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Abstract

Dilated human cardiomyopathy is associated with suppression of the prosurvival
phosphatidylinositol-3-kinase (P13K)/Akt and STAT3 pathways. The present study was carried out
to determine if restoration of the PI3K/Akt and STATS3 activity by darbepoetin alfa improved cardiac
function or reduced cardiomyocyte apoptosis in rabbit autoimmune cardiomyopathy induced by a
peptide corresponding to the second extracellular loop of the B1-adrenergic receptor (B1-ECy;). We
found that B1-EC;; immunization produced progressive LV dilation, systolic dysfunction and
myocyte apoptosis as measured by TUNEL, single-stranded DNA antibody, and active caspase-3.
These changes were associated with activation of p38 mitogen-activated protein kinase (MAPK),
endoplasmic reticulum stress markers (GRP78 and CHOP), and increased cleavage of procaspase-12,
as well as decreased phosphorylation of Akt and STAT3, and decreased Bcl2/Bax ratio. As expected,
darbepoetin alfa treatment increased phosphorylation of Akt and STAT3. It also increased the
myocardial expression of erythropoietin receptor which was reduced in the failing myocardium, and
improved cardiac function in the B1-ECj—immunized animals. The latter was associated with
reductions of myocyte apoptosis and cleaved caspase-3, as well as reversal of increased
phosphorylation of p38-MAPK, increased ER stress, and decline in Bcl2/Bax ratio. The anti-
apoptotic effects of darbepoetin alfa via Akt and STAT activation were also demonstrated in cultured
cardiomyocytes treated with the anti-B1-EC,, antibody. These effects of darbepoetin alfa in vitro were
prevented by LY294002 and STAT3 peptide inhibitor. Thus, we conclude that darbepoetin alfa
improves cardiac function and prevents progression of dilated cardiomyopathy probably by
activating the PI3K/Akt and STAT3 pathways and reducing ER stress.
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1. Introduction

Evidence has accumulated that endoplasmic reticulum (ER) stress plays an important role in
many disease states including dilated cardiomyopathy. The ER is a cell organelle with
interconnected network of cisternae, tubules and vesicles known to play an important role in
protein translation, folding of secretary and membrane proteins, maintenance of calcium
homeostasis, and production and storage of glycogen, steroids and other macromolecules (1).
When the cell is exposed to obnoxious stimuli, such as hypoxia, ischemia, gene mutation,
oxidative insult, or unglycosylation that increase misfolded proteins or perturb intracellular
Ca?* homeostasis in the ER, an adaptive process that couples the ER protein load with the ER
protein folding capacity occurs (2). This process, known as unfolded protein response (UPR),
is characterized by upregulation of ER chaperones such as glucose-regulated protein 78
(GRP78), release of activating transcription factor 6 (ATF6) to the Golgi where ATF6 is
cleaved to the active p36 ATF which migrates to the nucleus and binds with the ER stress
response element to promote the transcription of UPR genes, and removal of the unfolded
proteins to the ubiquitin proteasome for degradation. However, if ER stimuli overwhelm the
capacity of UPR to remove the unfolded proteins from the ER, a maladaptive ER overload
response (EOR) occurs. EOR is associated with transcriptional induction of C/EBP
homologous protein (CHOP), cleavage of the ER-resident procaspase-12 to active caspase-12,
and eventual programmed cell death through the activation of caspase-9 and -3 (2,3). It has
now been demonstrated that UPR and EOR are activated not only in acute myocardial ischemia/
reperfusion but also in cardiac hypertrophy and failure (3-6). Dilated cardiomyopathy also has
been shown to occur in transgenic mice overexpressing a mutant KDEL receptor for ER
chaperones that sensitizes the cells to ER stress (7).

Our laboratory reported recently that ER stress plays an important role in cardiomyocyte
apoptosis and development of dilated cardiomyopathy in rabbits immunized with a peptide
corresponding to the second extracellular loop of the human B1-adrenoceptor (B1-ECy)) (8).
The ER stress is functionally linked to B-adrenergic receptor-mediated activation of Ca**/
Calmodulin dependent protein kinase Il and p-38 mitogen-activated protein (MAP) kinase
(9). In addition, Akt activity was reduced in the failing myocardium, along with reductions of
phosphorylation of GSK3p (9) and signal transducers and activators of transcription-3
(STAT3). Our results suggest that both activation of ER stress and suppression of the
prosurvival phosphatidylinositol-3-kinase (PI3K)/Akt and STAT3 pathways are involved in
B1-EC,—induced cardiomyopathy. However, little is known of the relative importance of the
two cellular signaling pathways. Nor is it known if they are causally related, although activation
of the PI3K/Akt pathway by insulin has been shown to reduce ER stress produced by
norepinephrine in PC12 cells (10).

