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Urocortin 2 (Ucn2), a peptide of the corticotropin-releasing factor
(CRF) family, binds with high affinity to type 2 CRF receptors
(CRFR2) on cardiomyocytes and confers protection against ische-
mia/reperfusion. The mechanisms by which the Ucn2-CRFR2 axis
mitigates against ischemia/reperfusion injury remain incompletely
delineated. Activation of AMP-activated protein kinase (AMPK)
also limits cardiac damage during ischemia/reperfusion. AMPK is
classically activated by alterations in cellular energetics; however,
hormones, cytokines, and additional autocrine/paracrine factors
also modulate its activity. We examined the effects of both the
endogenous cardiac Ucn2 autocrine/paracrine pathway and Ucn2
treatment on AMPK regulation. Ucn2 treatment increased AMPK
activation and downstream acetyl-CoA carboxylase phosphorylation
and glucose uptake in isolated heart muscles. These actions were
blocked by the CRFR2 antagonist anti–sauvagine-30 and by a PKCe
translocation-inhibitor peptide (eV1-2). Hypoxia-induced AMPK acti-
vation was also blunted in heart muscles by preincubation with ei-
ther anti–sauvagine-30, a neutralizing anti-Ucn2 antibody, or eV1-2.
Treatment with Ucn2 in vivo augmented ischemic AMPK activation
and reduced myocardial injury and cardiac contractile dysfunction
after regional ischemia/reperfusion in mice. Ucn2 also directly acti-
vated AMPK in ex vivo-perfused mouse hearts and diminished
injury and contractile dysfunction during ischemia/reperfusion.
Thus, both Ucn2 treatment and the endogenous cardiac Ucn2 auto-
crine/paracrine pathway activate AMPK signaling pathway, via
a PKCe-dependent mechanism, defining a Ucn2-CRFR2-PKCe-AMPK
pathway that mitigates against ischemia/reperfusion injury.

metabolism | cardiac function

Urocortin (Ucn) is a peptide that is closely related to the
neuroendocrine hypothalamic hormone, corticotrophin-

releasing factor (CRF). Ucn was originally identified in the rat
midbrain (1) and has an appetite-suppressing effect (2). The
actions of Ucn and CRF are mediated by binding to two distinct
receptors, type 1 CRF receptor (CRFR1) and CRFR2. The CRF
family also includes two related peptides, Ucn2 and Ucn3. Ucn2
and the CRFR2 receptor are expressed in the heart (3) and
CRFR2 binds Ucn2 with 40-fold higher avidity than CRF (3).
Ucn2 has diverse cardiovascular effects that are the focus of

recent interest because it protects the myocardium against ische-
mic injury (4). The molecular mechanisms by which Ucn2 protect
the heart are incompletely understood, but may include activation
of the protein kinase Ce (PKCe) (5), phosphatidylinositol 3-kinase
(PI3K)/Akt (6), and p42/p44 mitogen-activated protein kinase (7)
signaling pathways. Ucn2 also activates mitochondrial ATP-sen-
sitive potassium channels (8) and prevents the opening of the mi-
tochondrial permeability transition pore (8).
Activation of PKCe protects the heart against ischemic injury

(9) and plays an important role in the cardioprotective effect of

Ucn2 (5). Signaling pathways have substantial cross-talk, and
pharmacologic inhibitor studies suggest a possible association
between activation of PKCe and the energy-stress kinase AMP-
activated protein kinase (AMPK) (10). AMPK is activated by
changes in cellular energetics, but its activity is also modulated by
other factors, including adiponectin, leptin, and macrophage
migration inhibitory factor (11). Activated AMPK has important
physiologic effects during ischemia, so that inactivation of AMPK
in mouse hearts interferes with energy generation and increases
their susceptibility to injury during ischemia/reperfusion (12).
CRF family peptides, including Ucn, also play a role in modu-

lating energy homeostasis (13). Ucn2 binds with high affinity to the
CRFR2 in cardiomyocytes (14). Thus, we hypothesized that an
endogenous cardiac Ucn2 autocrine/paracrine pathway might
modulate AMPK activation during ischemia. We also postulated
that pharmacologic treatment with Ucn2 might augment the
intrinsic response of the AMPK pathway during ischemia, con-
tributing to its cardioprotective effect.

