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Summary

Background—Activated protein C (APC) is a vitamin K-dependent plasma serine protease that
down-regulates clotting and inflammatory pathways. It is known that APC exerts a
cardioprotective effect by decreasing apoptosis of cardiomyocytes and inhibiting expression of
inflammatory mediators after myocardial ischemia.

Objectives—The objective of this study was to understand the mechanism of the APC-mediated
cardioprotection against ischemic injury.

Methods—Cardioprotective activities of wild-type APC and two derivatives having either
dramatically reduced anticoagulant activity or lacking signaling activity were monitored in an
acute ischemia/reperfusion injury model in which the left anterior descending coronary artery
(LAD) was occluded.

Results—APC reduced the myocardial infarct size by a mechanism that was largely independent
of its anticoagulant activity. Thus, the non-anticoagulant APC-2Cys mutant, but not the non-
signaling APC-E170A mutant attenuated myocardial infarct size by EPCR and PAR-1-dependent
mechanisms. Further studies revealed that APC acts directly on cardiomyocytes to stimulate the
AMP-activated protein kinase (AMPK) signaling pathway. The activation of AMPK by APC
ameliorated the post-ischemic cardiac dysfunction in isolated perfused mouse hearts. Moreover,
both APC and APC-2Cys inhibited production of TNFa and IL-6 in vivo by attenuating the
ischemia/reperfusion-induced JNK and NF-«kB signaling pathways.

Conclusions—APC exerts a cardioprotective function in ischemic/reperfusion injury through
modulation of AMPK, NF-kB and JNK signaling pathways.
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Introduction

Protein C is a vitamin K-dependent serine protease zymogen in plasma which upon
activation by thrombin in complex with thrombomodulin cleaves factors Va and Vllla by
limited proteolysis to down-regulate the blood clotting cascade [1,2]. In addition to its
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anticoagulant activity, activated protein C (APC) also exhibits potent cytoprotective and
antiinflammatory properties [3-6]. It has been demonstrated that APC exerts its
antiinflammatory effect by suppressing expression of proinflammatory cytokines and
inhibiting interaction and migration of leukocytes across the endothelium by inhibiting the
NF-«xB signaling pathway [6-10]. APC also inhibits apoptosis and reverses the
hyperpermeability effect of inflammatory mediators on the endothelium [6,8,11]. Moreover,
APC exerts a neuroprotective effect in ischemic brain injury by reducing brain infarction
and inhibiting cell injury and apoptosis triggered by hypoxia [12,13]. Because of its
antiinflammatory properties, the FDA has approved recombinant APC for treating severe
sepsis in adult patients [14]. Overwhelming data from several groups indicate that protective
activities of APC require its binding to endothelial protein C receptor (EPCR) and
subsequent activation of protease-activator receptor 1 (PAR-1) [5,6]. This mechanism of co-
receptor signaling by APC is believed to contribute, at least in part, to its beneficial effect in
reducing the mortality of severe sepsis [6]. Several in vivo studies, using either function-
blocking antibodies or mutant mice with deficiency for either receptor, in different
inflammatory and severe sepsis model systems have provided further support for this
hypothesis [15-18].

In two recent studies, it has been found that human recombinant APC also decreases
cardiomyocyte apoptosis in rat and mouse models of myocardial ischemia/reperfusion injury
[19,20]. In support for a cardioprotective role for the protein C pathway, a clinical study
monitoring EPCR polymorphism showed that two haplotypes, A1 and A3, in the EPCR gene
lower the risk of premature myocardial infarction due to increased levels of APC (Al
haplotype) and soluble EPCR (A3 haplotype) in plasma [21]. Moreover, in an ischemic
animal model, treatment with APC during ischemia/reperfusion restored the mean arterial
pressure after a short time occlusion and reduced the mortality rate [19,20]. The mechanism
by which APC exerts a cardioprotective effect is not fully understood. In this study we
investigated this question by using human recombinant APC and its various derivatives
having only cytoprotective activity, or dramatically reduced anticoagulant activity in a
mouse model of acute ischemia/reperfusion injury. The effect of APC derivatives was
assessed on myocardial infarction size, post-ischemic cardiac function recovery and
modulation of inflammatory responses on cardiomyocytes. We show that APC attenuates
acute ischemic injury in the heart via stimulating the AMP-activated protein kinase signaling
and inhibition of NF-xB and JNK signaling pathways by a mechanism(s) that is largely
independent of its anticoagulant activity.

