28 mmol/L glucose were treated with/without 20 wM Apocynin, 300 nM CeO, nanoparticles, or 50 uM L-NAME. At 24 and
48 h, cells were evaluated for cell death using trypan blue (left) or for cell viability using MTT assay (right) (*P < 0.03).

apocynin, CeO, nanoparticles, and L-NAME prior to treatment with
28 mmol/L glucose resulted in the attenuation of ROS production as
detected by DHR123 (Figure 2A, right). Treatment with the ROS/RNS
inhibitors apocynin, CeO, nanoparticles, and L-NAME resulted in the
attenuation of high glucose-induced cardiomyoblast death as detected
by trypan blue (Figure 2C, left) and caused increased viability in H9c2
cardiomyoblasts as determined by MTT assay (Figure 2C, right). Thus,
our results indicate that high glucose-induced H9c2 cardiomyoblast
death occurs via MCPIP-induced oxidative stress.

3.3 Exposure of H9c2 cardiomyoblasts
to high glucose-induces ER stress that
is mediated via MCPIP-induced ROS
production

Since cardiac-targeted expression of MCP-1 is known to induce ER
stress in murine cardiomyocytes,”> we tested whether exposure of

H9c2 to high glucose concentrations would result in an increased
expression of the ER stress chaperones PDI and GRP78. Treatment
of H9¢2 with 28 mmol/L glucose resulted in an increase in both tran-
script and protein levels of PDI and GRP78 (Figure 3A and B, see Sup-
plementary material online, Figure S3). Knockdown of MCPIP with
specific siRNA resulted in significant attenuation of both transcript
and proteins levels of GRP78 and PDI when compared with H9¢2 car-
diomyoblasts treated with non-specific siRNA (Figure 3C, see Sup-
plementary material online, Figure $3). Since ROS is known to induce
ER stress,”® we tested whether MCPIP-induced ROS production
plays a role in inducing ER stress in H9c2 cardiomyoblasts exposed
to a high glucose concentration. Treatment of cardiomyoblasts with
the ROS/RNS inhibitors apocynin and CeO, nanoparticles prior to
treatment with 28 mmol/L glucose resulted in drastically reduced
induction of PDI and GRP78 protein levels (Supplementary material
online, Figure $3). This result suggests that MCPIP-induced ROS pro-
duction does cause ER stress in H9c2 treated with 28 mmol/L glucose.
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Figure 3 H9c2 cardiomyoblasts treated with 28 mmol/L glucose resulted in MCPIP-induced ER stress. H9¢2 cardiomyoblasts were treated with/
without 28 mmol/L glucose. RNA was isolated at 24 and 48 h. Transcript levels of PDI (A) and GRP78 (B) were evaluated using real-time RT—PCR.
The results are expressed as the —AACT of treated/untreated. Results normalized to B-actin (*P < 0.03). (C) Cardiomyoblasts were treated with
28 mmol/L glucose with/without siRNA specific for MCPIP or with non-specific sSiRNA. RNA was isolated at 24 h. Transcript levels of MCPIP
were evaluated using real-time RT—PCR. The results are expressed as the —AACT of treated/untreated. Results normalized to B-actin (*P < 0.03).

ER stress is known to lead to cell death.”* 2 We tested whether
chemical chaperones, known to specifically inhibit ER stress,”’ could
prevent high glucose-induced H9c2 death. Inhibition of ER stress
with tauroursodeoxycholate (TUDC) and 4 phenylbutyric acid
(4-PBA) resulted in the attenuation of cardiomyoblast death as deter-
mined by trypan blue (Figure 4A, left) and resulted in increased cell via-
bility as detected by MTT (Figure 4A, right). Knockdown of IRE1 an ER
stress protein that is known to signal cell death®*~?® (Figure 4B), atte-
nuated high glucose-induced cardiomyoblast death (Figure 4C). Thus,
high glucose treatment of H9¢2 cardiomyoblasts results in the induc-
tion of MCPIP that leads to ER stress that causes cell death.