Results
Ucn2 Treatment Stimulates AMPK Activation and Glucose Uptake. To
determine whether Ucn2 treatment stimulates cardiac AMPK
signaling, we initially incubated rat heart muscles with rat Ucn2
(100 nmol/L) for 10 min. Immunoblots of muscle homogenates
demonstrated that Ucn2 stimulated the phosphorylation of the
activating Thr172 site on the AMPK α subunit (Fig. 1A) as well its
direct downstream target acetyl-CoA carboxylase (ACC) on Ser79

(Fig. 1A). Ucn2 also stimulated heart muscle glucose uptake (Fig.
1B), another well-established metabolic consequence of AMPK
activation (15). Heart muscles expressed CRFR2 (Fig. 1A). To
determine the mechanism by which Ucn2 treatment stimulates
heart AMPK, we used the CRFR2 antagonist anti–sauvagine-30 (a-
SVG-30), an N-terminally truncated version of Ucn2 (14). Pre-
incubation with a-SVG-30 abolished Ucn2-stimulated AMPK and
downstream ACC phosphorylation (Fig. 1C). In addition, a-SVG-
30 also eliminated Ucn2-stimulated glucose transport (Fig. 1D).

Endogenous Ucn2 Regulates AMPK Activation and Glucose Uptake
During Hypoxia. Ucn2 is highly expressed in the heart (7) and
we hypothesized that endogenous secreted Ucn2 might activate
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AMPK in an autocrine/paracrine fashion. Thus, we pretreated
heart muscles with a-SVG-30 or neutralizing Ucn2 antibody
(Ucn2 Ab) before 30 min of hypoxia. Both a-SVG-30 and Ucn2
Ab partially inhibited hypoxic AMPK activation as well as
downstream ACC phosphorylation (Fig. 1E) and glucose uptake
(Fig. 1F). These results indicate that endogenous cardiac Ucn2
plays a role in modulating hypoxia-stimulated AMPK pathway
activation.
Additional signaling pathways potentially might contribute to

the stimulation of glucose uptake by Ucn2. Thus, to examine the
role of AMPK in mediating Ucn2-stimulated glucose uptake, we
assessed whether the AMPK inhibitor, compound C (16), at-
tenuated the effects of Ucn2 on glucose uptake. We found that
compound C blocked the stimulation of glucose uptake by ex-
ogenous Ucn2 (Fig. 1G). In addition, compound C inhibited
hypoxia-stimulated glucose uptake, which is known to be medi-
ated by AMPK (12) (Fig. 1G). Although compound C has off-
target effects, it did not affect insulin-stimulated glucose uptake,
which is known to be PI3K-dependent (17) (Fig. 1G). These data
indicate that Ucn2-stimulated glucose uptake is mediated pri-
marily through AMPK signaling.

Endogenous Ucn2 Release During Ischemia. We next assessed
whether Ucn2 is released from the heart during ischemia. Immu-
nostaining heart sections showed depletion of Ucn2 after ischemia

(Fig. 2A), and Ucn2 concentrations increased in the venous
effluents of ex vivo-isolated perfused hearts during postischemic
reperfusion (Fig. 2B). These studies indicate that endogenous
Ucn2 was released during ischemia and are consistent with
previous results in isolated cardiomyocytes during hypoxia (18).
We also measured serum Ucn2 concentrations during in vivo
regional ischemia. Although not specifically indicative of a car-
diac origin, serum Ucn2 levels increased after short durations of
ischemia (Fig. 2C).
To determine whether endogenously secreted cardiac Ucn2

has functional autocrine/paracrine effects in the ischemic heart,
we also perfused isolated hearts ex vivo with a-SVG-30 before
ischemia/reperfusion. Treatment with a-SVG-30 increased ne-
crosis (Fig. 2D) and cardiac contractile dysfunction (Fig. 2E)
after ischemia, indicating that activation of the endogenous
urocortin-CRFR2 pathway has protective physiologic effects
during ischemia/reperfusion.