In this study, we proposed to investigate the effects of erythropoietin which is known to activate
erythropoietin receptor (EpoR)-coupled Janus tyrosine kinase 2 (JAK2), STAT3 and the PI3K/
Akt pathway (11-13), to determine if it exerts a cardioprotective effect on the 1-ECy;-induced
cardiomyopathy, and if activation of the PI3K/Akt and STAT3 signaling pathways is associated
with reversal of ER stress in the failing myocardium. Darbepoetin alfa, a recombinant human
erythropoietin analogue with a long elimination half-life (14), was chosen to allow for extended
dosing intervals and less frequent administration. Darbepoetin alfa has been shown to improve
exercise tolerance and clinical symptoms (15,16), as well as systolic and diastolic cardiac
function (17), in patients with chronic heart failure and anemia. The improvement in cardiac
function probably is not causally related to increase in hematocrit because darbepoetin alfa
increased left ventricular contractile function even at a dose that did not increase hematocrit
(18). Inaddition, cultured neonatal rat cardiomyocytes were used to study the direct interactions
between darbepoetin alfa and anti-f;-EC,, antibody on the cardiomyocyte ER stress and PI3K/
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Akt transduction pathways, using purified monoclonal anti-B,-ECy; 1gG and inhibitors of PI3K
and STAT3. Our results showed that erythropoietin restored EpoR expression which was
depleted in the cardiomyopathic heart, and attenuated the ER stress and myocardial depression
through activation of the PI3K/Akt and STAT3 prosurvival pathways.

2. Methods

This study was approved by the University of Rochester Committee on Animal Resources and
conformed with the Guide for the Care and Use of Laboratory Animals published by the
National Institutes of Health (NIH Publication No. 85-23, Revised 1996).

2.1. Animal immunization and darbepoetin alfa administration

Adult New Zealand White rabbits (2.8-3.9 kg) were randomized as previously described (8)
to receive either active immunization with 1 mg of a 26-amino acid B1-EC,, peptide (residual
197-222; HWWRAESDDEARRCYNDPKCCDFVTNR,; Bethyl Laboratories, Montgomery,
TX), dissolved in 0.5 ml saline conjugated with 0.5 ml of complete or incomplete Freund's
adjuvant, or sham immunization with 0.5 ml of complete or incomplete Freund’s adjuvant plus
0.5 ml saline, once a month for 6 months. To investigate if erythropoietin reversed the
cardiomyopathic changes, we administered subcutaneous darbepoetin alfa (1 pug/kg) once a
week to animals, beginning at end of 3 months of immunization and continuing for another 3
months, and the results were compared to animals immunized for 6 months without darbepoetin
alfa treatment. This dose of darbepoetin alfa is clinically relevant and has been shown to
increase red blood cells in humans. We measured blood hemoglobin in the darbepoetin alfa-
treated animals once a month using a B-hemoglobin photometer (HemoCure AB Ltd.,
Sweden). To determine if animals developed antibodies capable of binding to darbepoetin alfa,
serum samples was taken from the animals before and after 3 months of darbepoetin alfa
administration, stored in =70 °C, and shipping to Amgen Inc., for antibody analysis using a
Biacore surface plasmon resonance-based biosensor immunoassay.

At Month 6, the animals were lightly anesthetized with ketamine (10 m/kg, i.m.) and
midazolam (0.6 mg/kg, i.m.) for transthoracic M-mode and two-dimensional echocadiography,
using a 5-MHz broadband transducer and an Acuson 128XP/10c echocardiographic system
(Acuson Computed Sonography, Mountain View, CA). Left ventricular end-diastolic and end-
systolic dimensions were measured and left ventricular fractional shortening was calculated as
follows: fractional shortening (%) = [(left ventricular end-diastolic dimension — left ventricular
end-systolic dimension) X 100]/left ventricular end-diastolic dimension. The animals were also
anesthetized with ketamine (35 mg/kg, i.m.), and midazolam (0.8 mg/kg, i.m.) for
hemodynamic measurements of aortic and left ventricular pressures (8). The aortic and left
ventricular pressures and the peak rate of rise of left ventricular pressure (dP/dt) were recorded
on an IOX data acquisition and analysis system (EMKA Technologies, Falls Church, VA).
Hemodynamic data were taken in triplicate over a 15-20 min resting steady state and averaged
for statistical analysis. After the measurements, the animals were sacrificed and the hearts
removed and weighed. Transmural left ventricular muscle blocks were embedded in paraffin
blocks or stored immediately in liquid nitrogen for later analyses.

2.2. In-situ end-labeling TUNEL and anti-single-stranded DNA assays

Cardiomyocyte apoptosis was measured in the ventricular myocardium by both terminal
deoxynucleotidyl transferase-mediated dUTP nick end-labeling (TUNEL) detection using an
Apoptosis Detection System (Promega, Madison, WI), and immunohistochemical staining of
single-stranded DNA, using a monoclonal antibody to single-stranded DNA antibody
(Millipore Chemicon International, Inc., Temecula, CA). The latter detects cells with the
morphology typical of apoptosis in the early stages of apoptosis (19). Propidium iodide (Sigma-
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Aldrich Co., St. Louis, MO) and heavy chain myosin (Millipore Chemicon) were used to
identify cardiomyocytes. The slides were visualized under an Olympus BX-FLA Reflected
light fluorescence microscope (Olympus America, Center Valley, PA). Apoptotic index was
calculated based on the number of TUNEL- or anti-single stranded DNA-positive cells per
10,000 cardiomyocytes.

