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Abstract

Background: Activated protein C (APC) is a plasma serine protease with anticoagulant and
anti-inflammatory activities. Endothelial protein C receptor (EPCR) is associated with APC’s
activity and mediates its downstream signaling events. APC exerts cardioprotective effects during
ischemia and reperfusion (I/R). This study aims to characterize the role of the APC-EPCR axis in
ischemic insults in aging.

Methods: Young (3-4 months) and aged (24-26 months) wild type C57BL/6J mice, as well as
EPCR point mutation (EPCR~84A/R84A) knock-in C57BL/6J mice incapable of interaction with
APC and its wild type of littermate C57BL/6J mice, were subjected to I/R. Wild type APC,
signaling-selective APC-2Cys, or anticoagulant-selective APC-E170A were administrated before
reperfusion.

Results: The results demonstrated that cardiac I/R reduces APC activity, and the APC activity
was impaired in the aged versus young hearts possibly attributable to the declined EPCR level
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with aging. Serum EPCR measurement showed that I/R triggered the shedding of membrane
EPCR into circulation, while administration of APC attenuated the I/R-induced EPCR shedding
in both young and aged hearts. Subsequent echocardiography showed that APC and APC-2Cys
but not APC-E170A ameliorated cardiac dysfunction during I/R in both young and aged mice.
Importantly, APC elevated the resistance of the aged heart to ischemic insults through stabilizing
EPCR. However, all these cardioprotective effects of APC were blunted in the EPCR?84A/RE4A
mice versus its wild-type littermates. The ex vivo working heart and metabolomics results
demonstrated that AMP-activated protein kinase (AMPK) mediates acute adaptive response while
protein kinase B (AKT) is involved in chronic metabolic programming in the hearts with APC
treatment.

Conclusions: I/R stress causes shedding of the membrane EPCR in the heart, and administration
of APC prevents I/R-induced cardiac EPCR shedding that is critical for limiting cardiac damage in
aging.
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INTRODUCTION

Ischemic heart disease is associated with a breakdown of blood flow to the myocardium
because of coronary atherosclerosis, and coronary thrombosis in the heart.1=3 The current
treatment for myocardium ischemia is called reperfusion, which restores blood flow to the
heart viarecanalizing the occluded coronary artery with percutaneous coronary intervention,
thrombolytic, or anticoagulants.3: 4 While reperfusion reduces the mortality of ischemic
heart disease, the restoration of blood flow is found paradoxically to inflict further damage
named reperfusion injury by inducing myocardium apoptosis or necrosis.>~9 Myocardial cell
death caused by ischemia and reperfusion (I/R) injury is a major cause of morbidity and
mortality globally, especially in aged population.® The aged heart sustains greater injury
during I/R due to multiple factors, which include decreased oxidative phosphorylation and
defective mitochondrial composition leading to maladaptive metabolic response to I/R stress
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in both clinical settings and animal models of myocardial infarction.> 10-12 Unfortunately,
there is no effective treatment for myocardial I/R injury in aging.% 13 Therefore, there is
an urgent need for novel therapeutic strategies capable of limiting myocardial I/R injury in
aging patients.

Activated protein C (APC) is a vitamin-K dependent plasma serine protease, which
functions as a natural anticoagulant to downregulate thrombin generation in the

clotting cascade.1415-19 |n addition to its anticoagulant activity, APC also exerts potent
cytoprotective and anti-inflammatory signaling activities through modulating cellular
homeostasis.2923 |t is demonstrated that APC generation is increased approximately 20 fold
when its zymogen protein C (PC) binds to endothelial protein C receptor (EPCR) through its
Gla-domain.1# 17 Furthermore, APC cleaves protease-activated receptor 1 (PAR1) at Arg46
to initiate its cytoprotective signaling.24 It has been established that the cytoprotective and
anti-inflammatory effects of APC requires its binding to EPCR and subsequently cleaving
PAR1 on endothelial cells.14 2324, 25

However, whether APC exerts its cardioprotective effects against I/R in aging and if

EPCR and PARL1 are critical for these APC’s cardioprotective properties remain unknown.
In this study, we show that EPCR function is impaired in aged hearts leading to their
increased sensitivity to I/R stress in a mouse model. Compared to its wild type littermates,
EPCRRE4AREIA mice, with abolished APC binding activity, exhibit aging-like diastolic
dysfunction and cardiac intolerance to I/R. Administration of APC increases resistance of
the aged heart to ischemic insults through stabilizing EPCR from I/R-induced shedding in
a mouse model. The activation of AMP-activated protein kinase (AMPK) by APC mediates
energy metabolism to keep contractile properties of cardiomyocytes under stress. In
addition, APC triggers protein kinase B (AKT) activation to control metabolic homeostasis
in the hearts undergoing I/R. Thus, this study unveils a novel age-related APC-EPCR
signaling axis in heart in response to stress, and administration of APC preserves cardiac
tolerance to I/R in aging through stabilizing the receptor, EPCR, in a mouse model.

METHODS

Data Availability.

Mice.

Data supporting the findings of this study are available from the corresponding author
upon reasonable request. The metabolomics datasets used in this study are available at the
National Metabolomics Data Repository under accession number: 2842.

Young (3-4 months old) and aged (24-26 months old) wild type (WT) C57BL/6J mice
were supplied from NIA contracted Charles River Laboratories (Wilmington, MA). The
EPCR point mutation (EPCR”84ARE4A) knock-in C57BL/6J mice (3—4 months old) and its
wild-type littermates (EPCRW7/WT) (3—4 months old) were prepared as described.2® The
PAR1 point mutation (PAR1/46Q/R46Q) C57BL/6J mice (3-4 months old) and its wild-type
littermates (PAR1W7/WT) (3-4 months old) were prepared as described.2” Both male and
female mice were subjected to the experiments in this study. For animal use, the sample
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size calculations were performed Power Analysis with PASS16 and the proposed analyses
were performed with GraphPad Prism 9.0 statistical software. All animal protocols in this
study were approved by the Institutional Animal Care and Use Committee of the University
of South Florida as well as conform to the NIH Guide for the care and use of laboratory
animals.

An expanded Materials and Methods section can be found in the Data Supplement.

Impaired APC signaling sensitizes heart to ischemic insults.

We found that EPCR mediates the cytoprotective effects of APC in a mouse model.14 28 To
test the hypothesis that APC exerts cardioprotection through EPCR during I/R stress, EPCR
point mutation (EPCRRE4A/RE4AY knock-in mice and its wild type littermates, young-WT
and aged-WT mice were subjected to ligation of left anterior descending coronary artery
(LAD) to induce an /n vivo regional ischemia of 45 min followed by release of the ligation
for reperfusion of 24 hours. Cardiac functions were measured by echocardiography. The
results showed that the cardiac systolic dysfunctions were observed in all groups during

I/R (Figure 1A, Tables S1 and S2). Cardiac dysfunction was exacerbated in both aged-WT
versus young-WT mice and EPCR?84A/R84A yiersus EPCRWTWT during I/R (Figure 1A,
Tables S1 and S2). Myocardium necrosis was accessed by dual staining with TTC and
Evan’s blue dye to measure the infarction size from the ratio of area at risk (AAR) to whole
myocardial area. The myocardium infarction size was significantly larger in both aged-WT
and young EPCR84AR64A mice in comparison to the young-WT and young EPCRW7/WT
mice, respectively (Figure 1B), suggesting that the intolerance of aged-WT and young
EPCRRE4A/RE4A heart to /R stress could be due to a defect in EPCR-mediated signaling in
aged-WT and EPCRRE4AREIA mice (Figure 1C).