PKCe Mediates Ucn2 Stimulation of AMPK. We next examined
whether PKCe has a role in the activation of AMPK by Ucn2.
When heart muscles were preincubated with the PKCe trans-
location inhibitor peptide, eV1-2 (19), Ucn2-stimulated AMPK
phosphorylation and downstream glucose uptake were di-
minished (Fig. 3 A and B). In addition, preincubation with eV1-2
led to partial reduction in hypoxia-induced AMPK activation and
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Fig. 1. Effects of Ucn2 treatment and the endoge-
nous cardiac Ucn pathway on AMPK signaling. (A)
Rat heart left ventricular papillary muscles were in-
cubated with or without Ucn2 (100 nmol/L) for 10
min and AMPK and downstream ACC phosphoryla-
tion were assessed. Representative immunoblots
of phospho-AMPK Thr172 (p-AMPK), total AMPKα
(AMPKα), phospho-ACC Ser79 (p-ACC), total ACC, and
CRFR2 in heart homogenates. (B) The heart muscles
were incubated with or without Ucn2 (100 nmol/L)
for 10 min before measuring 2-deoxy-[1-3H] glucose
uptake. (C and D) Heart muscles were preincubated
with CRFR2 antagonist (a-SVG-30, 100 nmol/L) for 15
min, before incubation with or without Ucn2 (100
nmol/L) for 10 min. (E and F) Heart muscles were
preincubated with a-SVG-30 (100 nmol/L) or Ucn2 Ab
(0.2 μg/mL) for 15 min, then incubated in normoxic
(control) or hypoxic (hypoxia) buffer for 30 min. (C
and E) Representative immunoblots show p-AMPK,
AMPKα, p-ACC, and total ACC in heart muscle
homogenates. (D and F) Glucose uptake measured
by 2-deoxy-[1-3H] glucose. Values are means ± SE for
three to four experiments. *P < 0.01 vs. control, †P <
0.01 vs. Ucn + vehicle, §P < 0.05 vs. hypoxia + vehicle.
(G) Heart muscles were preincubated with or with-
out compound C (10 μmol/L) for 15 min and then
incubated with or without Ucn2 (100 nmol/L) in
oxygenated buffer for 10 min, or incubated in
oxygenated (control) or hypoxic (hypoxia) buffer for
30 min, or incubated with or without insulin (10 U/mL)
in oxygenated buffer for 30 min, before measuring
2-[1-3H]deoxyglucose uptake. Values are means ± SE
for four experiments. *P < 0.01 vs. control, §P < 0.05
vs. control, †P < 0.01 vs. Ucn or hypoxia alone.
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glucose uptake (Fig. 3 C and D). In contrast, preincubation with
the scramble peptide had no significant effect on AMPK activa-
tion or glucose uptake (Fig. 3 A–D).
To further investigate the involvement of PKCe in the regu-

lation of AMPK activation during hypoxia, we examined whether
overexpression of WT or kinase-inactivated PKCe K437R af-
fected hypoxic AMPK activation. These experiments were done
in H9c2 myoblast cells to achieve adequate expression of the
PKCe WT and K437R proteins. WT PKCe overexpression en-
hanced hypoxic activation of AMPK, whereas inactive PKCe
K437R did not affect hypoxic activation of AMPK in the H9c2
cells (Fig. 3E). Thus, PKCe appears to play a role in hypoxic
activation of AMPK signaling.

