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Excessive cardiac insulin signaling
exacerbates systolic dysfunction induced
by pressure overload in rodents
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Although many animal studies indicate insulin has cardioprotective effects, clinical studies suggest a link
between insulin resistance (hyperinsulinemia) and heart failure (HF). Here we have demonstrated that exces-
sive cardiac insulin signaling exacerbates systolic dysfunction induced by pressure overload in rodents. Chronic
pressure overload induced hepatic insulin resistance and plasma insulin level elevation. In contrast, cardiac
insulin signaling was upregulated by chronic pressure overload because of mechanical stretch-induced activa-
tion of cardiomyocyte insulin receptors and upregulation of insulin receptor and Irs1 expression. Chronic pres-
sure overload increased the mismatch between cardiomyocyte size and vascularity, thereby inducing myocardial
hypoxia and cardiomyocyte death. Inhibition of hyperinsulinemia substantially improved pressure overload-
induced cardiac dysfunction,improving myocardial hypoxia and decreasing cardiomyocyte death. Likewise, the
cardiomyocyte-specific reduction of insulin receptor expression prevented cardiac ischemia and hypertrophy
and attenuated systolic dysfunction due to pressure overload. Conversely, treatment of type 1 diabetic mice with
insulin improved hyperglycemia during pressure overload, but increased myocardial ischemia and cardiomyo-
cyte death, thereby inducing HF. Promoting angiogenesis restored the cardiac dysfunction induced by insulin
treatment. We therefore suggest that the use of insulin to control hyperglycemia could be harmful in the setting

of pressure overload and that modulation of insulin signaling is crucial for the treatment of HF.

Introduction

Cardiac hypertrophy is defined as an increment of ventricular mass
resulting from increased cardiomyocyte size and is the adaptive
response of the heart to an increased hemodynamic load due to
either physiological factors such as exercise or pathological states
such as hypertension and valvular diseases (1). Exercise-induced
cardiac hypertrophy does not progress to heart failure (HF) (2, 3)
and therefore is thought to be “physiological hypertrophy.” On the
other hand, pressure overload initially induces “adaptive hypertro-
phy,” but causes “maladaptive (pathological) hypercrophy” in the
chronic phase that results in HF (1).

Several signaling pathways have been implicated in the develop-
ment of physiological or pathological cardiac hypertrophy. The
insulin/PI3K/Akt axis plays a crucial role in the development of
physiological hypertrophy as well as in normal cardiac growth,
whereas activation of G-protein-coupled receptors in collabora-
tion with PKC and calcineurin/nuclear factor of activated T cells
(NFAT) pathways is involved in the development of pathological
hypertrophy (4). Although homozygous cardiomyocyte-specific
insulin receptor knockout (CIRKO) mice have smaller hearts than
WT controls (5), both WT and CIRKO mice have shown a compa-

Authorship note: Ippei Shimizu and Tohru Minamino contributed equally to this
work.

Conflict of interest: The authors have declared that no conflict of interest exists.
Citation for this article: ] Clin Invest. 2010;120(5):1506-1514. doi:10.1172/JCI40096.

1506 The Journal of Clinical Investigation

20

http://www.jci.org

rable increase of cardiac mass in response to pathological hyper-
trophic stimuli such as pressure overload (6). Overexpression of
constitutively active p110a, a catalytic component of PI3K, in the
heart has led to enhanced cardiac growth with preserved systolic
function (7). Conversely, myocardial expression of dominant-nega-
tive p110a has inhibited the physiological hypertrophic response
during postnatal growth and following exercise in mice, whereas
the response to pressure overload has not been altered (8). Like-
wise, homozygous Akt1-deficient mice have shown defective exer-
cise-induced cardiac hypertrophy (9), further supporting a crucial
role of the insulin/PI3K/Akt pathway in physiological hypertrophy
and growth of the heart.

Besides their role in physiological hypertrophy and normal car-
diac growth, insulin signals may induce pathological hypertro-
phic responses. It has been shown that chronic hyperinsulinemia
stimulates angiotensin I signaling that is involved in pathological
hypertrophy (10). Mild to moderate activation of Akt was shown to
induce cardiac hypertrophy with preservation of function (11, 12),
whereas high levels of activated Akt expression in the heart led to
pathological hypertrophy (13). Short-term Akt activation induced
physiological cardiac hypertrophy, but constitutive activation of
this pathway led to cardiac dysfunction (14). In this state, coordi-
nated tissue growth and angiogenesis in the heart were disrupted,
leading to myocardial hypoxia (14). Likewise, it has been demon-
strated that chronic pressure overload increases the mismatch
between cardiomyocyte size and vascularity and therefore induces
Volume 120
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Figure 1

Upregulation of cardiac insulin signals by pressure overload. (A) Mice were subjected to TAC or sham operation (sham), and heart samples
were obtained 2 weeks later. Mice were starved for 6 hours, and insulin or PBS was injected before sacrifice. pirs1 and pAkt levels in the heart
were examined by Western blot analysis. The graphs indicate relative expression levels of plrs1 and pAkt. n = 3. TAC2w, 2 weeks after TAC.
(B) Mice were subjected to TAC or sham operation and were sacrificed 2 weeks later. Components of the insulin signaling pathway in the heart
were examined by Western blot analysis. The graphs indicate relative expression levels of these signaling molecules. n = 3. Data are shown as

mean + SEM. *P < 0.05; **P < 0.01.

myocardial hypoxia and cardiomyocyte death, leading to cardiac
dysfunction (15). Moreover, intensive glycemic control of diabetic
patients by insulin treatment has been reported to increase car-
diovascular events (16). In the present study, we examined the role
of insulin signaling in the development of cardiac dysfunction
induced by pressure overload.

Results

Cardiac insulin signaling is activated by pressure overload. To investigate
the role of the insulin signal pathway in failing hearts, we created
severe transverse aortic constriction (TAC) in mice at 11 weeks of
age. In this model, cardiac hypertrophy gradually progressed and
reached a peak on day 7 after TAC (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI40096DS1). Systolic function was preserved until day 7 but was
significantly decreased on day 14 along with left ventricular dilata-
tion (Supplemental Figure 1). Seven and fourteen days after TAC, we
treated the mice with insulin (1 IU/kg) before sacrifice and examined
the downstream signaling pathway of the insulin receptor (Insr)
in the heart. Insulin-induced phosphorylation of insulin receptor
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substrate-1 (pIrs1) and Akt (pAkt) was markedly upregulated in the
hearts of the TAC group compared with the sham-operated group
(Figure 1A and Supplemental Figure 2A). We also found that the
insulin signal pathway was constitutively activated in the TAC hearts
under fasting conditions (Figure 1B and Supplemental Figure 2B).
Expression of Insr and Irs1 protein as well as pIrs1 and pAkt protein
was significantly increased in the TAC heart. These results suggest
that chronic pressure overload upregulates cardiac insulin signal-
ing. Enhanced insulin signaling was also observed in the hearts of
spontaneously hypertensive rats (Supplemental Figure 3A).
Reduction of plasma insulin ameliorates systolic dysfunction induced by
pressure overload. To determine whether upregulation of cardiac
insulin signals has a pathological role in HF, we treated the mice
with streptozotocin (STZ) (50 mg/kg i.p. for 5 days) at 4 weeks
before TAC. Injection of STZ markedly decreased plasma insulin
to below detectable levels, while the plasma glucose level gradu-
ally increased (Supplemental Figure 4). Pressure overload led to
prominent cardiac hypertrophy along with upregulation of car-
diac insulin signaling (Figure 1B and Figure 2, A and B). Systolic
function was impaired and the left ventricular systolic dimension
Volume 120  Number 5
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Depletion of plasma insulin attenuates systolic dysfunction induced by pressure overload. (A) STZ- or vehicle-treated mice were subjected to TAC
or sham operation. The heart weight/body weight (HW/BW) ratio was measured 2 weeks after operation. In the insulin-treated group, daily i.p.
injection of insulin (0.1 [U/g/d) was performed from 9 weeks (2 weeks after STZ treatment) to 13 weeks of age (2 weeks after TAC). n = 22-24.
(B) Cardiac hypertrophy and systolic function of the animals prepared for A were estimated by echocardiography at 1 week (IVST) or 2 weeks (FS
and LVDs) after operation. Photographs show representative results of echocardiography (M-mode). n = 6—10. Data are shown as mean + SEM.
*P < 0.05; **P < 0.01. IVST, intraventricular septal thickness; FS, fractional shortening.