Aging is known to be associated with echocardiographic indices of left ventricular diastolic
dysfunction and lower mitral E/A wave ratio.2? Intriguingly, the diastolic dysfunction with
lower E/A ratio was observed in aged-WT and young EPCRRE4A/RE4A mice hearts but not
in young-WT and young EPCRW7WT mice hearts under sham and I/R conditions, and

I/R did not affect diastolic functions (Figure 1D, Tables S1 and S2). The results suggest
that an impaired APC signaling due to EPCR binding deficiency contributes to alteration
of the cardiac phenotype in this mouse model, thereby rendering it susceptible to diastolic
dysfunctions as shown by echocardiographic indices (Figure 1D).

Age-related EPCR deficiency in the heart.

Considering aging-like cardiac diastolic dysfunction, we hypothesized that a defective APC
signaling in aged mice may cause intolerance to I/R. The plasma APC activity in young-WT,
aged-WT, EPCRWTWT and EPCRRE4A/RE4A mice undergoing sham or 45 min of ischemia
followed by 24 h of reperfusion, was determined using a monoclonal anti-APC antibody.3°
The results showed that there are no statistical differences in plasma APC activity of
young-WT and aged-WT groups under physiological condition (Figure 2A). However, the
plasma APC activity was reduced during I/R in both young-WT and aged-WT mice (Figure
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2A). Moreover, the decline in APC activity was exacerbated in aged-WT vs. young-WT
mice during I/R (Figure 2A). There was no detectable APC activity in EPCR”4A/R84A mice
(Figure 2A).

The receptor EPCR is expressed in various cell types, including endothelial cells and
cardiomyocytes.28 EPCR plays critical roles in promoting the generation of APC from
protein C and mediating APC’s anti-inflammatory effects under stress.14 28. 31 \We thus
examined the cardiac expression of EPCR. Immunoblotting studies showed that EPCR
expression was significantly decreased in aged-WT versus young-WT hearts, while I/R did
not alter EPCR levels in young or aged mouse hearts (Figure 2B). Moreover, we measured
the EPCR expression in the left ventricular tissues collected from human hearts. The results
showed that there is also a decreased trend of EPCR expression with aging in human heart
(Figure 2B). In addition, no statistical differences were observed in EPCR mRNA levels in
young-WT and aged-WT mouse heart but an upregulated trend in EPCRR64A/RE4A yersus
EPCRWTWT mice hearts (Figure S2).

EPCR can be shed from cell surface by tumor necrosis factor-a (TNFa) converting enzyme/
ADAML17 (TACE), and proinflammatory factors could also induce EPCR shedding.32 33
Both ischemic stress and aging can induce inflammatory responses.t 34 To determine
whether I/R can cause EPCR shedding, we measured soluble EPCR (SEPCR) levels in
young-WT and aged-WT under both sham and I/R conditions. Intriguingly, SEPCR was
increased by about 30-fold in I/R versus sham (Figure 2C). Increased SEPCR could compete
with membrane EPCR for binding PC/APC that could attenuate APC generation. The ratio
of sEPCR over myocardial EPCR (mEPCR) was used as an indicator of the APC signaling
in response to I/R stress. The ratio of SEPCR/mEPCR in aged-WT versus young-WT hearts
was higher during I/R (Figure 2C). This could be a reason for lower APC activity in aged-
WT versus young-WT plasma during I/R (Figure 2A). These data indicate that age-related
EPCR deficiency can cause an impaired APC signaling in response to I/R stress in this
mouse model.

Administration of APC attenuates EPCR shedding during I/R.

To rescue the impaired APC signaling in aging, we administrated recombinant APC.
Intriguingly, administration of APC derivatives 5 min before reperfusion reduced the
excessive I/R-induced sEPCR levels in both young-WT and aged-WT by two-fold (Figure
2D, upper panel). However, administration of APC did not affect I/R-triggered sEPCR in the
EPCRFRE4ARE4A versus EPCRWTWT mice (Figure 2D, lower panel), indicating that EPCR-
APC complex formation is crucial for preventing EPCR shedding under I/R. Furthermore,
the immunoblotting of EPCR in the left ventricular tissue showed that administration of

the APC derivatives significantly increased myocardial EPCR levels in wild type hearts,
whereas this effect was eliminated in EPCR?644/R84A hearts (Figure 2E, and Figure S1).
These results suggest that the APC-EPCR complex preserves the EPCR integrity under

I/R, thereby preserving its downstream protective functions in response to stress in the
heart. The RT-PCR data showed that no statistical difference was observed in EPCR mRNA
levels in hearts (Figure S2). Therefore, APC did not transcriptionally affect cardiac EPCR
expression but stabilized the myocardial EPCR through direct interaction. Furthermore, the

Circ Res. Author manuscript; available in PMC 2023 January 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Renetal.

Page 6

immunofluorescence staining of EPCR in the heart tissues demonstrated that I/R induced
32.81 + 2.01% and 55.52 + 2.21% reductions of EPCR in cardiomyocytes (CM) and
endothelial cells (EC) of young-WT hearts, respectively. In the aged-WT group, I/R caused
36.08 + 2.67% EPCR reduction in CM and 69.49 + 5.05% EPCR reduction in EC (Figure
2F). Interestingly, APC administration attenuated the I/R-induced EPCR reduction in CM
and EC of both young-WT and aged-WT hearts (Figure 2F). APC treatment did not affect
I/R-induced EPCR reduction in EPCRR84A/R84A yersus EPCRWTWT hearts (Figure 2F).
Therefore, these results indicate that administration of recombinant APC can prevent the
I/R-triggered shedding of EPCR from myocardium through direct interaction with EPCR in
this mouse model (Figure S5).

Administration of APCs increase cardiac tolerance to I/R insults.