3.4 Exposure of H9c2 cardiomyoblasts to
high glucose induces autophagy via
MCPIP-induced ER stress

Since ER stress is known to induce autophagy that is associated with
cardiomyocyte death involved with heart failure,”’?° we tested
whether high glucose induction of MCPIP results in autophagy that
is mediated via ER stress. We found that treatment of H9c2 with
28 mmol/L glucose resulted in an increase in the autophagy marker
beclin-1 (Figure 5A, left). Knockdown of MCPIP with specific siRNA
resulted in the attenuation of beclin-1 expression caused by glucose
treatment (Figure 5A, right). Since LC3 cleavage is a key event that
occurs during au‘copahgy,zg’30

ment of H9¢2 cardiomyoblasts could mediate this event. The obser-

we tested whether high glucose treat-

vation that cardiomyoblasts treated with 28 mmol/L glucose resulted
in cleavage of LC3 is indicative of autophagy (Figure 5A, left). Knock-
down of MCPIP with specific siRNA prevented the cleavage of LC3I
(Figure 5A, right). That ER stress induced by MCPIP was responsible
for the observed autophagy caused by treatment with 28 mmol/L
glucose was suggested by the finding that inhibition of ER stress
with the specific chemical chaperones TUDC and 4-PBA*” attenuated
induction of beclin-1 (Figure 5B). These results indicate that high
glucose-induced autophagy occurs via MCPIP induction of ER stress.

Since autophagy is known to cause cardiomyocyte death associated
with heart failure,” "
death is mediated via MCPIP induction of autophagy. Knockdown of

we tested whether high glucose-induced cell

beclin-1 and treatment with the autophagy inhibitors 3'MA and
LY294002 resulted in the attenuation of glucose-induced cell death
as detected by trypan blue (Figure 5C). These results show that the
treatment of H9¢2 cardiomyoblasts with high glucose concentration
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Figure 4 H9c2 cardiomyoblasts treated with 28 mmol/L glucose
resulted in cell death that was mediated via MCPIP-induced ER
stress. (A) H9c2 cardiomyoblasts were treated with 28 mmol/L
glucose and with/without 100 uM TUDC or 50 uM 4-PBA. Cells
were then evaluated for cell death using trypan blue (left;
*P < 0.05) or cell viability evaluated using MTT assay (right;
*P<0.03). (B and C) Cardiomyoblasts were treated with
28 mmol/L glucose with/without siRNA specific for IRE1 or with
non-specific siRNA. Cell death was evaluated using trypan blue
(*P < 0.03).

results in the induction of MCPIP that leads to ROS production
that results in ER stress that causes autophagy and the induction of
cell death.

3.5 The molecular mechanisms underlying
the high glucose-induced death of isolated
neonatal cardiomyocytes are similar to
those observed in high glucose-treated
H9c2 cardiomyoblasts

To test whether the molecular events that lead to glucose-induced
death of H9c2 cardiomyoblasts also occur in real cardiomyocytes,
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Figure 5 MCPIP-induced ER stress resulted in autophagy that mediated high glucose-induced H9c2 cardiomyoblast death. H9¢c2 cardiomyoblasts
were treated with/without 28 mmol/L glucose. (A, left) At 24 and 48 h, cell lysate was collected and analysed using immunoblot with beclin-1 or LC3
antibody. B-Actin served as a control. (A, right) Cardiomyoblasts were treated with 28 mmol/L glucose with/without siRNA specific for MCPIP or with
non-specific SIRNA. At 48 h, cell lysate was collected and analysed using immunoblot with beclin-1 or LC3 antibody. 3-Actin served as a control. (B,
left) Cardiomyoblasts were treated with 28 mmol/L glucose and with 100 wM TUDC or with 50 um 4-PBA. At 48 h, cell lysate was collected and
analysed using immunoblot with antibody specific for beclin-1. 3-Actin served as a control. (B, right) Cardiomyoblasts treated with 28mM glucose
were treated with or without siRNA for Beclin-1 or non-specific sSiRNA (NS siRNA). At 48 h, cell lysate was collected and analysed using immunoblot
with beclin-1 antibody. (C) Cardiomyoblasts were treated with 28 mmol/L glucose with/without siRNA specific for beclin-1 or with non-specific
siRNA. At 24 and 48 h after treatment, cell death was analysed using trypan blue (left; *P < 0.05). (C, right) Cardiomyoblasts were treated with
28 mmol/L glucose and with/without 50 uM 3'MA or 1 uM LY294002. At 24 and 48 h after treatment, cell death was analysed using trypan blue

(*P < 0.03).