(LVDs) was increased at 14 days after TAC (Figure 2, A and B).
These alterations were significantly ameliorated in the mice treated
with STZ (Figure 1B and Figure 2, A and B). Similar results were
obtained at 6 weeks after TAC (Supplemental Figure 2C). We next
examined the effect of insulin on cardiac function in this setting.
STZ-treated mice were subjected to daily injection of insulin (0.1
IU/g/d from 9 weeks to 13 weeks of age) and to TAC at 11 weeks
of age. Insulin treatment significantly improved hyperglycemia
(Supplemental Figure 4). However, this treatment significantly
enhanced cardiac hypertrophy and decreased systolic function
along with left ventricular dilatation (Figure 2, A and B), indicat-
ing that insulin signaling influenced the development of systolic
dysfunction due to pressure overload.

Reduction of plasma insulin inhibits cardiac hypoxia during pressure over-
load. We have recently demonstrated that cardiac angiogenesis is
critically involved in the adaptive mechanism of cardiac hypertro-
phy and that an increased mismatch between cardiomyocyte size
and vascularity is a crucial determinant of the transition from car-
diac hypertrophy to HF (15). Consistent with our previous results,
chronic pressure overload increased the cross-sectional area (CSA)
of cardiomyocytes and decreased the relative vascularity (num-
ber of vessels/number of cardiomyocytes/CSA) (Figure 3, A-C),
which in turn led to exacerbation of myocardial hypoxia (Figure
3D) and cardiomyocyte death (Figure 3E). In contrast, the increase
of CSA after TAC was significantly attenuated by STZ treatment
and the relative vascular density was markedly increased (Figure
3, A-C). Consequently, depletion of plasma insulin prevented
cardiac hypoxia and cardiomyocyte death during chronic pres-
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sure overload (Figure 3, D and E). Conversely, insulin treatment
of STZ-treated mice increased CSA and decreased relative vascular
density, thereby exacerbating cardiac hypoxia and cardiomyocyte
death (Figure 3, A-E). Additional treatment with the proangio-
genic factor cartilage oligomeric matrix protein-angiopoietin-1
(COMP-Angl) (17) increased relative vascular density and thereby
improved cardiac hypoxia and systolic dysfunction (Supplemen-
tal Figure 5, A-C). We also found that a decrease of relative vas-
cular density was associated with cardiac dysfunction, along with
upregulation of insulin signaling in spontaneously hypertensive
rats (Supplemental Figure 3, A-G), suggesting that cardiac insulin
signaling plays a pathological role in HF by increasing a mismatch
between cardiomyocyte size and vascularity.

Cardiomyocyte-specific reduction of Insr expression attenuates systolic
dysfunction due to pressure overload. To further investigate the role of
cardiac insulin signaling, we generated CIRKO mice by using the
Cre-loxP system. We prepared transgenic mice in which a transgene
encoding Cre recombinase was driven by the cardiomyocyte-spe-
cific a-myosin heavy chain (MHC) promoter (18). We then crossed
these MHC-Cre mice with mice bearing floxed Insr alleles (19) and
produced TAC in the resulting mice. Since homozygous CIRKO
(Insrflex/flexCre*) mice have been shown to develop systolic dysfunc-
tion in response to pressure overload (6), we utilized heterozygous
CIRKO (Insrf/*Cre*) mice with reduced cardiac expression of Insr
(Figure 4A). These mice had a normal heart size and normal systolic
function under physiological conditions (Figure 4, B and C). How-
ever, cardiac insulin signaling was markedly attenuated in the TAC
heart of CIRKO mice (Figure 4B), and therefore chronic pressure
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overload caused less severe hypertrophy than in WT mice (Figure 4,
C and D). Both systolic dysfunction and left ventricular dilatation
were significantly inhibited in CIRKO mice compared with their
lictermate controls (Figure 4D and Supplemental Figure 6). His-
tological examination showed that the increase of CSA after TAC
was significantly attenuated and relative vascular density was mark-
edly increased in CIRKO mice (Figure 5, A-C). In consequence, the
number of dead cardiomyocytes was significantly smaller in CIRKO
mice than in their littermate controls (Figure SD).

To investigate the role of Akt in HF induced by pressure ovet-
load, we utilized heterozygous AktI-deficient (Akr1%-) mice. Two
weeks after TAC operation, both systolic dysfunction and left
ventricular dilatation were significantly inhibited in AktI*~ mice
compared with their littermate controls (Figure 6A). Histological
examination showed that the increase of CSA after TAC was sig-
nificantly attenuated and relative vascular density was markedly
increased in AktI*/~ mice (Figure 6, B and C), which was associated
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Figure 3

Reduction of plasma insulin inhibits cardiac hypox-
ia due to pressure overload. (A) Animals were
prepared as described for Figure 2A. Immunohisto-
chemistry using antibodies against platelet and
endothelial cell adhesion molecule (dark brown)
and dystrophin (light brown) was performed at
2 weeks after operation. Scale bars: 20 um. (B and
C) CSA of cardiomyocytes (B) and relative vas-
cular density (C) were estimated as described in
Methods. n = 4-5. (D) Cardiac ischemia (brown) in
mice prepared as described for Figure 2A was esti-
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with decreased activation of Akt (Figure 6D). These data suggest
that sustained activation of Akt could cause cardiac dysfunction
under chronic pressure overload.

Mechanism of enbanced cardiac insulin signaling due to pressure overload.
To investigate the additional mechanisms by which chronic pres-
sure overload enhances insulin signaling in the heart, we examined
plrsl levels immediately after TAC. Western blot analysis revealed
that pressure overload markedly increased the plrs1 level from as
early as 1 minute after the operation (Figure 7A). Such activation
was significantly attenuated in both heterozygous and homozygous
CIRKO mice (Figure 7A and Supplemental Figure 7), suggesting
that mechanical stress may also upregulate the insulin signaling
pathway via direct activation of Insr independent of its ligand. To
further investigate the influence of mechanical stress on insulin
signaling, we stretched cultured cardiomyocytes by 20% and exam-
ined the changes in the plrsl level. Consistent with our hypothesis,
stretching of cardiomyocytes led to marked activation of insulin sig-
Number § 1509
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Cardiomyocyte-specific reduction of Insr expression attenuates systolic dysfunction due to pressure overload. (A) Western blot analysis of Insr
expression in the hearts of CIRKO mice (Insrfe¥+Cre+) and their littermate controls (control). Graphs indicate relative expression levels of Insr.
n = 3. (B) CIRKO mice (/nsrfox+Cre+) or littermate controls were subjected to TAC or sham operation, and components of the insulin signaling
pathway in the heart were examined by Western blot analysis at 2 weeks after operation. Graphs indicate relative expression levels of these
signaling molecules. n = 3. (C) The heart weight/body weight ratio of animals prepared as described in A was measured at 2 weeks after opera-
tion. n = 7-9. (D) Cardiac hypertrophy and systolic function of animals prepared as described in A were assessed by echocardiography at 1 week

