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Background: The functional role of the fat-derived plasma protein CTRP9 in ischemic heart disease is unknown.
Results: Systemic delivery of CTRP9 reduces myocardial infarct size and apoptosis following ischemia-reperfusion in mice.
CTRP9 protects cardiomyocyte from apoptosis through activation of AMP-activated protein kinase (AMPK).
Conclusion: CTRP9 prevents acute cardiac ischemic injury via an AMPK-dependent mechanism.
Significance: CTRP9 represents a novel target molecule for manipulation of myocardial ischemic injury.

Ischemic heart disease is the major cause of death in West-
ern countries. CTRP9 (C1q/TNF-related protein 9) is a fat-
derived plasma protein that has salutary effects on glucose
metabolism and vascular function. However, the functional
role of CTRP9 in ischemic heart disease has not been clari-
fied. Here, we examined the regulation of CTRP9 in response
to acute cardiac injury and investigated whether CTRP9mod-
ulates cardiac damage after ischemia and reperfusion. Myo-
cardial ischemia-reperfusion injury resulted in reduced
plasma CTRP9 levels and increased plasma free fatty acid
levels, which were accompanied by a decrease in CTRP9
expression and an increase in NADPH oxidase component
expression in fat tissue. Treatment of cultured adipocytes
with palmitic acid or hydrogen peroxide reduced CTRP9
expression. Systemic administration of CTRP9 to wild-type
mice, before the induction of ischemia or at the time of rep-
erfusion, led to a reduction in myocardial infarct size follow-
ing ischemia-reperfusion. Administration of CTRP9 also
attenuated myocyte apoptosis in ischemic heart, which was
accompanied by increased phosphorylation of AMP-acti-
vated protein kinase (AMPK). Treatment of cardiac myocytes
with CTRP9 protein reduced apoptosis in response to hypox-
ia/reoxygenation and stimulated AMPK phosphorylation.
Blockade of AMPK activity reversed the suppressive actions
of CTRP9 on cardiomyocyte apoptosis. Knockdown of adi-
ponectin receptor 1 diminished CTRP9-induced increases in
AMPK phosphorylation and survival of cardiac myocytes.
Our data suggest that CTRP9 protects against acute cardiac

injury following ischemia-reperfusion via an AMPK-depen-
dent mechanism.

Ischemic heart disease, including myocardial infarction, is a
life-threatening disease that remains the major cause of mor-
tality in the industrialized countries (1, 2). Obesity complica-
tions, including glucose intolerance, are closely linked with
increased cardiac injury and an adverse prognosis after acute
myocardial infarction as well as after reperfused therapy for
acute myocardial infarction (3–5). Adipose tissue produces
numerous bioactive substances, also known as adipocytokines
or adipokines, which directly influence nearby or remote tis-
sues (6–9). It has been suggested that the imbalance in gener-
ation of adipocytokines caused by obesity can contribute to the
development of obesity-linked metabolic and cardiovascular
disorders (7).
Adiponectin is an adipocytokine that has a collagenous

domain and a C-terminal globular C1q domain (6). Adiponec-
tin is down-regulated in associationwith obesity complications,
including type 2 diabetes (6).We and others have demonstrated
that adiponectin exerts salutary actions on various metabolic
and cardiovascular diseases (6, 10–16). In particular, we have
shown that adiponectin protects against acute cardiac damage
following ischemia-reperfusion (13).
We sought to identify molecules with structural similarities

to adiponectin, and BLAST searches for C1q domain sequences
of adiponectin revealed that CTRP9 (C1q/TNF-related protein
9) shows the highest amino acid identity to adiponectin. CTRP9
belongs to the adiponectin paralog CTRP family and acts as an
adipocytokine that exerts a beneficial effect on glucose metab-
olism (17). A recent study showed that CTRP9 promotes endo-
thelium-dependent vasodilation (18). CTRP9 is expressed pri-
marily in fat tissue, and its expression is perturbed by obese
states (17, 18). Therefore, it is plausible that CTRP9 can mod-
ulate obesity-linked metabolic and cardiovascular disorders.
However, nothing is known about the role of CTRP9 in ische-
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mic heart disease. Here, we investigated the expression and
regulation of CTRP9 in response to myocardial ischemia-rep-
erfusion and examined the impact ofCTRP9on cardiac damage
following ischemia-reperfusion in mice. We also investigated
the effects of CTRP9 on apoptosis of cardiac myocytes and
assessed its potential mechanisms.