we examined the glucose-induced events in isolated neonatal rat ven-
tricular cardiomyocytes. We found that cardiomyocytes treated with
28 mmol/L glucose resulted in increased MCP-1 protein expression
(Figure 6A, see Supplementary material online, Figure S4). Furthermore,
inhibition of the interaction of MCP-1 with its receptor, CCR2, with
antibody for CCR?2, and the G-coupled protein receptor inhibitors,
propagermanium and pertussis toxin, resulted in the attenuation of
glucose-induced cardiomyocyte death as measured by trypan blue
(Figure 6B). High glucose treatment of cardiomyocytes resulted in
induction of MCPIP while treatment of cardiomyocytes with CCR2
antibody, propagermanium, and pertussis toxin attenuated MCPIP
induction (Figure 6B, see Supplementary material online, Figure S$4).
The involvement of MCPIP in glucose-induced cell death was con-
firmed as knockdown of MCPIP with specific siRNA resulted in the
attenuation of glucose-induced cardiomyocyte death as measured
by TUNEL assay (Figure 6C).

Glucose-induced ROS/RNS production in isolated cardiomyocytes
as measured with DHR 123 was attenuated by knockdown of MCPIP
with specific siRNA (Figure 6D). Glucose induction of ER stress was
mediated via MCPIP in cardiomyocytes as knockdown of MCPIP
with siRNA resulted in virtual elimination of the induction of
GRP78 (Figure 6E, top). Treatment with the ER stress-specific inhibi-
tor, TUDC, resulted in the attenuation of glucose-induced cardio-
myoycte death as determined by trypan blue (Figure 6F, left). High
glucose-induced cardiomyocyte death was found to be mediated via
MCPIP induction of autophagy. Cardiomyocytes treated with high
glucose resulted in increased levels of the autophagy marker
protein, beclin-1, while knockdown of MCPIP with siRNA prevented
its expression (Figure 6E, bottom). Moreover, treatment of cardio-
myocytes with 28 mmol/L glucose and the autophagy inhibitor
LY294002 resulted in the attenuation of glucose-induced cardiomyo-
cyte death as determined by trypan blue (Figure 6F, right). These
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Figure 6 High glucose treatment of cardiomyocytes resulted in MCP-1 production and induction of MCPIP that caused ROS production, ER stress,
autophagy, and cell death. Isolated cardiomyocytes were treated with/without 28 mmol/L glucose. (A) At 12 and 24 h, cell lysate was collected and analysed
using immunoblot with MCP-1 antibody. Results normalized to (3-actin (*P < 0.03). (B) Cardiomyocytes treated with 28 mmol/L glucose were treated with
or without 25 pug/mL CCR?2 antibody, 2 pg/mL propagermanium, or 250 ng/mL PTX for 24 and 48 h. Cells were then evaluated for death using trypan blue
(*P < 0.03). (B, top) Cardiomyocytes treated with 28 mmol/L glucose were treated with/without 25 pwg/mL CCR2 antibody (lane 2), 2 pg/mL propager-
manium (lane 3), or 250 ng/mL PTX (lane 4) for 24 h. Lane 1, control. Cell lysate was collected and analysed using immunoblot with MCPIP antibody. B-Actin
served as control. (C) Cardiomyocytes were treated with 28 mmol/L glucose with/without siRNA specific for MCPIP or with non-specific siRNA. At 48 h,
cell death was analysed using TUNEL assay (*P < 0.03). (D) Cardiomyocytes were treated with 28 mmol/L glucose with/without siRNA specific for MCPIP
or with non-specific sSiRNA. ROS was then measured using DHR 123 (excitation: 550 nm; emission: 590 nm; *P < 0.03). (E) Cardiomyoyctes were treated
with 28 mmol/L glucose with/without siRNA specific for MCPIP and non-specific siRNA or with/without 100 uM TUDC. At 48 h, cell lysate was collected
and analysed using immunoblot with GRP78 and Beclin-1. 3-Actin served as control. (F) Cardiomyocytes were treated with 28 mmol/L glucose and with/
without 100 uM TUDC. (Left) At 48 h, cells were evaluated for cell death using trypan blue (*P < 0.02). (Right) Cardiomyocytes were treated with

28 mmol/L glucose with/without LY294002. At 48 h after treatment, cell death was analysed using trypan blue (*P < 0.03).

results strongly suggest that high glucose-induced cardiomyocyte
death occurs via production of MCP-1 and induction of MCPIP that
results in ROS production that leads to ER stress that causes autop-
hagy and eventual cell death.