(IVST) or 2 weeks (FS and LVDs) after operation. Photographs show rep
shown as mean + SEM. *P < 0.05; **P < 0.01.

naling (Figure 7B). This activation was abolished by knockdown of
Insr expression (Figure 7C), whereas knockdown of Igf1 or the Igf1
receptor showed a marginal effect (Supplemental Figure 8). These
results suggest that mechanical stress mainly enhances insulin sig-
naling through Insr and that Igf1 and the Igf1 receptor contribute
to stretch-induced activation of this signaling to a lesser extent. This
is similar to the known direct activation of the angiotensin II type I
receptor by mechanical stress, which contributes to pathological
hypertrophy (20); however, the precise mechanism of how mechani-
cal stress activates insulin signaling needs further investigation.
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resentative results of echocardiography (M-mode). n = 8-13. Data are

There is accumulating evidence that suggests a potential relation-
ship between insulin resistance and cardiac hypertrophy (21, 22).
Therefore we examined plasma glucose and insulin levels in mice
subjected to chronic pressure overload. Both glucose and insulin
levels were significantly higher in the TAC group than in the sham-
operated group (Figure 7D). More importantly, the homeostasis
model assessment-insulin resistance (HOMA-IR) index was mark-
edly elevated in the TAC group (Figure 7D). Furthermore, insulin-
induced phosphorylation of Akt was impaired in the liver of the
TAC group compared with the sham-operated group (Figure 7E).
Volume 120
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These results suggest that chronic pressure overload induces hepat-
ic insulin resistance, thereby inducing hyperinsulinemia, whereas
there is no cardiac insulin resistance due to direct activation of Insr
as well as to upregulation of Insr and Irs1.

Discussion

A number of clinical studies have strongly indicated the link
between insulin resistance and nonischemic HF (23-26). Approxi-
mately two-thirds of patients with essential hypertension have
abnormal glucose metabolism (27), and there is a positive relation-
ship between cardiac hypertrophy and the plasma insulin concen-
tration (28), suggesting that elevation of insulin contributes to
myocardial growth in the presence of chronic pressure overload.
Consistent with these reports, we found that chronic pressure
overload induced hepatic insulin resistance and increased the
plasma insulin level. Myocardial stretch activated Insr, and chronic
pressure overload not only increased the activity of insulin signal-
ing (pIrs1 and pAkt levels), but also upregulated the expression of
Insrand Irs1 protein. This in turn facilitated activation of cardiac
insulin signals by hyperinsulinemia. Such activation enhanced
the mismatch between vascularity and cardiomyocyte size and
increased cardiomyocyte death. This increase was associated with
systolic dysfunction and may be one of the causes of HF induced
by chronic pressure overload. However, we have not excluded
other mechanisms by which excessive insulin signals promote car-
diac dysfunction during pressure overload. For example, cardiac
hypoxia may affect metabolism and contraction of myocytes with
their viability being unchanged. Indeed, we only showed evidence
for tissue hypoxia in the TAC heart by using pimonidazole, which
may not be sufficient. We have not demonstrated that inhibition
of cardiomyocyte death attenuates systolic dysfunction of the TAC
heart. Accordingly, we cannot definitively conclude that hypoxia-
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Figure 5

Cardiomyocyte-specific reduction of Insr expression
attenuates cardiac hypoxia due to pressure overload.
(A) CIRKO mice (Insr°x+Cre*) or litermate controls
were subjected to TAC or sham operation. Immuno-
histochemistry using antibodies against platelet and
endothelial cell adhesion molecules (dark brown) and
dystrophin (light brown) was performed at 2 weeks
after operation. Scale bars: 20 um. (B and C) CSA of
cardiomyocytes (B) and relative vascular density (C)
were estimated as described in Methods. n = 4-5. (D)
Number of TUNEL-positive cells per 1 x 104 cardio-
myocytes. n = 4-5. Data are shown as mean + SEM.
*P < 0.05; **P < 0.01.

induced cardiomyocyte death was essential for the development of
HF. It has been reported that endothelial cells in the heart release
avariety of factors, such as neuregulin and nitric oxide, that regu-
late survival and function of cardiomyocytes and that endothelial-
myocardial interaction plays a crucial role in maintaining systolic
function (29). Thus, it is also possible that a decrease of relative
vascular density in the TAC heart impairs such paracrine mecha-
nisms, leading to systolic dysfunction.

Our results were similar to those of the study with conditional
Akt transgenic animals (14). In this model, Akt signaling could be
switched on or off in the heart. These mice developed physiological
hypertrophy following short-term induction, but exhibited patho-
logical hypertrophy with longer periods of Akt activation due to an
imbalance between cardiac growth and angiogenesis. Interestingly,
cardiac dysfunction was further impaired when Akt was switched off
after prolonged activation. These results suggest that Akt signaling
itselfis beneficial for maintenance of systolic function in this model;
however, excessive cardiac growth with insufficient angiogenesis
causes pathological hypertrophy. Thus, although insulin/Akt sig-
naling has been implicated in the development of physiological
hypertrophy, constitutive activation of these signals can induce HF
when coordinated tissue growth and angiogenesis are disrupted.

Alterations of myocardial substrate metabolism have been impli-
cated in the pathogenesis of contractile dysfunction and HF (21,
30). Studies on animal models of HF have demonstrated that, dur-
ing transition from cardiac hypertrophy to ventricular dysfunc-
tion, expression of genes encoding for mitochondrial fatty acid
(FA) B-oxidation enzymes shows a coordinated decrease, resulting
in a shift of myocardial metabolism that recapitulates the fetal
heart gene program, with glucose instead of FA becoming the pri-
mary energy substrate (31, 32). Clinical studies have revealed that
patients with nonischemic cardiomyopathy exhibit alterations of
Volume 120 1511
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Reduced activation of Akt attenuates systolic dysfunction due to pressure overload. (A) Akt1-deficient (Akt1+-) mice and WT littermates were
subjected to TAC or sham operation. Cardiac hypertrophy and systolic function were assessed by echocardiography at 2 weeks after operation.
n =4-6. (B) Immunohistochemistry using antibodies against platelet and endothelial cell adhesion molecules (dark brown) and dystrophin (light
brown) was performed at 2 weeks after operation. Scale bars: 20 um. (C) CSA of cardiomyocytes and relative vascular density were estimated
as described in Methods. n = 3. (D) pAkt and Akt levels in the heart at 2 weeks after operation were examined by Western blot analysis. Graphs
indicate relative expression levels of pAkt and Akt. n = 3. Data are shown as mean + SEM. *P < 0.05; **P < 0.01.

myocardial metabolism that are characterized by a decrease of FA
metabolism and an increase of myocardial glucose metabolism, a
pattern similar to that shown in animal models of HF (33). Under
these conditions, increased FA metabolism in the heart is patho-
genic and the extent of abnormal FA metabolism predicts both
morphologic changes of the heart and a poor clinical outcome
(34). In this respect, activation of the insulin/Akt pathway in the
failing heart appears to be an adaptive response, but constitutive
activation of this pathway also leads to activation of growth sig-
nals that results in dysregulated hypertrophy, cardiac hypoxia, and
systolic dysfunction. Thus, a metabolic modulator that increases
glucose uptake (or decreases FA metabolism) without activation of
insulin signaling would be a better strategy for the treatment of HF
because these patients have systemic insulin resistance. Our results
also suggest that the use of insulin to control hyperglycemia can
be harmful, especially in the setting of pressure overload, a finding
that is consistent with the outcome of a recent clinical trial (16).
Multiple counterregulatory hormones and cytokines are
upregulated in HF and are likely to play a role in insulin resistance
and altered glucose disposition (21). Upregulation of catechol-
amines not only contributes directly to the pathogenesis of cardio-
myopathy but also increases insulin resistance and thereby indi-
rectly affects systolic function. We also found that chronic pressure
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overload increased the production of proinflammatory cytokines
by adipose tissue, thus promoting systemic insulin resistance
(I. Shimizu and T. Minamino, unpublished observations). Further
investigation of the link between insulin resistance and HF will
continue to provide novel insights into the treatment of HF.