EXPERIMENTAL PROCEDURES

Materials—Antibodies to phospho-AMP-activated protein
kinase (AMPK)2 (Thr-172), AMPK, acetyl-CoA carboxylase
(ACC), phospho-Akt (Ser-473), Akt, phospho-p42/44 ERK
(Thr-202/Tyr-204), and ERK were purchased from Cell Signal-
ing Technology. Phospho-ACC (Ser-79) and c-Myc tag anti-
bodies were purchased from Upstate Biotechnology. Anti-tu-
bulin antibody was purchased from Oncogene. Recombinant
human CTRP9 protein and anti-mouse CTRP9 antibody were
purchased from Adipobioscience. Rat adiponectin receptor
(AdipoR) 1 siRNAs, AdipoR2 siRNAs, and unrelated siRNAs
were purchased from Thermo Scientific. Compound C was
purchased fromCalbiochem. Palmitic acid and anti-sarcomeric
actinin antibodywere purchased from Sigma. Hydrogen perox-
ide was purchased fromWako Chemicals.
Mouse Model of Ischemia-Reperfusion Injury—Male

C57BL/6J mice were purchased from Oriental BioService, Inc.
We subjected mice at 10–12 weeks of age to myocardial ische-
mia-reperfusion as described previously (13, 19). Briefly, after
anesthetization (50 mg/kg pentobarbital intraperitoneally) and
intubation, the left anterior descending coronary artery was
ligated for 60min with a suture using a snare occluder and then
loosened. At 24 h after reperfusion, the suture was retied, and
Evans blue was systemically injected intomice to determine the
non-ischemic tissue. The heart was excised, cut, and incubated
with 2,3,5-triphenyltetrazolium chloride to determine infarc-
tion. The left ventricular (LV) area, the area at risk (AAR), and
the infarct area (IA) were assessed by computerized planimetry
using NIH ImageJ. In some experiments, we administered
recombinant CTRP9 protein (1.0 �g/g of mouse) or vehicle
(PBS) into the right jugular vein at the time of reperfusion. In
some experiments, blood and epididymal fat were collected at
3 h after the reperfusion. Plasma free fatty acid levels were
measured with enzymatic kits (Wako Chemicals). Study proto-
cols were approved by the Institutional Animal Care and Use
Committees at Nagoya University.
Mouse Model of Obesity—To produce diet-induced obesity,

male C57BL/6J mice at 8 weeks of age were maintained on a
high fat/high sucrose diet (F2HFHSD, Oriental BioService,
Inc.) for 14 weeks. Male db/db mice in a background of
C57BL/6J were purchased from Charles River Laboratories.
Male C57BL/6Jmice fed a normal diet (CE-2, CLEA Japan, Inc.)
served as controls. Study protocols were approved by the
Institutional Animal Care and Use Committees at Nagoya
University.

Generation of Adenoviral Vectors—Full-length mouse
CTRP9 cDNAwas subcloned into an adenoviral shuttle vector,
and the adenoviral (Ad) vectors expressing CTRP9 (Ad-
CTRP9) were constructed under the control of the CMV pro-
moter (20). Ad-�-gal was used as a control. At 3 days before
surgery, Ad-CTRP9 or Ad-�-gal (3.0 � 108 plaque-forming
units/mouse) was intravenously injected into the jugular veins
of the mice.
Cultures of Cardiac Myocytes—Primary cultures of neonatal