4. Discussion

Hyperglycaemia is known to cause cardiomyocyte apoptosis that plays
a key role in the pathophysiological development of diabetic cardio-
myopathy.’>~"” However, the molecular mechanism by which hyper-
glycaemia induces cardiomyocyte apoptosis is poorly understood.
Here we report that hyperglycaemia induces MCP-1 production in
H9¢c2 cardiomyoblasts and neonatal cardiomyocytes that lead to the

induction of the zinc-finger protein MCPIP that mediates high
glucose-induced cell death. Furthermore, our study revealed that
glucose-induced H9c2 cardiomyoblast and isolated cardiomyocyte
death are mediated via MCPIP induction of ROS that leads to ER
stress that causes autophagy and eventual cell death.

Diabetic cardiomyopathy is a major complication associated with
diabetes mellitus."~> Inhibition of hyperglycaemic conditions has
been shown to attenuate the cardiovascular complications associated
with diabetes mellitus.'® Furthermore, cardiomyocytes exposed to
hyperglycaemic conditions are known to undergo apoptosis.”~"’
Our results are consistent with these observations and provide a mol-
ecular explanation into how hyperglycaemia can result in cardiomyo-
cyte cell death involved with diabetic cardiomyopathy.
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Diabetes is associated with elevated serum levels of MCP-1.32 MCP-1
is well known to be a critical player in the pathophysiological progression
of heart failure attributed to coronary artery disease®™""7333
Our results demonstrate that MCP-1 probably plays a critical role in
the development of diabetic cardiomyopathy. Increased MCP-1
expression has been found in STZ-induced diabetic animal hearts.*®
Serum levels of MCP-1 are elevated in diabetic individuals and expression
of CCR2 on monocytes is known to be elevated in diabetic patients.>*
Glucose treatment of monocytes has been reported to result in
MCP-1 production.”® Our results show that hyperglycaemia causes
MCP-1 production by H9c2 cardiomyoblasts and isolated cardiomyo-
cytes. The glucose-induced production of MCP-1 observed was, to a
large extent, due to the hypertonicity created by elevated glucose
levels as mannitol treatment also resulted in MCP-1 production. How
hypertonicity may contribute to MCP-1 production remains unclear
and is any area for further exploration. Furthermore, our results
suggested that there may be other possible mechanisms whereby hyper-
glycaemia can induce MCP-1 production as glucose-induced MCP-1 pro-
duction was greater than mannitol-induced MCP-1 production.
Hyperglycaemia is known to lead to the increased production and acti-
vation of Angiotensin Il (Ang Il signalling pathways in cardiomyoyctes.*®
Although activation of Ang Il signalling has been shown to result in MCP-1
production in cardiac fibroblasts, it was previously shown that Ang ||
treatment of cardiomyocytes does not induce MCP-1 expression.®”
However, such as MCP-1, glucose-induced Ang Il can induce NADPH
oxidase-mediated ROS production.®® Thus, a possible interaction
between the Ang Il and MCP-1 signalling pathways might exist.
Our results suggest MCP-1 as a critical player in glucose-induced death
of cardiomyocytes as inhibition of the interaction of MCP-1 with
CCR2-attenuated high glucose-induced death of H9¢2 cardiomyoblasts
and isolated cardiomyocytes. Our finding that knockdown of MCPIP in
H9c2 cardiomyoblasts and isolated cardiomyocytes attenuated high
glucose-induced death supports a role for MCPIP as a key mediator of
cardiomyocyte loss that leads to diabetic cardiomyopathy.

Increased ROS production is observed in type 1 and type 2 diabetes
and is considered to be a major contributing factor in the development
of diabetic cardiomyopathy.>*=*" Several reports demonstrate a role
for ROS in glucose-induced cardiomyocyte cell death.”>~"” Consistent
with these findings, we showed that high glucose treatment of H9c2
and isolated cardiomyocytes-induced ROS production mediated via
MCP-1 production and consequent MCPIP induction. NADPH
oxidase has been shown to be a major source of ROS production in
cardiomyocytes treated with high glucose levels.'®" Our results
demonstrate that MCPIP mediates glucose-induced NADPH oxidase
activation. CeO, nanoparticles act as free radical scavengers due to
their dual oxidative states, Ce** to Ce3", that creates an oxygen
vacancy.*? CeO, nanoparticles were reported to protect HT22 cells
from oxidative stress-induced cell death.** Here we show that CeO,
nanoparticles attenuate glucose-induced ROS production and cardio-
myocyte death. That inhibition of MCPIP-induced ROS production
was found to attenuate high glucose-induced cardiomyoycte death
places MCPIP as a key regulator of hyperglycaemia-induced ROS pro-
duction that leads to cardiomyocyte death.