Methods

Animal models. All animal study protocols were approved by the Chiba
University Review Board. C57BL/6 mice were purchased from SLC Japan.
TAC was performed as described previously (15) in 11-week-old male mice.
Sham-operated mice underwent the same procedure except for aortic con-
striction. For the type 1 diabetic model, 7-week-old male CS7BL/6 mice were
treated with 1.p. STZ in 0.1 M sodium citrate (pH 4.5) at a dose of 50 mg/kg
for 5 days. TAC was performed 4 weeks after STZ treatment. In the insu-
lin-treated group, mice received daily i.p. injection of insulin (0.1 IU/g/d)
from 9 weeks (2 weeks after STZ treatment) to 13 weeks of age (2 weeks
after TAC). In some experiments, mice received an i.p. injection of insulin
(11U/kg) 30 minutes before sacrifice to investigate the insulin sensitivity
of various organs. AktI-deficient mice (Akt1*~) were a gift from Morris J.
Birnbaum (University of Pennsylvania School of Medicine, Philadelphia,
Pennsylvania, USA). The generation and genotyping of AktI-deficient mice,
floxed Insr mice, and MHC-Cre mice have been described previously (18,
19, 35). Littermate controls have the genotype Insi/* or Insrfle/flex. We
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Figure 7

Mechanism of enhanced insulin signaling in
the heart during pressure overload. (A) CIRKO
mice (InsrfiexfioxCre+) or littermate controls were

Stretch

2 5 (min)

Irs1 —— “ ~180KkDa irs1 AR o> e cteq 1o TAC or sham operation, and heart
Control CIRKO (Insr®*™x Cre*) samples were obtained at the indicated times.
w o plrs1 levels were examined by Western blot
5 5 B 40 analysis. The graphs indicate relative expres-
330 * 3 3.0 3 sion levels of plrs1. n = 3. (B) Cardiomyocytes
- - ~ 3.0 were subjected to mechanical stretch and plrs1
£20 £20 % levels were examined by Western blot analy-
) 2.0 ® 20 sis. n = 3. (C) siRNA targeting Insr (silnsr) or
£ 19 £ £10 negative control RNA (siNC) was introduced
°© ® @ into cardiomyocytes, after which the cells were
o 0.0 0.0 0.0 ; ;
0 1 2 5§ 0 1 2 5 0 1 2 5 subjected to mechanical stretch. pirs1 levels
TAC (min) TAC (min) Stretch (min) were examined by Western blot analysis. n = 3.
(D) Plasma glucose and insulin levels were
o~ SiNC silnsr examined at 2 weeks after TAC. n = 7-8. (E)
0 1 2 0 0 1 2 (mn) G 404 2~ Insulin-induced phosphorylation of Akt (pAkt) in
; S —_— he liver was examined after TAC or sham oper-
Insr Wbe—— ~95KkDa 2 p—8 t p
- = LU e — ation. n = 3. Data are shown as mean + SEM.
pirs? S v -0 £ *P < 0.05; **P < 0.01.
Irs1 ' 2
‘ 210
ACHn S—— 1200
S 0.0
Stretch(min) 0 1 2 0 1 2
silnsr - +
D * — o
=125 1.0 3
o =
100{ —T— E o8
E‘ 3’ E 2
= 75 Sos <
2 s £ o] — = 1T
8 > O1
g 25 2oz T
0
Sham TAC2w Sham TAC2w Sham TAC2w
E = 6.0, — B
Sham  TAC2w 2
Insulin "= + - + K
pAkt W - 60 kDa s 4.0
Akt SENEE. 0. O
220
©
%]
T 0.0
Insulin _— + - +
Sham TAC2w

administered adenoviral vector encoding COMP-Ang] to mice i.v. after
TAC operation as previously described (17).

Physiological and histological analyses. Echocardiography was performed
with a Vevo 770 High Resolution Imaging System (Visual Sonics Inc.). To
minimize variation of the data, the heart rate was always approximately
500-600 beats per minute when cardiac function was assessed. Cardiac tis-
sue was fixed by perfusion with 4% paraformaldehyde. The fixed sample
was immersed in OCT compounds (Miles Inc.) and snap-frozen in liquid
nitrogen to prepare cryostat sections. Frozen cross sections of hearts were
immunohistochemically double stained with antibodies for PECAM (BD
Biosciences — Pharmingen) and dystrophin (Novocastra Laboratories).
For measurement of the CSA of cardiomyocytes, SO randomly selected car-
diomyocytes in a left ventricular cross section were measured by tracing
dystrophin immunostaining with NTH Image] software (http://rsbweb.
nih.gov/ij/). Using the same sections, the number of PECAM-positive
vessels was counted, and vascular density was estimated as the number
of microvessels/number of cardiomyocytes/CSA. Tissue hypoxia was esti-
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mated with the Hypoxyprobe-1 (Chemicon) according to the manufac-
turer’s instructions. Briefly, an i.p. injection of pimonidazole (60 mg/kg)
was performed 90 minutes before sacrifice. Heart samples were harvested
and fixed in 10% formalin overnight. The samples were embedded in par-
affin, sectioned at 4-um thickness, and stained with the Hypoxyprobe-1
monoclonal antibody (clone 4.3.11.3), which binds to protein adducts of
pimonidazole in hypoxic cells. TUNEL labeling was performed according
to the manufacturer’s protocol (In Situ Apoptosis Detection Kit; TaKaRa)
in combination with immunostaining for appropriate cell markers.
Western blot analysis. Whole-cell lysates were prepared in lysis buffer (10 mM
Tris-HCI, pH 8, 140 mM NaCl, S mM EDTA, 0.025% NaN3, 1% Triton X-100,
1% deoxycholate, 0.1% SDS, 1 mM PMSF, 5 pg/ml leupeptin, 2 ug/ml apro-
tinin, 50 mM NaF, and 1 mM Na,VO3). The lysates (40-50 ng) were resolved
by SDS-PAGE. Proteins were transferred to a PVDF membrane (Millipore),
which was incubated with the primary antibody followed by anti-rabbit or
anti-mouse immunoglobulin-G conjugated with horseradish peroxidase
(Jackson). Specific proteins were detected by enhanced chemiluminescence
Volume 120  Number §
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(Amersham). The primary antibodies used for Western blotting were as fol-
lows: anti-plrs1 antibody (Tyr612, Biomol), anti-Irs1 antibody (C20), anti-
Aktl antibody (C20), anti-Insr f antibody (C-19) (Santa Cruz Biotechnol-
ogy Inc.), anti-phospho-Akt antibody (Ser473), anti-phospho-p44/42 MAP
kinase antibody (Thr202/Tyr204), anti-MAP kinase (ERK1+ERK2) antibody
(Invitrogen), and anti-actin antibody (Sigma-Aldrich). Plasma insulin levels
were evaluated with an ELISA kit (Morinaga Institute of Biological Science
Inc.) according to the manufacturer’s instructions.