2.3. Immunocytochemistry for erythropoietin receptors

Heart muscle paraffin sections (4 um) were deparaffinized and hydrated for antigen retrieval.
The tissue sections were incubated with polyclonal anti-EpoR antibody (1:100, Santa Cruz
Biotechnology, Inc., Santa Cruz, CA) at 4 °C overnight, followed by chicken anti-rabbit
secondary antibody (1:500) for 1 h at room temperature. The slides were subsequently stained
using an Elite ABC Vectastain kit (Vector Laboratories, Inc., Burlingame, CA), and
hematoxylin to identify the nuclei.

2.4. Western immunoblotting

Left ventricular muscle was homogenized in a lysis buffer (Cell Signaling Technology, Inc.,
Danvers, MA), and prepared for either a whole cell lysate or ER membrane fraction by
centrifugation at 12,000 x g or 100,000 x g, respectively. Protein samples (20~40 pug) were
loaded onto 8~12% SDS-polyacrylamide gels and transferred electrically to PVDF
membranes. Blots was then probed with the following antibodies: Monoclonal anti-caspase-12
(1:500, Sigma-Aldrich), anti-GRP78 (1:2000, BD Biosciences, San Jose, CA), anti-CHOP (1:
200, Santa Cruz), anti-phospho-Akt (Ser472), anti-Akt (1: 1000, Cell Signaling), anti-phospho-
STAT3 (Ser727), anti-STAT3 (1:500 each, Cell Signaling), anti-Bcl2 (1: 1000, Santa Cruz),
polyclonal anti-Bax (1:1000, Cell Signaling), anti-phospho-P38 MAPK (1:500, Cell
Signaling), anti-p38 MAPK (1:1000, Cell Signaling), anti-phospho-ERK1/2 and anti-ERK1/2
(both 1:1000, Cell Signaling), and anti-EpoR antibody (1:1000, Santa Cruz). Monoclonal anti-
GAPDH antibody (1:1000, Santa Cruz) was used to confirm equal protein loading. The blots
were then treated with secondary antibody, and visualized using ECL detection kit (Amersham
Biosciences, Piscataway, NJ). The optical density of the bands was determined using NIH 1.6
Gel image program, and the readings were normalized to a control sample in an arbitrary
densitometry unit.

2.5. In vitro effects of B1-EC,, antibody and darbepoetin alfa in cultured rat cardiomyocytes

Neonatal rat ventricular cardiomyocytes were cultured as described previously (8). Briefly,
cardiac ventricles, taken from 1-2 days old Sprague-Dawley rat neonates, were gently minced
and enzymatically dissociated repeatedly using collagenase H (Worthington Biochemical
Corporation, Lakewood, NJ) in Ca- and Mg-free HBSS medium at 37 °C. Dissociated cells
was then filtered through 200 um mesh and collected by centrifugation and plated at a density
of 5 x 10%/cm? on a 60-mm dish in DMEM (Cellgro, Mediatech, Inc., Herndon, VA) containing
10% (v/v) fetal bovine serum and 1% penicillin-streptomycin for 24 h. Cytosine 1-p-D-
arabinofuranoside (Sigma; 10 uM) was added to retard the growth of contaminating fibroblasts.

Purified monoclonal antibody was obtained from hybridoma cells custom prepared from mice
injected with the specific f1-EC,, peptide (Austral Biologicals, San Ramon, CA). The
monoclonal 1gG is considered over 95% pure by gel electrophoresis, and recognizes the anti-
B1-EC); peptide by both ELISA and Western blot analysis, with an antibody titer in excess of
1:8,000.

We first studied if the B;-ECy; antibody increased TUNEL-positive cells in cultured
cardiomyocytes, and if this apoptotic effect could be abolished by addition of darbepoetin alfa.
We then investigated if the antiapoptotic effect of darbepoetin alfa in cultured cardiomyocytes
was associated with changes in GRP78, CHOP, caspase-12, Akt and STAT3 as in the rabbit

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mao et al.

Page 5

myopathic heart. Finally, to determine if the actions of darbepoetin alfa on STAT3 or Akt were
functionally important in mediating its beneficial effects on ER stress and cell apoptosis, we

preincubated cultured myocytes with LY294002 (10 uM, Millipore Upstate, Billerica, MA),

a PI13K inhibitor, or a cell-permeable STAT3 inhibitor peptide (5 uM, Calbiochem, San Diego,
CA) for 20 min. B1-ECy; 19G (250 pg/mL), darbepoetin alfa (200 ng/mL), or both, were then
added to cell culture medium at 37 °C for 48 h.