Materials and methods

In vivo regional ischemia and myocardial infarct size measurement

Mice (FVB/NJ) were anesthetized, intubated and ventilated with a respirator (Harvard
apparatus, Holliston, MA) as described [22,23]. After a left lateral thoracotomy, the left
anterior descending coronary artery (LAD) was occluded for 20 min with an 8-0 nylon
suture and polyethylene tubing to prevent arterial injury, and reperfused for up to 3h. The
myocardial infarct size was calculated as the ratio of the percentage of myocardial necrosis
to the ischemic area at risk (AAR). APC derivatives (0.2 pg/g) or saline was administered
via the tail vein 5 min before reperfusion.

Supplemental Methodology

For a detailed explanation of methods relative to AMPK [23] and CaMKK} activity analysis
[24], heart perfusion and cardiac functions [23], immunoblotting [22], real-time reverse-
transcriptase polymerase chain reaction (RT-PCR), high-energy phosphate analysis [25],
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measurement of isolated cardiomyocytes contractile function [26], see Methods’ section of
the online-only Supplemental Material.

Statistical analysis

Results

Data were expressed as means + S.E. A variety of statistical tests employing SAS software
(version 9.2; SAS Institute Inc, Cary, NC) was used based on designs and specific question
asked. This meant employing t-tests, repeated and non-repeated measures 1-way and 2-way
ANOVA. For single- and multi-factorial analyses, appropriate post-hoc test(s) were
performed to measure individual group differences of interest. A P value of less than 0.05
was considered statistically significant.

APC reduces myocardial infarction during ischemia/reperfusion

To investigate whether APC contributes to cardiac protection against ischemia/ reperfusion
injury in mice, myocardial infarction was measured after 20 min of regional ischemia
followed by 3h of reperfusion. Representative pictures of dual staining with TTC and Evan’s
blue dye for assessing the infarct size are shown in Figure 1. With a fairly equal ratio of area
at risk (AAR) to whole myocardial area (Figure 1B), the administration of APC (0.2 pg/g) 5
min before reperfusion significantly reduced the myocardial infarct size. To determine
whether anticoagulant or direct cellular effect of APC are responsible for this function,
experiments were conducted with two APC mutants which have either dramatically reduced
anticoagulant activity (APC-2Cys) [27] or devoid of intracellular signaling activity (APC-
E170A) [28]. As demonstrated in Figure 1, APC-2Cys decreased the size of myocardial
infarction but E170A did not show any cardioprotective effect in this model. These results
indicate that APC protects against ischemia/reperfusion injury in the heart and that this
effect is primarily associated with its signaling activity.

APC stimulates AMPK phosphorylation during ischemia/reperfusion

AMP-activated protein kinase (AMPK) is a stress sensitive kinase that is known to be
activated in response to ATP depletion [29]. Activated AMPK exerts a cardioprotective
effect during ischemia by mediating substrate metabolism in order to compensate for the
energy depletion [29]. Mouse hearts subjected to LAD occlusion exhibited an increase of
AMPK phosphorylation at Thr-172 of the a catalytic subunit in the left ventricular area early
after 2 min of ischemia, and the phosphorylation level of AMPK reached its peak level after
10 min of ischemia (Figure 2A). However, AMPK was quickly dephosphorylated once
reperfusion started (Figure 2A). In mice hearts subjected to 20 min of ischemia,
administration of APC or APC-2Cys maintained phosphorylation levels of both AMPK and
the downstream acetyl-CoA carboxylase (ACC) but APC-E170A did not show this effect
(Figure 2B). Moreover, in sham-operated hearts, an elevation of both AMPK and ACC
phosphorylation was detected in APC and APC-2Cys, but not in EL70A treated groups
(Figure 2B). Furthermore, immunoprecipitated AMPKa; and AMPKay, activity assay
demonstrated that APC and APC-2Cys increase activation of both AMPK isoforms, while
E170A has no effect (Figure 2C and 2D). These results suggest that both APC and
APC-2Cys stimulate the activation of AMPK in vivo, possibly accounting for their
cytoprotective effects in this model.