Cell culture. Neonatal Wistar rats were purchased from Takasugi Experi-
mental Animal Supply. Cardiomyocytes were prepared from neonatal rats
and cultured as described previously (15). Passive stretching of cultured cells
was done as described previously. Cells were plated on collagen-coated sili-
cone rubber dishes (STREX Mechanical Cell Strain Instruments), and the
silicone dishes were stretched by attaching both ends of each dish firmly to
a fixed frame, resulting in longitudinal stretch by 20% of the original length.
siRNA targeting Insr, IGF, and the IGF-1 receptor was purchased from
Invitrogen and introduced into rat cardiomyocytes by using Lipofectamine
RNAiMax (Invitrogen) according to the manufacturer’s instructions.

Statistics. Data are shown as the mean + SEM. Differences between groups
were examined by 2-tailed Student’s ¢ test or ANOVA, followed by Bonfer-
roni’s correction for comparison of means. For all analyses, P < 0.05 was
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Sonic hedgehog is a critical
mediator of erythropoietin-induced
cardiac protection in mice

Kazutaka Ueda,! Hiroyuki Takano,! Yuriko Niitsuma,'2 Hiroshi Hasegawa,!
Raita Uchiyama,! Toru Oka,' Masaru Miyazaki,2 Haruaki Nakaya,2 and Issei Komuro'

'Department of Cardiovascular Science and Medicine, 2Department of General Surgery, and
3Department of Pharmacology, Chiba University Graduate School of Medicine, Chiba, Japan.

Erythropoietin reportedly has beneficial effects on the heart after myocardial infarction, but the underlying
mechanisms of these effects are unknown. We here demonstrate that sonic hedgehog is a critical mediator of
erythropoietin-induced cardioprotection in mice. Treatment of mice with erythropoietin inhibited left ven-
tricular remodeling and improved cardiac function after myocardial infarction, independent of erythropoiesis
and the mobilization of bone marrow-derived cells. Erythropoietin prevented cardiomyocyte apoptosis and
increased the number of capillaries and mature vessels in infarcted hearts by upregulating the expression
of angiogenic cytokines such as VEGF and angiopoietin-1 in cardiomyocytes. Erythropoietin also increased
the expression of sonic hedgehog in cardiomyocytes, and inhibition of sonic hedgehog signaling suppressed
the erythropoietin-induced increase in angiogenic cytokine expression. Furthermore, the beneficial effects of
erythropoietin on infarcted hearts were abolished by cardiomyocyte-specific deletion of sonic hedgehog. These
results suggest that erythropoietin protects the heart after myocardial infarction by inducing angiogenesis

through sonic hedgehog signaling.

Introduction
Recent medical advances have improved survival rates of patients
with acute myocardial infarction (MI), whereas the number of
patients showing heart failure after MI has increased in recent
years (1). LV remodeling, which includes dilatation of the ventricle
and increased interstitial fibrosis, is the critical process that under-
lies the progression to heart failure (1). Although pharmacological
therapies are effective, heart failure is still one of the leading causes
of death worldwide (2). It is thus important to elucidate a novel
approach to prevent LV remodeling after ML

Several hematopoietic cytokines including erythropoietin (EPO),
G-CSF, and stem cell factor have been reported to prevent cardiac
remodeling and dysfunction after MI in various animal models
(3-5). EPO, a major regulator of erythroid progenitors, has attract-
ed great attention because its administration induced significant
improvements in the clinical status and LV function of patients
with congestive heart failure (6, 7). Although several mechanisms
of cardioprotective effects by EPO have been suggested, the pre-
cise mechanisms remain largely unknown (8-14). Treatment with
EPO reverses the decreased oxygen-carrying capacity associated
with anemia, which is often observed in patients with heart failure
(8). EPO has also been reported to mobilize endothelial progeni-
tor cells (EPCs) from bone marrow, leading to neovascularization
in the heart (9). In addition, since EPO receptors (EPORs) are
expressed in various types of cells including cardiomyocytes, EPO
may have direct protective effects on cardiomyocytes (10-14).

In the present study, we investigated the mechanisms of how EPO
induced cardioprotection after MI. We observed that EPO directly
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prevented apoptotic death of cardiomyocytes and enhanced the
expression of angiogenic cytokines, which induced robust angio-
genesis, leading to the improvement of contractile function after
ML EPO also increased expression levels of sonic hedgehog (Shh)
in cardiomyocytes, and the inhibition of Shh signaling abolished
the EPO-induced increases of angiogenic cytokine production in
cardiomyocytes. In hearts of cardiac-specific inducible Shh knock-
out (Shh-MerCre) mice, EPO treatment failed to upregulate angio-
genic cytokines, enhance angiogenesis, and inhibit LV remodeling.
Our results suggest that Shh is a key mediator of EPO-evoked car-
dioprotection in infarcted hearts.

Results
EPO prevents cardiac remodeling after MI. We subcutaneously admin-
istered EPO (10,000 U/kg/d) or saline immediately after coronary
artery ligation until 4 days after MI. Fourteen days after MI, we his-
tologically assessed the infarct size and examined cardiac function
using echocardiography. Treatment with EPO significantly pre-
vented enlargement of LV end-diastolic dimension (LVEDD) and
reduction of fractional shortening (FS) and reduced the infarct
size (fibrotic area/LV free wall) compared with saline treatment
(Figure 1, A and B), suggesting that EPO prevents LV remodeling
and dysfunction after MI.

The role of hematopoietic effects of EPO in cardioprotection
(6, 7) was examined using transgene-rescued EPOR-null (RES)
mice, which express EPORs only in the hematopoietic lineage
(15). Although EPO treatment increased blood hemoglobin levels
7 days after MI in both WT and RES mice (Figure 2A), the cardio-
protective effects of EPO were observed only in WT mice but not
in the RES mice (Figure 1 and Figure 2B). EPO and saline did not
show any significant differences in LVEDD, FS, or infarct size in
the RES mice (Figure 2B), suggesting that erythropoiesis is not
involved in the cardioprotective effects of EPO.
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EPO prevents cardiac remodeling after MI. The effects of EPO treatment on LV function and infarct size were examined 14 days after operation.
WT mice were subjected to MI or sham operation and treated with EPO or saline (control). (A) Echocardiographic analysis. (n = 8-10). (B) Mas-

son trichrome staining of hearts and infarct size (n = 8-10). *P < 0.01.

To investigate whether EPO affects responses of inflammation and
wound healing that may have an impact on LV remodeling after MI
(16, 17), we examined macrophage infiltration and myofibroblast
accumulation in the ischemic area after MI by immunohistochemical
staining. The number of Mac3-positive macrophages was markedly
decreased by EPO treatment 14 days after MI (Supplemental Figure 1A;
supplemental material available with this article; doi:10.1172/
JCI39896DS1). The number of a-SMA-positive myofibroblasts was
significantly increased in EPO-treated hearts compared with saline-
treated hearts (Supplemental Figure 1B).

We next determined whether EPO induced the mobilization of
EPCs from bone marrow into peripheral blood using flow cytom-
etry (9). After MI, EPO significantly increased the number of circu-
lating CD34/Flk-1-double-positive EPCs in WT mice but not in the
RES mice (Figure 2C). We produced MI in WT mice in which the
bone marrow was replaced with cells derived from GFP-expressing
mice. The hearts were excised 7 and 14 days after MI and immuno-
histochemically stained for PECAM. There were no differences in
the number of GFP-positive cells and GFP/PECAM-double-posi-
tive cells in the border areas of EPO- and saline-treated infarcted
hearts (Figure 2D), indicating that EPO did not enhance the hom-
ing of bone marrow-derived cells or increase the number of bone
marrow-derived endothelial cells in the damaged hearts, although
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EPO induced mobilization of EPCs from bone marrow into periph-
eral circulation. In addition, EPO did not improve cardiac function
or increase the number of vessels in infarcted hearts even in RES
mice transplanted with bone marrow of WT mice (Figure 2E). It is
thus unlikely that the EPO-mobilized bone marrow-derived cells
contribute to the cardioprotective effects of EPO.