The cardioprotective effects of APC derivatives were then assessed. Wild-type APC (0.2
na/g), signaling-selective APC-2Cys (0.2 ug/g) or anticoagulant-selective APC-E170A (0.2
ug/g) was injected through the jugular vein 5 min before reperfusion after 45 min of
regional ischemia. Echocardiography showed that I/R caused cardiac systolic dysfunctions
as shown by a decrease of ejection fraction (EF) and fractional shortening (FS) in all groups
(Figure 3A, and Table S1). APC and APC-2Cys but not APC-E170A improved the cardiac
systolic functions of young-WT and aged-WT heart (Figure 3A, upper panel). In addition,
myocardial infarction measurements showed that both APC and APC-2Cys significantly
reduce the myocardial infarction in both young-WT and aged-WT (Figure 3B). These
results demonstrated that the cytoprotective signaling rather than the anticoagulant property
of APC plays a critical role in limiting cardiac damage by I/R insults. APC treatment
ameliorated cardiac systolic functions and reduced infarction size of EFCRW7/WT byt not
of EPCR84A/R84A hearts caused by I/R (Figures 3A and 3B, Table S2). This suggests that
the interaction of APC with EPCR is required for APC’s cardioprotective events in this
mouse model. Intriguingly, the beneficial effect of APC on ischemic heart was abolished

in PAR1R46Q/R46Q versus PARLWTWT mice, suggesting that the PAR1 activation triggered
by APC cleavage at R46 site mediates APC’s cardioprotection against ischemic injury by
I/R stress (Figures 3A and 3B, Table S3) as it does for APC’s neuroprotection and sepsis
protection. 27

Cardiac diastolic dysfunction is associated with hypertension, obesity, metabolic syndrome
and aging independent of the systolic function.3> To determine whether APC affects the
diastolic function in aging under I/R, echocardiographic mitral Doppler flow velocity was
measured in young/aged-WT, EPCRWTWTIEpCRREIA/REIA pARLWTWTIpAR] RI6Q/RA6Q
hearts under sham or I/R conditions with or without APC treatment. The results
demonstrated that neither APC nor I/R influences cardiac diastolic functions (Figure

3C). Intriguingly, diastolic dysfunction was observed in aged-WT versus young-WT,
EPCRFRE4ARE4A yersus EPCRWTWT and PAR1R46Q/R46Q versus PARLIWTWT mice,
indicating a crucial role for APC signaling in preserving cardiac diastolic function (Figure
3C). In addition, PAR1R46Q/R46Q yiersus PARLWT/WT mice show an impaired cardiac
systolic function (Figure 3A). It could be due to causing an imbalance between the
cytoprotective property and the detrimental property of PAR1 occurring due to the Arg46
site mutation that causes cardiac systolic dysfunction, since PAR1 cleavage at Arg46 plays
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a critical role in mediating downstream cytoprotective signaling.?” Interestingly, lack of
APC binding affinity in EPCR”&4#AR84A mice did not affect cardiac systolic functions
under physiological conditions (Figure 3A). Thus, the interaction of Gla domains of APC,
APC-2Cys, and APC-E170A with EPCR accounts for stabilizing the myocardial EPCR and
preserving its function in aging under I/R in our mouse model (Figure 2E, Figure S1).
However, the anticoagulant selective APC-E170A cannot normally cleave PAR1 and trigger
PAR1 activation, thus it did not show cardioprotective effects on ischemic injury caused by
I/R in a mouse model (Figure 3D).

APC maintains the cardiac metabolic homeostasis in aging.

To determine the mechanism by which the APC-EPCR axis protects the heart from I/R
insults, the metabolomics was performed in myocardium of young/aged-WT heart under
sham or 45 min of ischemia and 24 h of reperfusion (I/R) conditions with or without APC.
The results showed that several amino acid metabolism pathways were down-regulated in
aged-WT versus young-WT heart (Figure 4A). The amino acid reservoir plays an important
role in movements of skeletal and heart muscles.3¢ The down-regulation of amino acid
metabolism in aging could impair resistance to ischemic insults. The carbohydrate related
pathways, such as glutamate metabolism, mitochondrial electron transport chain, starch and
sucrose metabolism, and amino sugar metabolism, were all down-regulated during I/R in
young-WT heart (Figure 4B). However, there were up-regulations in fatty acid metabolism
and glycolysis besides the alterations in carbohydrate metabolism in aged-WT heart (Figure
4C). Therefore, an adaptive metabolic response to I/R stress in the mouse heart could be
impaired in aging.

With APC administration before reperfusion, the glycolysis, Warburg effect, and branched
fatty acid oxidation pathways were down-regulated in young-WT heart (Figure 4D).
Moreover, several citrate cycle components, like fumarate and malate accumulation were
reduced by APC treatment, indicating that APC promotes the utilization of carbohydrate
through citrate acid cycle to generate energy rather than glycolysis or fatty acid metabolism
(Figure 4D). Intriguingly, the equiform of alteration was found in aged-WT heart with APC
treatment, i.e., glycolysis, Warburg effect, and branched fatty acid oxidation pathway were
inhibited, while the carbohydrate and citrate cycles were up-regulated during I/R with APC
(Figure 4E). The heatmap of myocardium metabolites alterations in young/aged hearts under
sham or I/R conditions with or without APC demonstrated that APC treatment can rescue
the maladaptive metabolic response occurring in the aged heart (Figure 4F). The heart is

an energy dependent organ, which mainly utilizes fatty acid and glucose as substrate source
for energy production through the tricarboxylic acid (TCA) cycle. The energy machine
mitochondria in myocardium could be more susceptible to damage in aging during I/R, thus
the TCA cycle was reduced, and glycolysis was upregulated in aging. This could lead to a
maladaptive metabolic response during I/R stress in the aged heart. The administration of
APC restores metabolic homeostasis, increasing TCA cycle and reducing glycolysis, thereby
leading to a preserved cardiac function during I/R in this mouse model (Figure 4G).
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EPCR mediates the APC-triggered metabolic remodeling.

Considering the findings that APC modulates the TCA cycle and arginine pathway, we
investigated the possible role of the APC-EPCR-AKT cascade in modulating substrate
metabolism in response to I/R stress in the heart. Immunaoblotting showed that phospho-
PDK1 (Ser241) and phospho-AKT (Ser4’3) were augmented in APC treated young/aged-
WT (Figure 5A). Moreover, APC treatment elevated phospho-eNOS (Ser!177) levels in
young/aged-WT heart (Figure 5A). eNOS as a downstream target of AKT is responsible
for generating nitric oxide (NO) through utilizing arginine as a substrate in response to
stress.3” AKT-eNOS axis regulates the translocation of glucose transporter 4 (GLUT4)
from intracellular vesicles to the plasma membrane under physiological and pathological
conditions.38 To determine whether APC-AKT cascade modulates GLUT4 translocation

in the heart, we employed glucose transporter surface labelling technique.3° The results
demonstrated that APC triggered translocation of GLUT4 to cell membranes in young/
aged WT heart (Figure 5B). However, the GLUT4 translocation by APC was blunted in
EPCRRE4ARE4A yersus EPCRWT/WT heart (Figure 5B), indicating that EPCR is required for
the AKT regulation of GLUT4 trafficking by APC in myocardium. Intriguingly, the AKT
activation by APC was abolished in PAR1/746@R460 versus PARLYW7WT hearts under sham
and I/R conditions (Figure 5B), indicating that PAR1 activation by APC’s cleavage at R46
is required to mediate the APC-AKT signaling cascade in the heart. Moreover, pre-treated
with the pan-AKT inhibitor (ARQ-092) inhibited AKT activation and blocked GLUT4
translocation by APC (Figure 5B). Taken together, these results indicate that the APC-
EPCR-PARL1 axis activates AKT signaling and promotes GLUT4 translocation to modulate
glucose metabolism, thereby contributing to maintenance of metabolic homeostasis in the
heart under I/R stress in this mouse model.