rat ventricular myocytes were incubated in DMEM supple-
mented with 10% fetal calf serum as described previously (21).
After 12 h of serum starvation, cardiac myocytes were treated
with CTRP9 protein (10 �g/ml) or vehicle for the indicated
lengths of time. For hypoxia/reoxygenation studies, cells were
exposed to 12 h of hypoxia followed by 24 h of reoxygenation in
the presence of CTRP9 protein or vehicle. Hypoxic conditions
were generated using an Anaero Pack system (Mitsubishi GAS
Chemical Co., Inc.). In some experiments, cells were infected
with an adenoviral vector encoding c-Myc-tagged dominant-
negative AMPK (Ad-dnAMPK) or Ad-�-gal as a control at a
multiplicity of infection of 10 for 24 h (22), followed by treat-
ment with CTRP9 or vehicle. In some experiments, cells were
transfectedwith siRNAs (40 nM) using Lipofectamine 2000 rea-
gent (Invitrogen) according to the manufacturer’s instructions.
In some experiments, cells were pretreated with Compound C
(10 �M) or vehicle (Me2SO) for 60 min, followed by incubation
with CTRP9 or vehicle.
Cultures of 3T3-L1 Adipocytes—Mouse 3T3-L1 cells (Amer-

ican Type Culture Collection) were cultured in DMEM with
10% fetal bovine serum and then differentiated into adipocytes
byDMEM supplementedwith 5�g/ml insulin, 0.5mM 1-meth-
yl-3-isobutylxanthine, and 1 �M dexamethasone as described
previously (23). On 7 day from induction of differentiation,
3T3-L1 adipocytes were treated with hydrogen peroxide (200
�M) or vehicle for 24 h. In some experiments, differentiated
3T3-L1 adipocytes were treated with palmitic acid (250 �M) in
0.5% BSA or vehicle (0.5% BSA) for 24 h.
Determination of mRNA Levels—Gene expression levels

were quantified by real-time PCR. Total RNA was extracted
from 3T3-L1 adipocytes using an RNeasymini kit (Qiagen) and
from fat tissues using an RNeasy lipid tissue mini kit (Qiagen).
cDNAwas produced using a SuperScript real-time PCR system
(Invitrogen). PCRwas performedwith a Bio-Rad real-time PCR
detection system using SYBR Green I as a double-standard
DNA-specific dye. The primers used were 5�-TGGTGA-
ACGTGGTGCCTACA-3� and 5�-TGCAGTCACATCCCAC-
CCT-3� for mouse CTRP9, 5�-CTAAGGCCAACCGTGA-
AAAG-3� and 5�-GGTACGACCAGAGGCATACA-3� for
mouse �-actin, 5�-TTGGGTCAGCACTGGCTCTG-3� and
5�-TGGCGGTGTGCAGTGCTATC-3� for mouse gp91phox,
and 5�-GATGTTCCCCATTGAGGCCG-3� and 5�-GTTT-
CAGGTCATCAGGCCGC-3� for mouse p47phox.
Western Blot Analysis—Heart tissue and cell samples were

prepared in lysis buffer containing 1 mM PMSF (Cell Signaling
Technology). The protein concentration was calculated using a
BCA protein assay kit (Pierce). Equal amounts of proteins or
plasma (2.0 �l) were separated by denaturing SDS-PAGE. Pro-
teins were transferred onto PVDF membrane (GE Healthcare)

2 The abbreviations used are: AMPK, AMP-activated protein kinase; dnAMPK,
dominant-negative AMPK; ACC, acetyl-CoA carboxylase; AdipoR, adi-
ponectin receptor; LV, left ventricular; AAR, area at risk; IA, infarct area; Ad,
adenoviral; TUNEL, terminal deoxynucleotidyltransferase-mediated dUTP
nick end labeling; FFA, free fatty acid.
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and probed with the primary antibody, followed by incubation
with HRP-conjugated secondary antibody. The ECL Plus sys-
tem (GE Healthcare) was used for detection of the protein sig-
nal. The expression level was determined by measurement of
the corresponding band intensities using ImageJ software.
Immunoblots were normalized to the tubulin signal.
Determination of Apoptosis—Terminal deoxynucleotidyl-

transferase-mediated dUTP nick end labeling (TUNEL) stain-
ing of the frozen heart sections or cultured cardiac myocytes
was performed using an in situ cell death detection kit (Roche
Applied Science) as described previously (13). Cryosections (5
�m thick) were fixed with 4% paraformaldehyde in PBS and
permeabilized with 0.1% Triton X-100. To determine cardiac
myocytes, heart sections were stained with anti-sarcomeric
actinin antibody. TUNEL-positive cells were counted in three
randomly selected fields of the slide, and the experiments were
repeated three times in duplicates.
Statistical Analysis—Data are presented as means � S.E.