APC mediates phosphorylation of AMPK in mouse cardiomyocytes

To determine whether APC can increase AMPK phosphorylation in heart tissues, we
isolated cardiomyocytes (major heart cells) from experimental animals and examined them
for the induction of AMPK activation. We first demonstrated that cardiomyocytes express
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EPCR (Figure 3A). We then studied the dose- and time-dependence of AMPK
phosphorylation by APC. The data presented in Figures 3B and 3C indicated that 20 nmol/L
APC for 20 min optimally induces AMPK phosphorylation in cardiomyocytes. Under these
conditions, APC-2Cys activated AMPK (both AMPKa, and AMPKay) to the similar level
as APC (Figures 3D-F), but E170A did not exhibit any activity, suggesting that the signaling
effect of APC is primarily responsible for its protective activity. Function-blocking
antibodies to EPCR and PAR-1 blocked both APC and 2Cys-mediated activation of AMPK
in cardiomyocytes (Figure 3G). These results indicate that APC triggers phosphorylation of
AMPK in cardiomyocytes by EPCR and PAR-1-dependent mechanisms.

APC activates AMPK via the Ca2*-CaMKK pathway

APC initiates intracellular calcium influx in human brain endothelial cells and human
smooth muscle cells [30,31]. The mobilization of intracellular calcium might be responsible
for elevated AMPK phosphorylation since it is known that the Ca*/calmodulin-dependent
protein kinase kinase  (CaMKK}) serves as an upstream AMPK kinase [32,33]. To explore
whether AMPK activation is due to the APC-mediated intracellular Ca2* rise in
cardiomyocytes, we evaluated intracellular Ca2* homeostasis by using the fluorescence dye
fura-2/AM [34]. Results showed that intracellular Ca2* was elevated with both APC and
2Cys, however, E170A did not affect this response (Figure 4A). To provide direct evidence
that AMPK activation is mediated via the CaMKKJ kinase activity, we first demonstrated
that CaMKK} is expressed in the heart and cardiomyocytes (Figure 4B). The brain tissue
was used as a positive control since CaMKKS is highly expressed in the brain [35]. The
immunoprecipitated (IP) CaMKKJ from either APC- or saline-treated heart tissues were
incubated with the IP-AMPK obtained from saline-treated heart tissues in a kinase buffer
with or without Ca%*/calmodulin (CaM). AMPK was specifically activated by the IP-
CaMKKGp derived from the APC-treated heart tissues in the presence of Ca2*/CaM,
indicating a higher kinase activity for CaMKKp in APC-treated heart samples (Figure 4C).
Moreover, mouse hearts pre-treated with the CaMKKG@ inhibitor, STO-60935, blocked the
phosphorylation of AMPK (Figure 4D) and the activation of both AMPKa; and AMPKa
(Figures 4E and 4F) triggered by APC. These results suggest that APC activates AMPK in
cardiomyocytes through the stimulation of the upstream CaMKK} kinase activity.

APC improves the contractile properties of cardiomyocytes after exposure to hypoxia

We next evaluated the effect of APC on the contractile properties of isolated cardiomyocytes
under normal and hypoxic conditions by using an extracellular Ca?* concentration of 1.0
mmol/L and a stimulus frequency of 0.5 Hz [26]. As shown in Figure 5, APC did not
significantly affect cardiomyocyte contractility under normal conditions, though an
enhanced trend on maximal velocity of shortening/re-lengthening (xdL/dt) was observed
with both APC and APC-2Cys treatment groups (Figures 5C and 5D). However,
cardiomyocytes displayed markedly impaired peak shortening and reduced maximal velocity
of shortening/re-lengthening after exposure to hypoxia (Figures 5B-D). Interestingly, both
APC and 2Cys significantly improved the contractility of cardiomyocytes exposed to
hypoxia (Figure 5B-D). To determine whether cardiac AMPK signaling triggered by APC is
responsible for ameliorating cardiomyocyte contractile dysfunction exposed to hypoxic
condition, isolated cardiomyocytes were pre-treated with AMPK inhibitor, Compound C
[36], prior to exposure to hypoxia. Compound C abolished protective effects of APC and
APC-2Cys on cardiomyocytes’ mechanical properties in response to hypoxia (Figure 5B-D).
These results suggest that the AMPK signaling function of APC protects cardiomyocytes
from hypoxic injury.
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APC ameliorates post-ischemic cardiac dysfunction and injury