To determine the beneficial effects of APC-AKT signaling on cardiac functions under I/R,
the AKT inhibitor was administrated by tail vein one hour before surgery and APC was
administrated by jugular vein 5 min before reperfusion. Echocardiography showed that
pretreatment with the ARQ-092, attenuated the cardioprotective effects of APC as shown

by the EF and FS and by myocardial infarction size (Figures 5C, 5D and 5E). We did

not observe statistical alterations in cardiac diastolic dysfunction by APC or ARQ-092
treatment under sham or I/R (Figure 5C). These results for the first time demonstrated

that administration of APC can stabilize the myocardial EPCR and trigger AKT activation,
thereby leading to translocation of GLUT4 to cell surface, modulating downstream substrate
metabolism and benefiting cardiac functions under I/R in our mouse model (Figure 5F).

APC-EPCR modulates cardiac glucose and fatty acid oxidation.

We previously reported APC stimulates AMPK activation and modulates glucose and fatty
acid metabolism in the heart.28: 40 To determine whether EPCR is required for APC to
regulate the cardiac glucose and fatty acid metabolism in response to I/R stress, the isolated
hearts from young/aged-WT, and EPCRWTWT£pCRRE4A/RE4A mice were perfused in the
ex vivoworking heart system for 20 min of ischemia and 30 min of reperfusion with or
without APC. Glucose oxidation was analyzed by measuring [1*C]-glucose incorporation
into 14CO, released from the post-reperfusion. Fatty acid oxidation was measured by

the production of 3H,0 from [9, 10-3H]-oleate in the reperfusion perfusate. The results
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demonstrated that APC administration significantly increased the rate of glucose oxidation
in young/aged-WT heart and EPCRW7WT put not in EPCR”84AR84A heart during I/R
(Figures 6A and 6B). On the contrary, fatty acid oxidation rate was significantly reduced

by APC in young/aged-WT and EPCRW7WT heart, whereas the effect was minimal

in EPCR/?84A/R84A heart (Figures 6A and 6B). Moreover, I/R leads to cardiac systolic
dysfunction in terms of the heart rate and aortic flow in all groups while APC administration
significantly improved the systolic function in young/aged-WT and EPCRW7WT put not the
EPCRRE4A/RE4A heart (Tables S5 and S6). This suggests that EPCR is required for APC to
modulate the cardiac substrate metabolism and improve cardiac function through increasing
glucose oxidation and decreasing fatty acid oxidation rate during I/R in our mouse model.
The immunoblotting showed that APC triggers AMPK phosphorylation in the isolated
cardiomyocytes from young/aged-WT and EPCRW7WT byt not from EPCRRE4A/REIA

heart (Figure 6C), indicating that EPCR is required for APC-AMPK signaling in mouse
cardiomyocytes.

APC improves the contractile properties of cardiomyocytes under stress.

Energy supply and sufficient calcium flux are critical to maintain proper cardiomyocyte
contractile function. Our previous study showed that APC can activate AMPK via

the upstream kinase CaZ*/calmodulin-dependent protein kinase kinase b (CaMKKP) in
cardiomyocytes.28 AMPK is an energy sensor, mediating the majority of the ATP
generation in the heart.#! In light of the stimulatory effect of APC on AMPK activation

in cardiomyocytes, we evaluated the effect of APC on the contractile properties of

isolated cardiomyocytes from young/aged-WT and EPCRWT/WTJEPCRRE4A/REIA hearts
under normoxia or hypoxia and reoxygenation (H/R) conditions. The contractile functions
of isolated cardiomyocytes determined by sarcomere shortening length, the percentage

of shortening, and the rate of shortening were impaired in aged-WT versus young-

WT and EPCRRE4A/RE4A yiersus EPCRWT/WT cardiomyocytes under H/R conditions
(Figure 6D). APC treatment restored the contractile functions of young/aged-WT and
EPCRWTWT huyt not EPCRR84A/RE4A cardiomyocytes under H/R conditions (Figure 6D).
The analysis of the transient calcium flux in cardiomyocytes by fura-2 staining demonstrated
that EPCRR84A/RE4A it not young/aged-WT and EPCRWTWT cardiomyocytes display
upregulated transient calcium flux as evidenced by calcium shortening peak, the percentage
of shortening, and the rate of shortening (Figure 6E). Moreover, H/R stress induced
reduction in calcium flux of young/aged-WT and EPCRW7WT byt not EPCRRE4A/RE4A
cardiomyocytes (Figure 6E). Interestingly, APC attenuated the calcium flux alterations in
young/aged-WT and EPCRW7WT byt not in EPCRRE4ARE4A cardiomyocytes during H/R
(Figure 6E). These results indicate that EPCR is crucial to mediate the beneficial effects of
APC in improving the energy metabolism and cardiomyocyte contractile properties under
H/R stress conditions (Figure 6F).

APC stabilizes EPCR on cardiomyocytes under stress.

To determine whether administration of APC affects the EPCR on cardiomyocytes through
direct binding interactions, immunofluorescence staining was performed to analyze the
association and colocalization of EPCR and APC in isolated cardiomyocytes. Intriguingly,
APC treatment for 40 mins significantly increased the levels of EPCR in young/
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aged-WT and EPCRWTWT ynder both normoxia and hypoxia/reoxygenation conditions
but not in EPCRRE4A/RE4A cardiomyocytes (Figure 7), indicating that the APC-EPCR
interaction is critical to preserve EPCR protein stability in cardiomyocytes. Moreover,

the elevated colocalization of EPCR and APC in young/aged-WT and EPCRW7WT byt
not EPCR?84A/R84A cardiomyocytes indicated that APC administration promotes EPCR
accumulation through direct interaction and stabilization of the APC-EPCR complexes in
response to H/R stress (Figures 7B and 7C, and Figure S3). When we examined the mRNA
level of EPCR in the isolated cardiomyocytes from young/aged WT and EPCRWT/WTj
EPCRFR84A/R64A hearts, a reduction of EPCR mRNA was observed with APC treatment
was seen in young-WT and EPCRWTWT byt not EPCR?84AR84A cardiomyocytes (Figure
S4). Transcriptional inhibition of EPCR could be due to a feedback response triggered by
APC-induced EPCR stabilization observed in mouse cardiomyocytes.