EPO inhibits cardiomyocyte apoptosis in infarcted hearts. Apoptotic
death of cardiomyocytes has been suggested to cause LV remodel-
ing and dysfunction (18). To determine the role of antiapoptotic
effects of EPO in cardioprotection, we performed TUNEL staining
of hearts 24 hours after MI. The number of TUNEL-positive car-
diomyocytes in the border area was significantly smaller in EPO-
treated mice than in saline-treated mice, while EPO treatment had
no effect on cardiomyocyte apoptosis in RES mice (Figure 3A).
Western blot analysis showed that EPO treatment markedly
reduced the level of cleaved caspase-3 in hearts at 24 hours after
MI (Figure 3B). TUNEL staining revealed that pretreatment with
EPO significantly attenuated H,O;-induced apoptotic death in
cultured cardiomyocytes of neonatal rats (Figure 3C). At 24 hours
after exposing cardiomyocytes to H,O,, expression levels of the
antiapoptotic protein Bcl-2 were decreased, whereas levels of
cleaved caspase-3 were increased, and these changes were inhibited
markedly by EPO pretreatment (Figure 3D). Annexin V staining
2017

Number6  June 2010

30












va
S

N

Figure 4

EPO promotes angiogenesis in infarcted hearts. (A) Double
immunostaining for PECAM (green) and dystrophin (brown) in the
border area (Ml group) or LV free wall (sham group) of EPO- and
saline-treated (control) hearts. Scale bars: 20 um. The number of ves-
sels and the ratio of vessels to cardiomyocyte were measured (n =8
for each). *P < 0.05; *P < 0.01. (B) Double immunohistochemical
staining for o SMA (green) and PECAM (red) shown together with
TO-PRO-3 (blue) staining in the border area (Ml group) or LV free wall
(sham group) 14 days after operation. The number of a-SMA-posi-
tive vessels in the ischemic area was determined (n = 8). Scale bars:
100 um. *P < 0.05. (C) Coronary flow was measured in EPO- and
saline-treated (control) hearts 14 days after Ml with or without sodium
nitroprusside (SNP, 10-* M) (n = 6). *P < 0.05. (D) Representative
images of hypoxyprobe staining (brown) of EPO- and saline-treated
(control) hearts in the border area (Ml group) or LV free wall (sham
group) 7 days after operation. The rate of hypoxyprobe-positive area
in the border area was measured (n = 3). Scale bars: 500 um (thick
bars); 100 um (thin bars). *P < 0.01.

showed that EPO-induced antiapoptotic effects were abolished by
transducing adenoviral vectors, which encode the dominant nega-
tive form of EPOR (Figure 3E). These results suggest that EPO
accomplishes antiapoptotic effects on cardiomyocytes through the
EPO/EPOR signaling pathways. EPO has been reported to activate
several kinases including Akt and ERK, which promote cell surviv-
ing pathways (10, 19). We thus determined whether EPO inhibits
the death of cardiomyocytes by activating these kinases. Indeed,
both Akt and ERK were activated in cultured cardiomyocytes by
EPO in a time- and dose-dependent manner, and these activations
were abolished by transducing dominant negative EPOR (Supple-
mental Figure 2, A-C). Inhibitions of Akt and ERK using respec-
tive kinase inhibitors suppressed EPO-induced reduction in the
number of TUNEL-positive cardiomyocytes and EPO-induced
downregulation of cleaved caspase-3 (Supplemental Figure 2, D
and E), suggesting that EPO prevents apoptotic death of cardio-
myocytes at least in part by activating Akt and ERK through the
EPO/EPOR system in cardiomyocytes.

Angiogenic cytokines mediate EPO-induced cardioprotection. To
determine the angiogenic effects of EPO, we performed
immunohistochemical double-staining of infarcted hearts for
PECAM and dystrophin. EPO treatment markedly increased the
number of PECAM-positive capillary vessels and the ratio of
vessels to cardiomyocytes in the border area at 7 days after MI
(Figure 4A). Moreover, EPO significantly increased the number of
a-SMA-positive vessels in the heart 14 days after MI (Figure 4B),
suggesting that EPO induces the formation of mature vessels
in infarcted hearts.

We also investigated the effects of EPO-induced angiogenesis
on myocardial perfusion. At 14 days after MI, the coronary flow
under dilatory stimulation with sodium nitroprusside was sig-
nificantly increased in EPO-treated hearts compared with saline-
treated hearts in the isolated heart perfusion system (Figure 4C).
The extent of myocardial ischemia in the border area detected by
Hypoxyprobe staining was decreased by EPO treatment (Figure 4D),
suggesting that EPO-induced angiogenesis is functionally relevant
to the enhancement of coronary perfusion reserve and the reduc-
tion of cardiac ischemia in infarcted hearts. Meanwhile, there were
no significant differences in the cross-sectional area of cardiomyo-
cytes in the border area at 14 days after MI between EPO and saline
treatment (Supplemental Figure 3).
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We also examined the mechanisms of EPO-induced angio-
genesis in vitro using HUVECs. The administration of EPO did
not increase BrdU incorporation into HUVECs. In contrast, the
culture medium of cardiomyocytes conditioned by EPO mark-
edly enhanced the BrdU incorporation into HUVECs compared
with the cultured medium of cardiomyocytes conditioned by
saline (Figure SA). The conditioned medium from EPO-treated
cardiomyocytes also significantly enhanced tube formation of
HUVECs, whereas the administration of EPO itself did not affect
tube formation of HUVECs cultured in the medium from saline-
treated cardiomyocytes (Figure 5B). These results suggest that
EPO evokes an angiogenic response by inducing paracrine facrors
secreted from cardiomyocytes.

EPO upregulated the levels of VEGF in cultured cardiomyo-
cytes in both time- and dose-dependent manners (Figure SC).
EPO also upregulated the levels of angiopoietin-1 (Ang-1)
mRNA in cardiomyocytes, as evidenced by quantitative RT-PCR
(qRT-PCR) (Figure SD). Proliferation and tube formation of
HUVEC induced by the conditioned medium from EPO-treated
cardiomyocytes were significantly suppressed by a VEGF-specific
inhibitor (CBO-P11) or an anti-Ang-1 antibody (Figure 5, A and
B). Additionally, when VEGF was knocked down in cardiomyo-
cytes using siRNA, the EPO-induced proliferation of HUVECs
was also suppressed (Supplemental Figure 4A). These results sug-
gest that VEGF and Ang-1 secreted from cardiomyocytes mediate
the EPO-induced angiogenic response.

Consistent with the in vitro results, EPO treatment markedly
increased the levels of VEGF and Ang-1 proteins and Ang-1 mRNA
in the heart after MI (Figure 5, E-G). To determine the role of EPO-
mediated VEGF expression in vivo, we injected an adenoviral vec-
tor encoding a soluble form of Flt-1, an inhibitor of VEGF, into the
thigh muscles of WT mice 4 days before and 3 days after MI. The
beneficial effects of EPO on infarcted hearts, including increased
vessel number, reduced infarct size, and improved cardiac func-
tion, were all abolished by VEGF inhibition (Figure 6), suggesting
that VEGF secreted from cardiomyocytes plays a critical role in the
cardioprotective effects of EPO against MI.