Group differences were analyzed by Student’s unpaired t test or

one-way analysis of variance. A p value of�0.05was considered
statistically significant.

RESULTS

Circulating CTRP9 Levels Decline after Myocardial
Ischemia-Reperfusion—To test whether cardiac ischemia-rep-
erfusion affects plasma CTRP9 levels in wild-type C57BL/6J
mice, plasma CTRP9 levels were determined after ischemia-
reperfusion or sham surgery by Western blot analysis. Plasma
CTRP9 levels significantly declined by 51� 8% following ische-
mia-reperfusion compared with those after sham operation
(Fig. 1A). Because CTRP9 is expressed predominantly in adi-
pose tissue (17), CTRP9 mRNA expression in epididymal fat
wasmeasured by real-time PCR. Ischemia-reperfusion resulted
in a significant reduction in CTRP9 mRNA in fat tissue (Fig.
1B). Because increased oxidative stress in fat tissue causes the
dysregulated production of adipocytokines (24), we assessed
the mRNA expression of NADPH oxidase components in epi-
didymal fat. The mRNA levels of gp91phox and p47phox were

FIGURE 1. Plasma CTRP9 declines following cardiac ischemia-reperfusion injury. A, plasma CTRP9 levels after myocardial ischemia-reperfusion (I/R) or
sham surgery. Wild-type mice were subjected to 60 min of ischemia, followed by 24 h of reperfusion or sham operation. CTRP9 protein levels in plasma (2.0 �l)
were determined by Western blot analysis. Relative protein levels of CTRP9 were quantified using ImageJ (mean � S.E., n � 6). B, expression of CTRP9 and
NADPH oxidase components in fat tissue. Adipose tissues were collected from wild-type mice at 3 h after ischemia-reperfusion or sham operation. Transcript
levels were determined by quantitative real-time PCR and are expressed relative to �-actin levels (mean � S.E., n � 4). C, plasma FFA levels at 3 h after
ischemia-reperfusion or sham operation (mean � S.E., n � 4). D, effect of palmitic acid and hydrogen peroxide on CTRP9 expression in adipocytes. Differen-
tiated 3T3-L1 adipocytes were treated with palmitic acid (PA; 250 �M) or BSA (left panel) and H2O2 (200 �M) or vehicle (right panel) for 24 h. CTRP9 mRNA levels
were assessed by quantitative real-time PCR and are expressed relative to �-actin levels (mean � S.E., n � 4).
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significantly up-regulated in response to myocardial ischemia-
reperfusion injury (Fig. 1B). An increase in free fatty acids
(FFAs) is linked to increased oxidative stress in fat tissue (24,
25). Thus, we measured plasma FFA levels following ische-
mia-reperfusion or sham surgery. Ischemia-reperfusion led
to a significant elevation of plasma FFA levels compared with
the sham operation control (Fig. 1C), consistent with a pre-
vious report (26).
To investigate the possible participation of fatty acids in the

regulation of CTRP9 expression in adipocytes, 3T3-L1 adi-
pocytes were stimulated with palmitic acid. Treatment with
palmitic acid significantly reduced CTRP9 mRNA levels in
3T3-L1 adipocytes (Fig. 1D). Furthermore, treatment of adi-
pocyteswith hydrogen peroxide led to a significant reduction in
CTRP9mRNA expression. These data indicate thatmyocardial
ischemic injury promotes oxidative stress in adipose tissue,
leading to reduced production of CTRP9.
Because obese states such as insulin resistance and hyperin-

sulinemia are associated with an increased risk of cardiovascu-
lar disease (3, 5, 27, 28), we assessed the plasma levels of CTRP9
in mouse models of obesity with insulin resistance and hyper-
insulinemia. Plasma CTRP9 levels were significantly decreased