DISCUSSION

In this study, we revealed that APC signaling is a critical factor in preserving cardiac
function in ischemic heart disease in a mouse model. This was demonstrated by the
observation that an impaired APC signaling in EPCR”84A/R64A mice is associated with
more severe cardiac injury after I/R stress. The results implicate that the APC/EPCR

axis is essential in facilitating an age-related adaptive response to I/R stress, as aged-WT
and EPCR84A/RE4A mice exhibited similar impaired post-ischemic cardiac function and
aggravated myocardial infarction. Intriguingly, similar cardiac diastolic dysfunction with
significantly reduced E/A ratio was found in both aged-WT and EPCR*R84A/RE4A miice under
physiological conditions, indicating that APC signaling is age-related in preserving the
vascular and myocardial relaxation process in mice. Furthermore, the findings in the aged
mice showing an impaired plasma APC activity and downregulated EPCR expression in the
heart under I/R stress suggest that an impaired EPCR-dependent APC signaling in aging
contributes to the intolerance of aged heart to ischemic insults.

EPCR can be cleaved from the cell surface by metalloproteases and TNFa converting
enzyme/ADAM17 (TACE).32 42 Multiple pro-inflammatory cytokines, like interleukin 1-8
and TNFa could induce EPCR shedding.#3 Chronic systemic pro-inflammatory responses,
termed senoinflammation, may be part of a pervasive state for aging due to the dysregulation
of immune response.34 In this study, we found that there was significantly increased level of
SEPCR in aging during I/R stress, indicating that an excessive EPCR shedding in aged heart
may impair APC activity in aging in response to ischemic insults. The circulating SEPCR
levels are reduced by administration of APC in EPCRW7/WT pyt not in EPCRR84ARE4A
mice during I/R, implying that APC preserves myocardial EPCR through their interactions
in mice. In addition, the immunoblotting and immunofluorescence staining showed that
myocardial EPCR is significantly increased with administration of all APC derivatives,
implying that the APC complexation with EPCR prevents EPCR shedding induced by I/R
stress in mice. Immunofluorescence staining also showed that EPCR was expressed in both
cardiomyocytes (CM) and endothelial cells (EC). I/R stress induced EPCR reduction in
both CM and EC but with higher ratio in the EC of both young and aged hearts. Since

all APC derivatives, i.e., APC-WT, APC-2Cys and APC-E170A, have Gla domains, their
associations with EPCR stabilize and preserve EPCR under I/R stress in the mice heart.
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However, the APC-E170A/EPCR complex cannot activate PAR1 through cleavage of R46
site, thus it did not show cardioprotective effects during I/R. The experimental data from
EPCRFRE4ARE4A ersus EPCRWTWT and PAR1R46Q/R46Q versus PARLWTWT provides clear
evidence that EPCR/PARL1 axis is required for the beneficial activities of APC in mice
ischemic hearts.

APC initiates PAR1 biased cytoprotective signaling through p-arrestin-2 and the PI3BK/AKT
pathway in brain and endothelial cells.* In this study, we showed that APC markedly
triggered AKT signaling and promoted GLUT4 trafficking to the cell membranes. The
observation that in the genetic mutations of EPCR or PAR1 mice the AKT-mediated
GLUT4 translocation was blocked strongly suggest that the APC-EPCR-PARL1 axis is
required for the APC’s cardioprotective activities through AKT-GLUT4 cascade mediated
substrate metabolism in mice. The metabolomics analysis revealed that I/R stress caused
downregulation of carbohydrate metabolism and mitochondrial oxidative phosphorylation
of the mice heart. The maladaptive metabolic adaptive response in the heart with aging
could lead to greater susceptibility of aged hearts to ischemic insults. APC treatment rescued
the maladaptive metabolic response in aging and improved cardiac functions during I/R
stress through modulating the glycolysis and TCA cycle in the mice heart. Furthermore,

we showed that APC stimulates AMPK signaling and increases glucose oxidation but
reduces fatty acid oxidation in response to the ischemic stress in the acute post-ischemia,
reperfusion state in WT mice hearts. This effect was diminished in EPCRR4AVRE4A mjce
heart, indicating that the APC-EPCR axis augments glucose oxidation, instead of fatty acid
oxidation, to generate ATP during reperfusion. AMPK signaling is essential for regulating
energy generation for the contractile function of the heart, especially under pathological
conditions. When we measured the effects of APC treatment on contractile function of

the isolated mouse cardiomyocytes under H/R conditions, we found that APC treatment
improves cardiomyocyte contractility and calcium flux in WT but not EPCRE4A/RE4A
cardiomyocytes under stress, indicating that EPCR mediates APC-AMPK signaling to
improve mice cardiomyocyte contractile function. The activation of AMPK is an acute
adaptive response for modulating energy metabolism and cardiomyocyte contractility during
ischemia and reperfusion stress.

In summary, decreased APC activity and augmented EPCR shedding in aging mice heart
during I/R stress leads to an intolerance of aged hearts to I/R insults. APC interaction with
the cell surface EPCR prevents I/R-induced receptor shedding. APC treatments improves
cardiac function and ameliorates myocardial ischemic injury through modulation of both
acute and chronic metabolic pathways. Further studies are warranted to determine whether
other mechanisms that direct interaction of APC with EPCR contribute to preventing
excessive receptor shedding under I/R stress. These studies could advance our understanding
of the role of APC-EPCR-AMPK signaling in I/R stress and potentially lead to discovery of
better approaches to prevent/cure ischemic insults in the elderly.
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Nonstandard Abbreviation and Acronyms

AMPK AMP-activated protein kinase
APC activated protein C
CaMKKb Ca?*/calmodulin-dependent protein kinase kinase b
E/A Early diastole peak velocity (the E wave)/the peak velocity of the late
diastole caused by atrial contraction (the A wave)
EF ejection fraction
EPCR endothelial protein C receptor
FS fractional shortening
LAD left anterior descending coronary artery
LC-MS/MS liquid chromatography with tandem mass spectrometry
PAR1 protease activated receptor 1
TACE TNFa converting enzyme
TCA tricarboxylic acid
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NOVELTY AND SIGNIFICANCE
What Is Known?

. Activated protein C (APC) downregulates thrombin generation in the clotting
cascade.

. Activation of AMP-activated protein kinase (AMPK) by APC mediates
cardioprotection against ischemia and reperfusion injury.

. An impaired cardiac AMPK signaling is responsible for vulnerability to
ischemic insults in aging.

What New Information Does This Article Contribute?

. APC receptor EPCR shedding occurs in the heart during ischemia and
reperfusion stress.

. Administration of APC rescues cardiac intolerance to ischemic insults in
aging via maintaining membrane EPCR.

. AMPK mediates acute adaptive response and AKT modulates metabolic
response by APC during ischemia and reperfusion stress.