Ucn2 Activates AMPK and Reduces Infarct Size After Ischemia/
Reperfusion. To examine whether pharmacologic treatment with
Ucn2 also activates AMPK in the intact heart, we administered
Ucn2 (15 μg/kg i.p.) in anesthetized mice (20). Ucn2 stimulated
cardiac AMPK and downstream ACC phosphorylation 20 min
after injection (Fig. 4A). Urocortin treatment did not increase
the circulating serum concentrations of adiponectin, leptin, or

macrophage migration inhibitory factor, which are known acti-
vators of AMPK (21) (Fig. S1). Urocortin also did not alter the
content of myocardial adenine nucleotides or the AMP to ATP
ratio (Fig. S2), suggesting that AMPK activation by urocortin
does not result from perturbations in the balance of energy
production or utilization in the heart.
When Ucn2 treatment was administered before coronary oc-

clusion, ischemic activation of AMPK and downstream ACC
were both augmented (Fig. 4B). We then investigated whether
Ucn2 limited myocardial injury during ischemia/reperfusion.
Mice were injected with Ucn2 before a 20-min occlusion of the
left coronary artery that was followed by 3 h of reperfusion (Fig.
4C). The extent of necrosis was measured by vital staining of
myocardial slices (22). Ucn2 treatment significantly reduced the
area of necrosis compared with controls (Fig. 4C). To determine
whether Ucn2 treatment also prevents cardiac contractile dys-
function, we assessed left ventricular (LV) function by echocar-
diography 24 h after coronary occlusion/reperfusion. Mice
treated with Ucn2 had better regional contractile function in the
previously ischemic area compared with controls (Fig. 4D). Thus,
these results indicate that Ucn2 activates AMPK and has a car-
dioprotective effect to prevent ischemic injury.
To exclude the possibility that the protective effects of Ucn2

treatment were indirectly mediated by indirect, noncardiac sys-
temic effects, we also treated isolated perfused mouse hearts ex
vivo with Ucn2 before ischemia/reperfusion. Ucn2 reduced the
extent of myocardial necrosis (Fig. 4E) and improved recovery of
cardiac contractile function (Fig. 4E), demonstrating the direct
cardiac protective effects of Ucn2.
To better understand the contribution of AMPK in mediating

the cardioprotective effects of Ucn2 in limiting ischemia/reperfusion
injury, Ucn2 was administered to transgenic mice expressing an
AMPK kinase dead (KD) α2 subunit, which have partially in-
hibited cardiac AMPK activity (12). AMPK KD mice are more
sensitive to ischemic injury (12). AMPK KD mice were injected
with saline or Ucn2 before coronary occlusion and reperfusion,
as in prior WT mouse experiments. We observed more necrosis in
the AMPK KD mice, but Ucn2 treatment had the residual effect
of diminishing injury in their hearts (Fig. S3), consistent with the
additional known cardioprotective effects of Ucn2 (8, 23–26).

Discussion
These results implicate Ucn2 in the regulation of AMPK acti-
vation in the heart and further elucidate the mechanisms re-
sponsible for the protective effects of Ucn2 treatment during
myocardial ischemia. First, Ucn2 treatment activated the AMPK
pathway in isolated heart muscles via stimulation of CRFR2 and
in the intact heart in vivo. Ucn2 treatment also had prototypical
downstream AMPK metabolic actions to phosphorylate ACC
and stimulate heart glucose uptake. Second, endogenous cardiac
Ucn2 had an autocrine/paracrine effect to augment AMPK ac-
tivation and glucose transport in heart muscle, enhancing the
effect of energetic stress to activate the AMPK pathway during
hypoxia. Ucn2 treatment similarly activated AMPK in the is-
chemic heart and had a cardioprotective effect against ischemic
injury. Third, we found that AMPK activation by Ucn2 required
PKCe translocation during hypoxia. Taken together, these results
define a Ucn2-CRFR2-PKCe-AMPK pathway that is highly rel-
evant to both the actions of the endogenous Ucn2 pathway and
to pharmacologic Ucn2 therapy during ischemia.
Treatment with Ucn2 stimulated AMPK and downstreamACC

phosphorylation and glucose uptake. ACC is a classic AMPK
target and phosphorylation inhibits the action of ACC to syn-
thesize malonyl-CoA, a potent inhibitor of CPT-1, the rate-lim-
iting step for mitochondrial fatty acid oxidation (27). AMPK is
also known to activate glucose uptake and glycolysis (28) as well as
fatty acid uptake (29) in the heart. These effects of Ucn2 to pro-
mote cardiac metabolism further elucidate its pharmacologic