FIGURE 2. Circulating CTRP9 levels are reduced in mouse models of obe-
sity. A and B, plasma CTRP9 levels in diet-induced obese and db/db mice,
respectively. Wild-type mice at 8 weeks of age were maintained on a high
fat/high sucrose diet (HF/HSD) or a normal chow diet (ND) for 14 weeks (A).
CTRP9 protein in plasma (2.0 �l) was analyzed by Western blotting. CTRP9
protein levels were quantified using ImageJ (mean � S.E., n � 4). Plasma
CTRP9 levels in control mice fed a normal chow diet and db/db mice at 8
weeks of age were determined by Western blot analysis and quantified using
ImageJ (mean � S.E., n � 3) (B).

FIGURE 3. Systemic delivery of CTRP9 attenuates infarct size in mice following myocardial ischemia-reperfusion. A, effect of Ad-CTRP9 on myocardial
infarct size after ischemia-reperfusion. At 3 days after intravenous injection of Ad-CTRP9 or Ad-�-gal (total of 3.0 � 108 plaque-forming units), wild-type mice
were subjected to 60 min of ischemia, followed by 24 h of reperfusion. Hearts were stained with Evans blue, followed by 2,3,5-triphenyltetrazolium chloride.
Representative pictures of the heart sections at 24 h after ischemia-reperfusion are shown in the upper panels. Quantitative analysis of infarct size after
ischemia-reperfusion injury is shown in the lower panel. The LV area, AAR, and IA were measured (mean � S.E., n � 8). The inset shows a representative blot for
CTRP9 in plasma (2.0 �l) at 3 days after injection of Ad-CTRP9 or Ad-�-gal. B, effect of CTRP9 protein on myocardial infarct size following ischemia-reperfusion.
Wild-type mice were treated with recombinant CTRP9 protein (1.0 �g/g of mouse) or vehicle at the time of reperfusion. Hearts were stained with Evans blue and
subsequently with 2,3,5-triphenyltetrazolium chloride at 24 h after ischemia-reperfusion. Representative pictures of myocardial tissues at 24 h after ischemia-
reperfusion are shown in the upper panels. Quantitative analysis of the infarct size of each experimental group after ischemia-reperfusion injury is shown in the
lower panel (mean � S.E., n � 8).
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by 51 � 2% in high fat/high sucrose diet-induced obese mice
comparedwith leanwild-typemice fed a normal chowdiet (Fig.
2A), consistent with a previous report showing reduced plasma
levels of CTRP9 in high fat diet-induced obese mice (18). Like-
wise, the plasma levels of CTRP9 were significantly reduced by
54� 3% in leptin receptor-deficient db/dbmice comparedwith
normal diet-fed wild-type mice (Fig. 2B).
Systemic Delivery of CTRP9 Reduces Infarct Size in Response

to Ischemia-Reperfusion—To examine the impact of CTRP9 on
acute ischemic injury in the heart, Ad-CTRP9 or Ad-�-gal as a
control was intravenously injected into wild-type C57BL/6J
mice. Systemic delivery of adenoviral vectors leads to transgene
expression in the liver, but not the myocardium (19). Adminis-
tration of Ad-CTRP9 significantly increased plasma CTRP9
levels by a factor of 3.3 � 0.4 (mean � S.E. (n � 4); p � 0.01) at
day 3 after adenoviral injection compared with Ad-�-gal as
assessed by Western blot analysis (Fig. 3A). At 3 days after
adenoviral injection, mice were subjected to ischemia-reperfu-
sion injury. Fig. 3A shows representative photographs of heart
tissues stained with Evans blue dye to delineate the AAR and
2,3,5-triphenyltetrazolium chloride to delineate the IA at 24 h
after ischemia-reperfusion surgery. Delivery of Ad-CTRP9 sig-
nificantly attenuated the IA/AAR and IA/LV ratios by 30 � 6
and 34 � 6%, respectively (Fig. 3A). In contrast, the AAR/LV
ratio did not differ between the two experimental groups.
To further assess whether exogenous CTRP9 is therapeutic