We studied how that APC exerts cardioprotective effects during ischemia and reperfusion
and found that administration of recombinant APC derivatives reduced shedding of the
APC receptor EPCR in the heart during ischemia and reperfusion stress. Administration
of APC strengthens the tolerance of the aged heart to ischemic insults through stabilizing
the EPCR on the membrane. This study addresses a knowledge gap regarding the cardiac
APC-EPCR-PARL signaling cascade in aging hearts and provides mechanistic insights
about the cardioprotective effects of APC derivatives for ischemic insults. Therefore,
appropriate APC derivatives can be considered as pharmaceutical drugs for increasing the
heart’s resistance to ischemic insults in the elderly.
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Figure 1. Cardiac function assessment of young/aged-WT and EPC

mice.

" EPCRWI™T EpCRRsWRIMA

EPCRWWT EPCRRSARIA

E/A
o

ol
Sham IR
young-WT

r
P o
2] oo %o

0% oPo

o4
Sham IR
ERCRWIMT

1.5¢-004

Sham IR

aged-WT

4.0¢-003

3 4.8¢-007

o8 5%

Sham IR
EPCRREAREIA

(A) Echocardiography showed that aged-WT vs. young-WT and EPCRRE4A/REIA /s
EPCRWTWT \yere vulnerable to I/R stress as shown by ejection fraction (EF) and fractional
shortening (FS). Upper: Reprehensive images of M-mode echocardiography. Lower:
Quantification of echocardiography measurements for EF and FS. Biological replicates N=8
for each group. P value was determined by two-way ANOVA with Tukey’s post-hoc test.
(B) Young-WT, aged-WT, EPCRWTWT and EPCRRE4A/REIA mice were subjected to in vivo
regional ischemia for 45 min, followed by 24 h of reperfusion. Left: Representative sections
of the extent of myocardial infarction were presented. Right: TTC staining showed larger
infarct area in aged-WT vs. young-WT and EPCRRE4AREIA s EPCRWTWT heart. Ratio
of the area at the risk (AAR) to the total myocardial area refers to the area affected by
ischemia, and ratio of the infarcted area to AAR is used to access to the myocardium injury.
Biological replicates N=6 for each group. P value was determined by Mann-Whitney two
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tailed test. (C) The scheme depicts that the impaired APC signaling in EPCR point mutation
(EPCRFRE4A/RE4AY knock-in vs. EPCRWTWT mice results in hypersensitive to ischemia
reperfusion (I/R) injury. (D) Diastolic dysfunction was shown by E/A ratio in aged-WT

vs. young-WT and EPCRRE4AREIA ;s EPCRWTWT hearts under sham or I/R conditions.
Left: Reprehensive images of Doppler echocardiography. The blue lines were the analysis
performed on Vevo Image software to obtain the parameters for diastolic function analysis.
Right: Quantification analysis of E/A ratio. Biological replicates N=8 for each group. P
value was determined by two-way ANOVA with Tukey’s post-hoc test.
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Figure 2. APC activity and EPCR integrity measurement in young/aged-WT and EPCRWT/WT;
EPCRRAARBIA mjce in response to I/R stress.

(A) APC enzyme activity showed that I/R induced the exacerbated APC activity impairment
in aged-WT vs. young-WT and null activity in EPCRRE4AREA ;s EPCRWT/WT mjce,
Biological replicates N=13 for young groups and N=11 for aged groups and P value was
determined by two-way ANOVA with Tukey’s post-hoc test. Biological replicates N=11 for
EPCRFRE4A/RE4A and EPCRWTWT groups and P value was determined by Kruskal-Wallis
test with Dunn’s multiple comparison test. (B) Left, Cardiac EPCR levels are defected in
aged mice. Biological replicates N=7 for each group. P value was determined by Kruskal-
Wallis test with Dunn’s multiple comparison test. Right, Cardiac EPCR levels are declined
with aging in human. Biological replicates N=8 for both young and aged groups and N=15
for middle aged group. P value was determined by one-way ANOVA with Tukey’s post hoc
test. (C) Circulating soluble EPCR (sEPCR) levels in young-WT and aged-WT mice under
sham or I/R stress (Left). The release ratio of SEPCR/myocardial EPCR (Right). Biological
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replicates N=6 for each group. P value was determined by Kruskal-Wallis test with Dunn’s
multiple comparison test. (D) APCs administration reduced I/R stress-induced circulating
SEPCR in wild type but not in EPCRR84A/RE4A mice. Biological replicates N=9 for young
and aged groups, P value was determined by three-way ANOVA with Tukey’s post-hoc
test. Biological replicates N=8 for EPCRW7WT and EPCRR64A/RE4A groups, P value was
determined by two-way ANOVA with Tukey’s post-hoc test. (E) Immunoblotting analysis
showed that administration of APC leads to increased EPCR levels in wild type but not

in EPCRR84A/RE4A hearts. Biological replicates N=8 young and aged groups, P value was
determined by two-way ANOVA with Tukey’s post-hoc test. Biological replicates N=6 for
EPCRWTWT and EPCRR84A/RE4A groups, P value was determined by Kruskal-Wallis test
with Dunn’s multiple comparison test. (F) Immunofluorescence staining showed that APC
administration causes myocardium EPCR stabilization in wild type but not EPCRR64A/R84A
hearts under sham or I/R conditions. Biological replicates N=8 for each group, P value was
determined by two-way ANOVA with Tukey’s post-hoc test.
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Figure 3. EPCR mediates cardioprotection of the APCs via PAR1 biased signaling.
(A) Echocardiography showed that administration of APC and signal-selective APC-2Cys

can attenuate the I/R-induced cardiac dysfunction in young/aged-WT as shown by ejection
fraction (EF) and fractional shortening (FS). The anticoagulant-selective APC-E170A

did not show statistical beneficial effects on I/R hearts (Upper). The cardiac beneficial
actions of APC were diminished in EPCRR84A/RE4A ;s EPCRWTWT and PAR1R46Q/R46Q
vs. PARIWTWT mice (Middle and Lower). Left: Representative images of M-mode
echocardiography. The blue lines were the analysis performed on Vevo Image software

to obtain the parameters for systolic function. Right: Quantification analysis of EF and

FS with or without APC treatment. Biological replicates N=6 for each group. P value

was determined by Kruskal-Wallis test with Dunn’s multiple comparison test. (B) TTC
staining demonstrated that APC and APC-2Cys but not APC-E170A reduced the I/R-
induced myocardial infarction in young/aged-WT (Upper). The cardioprotective effects
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of APC on I/R-induced myocardial infarction were abolished in EPCRRS4A/REIA /.
EPCRWTWT and PAR1R46Q/R46Q |5 pAR1WT/WT hearts (Lower). Upper: Representative
myocardial infarction images with TTC staining. Lower: Quantification analysis of
myocardial infarct size with or without APC. Biological replicates N=7 for each group.