To further investigate whether APC can improve the recovery of post-ischemic heart, we
performed ex vivo ischemic experiments using the langendorff ischemia/reperfusion system.
Isolated mouse hearts underwent 20 min global ischemia followed by reperfusion with the
perfusate containing either saline or APC derivatives. There were no significant differences
in the basal parameters among the four groups with respect to heart rate and left ventricular
pressure (Figure 6A). However, during the reperfusion, the heart rate-left ventricle pressure
product was significantly better with both APC and APC-2Cys, but not with E170A
treatment compared to the control group (Figure 6A). The TTC staining after 2h perfusion
indicated that APC-mediated AMPK signaling contributes to the recovery from myocardial
injury as evidenced by the reduced myocardial infarct size with both APC and APC-2Cys
treated but not with the APC-E170A treated groups (Figure 6B). The phosphorylation of
AMPK and acetyl-CoA carboxylase and specific activities of both AMPKa; and AMPKay
were enhanced in APC and APC-2Cys but not in APC-E170A treated ex vivo ischemic heart
tissues (Figures 6C and D), suggesting that the APC-AMPK signaling pathway contributes
to protection against ischemic heart injury.

APC reduces cardiac inflammatory mediators in response to ischemia/reperfusion in vivo

APC is known to exert its cytoprotective and anti-inflammatory effects via the down-
regulation of the NF-kB pathway and inhibition of the proinflammatory cytokines [6,7].
Both APC and APC-2Cys down-regulated the NF-kB pathway in heart tissues during
ischemia/reperfusion (Figure 7A). Moreover, we also detected a reduction of the c-Jun N-
terminal kinase (JNK) phosphorylation as well as its downstream target c-Jun
phosphorylation with both APC derivatives during ischemia/reperfusion (Figure 7B). INK is
a stress-activated protein kinase whose phosphorylation is known to be stimulated by
inflammatory stress [37]. The activation and subsequent translocation of JNK into the
nucleus phosphorylates c-Jun, a transcription factor that is known to regulate the expression
of proinflammatory cytokines [38]. The attenuation of JINK phosphorylation contributed to
reduced production of inflammatory cytokines including TNFa and I1L-6 in heart tissues
after long time reperfusion (Figures 7C and D).

Discussion

The ability of APC to limit the myocardial ischemia/reperfusion injury was reported
previously [19-21], however, the mechanism through which APC exerts a cardioprotective
effect in response to ischemic stress has not been fully understood. In this study, we
demonstrated that APC confers protection against acute myocardial injury by activating
AMPK by a mechanism that is largely independent of its anticoagulant function. This was
evidenced by the observation that administration of both APC and the anticoagulant-
defective APC-2Cys, but not the signaling-defective APC-E170A, reduced myocardial
infarction and restored cardiac function in the ischemic mouse heart by activating AMPK in
both in vivo and ex vivo model systems. Our results indicated that cardiomyocytes express
EPCR and that both APC and APC-2Cys directly trigger AMPK phosphorylation in
cardiomyocytes by enhancing the Ca2*/CaMKK§ activity by EPCR and PAR-1-dependent
mechanisms without affecting the AMP/ATP ratio (Figure 8).