for myocardial infarction, we intravenously administered a sin-

gle dose of recombinantCTRP9protein towild-typemice at the
time of reperfusion. The administration of CTRP9 protein
reduced the IA/AAR and IA/LV ratios by 31 � 2 and 27 � 1%,
respectively, compared with the vehicle (Fig. 3B). Thus, CTRP9
supplementation, either before ischemia-reperfusion or at the
time of reperfusion, is effective in reducing cardiac ischemic
damage.
CTRP9 Suppresses Myocyte Apoptosis in Vivo and in Vitro—

To investigate the effect of CTRP9 on apoptosis in the heart,
TUNEL staining was performed in the heart at 24 h after ische-
mia-reperfusion or sham operation. Fig. 4A shows representa-
tive fluorescence photographs of TUNEL-positive nuclei in the
heart. Quantitative analysis demonstrated that Ad-CTRP9
treatment significantly reduced the frequencies of TUNEL-
positive myocytes in the myocardium of mice following ische-
mia-reperfusion. In contrast, little or no TUNEL-positive myo-
cytes were observed in the hearts of control or CTRP9-treated
mice after sham operation.
To examine the effect of CTRP9 on apoptosis at the cellular

level, neonatal rat cardiac myocytes were subjected to nor-
moxia or hypoxia/reoxygenation in the presence of recombi-
nant CTRP9 protein or vehicle. TreatmentwithCTRP9 protein
significantly suppressed the frequencies of TUNEL-positive
cells after hypoxia/reoxygenation (Fig. 4B).
AMPK Is Involved in Anti-apoptotic Action of CTRP9—

AMPK activation in the heart is protective against cardiac ische-
mic injury (29). Thus, the activating phosphorylation levels of

FIGURE 4. Effect of CTRP9 on myocardial apoptosis. A, CTRP9 reduces myocyte apoptosis in the heart at 24 h after ischemia-reperfusion. Wild-type mice were
treated with Ad-CTRP9 or Ad-�-gal and subjected to ischemia-reperfusion (I/R) or sham surgery. The upper panels show representative photographs of heart
sections stained by TUNEL (green) and with sarcomeric actinin (red) and DAPI (blue). Quantitative analyses of TUNEL-positive myocytes are shown in the lower
panel (mean � S.E., n � 6). B, CTRP9 attenuates apoptosis of cardiac myocytes under conditions of hypoxia/reoxygenation. Neonatal rat cardiac myocytes
were treated with CTRP9 protein (10 �g/ml) or vehicle and subjected to normoxia or hypoxia/reoxygenation (H/R). The upper panels show represent-
ative photographs of cardiac myocytes stained by TUNEL (green) and with DAPI (blue). The lower panel shows quantitative analysis of TUNEL-positive
cells (mean � S.E., n � 4).
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AMPK at Thr-172 in the heart were assessed by Western blot
analysis. Systemic delivery of CTRP9 resulted in a significant
increase in AMPK phosphorylation in the ischemic heart follow-
ing reperfusion (Fig. 5A). In contrast, CTRP9 administration had
noeffectsonAMPKphosphorylation in theheart after shamoper-
ation. Furthermore, treatment of cardiac myocytes with CTRP9
enhanced the phosphorylation of AMPK (Fig. 5B). CTRP9 treat-
ment also stimulated the phosphorylation of ACC, a downstream

target of AMPK, in cardiac myocytes. Because CTRP9 has been
reported to activate Akt and ERK in cultured myotubes (17), we
tested whether CTRP9 modulates the phosphorylation status of
Akt and ERK in cultured cardiac myocytes. CTRP9 treatment did
not affect the phosphorylation of Akt at Ser-473 (0.8 � 0.2-fold
change, not significant) and ERK at Thr-202/Tyr-204 (0.9 � 0.2-
fold change, not significant) in cardiac myocytes compared with
vehicle treatment.