Control
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Fig. 2. Heart Ucn2 release and cardioprotective actions of endogenous
cardiac Ucn2 during ischemia. (A) Immunohistochemical staining of mouse
heart left ventricular sections with nonimmune IgG (Left) and Ucn2 Ab
(Right). Concentration of Ucn2 (B) in coronary effluent during normal per-
fusion (4 mL/min) or low-flow ischemia (1.2 mL/min) in isolated ex vivo
mouse hearts and (C) plasma after 15 min of in vivo regional ischemia in-
duced by left coronary occlusion and 5 min of reperfusion or sham thora-
cotomy in anesthetized mice. (D) Infarct size was assessed by TTC staining of
ex vivo-isolated mouse hearts treated with a-SVG-30 or saline for 5 min
before 15 min of no flow ischemia and 30 min of reperfusion. (E) The re-
covery of LV contractile function in these hearts after ischemia determined
by the product of LV developed pressure (LVDP) and heart rate (HR). Values
are means ± SEM for four independent experiments. *P < 0.01 vs. normal
flow or sham operation, †P < 0.05 vs. control. CON, saline.
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actions in the heart (30, 31). Interestingly, both Ucn2 and AMPK
also modulate whole-body energy homeostasis, although they
have opposing actions in the hypothalamus, with Ucn2 suppress-
ing appetite (2) and AMPK stimulating appetite (32).
AMPK has a critical role in the heart during ischemia/reperfu-

sion. We found that Ucn2 treatment activates AMPK and protects
the heart against ischemic injury. These results expand upon prior
studies that showed that Ucn2 treatment protects isolated cardiac
myocytes against hypoxia/reoxygenation and reduces injury in the
intact heart during ischemia/reperfusion (4, 7), activating ERK (7)
and PI3K/Akt signaling pathways (6). We observed that Ucn2 has
a residual cardioprotective effect inmice with inactivatedAMPK in
the heart, consistent with the multiple mechanisms involved in
Ucn2 action. Interestingly, recent data show that urocortin also up-
regulates the expression of the α catalytic subunit of AMPK in the
heart (23), potentially indicating dual mechanisms through which
Ucn2 might activate the AMPK pathway.
Our results also suggest that endogenous Ucn2 has a specific

autocrine/paracrine function to activate the AMPK pathway and
protect the heart against ischemic injury. They expand on earlier
findings that cardiac myocytes release Ucn2 from intracellular
stores and Ucn2 mRNA abundance increases during simulated
ischemia/reperfusion (33). We found that neutralizing Ucn2
antibody, which selectively binds extracellular Ucn2, blunts the
activation of AMPK during hypoxia. In addition, treatment with
a-SVG-30 partially inhibited the activation of AMPK during
hypoxia. Thus, these results support the concept that endoge-
nously secreted Ucn2 modulates the cardioprotective AMPK
pathway in an autocrine/paracrine fashion in the heart.
Our findings also implicate PKCe as having a role in Ucn2

activation of AMPK. Ucn2 is known to stimulate PKCe trans-
location (34), but only limited prior data exist linking PKCe with
AMPK (35). Pharmacologic PKC inhibitors abolished AMPK
activation in the ischemic heart, but an unexpected high degree
of AMPK inhibition was observed that likely reflected the known
lack of specificity of these inhibitors (36). We found that the
PKCe translocation inhibitor eV1-2 partially inhibited hypoxic
activation of AMPK, more clearly implicating PKCe in both
hypoxia and urocortin-mediated activation of AMPK. The
detailed mechanisms through which PKCe activation activates
AMPK are unknown, but appear to involve phosphorylation
of the activating Thr172 residue in the catalytic domain of
the α subunit. The phosphorylation state of Thr172 reflects
the balance of action of AMPK upstream kinases, LKB1 and