2.6. Statistical analysis

3. Results

Results are presented as means+SEM. Experimental data were analyzed using the RS/I
Research System (Bolt, Beraneck and Newman Software Products, Cambridge, MA), and
SYSTAT 11 Software (Systat Software, Inc., San Jose, CA). The statistical significance of
differences among the different experimental groups was analyzed by analysis of variance and
post-hoc Bonferroni simultaneous confidence intervals. Differences were considered
statistically significant if P< 0.05.

3.1. Clinical characteristics

Animals tolerated the 31-EC;, peptide immunization and darbepoetin alfa administration well.
Five of the 16 animals treated with darbepoetin alpha developed positive binding antibodies
to darbepoetin alfa with cross reactivity to epoetin alfa. None of the 12 control animals
developed the binding antibodies. Blood hemoglobin, which was 12.2+0.3 and 13.2+0.4 g/dL
in the Sham (n=8) and cardiomyopathic animals (n=9) at the end of Month 3, increased after
darbepoetin alfa to 18.2+0.4 and 17.2+0.5 g/dL, respectively, at Month 4. However, it did not
increase further despite continuing administration, and was not statistically different between
the two darbepoetin alfa-treated groups of animals (17.0+1.3 vs. 18.6x1.2 g/dL) at Month 6.

Table 1 shows that body weight, heart rate, mean aortic pressure, and heart weight did not
differ significantly among the 4 experimental groups at Month 6. However, cardiomyopathy
was evidenced in the B1-EC—immunized animals by the increases in left ventricular end-
diastolic dimension and pressure, and decreases in left ventricular dP/dt and fractional
shortening. Administration of darbepoetin alfa which had no effects in Sham animals reduced
left ventricular dilation and filling pressure, and increased left ventricular dP/dt and fractional
shortening in the cardiomyopathic animals. Anti-darbepoetin antibody was positive in two of
the B1-EC,—immunized rabbits treated with darbepoetin alfa. When the two animals were
removed from analyses, the mean left ventricular dP/dt and fractional shortening increased
slightly with no changes in conclusion.

3.2. Myocyte apoptosis

Cardiomyocyte apoptosis occurred in the failing myocardium of the B;-EC;—immunized
rabbits, as evidenced by the increases of TUNEL- and anti-single-stranded DNA-positive
cardiomyocytes (Table 2). In addition, the cell apoptosis in the cardiomyopathic heart was
associated with a 6-fold increase in cleaved caspase-3. Administration of darbepoetin alfa to
the Sham animals produced no effect in the number of TUNEL positive cells, anti-single-
stranded DNA, or cleaved caspase-3. However, when administered to the ;-EC—immunized
animals, it markedly reduced the increase in apoptosis index and caspase-3 activation.

3.3. Myocardial erythropoietin receptors

EpoR protein expression was markedly reduced in the cardiomyopathic myocardium, as
evidenced by immunohistochemistry and Western blotting (Figure 1). Administration of
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darbepoetin alfa increased EpoR expression in Sham animals. It also reduced the loss of EpoR
in B1-ECj—immunized animals.

3.4. AKt/STAT/Bcl2 signaling pathways

Figure 2 shows that myocardial phospho-Akt and phospho-STAT3 were decreased in the ;-
EC|—immunized rabbit hearts, and that these change were abolished by the addition of
darbepoetin alfa to the 1-EC;—immunized animals. In contrast, neither total Akt nor STAT3
changed significantly in the cardiomyopathic heart. Also shown on this figure are the reductions
of phospho-Akt/Akt and phospho-STAT3/STAT3 ratios, and concomitant increase of Bax and
decrease of Bcl2 in the cardiomyopathic heart, and the reversal of these changes by darbepoetin
alfa administration. The ratio of Bcl2/Bax decreased in the cardiomyopathic heart (0.26+0.06,
P<0.001, compared to the Sham control [1.00+0.09]) and this decrease was greatly minimized
by administration of darbepoetin-treatment in the B;-EC;—immunized animals (0.68+0.10,
P<0.001, compared to control B1-EC;—immunized animals).

3.5. MAP kinases and ER stress

Cardiomyopathic myocardium exhibited increased protein expression of phospho-p38 MAPK
and decrease in phospho-ERK1/2 (Figure 3), while neither total p38 MAPK nor total ERK1/2
changed significantly. Figure 4 shows that f1-ECy; immunization also increased GRP78, and
CHOP protein expression, and cleavage of p90ATF6 to p36ATF6, and procaspase-12 to active
caspase-12. Administration of darbepoetin alfa produced no appreciable changes in any of the
parameters in Sham rabbits (Figure 3 and Figure 4). However, in the f1-ECj—immunized
rabbits, administration of darbepoetin alfa led to not only reversal of the increases in MAP
kinases and ER proteins, but also attenuation of the cleavage of caspase-12 in the
cardiomyopathic heart.