P value was determined by Kruskal-Wallis test with Dunn’s multiple comparison test. (C)
Doppler echocardiography showed the diastolic dysfunction was observed in aged-WT,
EPCRFRE4ARE4A and PAR1RH/R46Q hearts. Biological replicates N=7 for young and aged
groups, N=6 for EPCR and PAR1 mutant and wildtype littermates groups. P value was
determined by Kruskal-Wallis test with Dunn’s multiple comparison test. (D) The scheme
depicts that EPCR and PAR1 mediate APC’s cardioprotective effects on ischemic insults
caused by I/R.
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Figure 4. Metabolomics analysis of cardiac substrate metabolism.

The left ventricular tissues were collected from young-WT (3-4 months)/aged-WT (24-26

months) mouse hearts under sham or 45 min of ischemia and 24 h of
or without APC treatment. Biological replicates N=3 for each group.

reperfusion (I/R) with
(A-E) Metabolite’s

alteration network in the comparison listed in the figure. Significant altered metabolites were
recognized with p-adjust value <0.05 using Grubbs’ test. Color represents the increase (red)
and decrease (green) of each gene, fold change ratios are presented in log2 form according

to the legend panel. Enrichment score is representing the numbers of

metabolites cluster in

the same pathway. The gradient red color is representing the p value based on the legend
panel. (F) Heatmap shows relative abundance of representative significantly modulated
metabolites in response to I/R stress in young-WT and aged-WT vs. young-WT-sham with
or without APC treatment. (G) The scheme depicts that administration of APC can modulate
cardiac metabolism to rescue the impaired metabolic homeostasis in aging under I/R stress.

Circ Res. Author manuscript; available in PMC 2023 January 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ren et al.

A young-WT aged-WT

Sham IR Sham IR

5° g g N
o
I S e o

D e

AKT

150 kDa—

- — - cNOS
- - = W POk (Sertt)

50 kDa—

. oore g S e B s
e e
50 KDam RDK1

%
i3

50 kDa—

50kDa. T S ——————— AKT

50 kDa_.. . - . - . - . S-GLUT4
PR e

oo, IR I - -

__ EPCRWMT EpcRramsa
Sham IR Sham IR
° 5
& o S ® ®
SR N S

T v D e S s W PAKT (SertT)

50 kDa—

50sz_~» ——————— — AKT

o I
o 7

. seLm

PAR{WIWT PAR1R46Q/R46Q
Sham IR Sham IR

&
—‘-— L .-

c® c® c® e
& ST SO S

p-AKT (Ser'”)

L R Y R

Page 27
6.5¢:005 6.2¢-005 206003 156003
£ 157 4,0¢-002 1.3¢-002 é’s 490002 216002
§ % B4 o —‘ o
&y ° =
g o Ey ° Ll s
2l 2% 3] slt X
=5 & £ 22 2 | 50 ik
= ° 3 ° 3
§ 00 5 5 g1 ° o @ 0°
] o
Tl & ®£°2° 218 ¥ &.3
o
Vehicle + - + -+ - + - Vehicle* - + - + - + -
It s & 5 5 APC- + - + -+ . +
Sham IR Sham IR Sham IR Sham IR
4.66-003 1.1e-002
-
x 5743003 33¢-002 © young-WT
[ ° o © aged-WT
L3 o8 f§ 8
o3
D2 & &
T, S 2 0% o0
°
2le° 3
APC -+ - + -+ . +
Sham UR  Sham IR
6.8¢-003 4.28¢-003
T A
P, oyoung-WT 0 aged-WT 7.36e-003  2.59¢-003
e 4.76e-002 —
= 15 2.1e-004 10004 o 5 1.15¢-003 2.02¢-002
g m ™ = m
< 276005 7.1e-003 3.8¢-005 34 3390-003  1.026-003
& 10 [ 9 ’7
% s |7 e E’g
3 ° o g3 2 gl 8
~ o
5 & =Y S
E a.ls
< ® 3 o 8 3
a ls 68 80 8% & o &
Vehicle * - - + - - *+ - - 4+ - -  Vehicle * - - 4 - - * - - 4 - -
APC -+ + -+ 4 -+ L4+ APC -+ + -4+ -4+ L4+
ARQ092 - -+ - =t - -4 . -+ ARQ92 - * - - ¥ - -4 - -+
Sham ~ WR  Sham IR Sham  WR Sham IR
10 2.0¢-002 216003 3.06-005 © EPCRWTMT
<, 1 . =1 e O EPCRRsamsA
= E
= °
5 e 3: b3 3
© ° - °
L4 _g. E ¥ 8
s . £.% o g,
< g ° o E,)’ o R *§(¥
S
T 18° =2° a8 Bp 2 o 5o
Vehicle + - 4+ - 4+ - 4+ - Vehicle & . 4 . 4 . 4 -
APC - + - 4 - 4 .+ APC . 4+ .+ .+ .+
Sham VR Sham IR Sham UR  Sham IR
1.1e-002  1.4e-006
(PR o wwr
] L PAR1
<L © PAR1RUsARIED
g °
G 4
3. 1
el ® T
X255 o S o
18°6 2% am
2 o
Vehicle + - + - o+ - & -
APC -+ -+ .+ .+

Sham IR Sham IR

Circ Res. Author manuscript; available in PMC 2023 January 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Renetal.

Page 28

perfusion (IIR)
E) Vehicle ; APC+ARQ-092 ARQ-092
H
ES . S—— iy =
2 [
i
3
S
g
PR IS
L0 352002 3.7¢-003 7.0¢:003
X . 1 ©young-WT
100 "“’"““2 0:26:004 60 3.8¢-003 3.2¢-003 3 4.4¢-002 > aged-WT
R0 s
o i 236008 26003 13¢-004 °y o
e 5 | & — 40 i B 20 50
IS IS % B |
I‘“% @ o % Lo o o |? &, ¥ o 5 %$§%$ Lo L .8
i € g& od% . % %% ”gyo")é 1 2 S @5
E & & o &
o o® L) o
Vehicle - + - + - Vehicle - * - * Vehicle = *+ - - - -+ - - -
AP PR " APC + o= P APCE I EF o i L
ARQ-092 - * o+ A ARQ-092 2t ¥ ¥ % ARQ82:m w2 B b - mm K
R R R R R R
126002
n
D 280004
young-WT aged-WT 15 136003 260003 256004 young-WT
Sham R Sham IR § T S ST
APC T+ + - -+ + - s & * = & W @ < 276005 246004 16e:005 09
ARQ092 . .+ 4+ . . 4 : & b om = = W W & 10 ] 1
5
e — - - = pAKT(Ser)
50kDa - -.--” @,
——————— - £
50 kDa—, AKT X
a ]
Vehicle +- = = +- - +-- - -
APC -+ 4 - -4+ - - %+ . .4+
ARQO92 - - #4 - -4t - -t4 -4+
Sham IR Sham IR
Vehicle + -
. + + 06 3.1e-002 3.8¢-003 06 o young-WT
APC Lot o0t
: + + £ ©aged-WT
ARQ-092 4 2.3¢-002 3.2¢-003 2 "
2 os BodB 5 e B op @
£ y 2o 2 op @
young-WT » :4 By E ‘ 2 o o 8 EP‘%’%% %\23%
4 - S s| 2 ¢ B SP S |°oN, 2Ry
¥ : B S| % o2
T - O oL IS SRR
( NN S
aged-WT L . 2 % o o
Vehicle + - - + Vehicle + = - - 4 - - -
APC - + + . -+ APC .+ + - 4+ ow .
ARQ002 - - + + o+ ARQO92 - -+ 4 L - 4 4
F young aged
APC Recombinant APC Recombinant APC