calcium-calmodulin-dependent protein kinase kinase β (22, 31),
and less well-defined protein phosphatases. In noncardiac cells,
different PKC isoforms also appear to modulate AMPK activa-
tion: specifically, PKCα activates AMPK in cancer cells (37) and
PKCζ activates AMPK in endothelial cells (38). Although PKCζ
has been reported to modulate LKB1 action in endothelial cells,
this PKC isoform is not activated in the ischemic heart (39).
Ucn2 treatment had a preconditioning action to prevent in-

jury during ischemia in our mouse model, consistent with
prior studies (14). Interestingly, AMPK is also activated during
ischemic preconditioning (40, 41), the physiologic phenomenon
by which preceding short durations of ischemia decrease the
susceptibility to necrosis during more prolonged and potentially
injurious ischemia. AMPK is also activated by other treatment
regimens that prevent ischemic injury, such as heat shock (10),
adrenergic stimulation (42), and nitric oxide (43). AMPK acti-
vation is sufficient to precondition the heart, based the results
of recent pharmacologic studies with a direct AMPK activator
(41). PKCe activation is also involved in ischemic precondition-
ing, and previous studies have linked PKCe to the activation
of mitochondrial ATP-sensitive potassium channels (44, 45).
Thus, there is a complex interplay between Ucn2, PKCe, and
both AMPK and non-AMPK pathways that appears to work in
concert to favorably impact on the cardiac response to ischemia.
Ucn2 treatment has additional important physiologic effects in

vivo, including dose-dependent increases in cardiac output and
coronary blood flow as well as a decrease in systemic vascular
resistance (46). These Ucn2 actions also appear to be mediated
by CRFR2 receptors (47). The combined CRFR2-mediated
myocardial and cardiovascular effects have potential relevance
to the treatment of heart failure (48). In addition, the CRFR2
receptor inhibits tumor neovascularization and growth (49).
Thus, CRFR2 activation has important biological actions that
might prove to be the basis for treating human disease. Thera-
peutic strategies may also be influenced by alterations of CRFR2
expression under pathologic conditions, recognizing that in-
flammatory cytokines and stress-induced increases in cortico-
sterone reduce cardiac CRFR2 expression (50). Nonetheless,
our studies provide evidence to explore the therapeutic potential
of the Ucn2-CRFR2-PKCe-AMPK mechanism in the ischemic
heart and potentially in other solid organs.
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E Fig. 3. Effect of PKCe translocation inhibitor peptide
onUcn2- andhypoxia-stimulatedAMPKactivation and
glucose uptake.Heartmuscleswere preincubatedwith
the PKCe translocation inhibitor peptide eV1-2 (200
nmol/L) or scramble peptide (200 nmol/L) for 15 min,
then (A and B) incubated with or without Ucn2 (100
nmol/L) for 10 min, or (C and D) incubated in oxygen-
ated (control) or hypoxic (hypoxia) buffer for 30 min.
(A and C) Representative immunoblots show α subunit
p-AMPK, AMPKα, p-ACC, and total ACC. (B) and (D)
2-deoxy-[1-3H] glucose uptake in additional muscles
under the same conditions. Values are means ± SE for
four experiments. *P < 0.01 vs. control, †P < 0.01 vs.
Ucn or hypoxia alone. (E) H9c2 myoblast cells were
transfected with either empty vector (Ctr) or expres-
sion construct ofWTor KD (K437R) formsof PKCe. Cells
were starved in 1% FBS medium for 12 h before 6 h of
hypoxia treatment. PKCe protein content, p-AMPK,
and total AMPKα expression were examined by im-
munoblotting. The ratio of phosphorylated AMPK to
total AMPK was expressed relative to the ratio of
control incubation with empty vector. Values are
means ± SE for three independent experiments. *P <
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Materials and Methods
Animals. Animals were housed in accordance with guidelines from the
American Association for Laboratory Animal Care. All procedures were ap-
proved by the Yale University Institutional Animal Care and Use Committee.