3.6. Cultured neonatal rat cardiomyocyte studies

Monoclonal B1-ECy; 19G produced dose-dependent cardiomyocyte apoptosis. Figure 5 shows
that the number of TUNEL-positive cardiomyocytes increased after 48 h incubation of 4-
ECy 19G. B1-ECy; 1gG also increased GRP78, CHOP proteins and cleaved caspase-12 in
cultured cardiomyocytes (Figure 6A). These effects were associated with reductions in
phospho-Akt and phospho-STAT3 (Figure 6B), with no changes in total Akt or STAT3.
Addition of darbepoetin alfa, which had no direct effects on the number of TUNEL-positive
cellswhen given alone (Figure 5), reversed the reductions in phospho-Akt and phospho-STAT3
produced by B1-ECy; 1gG (Figure 6B) and significantly reduced the p4-EC}, 1gG—induced
increases of TUNEL-positive cells (Figure 5), GRP78, CHOP, and cleaved caspase-12 (Figure
6A).

Figure 6B also shows that LY294002 reduced the effects of darbepoetin alfa on phospho-Akt
and phospho-STATS3, but addition of STAT3 inhibitor peptide reduced only the expression of
phospho-STAT3 in the B1-EC, 1gG-treated cardiomyocytes. The findings suggest that STAT3
phosphorylation occurs after activation of PI3K/Akt. Also, because addition of LY 294002 and
STAT3 inhibitor peptide reversed the effects of darbepoetin alfa on GRP78, CHOP and cleaved
caspase-12 produced by B1-ECy; 1gG (Figure 6A), the beneficial effect of darbepoetin alfa on
ER stress was mediated at least in part via the activation of the PI3K/Akt pathway.

4. Discussion

Autoimmune cardiomyopathy induced by B;-EC,; immunization has been extensively studied
in experimental animals (8,20-22). The anti-p1-EC, antibody also has been shown to increase
intracellular calcium transients, activate the CaMKII and p-38 MAPK signaling and ER stress
and induce myocyte apoptosis directly in cultured cardiomyocytes (9,23). In this study, we add
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that phosphorylation of myocardial Akt and STAT3 was reduced in the B;-ECj—immunized
rabbits, which is consistent with the decreased expression of tyrosine phosphorylation of JAK
and STAT3 in patients with end-staged dilated cardiomyopathy (24). In addition, we provide
a novel finding that the PI3K/Akt and STAT3 signal transduction pathways important in the
pathophysiology of cardiomyopathy, as darbepoetin alfa which stimulates the PI3K/Akt and
STAT3 systems was shown to reduce ER stress, myocyte apoptosis and cardiodepression in
the B1-EC,—induced cardiomyopathy.

Erythropoietin and EpoR are essential for full expression of tissue protective effects of
erythropoietin. Our present study showed that EpoR expression was reduced in the failing
myocardium. The findings suggest that the failing myocardium with EpoR downregulation
may be hyporesponsive to endogenous erythropoietin, and that this can be restored by
exogenous erythropoietin. Among other mechanisms, receptor internalization and degradation
are known to occur for receptor downregulation (25). EpoR is present in the ER. A possibility
exists that EpoR is reduced in the failing myocardium because of the ER stress—mediated
unfolded protein response which prevents full maturation and translocation of EpoR to the
plasma membrane. We have shown that such a mechanism is responsible for the reduction of
norepinephrine transporter in PC12 cells exposed to oxidative stress (26). However, it is not
known whether gene expression for EpoR is also reduced in the failing myocardium. The
restoration of EpoR by darbepoetin alfa in cardiomyopathy probably is related to the
improvement in ER function, but other independent cellular signaling mechanisms cannot be
excluded.