£

Substrate metabolism regulation

Substrate metabolism regulation

Figure 5. EPCR mediates the metabolic remodeling induced by APC.
(A) Immunoblotting showed the phosphorylation level of upstream kinase PDK1, AKT, and

the downstream factor eNOS in young/aged-WT heart under sham or I/R conditions with or
without APC treatment. Biological replicates N=6 for each group. P value was determined
by Kruskal-Wallis test with Dunn’s multiple comparison test. (B) Upper, Immunoblotting
showed the AKT phosphorylation at Ser4’3 site and total AKT as well as the cell surface
labeled GLUT4 (S-GLUT4) and the total GLUT4 (T-GLUT4) in the left ventricles of
young-WT/aged-WT hearts under sham or I/R treatment with or without APC and/or

AKT inhibitor (ARQ-092). Biological replicates N=7 for each group in detecting AKT
phosphorylation, P value was determined by Kruskal-Wallis test with Dunn’s multiple
comparison test. N=5 for each group in detecting GLUT4 trafficking to cell membrane, P
value was determined by Kruskal-Wallis test with Dunn’s multiple comparison test. Middle,
Immunoblotting of the phosphorylation of AKT (Ser473) and total AKT, S-GLUT4 and
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T-GLUT4 in the left ventricles of EECRWTWT and EPCR/?84A/R84A heart under sham or
I/R with or without APC. Biological replicates N=6 for each group in detecting AKT
phosphorylation, P value was determined by Kruskal-Wallis test with Dunn’s multiple
comparison test. N=5 for each group in detecting GLUT4 trafficking to cell membrane, P
value was determined by Kruskal-Wallis test with Dunn’s multiple comparison test. Lower,
Immunoblotting of the AKT phosphorylation (Ser4’3) and total AKT in the left ventricles
of PARLWIWT and PAR1R46Q/R46Q hearts under sham or I/R with or without APC.
Biological replicates N=6 for each group. P value was determined by Kruskal-Wallis test
with Dunn’s multiple comparison test. (C) Echocardiography showed that administration of
AKT inhibitor diminished the cardioprotective effects of APC in young/aged-WT as shown
by ejection fraction (EF) and fractional shortening (FS). Upper: Representative images of
M-mode echocardiography. The blue lines were the analysis performed on Vevo Image
software to obtain the parameters for systolic function. Lower: Quantification analysis of EF,
FS, and E/A with or without APC and/or AKT inhibitor. Biological replicates N=6 for each
group. P value was determined by Kruskal-Wallis test with Dunn’s multiple comparison
test. (D) Immunoblotting of the phosphorylation of AKT in young-WT and aged-WT heart
under sham or I/R with APC and/or AKT inhibitor. Biological replicates N=>5 for each
group. P value was determined by Kruskal-Wallis test with Dunn’s multiple comparison
test. (E) TTC staining demonstrated that administration of AKT inhibitor can diminish

the cardioprotective effects of APC in young/aged-WT. Left: Representative myocardial
infarction images with TTC staining. Right: Quantification analysis of myocardial infarct
size with APC and/or AKT inhibitor (ARQ-092). Biological replicates N=6 for each group.
P value was determined by Kruskal-Wallis test with Dunn’s multiple comparison test.

(F) The scheme depicts the administration of APC promotes the activation of PDK1/AKT/
GLUT4 signaling pathway to modulate substrate metabolism through EPCR and PAR1
biased signaling during I/R.
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Figure 6. APC modulates energy metabolism and improves the contractile properties of
cardiomyocytes.

(A-B) Glucose oxidation and oleate oxidation was analyzed by measuring [*4C]-glucose
incorporation into 14CO, and incorporation of [9,10-3H] oleate into 3H.,0, respectively
in the ex vivo mouse hearts subjected to 20 min ischemia and 30 min reperfusion. The
APC administration significantly augmented glucose oxidation in young/aged-WT and
EPCRWTWT put not EPCRRE4A/RE4A hearts during reperfusion after ischemic stress. (A)

Biological replicates N=6 for each group. P value was determined by mixed-effects analysis,

with the Geisser-Greenhouse correction. (B) Biological replicates N=6 for each group. P
value was determined by mixed-effects analysis, with the Geisser-Greenhouse correction.
(C) Immunaoblotting showed the phosphorylation of AMPK in the isolated cardiomyocytes
from young/aged-WT, and EPCRWTWTJEpPCRRE4A/RE4A hearts under normoxia or H/R
stress with or without APC treatment. Biological replicates N=5 for each group. P value
was determined by Kruskal-Wallis test with Dunn’s multiple comparison test. (D) The
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contractile properties of isolated cardiomyocytes from young/aged-WT, and EPCRW7/W7;
EPCR/84A/R64A hearts under normoxia or H/R stress with or without APC treatment.
Biological replicates N=5, cells number per animal n=16 for each group. P value was
determined by mixed-effects analysis, with the Geisser-Greenhouse correction. (E) The
transient calcium signal response of the isolated cardiomyocytes from young/aged-WT, and
EPCRWTWTIEPCRRE4A/RE4A hearts under normoxia or H/R with or without APC treatment.
Biological replicates N=5, cells number per animal n=10 for each group. P value was
determined by mixed-effects analysis, with the Geisser-Greenhouse correction. (F) The
scheme depicts that the administration of APC modulates cardiac energy metabolism and
cardiomyocytes’ contractility through AMPK signaling.
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Figure 7. APC administration stabilizes EPCR in cardiomyocytes through binding interactions.
(A) Representative immunofluorescence staining showed the levels of EPCR and APC

in cardiomyocytes from young/aged-WT, and EPCRW7WTJEPCRRE4A/RE4A hearts under
normoxia or H/R stress conditions with or without APC treatment. (B) The relative

levels of EPCR in the isolated cardiomyocytes from young/aged-WT, and EPCRW7/WTj
EPCRRE4A/RE4A hearts under normoxia or H/R stress conditions with or without APC
treatment. Mice biological replicates N=3, cells number per animal n=3 for each group. P
value was determined by mixed-effects analysis, with the Geisser-Greenhouse correction.
(C) The colocalization ratio between APC and EPCR in the isolated cardiomyocytes from
young/aged-WT, and EPCRWT/WTJEpPCRRE4A/RE4A hearts under normoxia or H/R stress
conditions with or without APC treatment. Mice biological replicates N=3, cells number
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per animal n=3 for each group. P value was determined by mixed-effects analysis, with the
Geisser-Greenhouse correction.
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