FIGURE 5. AMPK signaling is essential for CTRP9-stimulated survival of cardiac myocytes. A, CTRP9 promotes AMPK phosphorylation in the ischemic
heart. After systemic delivery of Ad-CTRP9 or Ad-�-gal, wild-type mice were subjected to ischemia-reperfusion (I/R) or sham operation. The phosphorylation
levels of AMPK (P-AMPK) were analyzed by Western blotting. The relative phosphorylation levels of AMPK were quantified using ImageJ and are expressed
relative to the tubulin signal (mean � S.E., n � 4). B, CTRP9 stimulates AMPK signaling in cardiac myocytes. Cardiac myocytes were treated with CTRP9 protein
(10 �g/ml) or vehicle for 15 min. The phosphorylation levels of ACC (P-ACC), AMPK, Akt (P-Akt), and ERK (P-ERK) were determined by Western blot analysis. The
relative phosphorylation levels of ACC and AMPK were quantified using ImageJ (mean � S.E., n � 4). Immunoblots were normalized to the tubulin signal. C and
D, effect of AMPK inactivation on CTRP9-stimulated ACC phosphorylation (C) and survival of cardiac myocytes (D). After transduction with Ad-dnAMPK or
Ad-�-gal, cardiac myocytes were treated with CTRP9 or vehicle for 15 min (C). The phosphorylation of ACC was determined by Western blotting. The relative
phosphorylation levels of ACC were quantified using ImageJ (mean � S.E., n � 4). Immunoblots were normalized to the tubulin signal. Cardiac myocytes were
cultured in the presence of CTRP9 or vehicle under conditions of hypoxia/reoxygenation (D). TUNEL-positive nuclei were counted and quantified (mean � S.E.,
n � 4). E, effect of AMPK inhibitor on anti-apoptotic actions of CTRP9. Cardiac myocytes were pretreated with Compound C (10 �M) or vehicle and stimulated
with or without CTRP9. TUNEL-positive nuclei were counted and quantified (mean � S.E., n � 4).
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To test whether AMPK signaling participates in CTRP9-
stimulated survival of cardiac myocytes, cells were trans-
duced with Ad-dnAMPK or Ad-�-gal. Transduction with
Ad-dnAMPK abolished CTRP9-stimulated phosphorylation
of ACC in cardiac myocytes (Fig. 5C). Transduction with Ad-
dnAMPK also blocked the inhibitory effects of CTRP9 on apo-
ptosis of cardiac myocytes under conditions of hypoxia/
reoxygenation (Fig. 5D). Similarly, pretreatment with the
AMPK inhibitor Compound C reversed the anti-apoptotic
effects of CTRP9 (Fig. 5E). These data indicate that CTRP9
promotes the survival of cardiacmyocytes through activation of
AMPK.
Role of Adiponectin Receptors in CTRP9-mediated Survival

Signaling—AdipoR1 has been reported to act as a receptor for
CTRP9 in endothelial cells (18). To analyze the possible partic-
ipation of AdipoR1 in myocyte response to CTRP9, cardiac
myocytes were transfected with siRNAs targeting AdipoR1 or
AdipoR2 or unrelated siRNAs, followed by stimulation with
CTRP9 or vehicle. Transfection of cardiac myocytes with
siRNAs against AdipoR1 or AdipoR2 led to reductions in Adi-

poR1 and AdipoR2 mRNA expression of 84 and 82%, respec-
tively. Ablation of AdipoR1, but not knockdown of AdipoR2,
suppressed CTRP9-induced increases in AMPK phosphoryla-
tion and myocyte survival (Fig. 6, A and B).