Erythropoietin appears to have separate functional domains for its hematotrophic and
nonhematopoietic tissue protective function (27,28). Indeed, a carbamylated derivative of
erythropoietin without the erythropoiesis-stimulating property has been developed to study the
nonhematopoietic tissue-protective action of erythropoietin (29,30). Studies have also shown
that the actions of erythropoietin rely on its binding to EpoR, as erythropoietin produced no
anti-cardiac remodeling effect in ischemic myocardium in transgene-rescue EpoR null mutant
mice which lack EpoR in nonhematopoietic tissues (31). The immediate mechanism of action
of erythropoietin probably involves EpoR dimerization and tyrosine phosphorylation of the
receptor by Janus activating kinase 2 (JAK?2) (11). JAKSs are then activated and cause tyrosine
phosphorylation of the Src homology 2 domains of various proteins such as STATSs (32), PI3K
(12), and MAP kinases (33). In the JAK family, JAK1 and JAK?2 are preferentially activated
by erythropoietin and confer a cardioprotective action (33—-36). The STAT family consists of
7 members. Once they are phosphorylated by JAKs, STAT proteins homodimerize or
heterodimerize and translocate to the nucleus where they bind to specific promoter sequences
of STAT-responsive genes and activate STAT-specific transcription (37). It is known that
STAT1 activation is proapoptotic in cardiac ischemia, while STAT3 activation antagonizes
the apoptosis-promoting effects of STAT1 and serves as an intrinsic protective pathway in the
cells (36,38). STAT3 has been shown to play an important role in the signal transduction
cascade in the heart for both ischemic preconditioning (33) and ischemic postconditioning
(39). Studies have also shown that the age-related loss of ischemic postconditioning is probably
caused by the reduced levels of STAT3 in the aged hearts (39). Our present study demonstrates
an antiapoptotic effect of STAT3 in autoimmune cardiomyopathy. We also observed in
preliminary studies that STAT1 phosphorylation was increased in the f1-ECy-immunized
heart, but its role in the pathophysiology of autoimmune cardiomyopathy remains to be
investigated. It has been stated that the opposing effects of apoptotic STAT1 and antiapoptotic
STAT3 in the cells probably are related to the competition of STAT1 and STAT3 for the same
DNA binding domain and phosphorylation sites for JAK and MAPK (40). A complex
competitive interaction also exists between the STATs and MAPKSs for JAK2. Haq et al. (41)
showed that ERK inhibitor reduced the phosphorylation of both STAT1 and STAT3 by JAK2,
but p38 MAPK inhibitor affected only the STATL, not STAT3 phosphorylation.
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Akt is a serine threonine kinase important in cell proliferation and survival. Akt is
phosphorylated following PI3K activation by a number of cytokines and growth factors such
as insulin, erythropoietin, and vascular endothelial growth factor. Our results show that Akt
phosphorylation was reduced in the failing myocardium of B,-ECj—immunized rabbits, but
that it was reduced by a direct action of B1-ECy; 1gG in cultured cardiomyocytes. We also
showed that deactivation of Akt was functionally linked to decreased phosphorylation of
STAT3 in the diseased heart and cultured cardiomyocytes, and that the antiapoptotic effect of
darbepoetin alfa was associated with increases in both phospho-Akt and phospho-STATS3.
Results of our studies with PI3K and STAT3 inhibitors also indicate that STAT3 activation is
an event distal to Akt phosphorylation. These findings are consistent with that the morphine-
induced STAT3 phosphorylation in myocardial ischemia/reperfusion was abolished by
wortmannin, a PI3K/AKkt inhibitor (34), and that acetylation of STAT3 at Lys-685, which is
critical for STAT3 activation, by leukemia inhibitory factor or interlukin-6 (IL-6) was
suppressed by LY 294002 or a dominant negative Akt (42). However, our results do not exclude
the possibility that PI3K/Akt and STAT3 may act in parallel. It has been reported that three
independent signal transduction pathways (i.e., JAK/STAT, SH2 domain-containing tyrosine
phosphatase (SHP2)/Ras/ERK, and PI3K/Akt), are involved in the IL-6 induced activation of
glycoprotein 130 receptor system (43). Furthermore, although granulocyte colony-stimulating
factor phosphorylated both STAT3 and Akt in infarcted myocardium, its beneficial effects on
anti-cardiomyocyte degeneration and antifibrosis were abolished only by parthenolide, a
STAT3 inhibitor, and not by wortmannin, whereas the vascular effects of granulocyte colony-
stimulating factor were affected only by wortmannin (44). The findings suggest that STAT3
and PI3K/Akt may work separately but act in concert to exert their cardioprotective effects.

Similar to our present study, LY 294002 has been shown to reduce the anti-apoptotic effect of
erythropoietin on neonatal rat cardiomyocytes exposed to hypoxia (45). The molecular
mechanism downstream of Akt, however, is unclear, but probably involves Pim-1 because its
overexpression has been shown to inhibit cardiomyocyte apoptosis and increase Bcl2 and Bcl-
X proteins (46). In our study, the Bcl2/Bax ratio which was reduced in the failing heart was
reversed by darbepoetin alfa. The changes in Bcl proteins probably also are a result of the
binding of Akt/STATS3 to the Bcl-related genes in the nucleus (47).

Our present study shows that the PI3K/Akt and STAT3 systems and the ER are closely linked
in cardiomyopathy (Figure 7). The ER stress in autoimmune cardiomyopathy and in f1-ECy—
treated cardiomyocytes was associated with a reduction in phospho-Akt, while the reversal of
ER stress by darbepoetin alfa was accompanied by normalization of phospho-Akt. The
importance of the PI3K/Akt pathway in the mediation of the cytoprotective effect of
darbepoetin alfa in f1-EC}; 1IgG—induced ER stress was further confirmed by the use of
LY294002 and STAT3 inhibitor peptide. These findings are analogous to our prior findings
that the ER stressors thapsigargin and norepinephrine reduced phospho-Akt in PC12 cells, and
that Akt activation by insulin conferred the PC12 cells resistance to ER-induced cell apoptosis
(10). Furthermore, the ER stress—induced CHOP expression is increased when the PI3K/Akt
pathway is inactivated (48). However, the molecular mechanism linking the PI3K/Akt
signaling pathway to the ER has not been fully explored. Nevertheless, evidence emerges that
the Bcl2 homolog domain-3-only protein bimakalim (Bim), a known substrate of activated
Akt, may play an important role in the initiation of ER stress-induced apoptosis. Bim, which
is sequestered by the prosurvival Bcl protein in healthy cells, may be freed when the level of
Bcl protein is reduced, and translocates to the ER to activate caspase-12 (49) and ER stress-
induced apoptosis by both protein phosphatase 2A-mediated dephosphorylation and CHOP-
mediated direct transcription induction (50). The downward shift of the Bcl2/Bax ratio in our
autoimmune cardiomyopathic hearts is expected not only to activate the intrinsic mitochondrial
death pathway by increasing mitochondrial membrane permeability and cytochrome C release,
but also favor the translocation of Bim to the ER causing activation of the ER-resident
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caspase-12. On the other hand, when Akt activity was increased by darbepoetin alfa, Bcl2/Bax
ratio increased and antiapoptotic effects ensued.