Heart Muscle Incubations. Male Sprague-Dawley ratsweighing 250–300gwere
allowedaccess to standard chowandwater ad libitum. Theywereanesthetized
with sodium pentobarbital (60 mg/kg i.p.), and left ventricular papillary mus-
cles were excised (51). Muscles were incubated in oxygenated buffer

containing 5 mmol/L glucose, or under hypoxic conditions in buffer equili-
brated with nitrogen at 37 °C. Muscles were treated with Ucn2 (100 nmol/L,
Sigma) for variable times. Muscles were also preincubated with various
antagonists or their vehicles for 30 min before Ucn2 or hypoxic treatments. a-
SVG-30 (100 nmol/L) was used as a CRFR2 antagonist (14); eV1-2 [EAVSLKPT;
PKCe (14–21)] was used as a PKCe translocation inhibitor peptide (19); scramble
peptide (LSETKPAV, 200 nmol/L) as negative control for eV1-2; and compound
C (10 μmol/L) as an AMPK inhibitor (16). Glucose transport was assessed by
measuring 2-deoxy-D-[1-3H]glucose accumulation in the muscles (51).

Peptide Delivery into Cells. The PKCe translocation inhibitor peptides (100–
200 nmol/L) were introduced into heart muscles after transient per-
meabilization using saponin (52) with sham permeabilization as control. The
heart muscles were incubated with freshly prepared permeabilization buffer
(20 mmol/L Hepes, pH 7.4, 10 mmol/L EGTA, 140 mmol/L KCl, 50 μg/mL sa-
ponin, 5 mmol/L NaN3, and 5 mmol/L oxalic acid dipotassium salt) containing
the desired peptides for 10 min at 4 °C. The muscles were then gently
washed four times with PBS at 4 °C. After a 20-min recovery, the heart
muscles were incubated for 2 min at 25 °C and then for 2 min at 37 °C. The
muscles were then incubated in standard buffer with glucose 5 mmol/L for
15 min at 37 °C before use in other studies.

Cell Culture and Transfection. H9c2 myoblast cells (ATCC) were maintained in
DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 U/mL strep-
tomycin (53). Cells were made quiescent in DMEM supplemented with 1% FBS
for12hbeforeUcn2orhypoxia treatments.H9c2 cellswere transfectedwithWT
and KD (K437R) forms of PKCe (54), using Lipofectamine 2000 (Invitrogen) and
examined for the expression of transfected proteins by immunoblotting.

Isolated Heart Perfusions. Mouse hearts were perfused in the Langendorff
mode with oxygenated Krebs–Henseleit buffer containing 7 mmol/L glucose,
0.4 mmol/L oleate, 1% BSA, and a low fasting concentration of insulin (10
μU/mL), as previously described (22, 55). For ischemia/reperfusion studies,
hearts were stabilized at a flow rate of 4 mL/min for 30 min before 15–20
min of no-flow global ischemia, with or without 30 min of reperfusion. The
extent of myocardial necrosis was evaluated by 2, 3, 5-triphenyltetrazolium
chloride (TTC) staining of viable tissue.

Coronary Occlusion Model. C57BL/6 male mice (4–6 mo of age) were anes-
thetizedwith sodiumpentobarbital (60mg/kg i.p.), intubated, andmechanically
ventilated. Mice underwent thoracotomy and the proximal left anterior
descending coronary artery was occluded with a suture for 20 min and then
reperfused, as previously described (22). Control mice underwent a sham tho-
racotomy with suture placement without occlusion of the artery. Ucn2 (15 μg/
kg) (7) or saline were administered by i.p. injection 20 min before coronary
occlusion. Transgenic C57BL/6 male mice, expressing a KD rat α2 isoform (K45R
mutation) in heart and skeletal muscle (12), were also studied at 4–6mo of age.