DISCUSSION

In this study, we have provided the first evidence that CTRP9
protects against acutemyocardial ischemic injury in vivo. Over-
production of circulating CTRP9 before the induction of ische-
mia led to a reduction in myocardial infarct size following
ischemia-reperfusion in wild-type mice. Moreover, a single
dose of recombinant CTRP9 protein delivered at the time of
reperfusion minimized the myocardial infarct size. The benefi-
cial action of CTRP9 was associated with decreased myocyte
apoptosis in the heart. Treatment of cardiac myocytes with
CTRP9 protein resulted in a reduction in apoptosis in
response to hypoxia/reoxygenation. Because circulating
CTRP9 levels significantly declined in wild-type mice fol-
lowing myocardial ischemia-reperfusion, the replenishment

FIGURE 6. Contribution of AdipoR1 to CTRP9-induced survival signaling in cardiac myocytes. A, effect of AdipoR1 ablation on CTRP9-stimulated AMPK
signaling. Cardiac myocytes were transfected with siRNAs against AdipoR1 or AdipoR2 or with unrelated siRNAs, followed by stimulation with CTRP9 protein
(10 �g/ml) or vehicle for 15 min. The phosphorylation of ACC (P-ACC) and AMPK (P-AMPK) was determined by Western blotting. The relative phosphorylation
levels of ACC and AMPK were quantified using ImageJ (mean � S.E., n � 3). Immunoblots were normalized to the tubulin signal. B, knockdown of AdipoR1
blocks CTRP9-induced survival of cardiac myocytes. After transfection with siRNAs against AdipoR1 or AdipoR2 or with unrelated siRNAs, cardiac myocytes
were cultured in the presence of CTRP9 protein (10 �g/ml) or vehicle under conditions of hypoxia/reoxygenation. TUNEL-positive nuclei were counted and
quantified (mean � S.E., n � 3). N.S., not statistically significant.
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of CTRP9 may be effective in reducing myocardial damage
after ischemia-reperfusion.
A recent report demonstrated that CTRP9 promotes vascu-

lar relaxation via an AdipoR1/AMPK signaling pathway in
endothelial cells (18). In the present study, CTRP9 enhanced
AMPK activation in cardiac myocytes and ischemic heart.
Blockade of AMPK activity abolished the suppressive effects of
CTRP9 on cardiomyocyte apoptosis. Moreover, ablation of
AdipoR1 diminished CTRP9-stimulated AMPK activation and
survival of cardiac myocytes, suggesting that CTRP9 protects
cardiomyocytes from apoptosis through AdipoR1. Taken
together, these data indicate that CTRP9 can exert beneficial
actions on the cardiovascular systems partly through the Adi-
poR1/AMPK-dependent mechanism.
The regulation of CTRP9 expression has been poorly under-

stood. Our data show that acute ischemic insult in the heart
caused a decrease in plasma CTRP9 levels and an increase in
plasma FFA levels.Myocardial ischemic injury also resulted in a
reduction of CTRP9 expression in adipose tissue, which was
accompanied by increased expression of NADPHoxidase com-
ponents. Furthermore, treatment of cultured adipocytes with
palmitic acid or an inducer of oxidative stress led to attenuation
of CTRP9 expression. The excess of FFAs can stimulate oxida-
tive stress in adipocytes, leading to dysregulation of adipocyto-
kine production (24, 25). Thus, these data suggest that elevated
plasma FFA levels induced by acute cardiac insult may contrib-
ute to enhanced oxidative stress and decreased production of
CTRP9 expression in fat tissue, thereby resulting in reduced
levels of circulating CTRP9.
In conclusion, our study demonstrates that CTRP9 functions

as a novel modulator of acute ischemic damage in the heart
through activation of AMPK in cardiacmyocytes. Activation of
myocardialAMPKhas been shown to display salutary effects on
various heart diseases, including ischemic heart disease (13, 29,
30). BecauseCTRP9 is an adipocytokine that is expressed abun-
dantly in adipose tissue (17), CTRP9 seems to affect cardiac
AMPK signaling in an endocrine manner. Thus, the CTRP9/
AMPK signaling axis may represent a functional link between
fat tissue and the heart and also contribute to the cardioprotec-
tive actions. Furthermore, our data show that circulating levels
of CTRP9 in mice are down-regulated in association with obe-
sity, insulin resistance, and hyperinsulinemia, which are caus-
ally linked with the increased prevalence of cardiovascular dis-
ease. Collectively, the therapeutic approaches to enhance
CTRP9 production can be valuable for prevention or treatment
of acute myocardial infarction.
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