Not unexpectedly, we found that at the doses administered, the human erythropoietin analogue
darbepoetin alfa increased blood hemoglobin and induced anti-darbepoetin alfa antibodies in
some rabbits. However, the cardiac protective effects of erythropoietin have been shown to be
independent of its action on red blood cell production (28-30). The carbamylated derivative
of erythropoietin, devoid of the erythropoietic effects, retains the cardiac protective effects of
erythropoietin in both myocardial ischemia-reperfusion injury (51) and chronic myocardial
infarction (30).

In summary, darbepoetin alfa exerts an important antiapoptotic cardiac protective effect in
autoimmue cardiomyopathy. This effect appears to be mediated via its action of the EpoR-19
coupled PI3K/Akt and STAT transduction signaling pathways, which leads to not only a shift
of BClI2/Bax ratio in favor of cell survival but also a reduction of ER stress-induced caspase-12—
mediated cell apoptosis. These actions on PI3K/Akt probably are linked also to the effects of
erythropoietin on reduction of inflammatory cytokines and oxidative stress (52), and increased
cardiac vascular endothelial growth factor expression and capillary growth (53,54). However,
since the cardiac protective effects of erythropoietin are evidenced in isolated perfused hearts
and cultured cardiomyocytes, neovascularization is not likely to be a predominant factor.
Finally, further studies should be carried out to investigate the beneficial non-hematopoietic
cardioprotectve effects of erythropoietin in human cardiomyopathy. Efforts should also be
directed toward discovery of novel nonerythropoietic derivatives with selective antiapoptotic
actions viathe PI3K/Aktand STAT3 cytoprotective mechanisms without effects on thrombosis
or promotion of cancerous growth.
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Figure 1.

Changes in erythropoietin receptor (EpoR) expression in left ventricular myocardium of rabbits
following B1-EC,, immunization, darbepoetin alfa administration, or both. Panel A.
Representative EpoR expression by immunohistochemistry. Panel B. EpoR protein expression
by Western blots. N=6 animals in each group. Representative immunoblots for EpoR and
GAPDH are shown on the left to the bar graph. Bar denote SEM. *P<0.05, compared to Sham
immunization, T P<0.05, compared to f1-ECy; immunization, and f P<0.05, compared to
darbepoetin alfa alone.
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Effects of darbepoetin alfa on left ventricular myocardial phosphorylated Akt (p-Akt),
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—

C—3 Sham

p,-EC,
Darbepoetin alfa
xR [3,-EC, +darbepoetin

T

o

phosphorylated STAT3 (p-STAT3), Bax and Bcl-2 in the Sham- and 341-EC;—immunized
rabbits. Representative immunoblots are shown on the left to the bar graphs. p-Akt and p-
STATS3 are expressed as ratios of total Akt and total STAT3, respectively, in the bar graphs.
N=6 animals in each group. Bars denote SEM. *P<0.05, compared to Sham immunization, and

T P<0.05, compared to p1-EC;; immunization.
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Figure 3.

Effects of darbepoetin alfa on left ventricular myocardial p-38 MAP kinase and ERK1/2 in the
Sham- and B1-EC;j—immunized rabbits. Representative immunoblots are shown on the left to
the bar graphs. Phosphorylated p38-MAPK (p-38) and phosphorylated ERK1/2 (p-ERK) were
expressed as ratios of total p38-MAPK and total ERK1/2, respectively, in the bar graphs. N=6
animals in each group. Bars denote SEM. *P< 0.05, compared to Sham immunization. T P<

0.05 compared to f1-EC,; immunization.
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Figure 4.

Effects of darbepoetin alfa on left ventricular myocardial GRP78, CHOP, ATF6, and
caspase-12 in the Sham- and p1-EC;—immunized rabbits. Representative immunaoblots are
shown on the left to the bar graphs. N=6 animals in each group. Bar denote SEM. *P<0.05,
compared to Sham immunization, and 1 P<0.05, compared to $1-EC;; immunization.

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 August 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Mao et al. Page 17

Actinin +

TUNEL propidium iodide

Control

BrECu IgG

<

N

N 1 Control

R% B,-EC, IgG

T) 9 Darbepoetin alfa -
Q B 1gG+darbepoetin

O

>

£ et i
9p]

o

'

— 5L i
e

5 ml

Figure 5.