Shh is a critical mediator of the angiogenic effects of EPO. We fur-
ther investigated how EPO increases angiogenic cytokine levels
in infarcted hearts. Since Akt and ERK, which are activated by
EPO, have been reported to regulate VEGF expression (19, 20),
we first determined whether EPO increased expression levels of
VEGF by activating these kinases in cardiomyocytes. Although
both Akt and ERK were activated by EPO in cultured cardiomyo-
cytes, activation levels were not so high as compared with other
growth factors such as insulin (Supplemental Figure 2B and data
not shown). Since EPO-induced upregulation of VEGF was so
robust, we hypothesized that other mitogens mediate the EPO-
induced upregulation of VEGF. It has recently been reported
that carbamylated EPO (CEPO) promotes neural progenitor cell
proliferation and their differentiation into neurons through an
upregulation of Shh expression (21). Shh, a critical regulator of
patterning and growth in various tissues during embryogenesis,
has been reported to show angiogenic effects in infarcted hearts
(22, 23). We thus examined the involvement of Shh signaling in
EPO-induced cardioprotection.

To determine whether EPO upregulates Shh expression in car-
diomyocytes, we first examined the levels of Shh in cultured car-
diomyocytes. Both EPO and CEPO induced a marked accumula-
tion of the biologically active, aminoterminal fragment of Shh
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EPO upregulates angiogenic cytokine levels in cardiomyocytes and infarcted heart. (A)
Endothelial cell proliferation assay using BrdU incorporation. Cardiomyocytes were pre-
treated with EPO (10 U/ml) or saline for 48 hours. HUVECs were treated with EPO-pre-
treated conditioned medium (pre-EPO) or saline-pretreated medium with EPO (EPO).
Specific inhibitors of VEGF (CBO-P11) and Ang-1 (anti~Ang-1 antibody) were added to
the culture medium as indicated. Data from a representative experiment are shown (n=5
per condition). *P < 0.05; #*P < 0.01. (B) Tube formation assay. Quantification of tube
length in HUVECS cultured with the conditioned medium was described in A. Data from
a representative experiment are shown (n = 3 per condition). (C) Western blotting and
quantification of VEGF levels from cultured cardiomyocytes treated with EPO. Time (at
dose of 100 U/ml EPO) and dose (treated for 48 hours) dependency are shown (n = 3).
*P < 0.05 versus control. (D) qRT-PCR analysis of Ang-7 mRNA from cultured cardio-
myocytes treated with EPO (n = 4). Shown are levels of VEGF protein (E), Ang-1 mRNA
(F), and protein (G) in the heart after MI. Representative Western blots and quantifica-
tion are shown. WT mice were subjected to Ml and treated with EPO or saline (control)
(n = 4-5 for each condition).
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VEGF is essential for the angiogenic and cardioprotective effects of
EPO. WT mice were injected with adenoviral vectors encoding soluble
Flt-1 (sFlt-1) or LacZ, subjected to MI, and treated with EPO or saline
(control). Echocardiographic analysis and immunohistochemical stain-
ing were then performed (n = 8). *P < 0.05; #¥P < 0.01.

(Shh-N) in cardiomyocytes but not in cardiac fibroblasts 48 hours
after treatment (Figure 7A), and Shh-N was abundantly secret-
ed from EPO-treated cardiomyocytes into the culture medium
(Figure 7B). Immunocytochemical analysis demonstrated that EPO
induced the accumulation of Shh in a-sarcomeric actinin-positive
cardiomyocytes but not in vimentin-positive cardiac fibroblasts
(Figure 7C). In addition, EPO treatment significantly upregulated
the levels of Shh mRNA in cardiomyocytes (Figure 7D).

We next determined whether Shhaugmented angiogenic cytokine
levels in cultured cardiomyocytes. Addition of recombinant murine
Shh-N peptide (rmShh) increased the mRNA levels of the down-
stream target genes Ptchl and Glil in cardiomyocytes in a dose-
dependent manner (Figure 7E). rmShh also increased the levels of
VEGF protein and Ang-1 mRNA in cardiomyocytes as well as the
concentration of VEGF protein in the culture medium (Figure 7,
E and F). These changes were blocked by cyclopamine, a specific
inhibitor of Shh signaling (Figure 7, E and F).

Cyclopamine treatment also significantly inhibited the EPO-
induced increases in the levels of VEGF protein and Ang-1 mRNA
(Figure 8, A and B). Moreover, cyclopamine significantly inhibited
the proliferation of HUVEC induced by conditioned medium
from cardiomyocytes pretreated with EPO (Figure 8C). Consis-
tently, knockdown of Shh in cardiomyocytes also inhibited the
EPO-induced proliferation of HUVEC (Supplemental Figure 4B),
indicating that EPO induces expression of angiogenic cytokines by
activating Shh signaling in cardiomyocytes.

On the other hand, the EPO-induced inhibition of cardiomyocyte
apoptosis 24 hours after exposure to H,0, was not affected by cyclo-
pamine (Figure 8D), suggesting that EPO shows its antiapoptotic
effects on cardiomyocytes through a Shh-independent pathway.
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Cardiomyocyte-specific Shh deletion abolishes EPO-induced cardioprotec-
tion. We next determined the role of Shh signaling in EPO-induced
cardioprotection in vivo. The expression levels of Shh and Patched
were increased in infarcted hearts (Figure 9A), as previously report-
ed (23). Notably, expression levels of Shh and Patched protein were
higher in infarcted hearts treated with EPO than in those treated
with saline (Figure 9A), indicating that EPO activates Shh signal-
ing in infarcted hearts. Meanwhile, there were no differences in
the expression levels of Shh protein in the infarcted hearts of WT
and RES mice, suggesting that endogenous EPO signaling is not
associated with the upregulation of Shh in the infarcted hearts
(Supplemental Figure 5).

Systemic deletion of Shh has been reported to result in cardio-
vascular defects in mice (24). To elucidate the roles of EPO-induced
activation of Shh signaling pathways in infarcted hearts, we
employed Shh-MerCre mice in which Shh is deleted only in cardio-
myocytes following tamoxifen treatment. We crossed Shhflosed/floxed
mice (25) with the transgenic mice in which a transgene encod-
ing Cre recombinase was fused to the mutated estrogen receptor
domains (MerCreMer) driven by the cardiomyocyte specific a-myo-
sin heavy chain (a-MHC) promoter (26), and then produced the
MHC-MerCreMer; Shhfloxed/foxed mutant (Shh-MerCre) mice. After
tamoxifen treatment, we confirmed that EPO-induced increases
in the expression levels of Shh protein were significantly attenu-
ated in the infarcted hearts of Shh-MerCre mice (Figure 9B). Under
basal conditions at 7 days after tamoxifen treatment and at 14 days
after MI, there were no significant differences in LV function or the
number of vessels and the ratio of vessels to cardiomyocytes among
Shh-MerCre mice, Shhfloxed/floxed mice, MHC-MerCreMer mice, and
WT mice (Figure 9, C and D, and data not shown).

There were no significant differences in LVEDD, FS, and infarct
size in the Shh-MerCre mice treated with or without EPO after MI
(Figure 9C). EPO did not increase the number of vessels, the ratio
of vessels to cardiomyocytes, and the number of a-SMA-positive
vessels in Shh-MerCre mice (Figure 9D). EPO treatment also failed
to upregulate VEGF protein and Ang-1 mRNA levels in Shh-Mer-
Cre mice (Figure 9, E and F), suggesting that myocardial Shh sig-
naling is critical for the angiogenic and cardioprotective effects of
EPO in infarcted hearts.