Oxidative stress is known to lead to an ER stress response.
Major chaperone proteins involved in ER stress include GRP78 and
PDI.Z~**~* Elevated levels of ER stress-associated chaperone pro-
teins have been observed in glucose and glucosamine-treated hepato-
cytes, monocytes, and smooth muscle cells.*® Our results show that
exposure of H9c2 cardiomyoblasts and isolated cardiomyocytes to

23-44

high glucose levels caused induction of both GRP78 and PDI,
mediated via MCPIP, as knockdown of MCPIP attenuated the
expression levels of GRP78 and PDI. CeO, nanoparticles have been
previously shown to provide a cardioprotective effect through the
attenuation of ER stress in a MCP-1 transgenic model of ischaemic
heart disease."’ Here we show that CeO, nanoparticles attenuated
MCPIP-mediated ER stress induced by high glucose. These results
demonstrate a role for ER stress in high glucose-induced cardiomyo-
cyte death that contributes to the pathophysiological progression of
diabetic cardiomyopathy.

Prolonged ER stress is known to result in signalling events known as
the unfolded protein response that eventually leads to cell death.**~28
ER stress-induced cardiomyoycte apoptosis has been reported to
occur in the hearts of diabetic animals.*’ IRE1 is a major signalling
protein involved in ER stress-induced apoptosis.**™?® IRE1alpha is
known to induce JNK activation that in turn can result in an increase
in pro-apoptotic proteins such as p53 and PUMA.** We have pre-
viously found that MCPIP expression in H9c2 cells causes JNK acti-
vation and induction of p53 and PUMA.*® The present results show
that MCPIP-induced ER stress is involved in hyperglycaemia-induced
cardiomyocyte death. Thus, the chemical chaperones TUDC and
4PBA? caused attenuation of glucose-induced cell death. Further-
more, knockdown of IRE1 attenuated high glucose-induced H9¢2 car-
diomyoblast death demonstrating the involvement of ER stress
signalling events in high glucose-induced cell death. Thus, our
results demonstrate that MCPIP-induced ER stress plays an important
role in hyperglycaemia-induced cardiomyocyte death.

Hyperglycaemia
(Hypertonicity)

MCP-1
v

.~ MCPIP
iNOS NADPH oxidase

—

Oxidative Stress

af’r
IRE 1a"f ER stress

»
JNK v
— > Autophagy

v
Cardiomyocyte death

Scheme | Hyperglycaemia causes MCP-1 production and MCPIP
induction that results in oxidative stress that leads to ER stress that
causes autophagy and eventual cardiomyocyte death. Hyperglycae-
mia results in MCP-1 production and the induction of MCPIP.
MCPIP is known to induce oxidative stress via iNOS or NADPH
oxidase. In turn, oxidative stress results in increased ER stress and
ultimately activation of the unfolded protein response (UPR).
MCPIP-induced UPR activation can occur through IRE1 that results
in JNK activation and eventually autophagy. Prolonged autophagy
finally results in cardiomyocyte death. Signalling events demon-
strated in this study are outlined in bold black. Signalling events
induced by MCPIP that were previously shown but not included
here are outlined in grey.
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Prolonged ER stress is known to cause the induction of autophagy
that is known to be involved in cardiovascular diseases.””*° Although
autophagy is thought at first to protect the cell from increased
stress,”’ it is known that prolonged autophagy can lead to cell
death.*” Autophagy depends on several key proteins including
beclin-1 and LC3. Beclin-1 interacts with PI3K Il resulting in the event-
ual cleavage of LC3 that is required for assembly of the autophago-
some.”®™>% Our results show that hyperglycaemia caused an
increase in beclin-1 levels and a significant increase in LC3 cleavage
product demonstrating that autophagy was involved in H9c2 cardio-
myoblast and cardiomyoycte death caused by hyperglycaemia. More-
over, our finding that inhibition of autophagy with specific inhibitors
and via knockdown of beclin-1 attenuated high glucose-induced
H9¢2 and cardiomyoycte death strongly suggests the involvement of
MCPIP-induced autophagy in glucose-induced cell death.

Our results link hyperglycaemia to MCP-1 production and MCPIP
induction and thus provide a molecular linkage between hyperglycae-
mia, inflammation, and diabetic cardiomyopathy (Scheme 1). Thus
MCPIP might be a potential therapeutic target in the prevention
and treatment of heart failure that occurs in diabetic individuals.
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