Effects of p1-ECy, 1gG and darbepoetin alfa on cell apoptosis in cultured neonatal rat
cardiomyocytes. Representative micrographs are given on the top panel showing the increase
of TUNEL-positive cardiomyocytes (indicated by red arrows) after addition of $1-ECy; 19G,
and the cardioprotective effect of darbepoetin alfa in the p1-EC;, IgG-treated cardiomyocytes
(left panel). Cardiomyocytes are identified by the actinin and propidium iodide stains (right
panel). The bottom panel shows the statistical difference in cardiomyocyte apoptosis among
the groups. N=6 in each group. Bar denote SEM. *P<0.05, compared to Control, and T P<0.05,
compared to B1-ECy; 19G.

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 August 1.



Page 18

55 kDa
42 kDa

+ + 1+
o+ 4+
+ + 1
o+
+ 0
[
S a4
o =
Ow < n a — = wm n%brhamm
gl-osedseopoaed[) g & "~ I I 2
W,M C.U2.m
£ B m eY.l
z: 20«
L @ o =
) © <
g B
[ wn

Mao et al.

NIH-PA Author Manuscript

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Mol Cell Cardiol. Author manuscript; available in PMC 2009 August 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Mao et al.

Page 19

._.
(e
T
|

(=]
wh
T
H %
e
l

p-Akt/Akt

0.0
p-Akt T S e s w60 kDa

Akt - D IS e GND e 0 KDa

S
o))
T
1

N

EI.S— =
80 gk = T i
~Z * ”
i R

s

<

=~

n

p_

7
w
—
>
-
w

' |

0
(=)}
=~
O
S

STAT3 | (D e b G S e 56 kDo
I

B,-EC), 1gG -+ -
Darbepoetin alfa - -+

LY294002 - = = = $= =
STAT3 inhibitor N e

Figure 6.

Effects of B1-EC,; 1gG, darbepoetin alfa, LY294002 and STAT3 inhibitor peptide on ER stress
markers GRP78, CHOP, and cleaved caspase-12 (Figure 6A), and phosphorylated Akt (p-Akt)
and phosphorylated STAT3 (p-STAT) (Figure 6B) in cultured neonatal rat cardiomyocytes.
Representative immunoblots are shown below the corresponding bar graphs. N=6 in each
group. Bar denote SEM. *P<0.05, compared to Control. t P<0.05, compared to $1-ECy, 1gG.
¥ P<0.05, compared to f1-ECy, 1gG plus darbepoetin alfa.
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Figure 7.

A schematic diagram showing the proposed mode of action of darbepoetin alfa on activation
of the prosurvival JAK/PI3K/AKkt pathway, and inhibition of the ER-stress—mediated
cardiomyocyte apoptosis induced by B1-ECy; 1gG.
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Effects of darbepoetin alfa on hemodynamics and cardiac function in B1-EC—induced cardiomyopathy

Sham Immunization

B,-EC,, Immunization

Control Darbepoetin alfa B-ECy, B,-EC,, + darbepoetin
alfa
N 10 718 13 718
Body weight (kg) 3.9+0.1 3.6+0.1 4.0+0.2 4.2+0.2
Heart rate (bpm) 26619 294+14 224+13 266124
Mean aortic pressure 99+4 101+7 88+5 1009
(mmHg)
Left ventricular
Weight (g) 5.3+0.2 5.1+0.3 5.3t0.1 5.5+0.2
EDP (mmHg) 5.1+0.5 6.0+0.5 16.2+1.9 9,2);1,9Jr
dP/dt (mmHg/s) 5131+251 5626+444 2961+300" 4468+53g"
EDD (mm) 15.5+0.1 15.8+0.2 17.640.2° 16.74¢0.2° T
FS (%) 36.9+1.3 39.0+1.7 27.940.6" 32.7+15"

Values are means+SEM. N = number of animals in each group.
*
P< 0.05, compared to Control Sham immunization group.

7LP< 0.05 compared to Control 1-EC|| immunization group.
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Effects of darbepoetin alfa on cardiomyocyte apoptosis index and active caspase 3 in 1-ECj—induced cardiomyopathy

Sham Immunization B,-EC,, Immunization
Control Darbepoetin alfa B-ECy, B,-EC,, + darbepoetin
alfa
Apoptosis index - -
TUNEL assay 12.4+2.2 9.9+0.9 40.3+4.3 20.1+1.4 i
Anti-ss DNA 12.8435 9.5+2.6 80.8+15.5" 34.045.8"1
Active caspase 3 1.00+0.06 0.98+0.05 6,20¢o,29* 1,16¢0,11T

Values are means+SEM. N=6-8 animals in each group. Antiapoptosis index is defined by the number of TUNEL- or anti-single stranded DNA (ss DNA)

antibody—positive cells per 109 cardiomyocytes. Active caspase-3 protein expression was given in arbitrary densitometry units, with results normalized
to Control Sham-immunization group.

*
P< 0.05, compared to Control Sham immunization group.

+

P< 0.05 compared to Control 31-ECII immunization group.
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