The role of STAT3 in the mechanism of EPO-induced cardioprotection.
We have recently reported that G-CSF prevents LV remodeling
after MI through the JAK2/STAT3 pathway in cardiomyocytes (5).
To determine whether STAT3 is also involved in cardioprotective
effects of EPO, we produced an MI model in transgenic mice that
express dominant negative STAT3 in cardiomyocytes under the
control of the a-MHC promoter (dnSTAT3-Tg). In dnSTAT3-Tg
mice, the EPO treatment reduced infarct size and ameliorated LV
dysfunction and remodeling at 14 days after MI by the same degree
as WT mice (Supplemental Figure 6A). Overexpression of dnSTAT3
had no effects on EPO-induced prevention of H,O,-induced
apoptotic death in cardiomyocytes (Supplemental Figure 6B),
indicating that STAT3 is not involved in the mechanism of EPO-
induced cardioprotective effects after MI.

Discussion

In the present study, we elucidated what we believe are novel
mechanisms underlying the EPO-mediated inhibition of cardiac
remodeling after MI. EPO enhanced the expression of angiogenic
cytokines such as VEGF and Ang-1 in cultured cardiomyocytes and
infarcted hearts, which, in turn, induced the proliferation of vas-
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Figure 7

EPO upregulates expression levels of Shh. Western blotting of Shh in cultured neonatal rat cardiomyocytes and cardiac fibroblasts (A) and in the
culture supernatants (B). Cells were treated with EPO (100 U/ml) or CEPO (100 U/ml) for 48 hours. Shh-N represents the aminoterminal domain
of Shh, which is a biologically active form of Shh. (C) Immunocytochemical staining for Shh (red), a-sarcomeric actinin (green), and vimentin
(blue). Cardiomyocytes and cardiac fibroblasts were cocultured with or without EPO for 48 hours. EPO induced the cytoplasmic accumulation of
Shh in cardiomyocytes but not cardiac fibroblasts. Scale bars: 10 um. (D) gqRT-PCR analysis of Shh mRNA. Cardiomyocytes were treated with
EPO for 24 hours (n = 5). *P < 0.05. (E) gRT-PCR analysis of Ptch-1, Gli-1, and Ang-1 mRNA. Cardiomyocytes were treated with rmShh (0.1 or
1.0 ug/ml) for 24 hours (n = 4). *P < 0.05; **P < 0.01 versus control. *P < 0.05; *P < 0.01 versus rmShh and cyclopamine (5 uM) treatment. (F)
Western blotting of VEGF. Cardiomyocytes were treated with rmShh (1.0 ug/ml) for 48 hours. Cyclopamine (cyclo) was administered 15 minutes
before rmShh treatment. Representative Western blots and quantification of the bands are shown (n = 4).

cular endothelial cells and angiogenesis. EPO also increased Shh
levels in cardiomyocytes, and the various effects evoked by EPO
were attenuated by inhibiting Shh signaling (Figure 9G).

We found that EPO promoted angiogenesis by upregulating
the expression of VEGF and Ang-1. VEGF is a key molecule that
initiates proliferation and migration of endothelial cells and
promotes the formation of new vessels, whereas chronic VEGF
overexpression in mice has been reported to produce numerous
small vessels lacking functional layers (27). Ang-1 induces recruit-
ment of smooth muscle cells to primitive vessels consisting of
endothelial cells (27-29). Therefore, our results suggest that EPO
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treatment might be a better approach to creating stable and func-
tional vessels in infarcted myocardium than the treatment with
single angiogenic cytokine. Inhibition of angiogenesis by using
the inhibitor of VEGF significantly attenuated the protective
effects of EPO, such as the reduction of infarct size and improve-
ment of LV function after ML Since sufficient coronary perfusion
resulting from angiogenesis can prevent cardiomyocyte apoptosis
and improve contractile function (30, 31), angiogenic effects as
well as direct antiapoptotic effects of EPO might protect the heart
after ML In this study, EPO did not enhance the homing of bone
marrow-derived cells in damaged hearts, although EPO induced
Number 6
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Figure 8

Shh s a critical mediator of the angiogenic effects of EPO in vitro. The expression levels of VEGF protein (A) and Ang-7 mRNA (B). Cardiomyo-
cytes were treated with EPO for 48 hours. Cyclopamine (5 uM) was added before EPO treatment. Quantification of the bands is shown (n = 4).
*P < 0.05. (C) HUVEC proliferation assay. HUVECs were treated with cardiomyocyte-conditioned medium. Cyclopamine was added before EPO
treatment. n = 5 per condition. (D) Detection of apoptosis using Cy3-labeled annexin V. Quantitative analysis is shown (n = 6).

mobilization of bone marrow cells including EPCs from bone
marrow into peripheral circulation. It was previously reported
that intramyocardial gene transfer of Shh enhanced angiogenesis
by bone marrow-derived endothelial cells (23). Although reasons
for the different results are not clear at present, the discrepancy
may come from expression levels of Shh. Expression levels of Shh
produced by intramyocardial gene transfer might be much higher
than those induced by subcutaneous injection of EPO, and mode
of actions of Shh (i.e., autocrine, paracrine, and endocrine) may
be dependent on the expression levels of Shh.

EPO upregulated expression of Shh in cardiomyocytes, which
played a critical role in protection of the heart after MI by increas-
ing angiogenic cytokine production. In infarcted hearts, expres-
sion levels of Shh and its downstream target Patched have been
reported to be increased (23), and Shh has been shown to pro-
duce robust angiogenic effects (22, 23). A recent study has dem-
onstrated that cardiomyocyte-specific deletion of Smoothened, an
essential component of Shh signaling, reduces the expression of
angiogenic genes and the number of coronary vessels, resulting in
cardiomyocyte apoptosis and cardiac dysfunction, and that vas-
cular smooth muscle cell-specific deletion of Smoothened does not
affect angiogenesis and cardiac function (32). These results and
observations suggest that Shh upregulated by EPO in cardiomyo-
cytes acts on cardiomyocytes themselves in an autocrine manner
and increases production of angiogenic cytokines. There were no
significant differences in size and function of LV and infarct size
among the Shh-MerCre mice, Shhfoxed/flexed mice, and MHC-Mer-
CreMer mice without EPO after MI. It has been demonstrated
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that hedgehog, which is produced mainly by fibroblasts, is criti-
cal for maintenance and survival of the coronary vasculature in
the adult heart and that the inhibition of endogenous hedge-
hog by anti-Shh antibody deteriorated cardiac function and
induced enlargement of infarct area in the post-MI hearts (32).
The discrepancy may come from the different cells of Shh inhi-
bition. Secretion of Shh from other cells including fibroblasts
was not inhibited in the cardiomyocyte-specific Shh-deleted mice
(Shh-MerCre mice). In neural stem cells, Shh expression is
induced via the Notch receptor-mediated activation of cytoplas-
mic signaling molecules, including Akt, STAT3, and mammalian
target of rapamycin (33). Furthermore, it has been also reported
that Shh is a target gene of NF-kB in mice (34). EPO is known
to activate several signaling pathways, including Akt, STAT, and
NF-kB in various tissues (19, 35). Further studies are needed
to clarify the signaling cascade by which EPO upregulates Shh
expression in cardiomyocytes.

We previously demonstrated that angiogenesis promotes cardiac
hypertrophy in mice during the early phase of pressure overload
(30). We do not know why EPO did not induce cardiomyocyte
hypertrophy in this study, but there is a possibility that MI itself
induces cardiac and cardiomyocyte hypertrophy via increased wall
stress, and EPO-induced reduction of infarct size might reduce the
wall stress, resulting in prevention of cardiac and cardiomyocyte
hypertrophy even with enhanced angiogenesis.

In conclusion, EPO prevented LV remodeling after MI through
Shh. We have reported that G-CSF inhibits cardiomyocyte
apoptosis by activating the JAK2/STAT3 pathway in cardio-
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