Assessment of Myocardial Infarction in Vivo. Myocardial infarction was
assessed in hearts excised after 20 min ischemia and 3 h of reperfusion. The
heart was stained to delineate the extent of necrosis as a percent of the
nonperfused area at risk distal to the coronary occlusion (22, 55).

Assessment of Contractile Dysfunction in Vivo. In a separate group of mice,
cardiac contractile function was assessed 24 h after infarction (20 min
coronary occlusion and reperfusion) using echocardiography (VisualSonics
2100). Mice were lightly anesthetized with 1–2% (vol/vol) isoflurane and
body temperature was maintained constant. Anatomic M-mode tracings
were acquired from parasternal short-axis images and fractional shortening
through the center of infarct region was calculated.

Immunoblotting and Immunohistochemistry. Heart tissue homogenates un-
derwent immunoblotting as previously described (51). Rabbit polyclonal
antibodies were used: phospho-AMPK (Thr172), total AMPKα, and total ACC
(Cell Signaling), PKCe (Santa Cruz), and phospho-ACC (Ser79) (Millipore).

Mouse heart sections were incubated with Ucn2 antibody (diluted 1:50)
followed by incubation with anti-rabbit peroxidase-conjugated secondary
antibody. The sections were counterstained with hematoxylin.

Ucn2 Measurement. Plasma Ucn2 concentrations were measured in duplicate
by ELISA (Phoenix Pharmaceuticals Inc.).

Nucleotide Measurement. Myocardial adenine nucleotides were measured in
methanol-extracted heart homogenates by liquid chromatography–tandem
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Fig. 4. Effect of Ucn treatment on ischemic AMPK activation, myocardial
necrosis, and contractile function after ischemia/reperfusion. (A) Anes-
thetized mice were treated with injection with Ucn2 (15 μg/kg i.p.) or saline,
and hearts were excised after 20 min. Homogenates were immunoblotted for
p-AMPK, total AMPKα, p-ACC, and total ACC. (B) Additional mice were trea-
ted with Ucn2 or saline; after 20 min, they were subjected to left anterior
descending (LAD) coronary occlusion and hearts were excised after 20 min.
Heart homogenates were immunoblotted for ischemic AMPK and ACC acti-
vation. (C) Separate mice were treated with saline or Ucn and then subjected
to LAD coronary occlusion (20 min) and reperfusion for 3 h. Hearts were ex-
cised and dual stained to assess the extent of myocardial necrosis (Materials
and Methods). Viable myocardium stains red with TTC, necrotic regions re-
main white, and blue dye staining defines nonischemic myocardium that was
not subjected to coronary occlusion. Representative sections are shown and
the % infarct size was calculated from the ratio of the area of necrosis to the
ischemic area at risk. (D) Additional mice were treated with saline or Ucn 20
min before LAD coronary occlusion (20min) and 24 h of reperfusion, and then
underwent echocardiography (Upper) to assess regional contractile function
in the area of infarction, expressed relative to saline-treated mice. (E) The
direct cardiac effects of Ucn2 treatment on ischemic injury in ex vivo-isolated
mouse hearts perfused with saline or Ucn2 (100 ng/mL) for 20 min before 20
min of noflow ischemia and 30min of reperfusion. Infarct sizewas assessed by
TTC staining and expressed relative to ventricular volume. (F) In these same
hearts, the recovery of LV contractile function after ischemia was assessed by
the product of LVDP and HR. Values are means ± SE for four to six in-
dependent experiments. *P < 0.05 vs. saline control.
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MS analysis on an Applied Biosystems API4000 QTrap interfaced to a Shi-
madzu HPLC, as previously described (56).

Statistical Analysis. Data were expressed as means ± SEM. Significance was
assessed by Student’s two-tail t tests with Bonferroni correction or two-way

repeated measures ANOVA with post hoc analysis. P < 0.05 was considered
significant.
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