The discovery of APC activation of the cardiac AMPK opens up a whole new avenue for
understanding the mechanism by which APC may exert its cytoprotective function in
ischemic stress. AMPK is an energy sensor protein which is activated in response to ATP
depletion [29]. The downstream effects of AMPK include mediating the translocation of the
glucose transporter, GLUT4, onto the cell membrane to enhance glucose uptake [29,38].
Additionally, AMPK can facilitate glycolysis and fatty acid oxidation to generate more
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ATP, while inhibiting fatty acid biosynthesis [29,38]. Noting that the lethality of severe
sepsis syndrome is the result of multiple organ failure due to ischemic stress, our findings
suggest that APC may exert a cytoprotective activity through the regulation of metabolic
pathways.

In addition to the up-regulation of the AMPK activity, our results further demonstrated that
APC attenuates ischemia/reperfusion injury by down-regulating the NF-xB and JNK
signaling pathways, thereby inhibiting the expression of inflammatory mediators including
TNFo and IL-6 in the ischemic heart tissues. APC is also known to decrease the expression
level of inflammatory cytokines such as TNFa, IL-6, and IL-8 in sepsis [4] and renal
ischemic conditions [39]. Previous results have established that APC decreases
inflammatory cytokines by inhibiting the NF-xB pathway 6,7]. Based on our data in this
study, we now demonstrate that inhibition of INK phosphorylation by APC also contributes
to its protective effect in cardiac ischemia/reperfusion injury. JNK is an inflammation-
triggered MAP kinase that can be activated via various extracellular stimuli such as ischemic
stress and LPS [40]. Upon activation, JNK is translocated into the nucleus where it
phosphorylates c-Jun, a transcription factor that leads to production of inflammatory
mediators [37]. A comparable activity for both APC and APC-2Cys suggests that the
signaling activity of APC is sufficient for its cardioprotective activity in this acute ischemic
injury model.

As indicated above, the FDA has approved APC for treating adult patients with severe
sepsis, which reduces the overall mortality by 19% [14]. However, because of its potent
anticoagulant activity, APC-therapy is also associated with an increased risk (~ 2%) of
bleeding [6,14]. This problem may be greater than it appears since bleeding also limits the
threshold of APC dose in treatments, thus potentially masking the beneficial effect of APC
in a higher number of patients. Recent in vivo studies using mouse mutants of APC which
were defective in either signaling or the anticoagulant activity provided strong support for
the hypothesis that the signaling activity of APC is sufficient for its cytoprotective and
antiinflammatory activity in mouse models of severe sepsis [17,41] and ischemic stroke
[42]. The observation of this study that human APC-2Cys also protects the heart from
ischemic/reperfusion injury and dysfunction in an acute mouse model reinforces the idea
that it may be feasible to develop non-anticoagulant APC therapeutics for treating patients
with cardiac/brain infarction, severe sepsis and other inflammatory disorders without
increasing the risk of bleeding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

APC reduces myocardial infarct size after ischemia/reperfusion. Hearts were subjected to 20
min ischemia followed by 3h reperfusion. APC derivatives (0.2 pg/g) or saline (control)
were administered via the tail vein 5 min before reperfusion. The extent of myocardial
necrosis was assessed as described under “Methods”. (A) Representative sections of
myocardial infarction. (B) The ratio of area at risk (AAR) to myocardial area (left panel) and
the ratio of infarct area to AAR (right panel) in mouse hearts of differe treatment groups.
Values are means * S.E. for 4 independent experiments. *p<0.01 vs. saline, respectively.
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APC stimulates AMPK activation. (A) In vivo regional ischemia stimulates phosphorylation
of AMPK as shown by immunoblots. Values are means + S.E., n=3. *p<0.05 vs. Sham. (B)

Both APC and 2Cys but not E170A trigger AMPK and ACC phosphorylation during
reperfusion. (C) and (D) Activation of AMPKa, and AMPKay, in the same heart samples as

assessed by a kinase assay. Values are means + S.E., n=4-6. *p<0.05 vs. Sham saline;

tp<0.05 vs. I/R saline.
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Figure 3.

APC activates AMPK phosphorylation in isolated mice cardiomyocytes. (A)
Immunoblotting for EPCR in mice heart or cardiomyocytes. (B) APC stimulates the
phosphorylation of AMPK in cardiomyocytes by a concentration- and (C) time-dependent
manner. (D) The phosphorylation of AMPK in isolated mouse cardiomyocytes treated with
different APC derivatives. Activation of AMPKal (E) and AMPKa2 (F) by different APC
derivatives in isolated mouse cardiomyocytes. Values are means + S.E., n=4. *p<0.05 vs.
control. (G) AMPK activation by APC and APC-2Cys in isolated cardiomyocytes with or
without pre-incubation with function-blocking anti-EPCR (RCR252) and anti-PAR-1
(H-111) antibodies. Values are means + S.E., n=4. *p<0.01 vs. control; tp<0.05 vs. APC
alone; #p<0.05 vs. APC-2Cys alone.
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Activation of AMPK by APC is mediated via the Ca2*-CaMKKp pathway. (A) Isolated
cardiomyocytes were treated with APC derivatives or saline. The rise in intracellular Ca?*
was recorded in response to electrical stimulus. Values are means = S.E., n = 60-90 cells per
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group, *p< 0.05 vs. control. (B) Immunoblotting of CaMKKS in heart and cardiomyocytes
after immunoprecipitation. (C) Densitometric scanning of immunoprecipitated CaMKKf
from saline or APC-treated heart tissues following incubation with immunoprecipitated
AMPK from basal saline-treated hearts with or without Ca2* and calmodulin. (D) The
phosphorylation of AMPK in mouse hearts by APC with or without pre-treatment with
CaMKKGp inhibitor, STO-609. Values are means + S.E., n=4. *p<0.05 vs. control, tp<0.05
vs. APC alone.
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Figure 5.

Effect of APC on the contractile properties of cardiomyocytes after exposure to hypoxia. (A)
Resting cell length; (B) peak shortening (PS, normalized to cell length); (C) maximal
velocity of shortening (+dL/dt) and (D) re-lengthening (-dL/dt) were calculated as described
under Methods. Values are means + S.E., n = 50-100 cells per group, “p<0.01 vs. Con
(normoxia), tp<0.05 vs. Con (hypoxia), #p<0.05 vs. APC (hypoxia) or APC-2Cys (hypoxia).
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Figure 6.

APC ameliorates post-ischemic cardiac dysfunction and injury. (A) The heart rate and left
ventricular pressure during baseline perfusion and post-ischemic reperfusion with or without
administration of APC derivatives were assessed as described under Methods. Values are
means + S.E., n=4-6 hearts for each group. *p<0.05 APC vs. Con; Tp<0.05 APC-2Cys vs.
Con during reperfusion. (B) The ratio of infarct size of isolated mouse hearts after 2h
reperfusion with APC derivatives or vehicle (Con). Values are means + S.E., n=4 per group.
*p<0.05 vs. Con. (C) Phosphorylation of AMPK and ACC and (D) activation of AMPKay
(left panel) and AMPKay, (right panel) during ex vivo ischemia reperfusion with or without
APC. Values are means = S.E., n=4 per group, *p< 0.05 vs. basal control, p<0.05 vs. I/R
control.
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Figure 7.

APC reduces cardiac inflammatory responses after ischemia/ reperfusion. (A)
Phosphorylation of NF-xB is decreased by both APC and 2Cys during ischemia/reperfusion.
(B) Both APC and APC-2Cys attenuate JNK and c-Jun phosphorylation during in vivo
ischemia/reperfusion. (C) Both APC derivatives also reduce the expression of TNFo and
IL-6 mRNA in hearts. Values are means + S.E., n=3. "p<0.01 vs. sham, respectively,
Tp<0.05 vs. I/R saline, respectively.
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Figure 8.

The effect of APC on the AMP/ATP ratio. (A) Myocardial AMP/ATP ratios during sham or
ischemia/reperfusion in vivo. (B) Myocardial AMP/ATP ratios at baseline perfusion and
following ischemia/reperfusion in the ex vivo hearts. The amount of AMP and ATP was
measured in neutralized perchloric acid extracts of frozen tissues by HPLC, n=4 per group.
*p<0.05 vs. sham or basal, respectively.
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