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Activated Protein C: A Promising Drug with Multiple Effects?
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Abstract: The anti-coagulant activated protein C (APC) can exert direct effects on cells, including cytoprotective func-
tions involving apoptosis and inflammation mechanisms. These cytoprotective properties of APC require the presence of
protease-activated receptor-1 (PAR-1) and endothelial protein C receptor (EPCR) resulting in inhibition of inflammatory
gene expression and down-regulation of p53 and Bax. Several in vifro and animal studies have documented such cytopro-
tective properties of APC. The first evidence for a cytoprotective role of APC in a clinical setting came from the PROW-
ESS trial in which APC administration reduced mortality rates in severe sepsis patients. However, although APC certainly
has the potential to be used in a broader range of clinical settings it is thwarted by the associated risk of bleeding. Further
research within this area towards improved therapeutics of specific APC mutants has taken place.
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APC: THE ANTI-COAGULANT AGENT WITH CELL
SIGNALING PROPERTIES

The Coagulation Cascade

The anti-coagulant activated protein C (APC) is a prote-
ase which plays a major role in thrombosis and hemostasis
and will be the focus of this review. APC's best known func-
tion is its anti-coagulant activity which is involved in both
the extrinsic as well as the intrinsic pathway of blood coagu-
lation. Upon blood vessel damage, tissue factor (TF) is ex-
posed to the bloodstream, where it forms a complex with
FVII(a). The catalytic FVIIa-TF complex activates FIX and
FX. FXa forms the prothrombinase complex with FVa, cal-
cium and phospholipids, usually a cell membrane surface,
activating prothrombin into thrombin. Thrombin in its turn
can activate FV and FVIIIL. FVIIla together with FIXa form
the tenase complex also activating FX. Thrombin activates
fibrinogen into fibrin forming the fibrin clot [1]. Different
procoagulant pathways can be inhibited by different inhibi-
tors including tissue factor pathway inhibitor (TFPI) that
attenuates the extrinsic route and antithrombin (AT) that
blocks several proteases including FXla, FIXa, FXa and
thrombin. The specific working mechanisms of TFPI and AT
are previously described [2-5].

The Anti-Coagulant Role of APC

The zymogen protein C circulates in plasma in a concen-
tration of 70 nM and consists of a Gla domain, 2 epidermal
growth factor domains, an activation peptide and the serine
protease domain. The activation of protein C is dependent on
proteolytic activation by thrombin at Argl69, which removes
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the activation peptide, thereby creating APC, a trypsin-like
serine protease. For APC, to exert its anti-coagulant activity,
the Gla domain is necessary for binding to lipids, whereas
binding to endothelial cell protein C receptor (EPCR) is nec-
essary for cytoprotective activities, which will be discussed
below in further detail [6, 7]. Upon activation of coagulation,
thrombin binds to thrombomodulin (TM), which is mostly,
but not exclusively, located on the surface of endothelial
cells. The thrombin-TM complex then activates protein C
into APC at a relatively slow rate. However, the rate of PC
activation is increased 20-fold upon the presence of EPCR
[8, 9]. APC can exert its anti-coagulant effect via the prote-
olytic cleavage of either FVa within the prothrombinase
complex, or FVIIla within the factor X activating complex.
Both reactions are stimulated by several cofactors including
protein S [10]. APC, either free or bound to EPCR, can be
inhibited by protein C inhibitor (PCI), a serine protease that
can be classified as a heparin-binding serpin, at a relatively
slow rate through formation of a complex with APC by re-
acting with its active site [11]. This process is accelerated by
the presence of heparin. Besides inhibiting APC, PCI also
inhibits FXa and thrombin, in which thrombomodulin (TM)
is shown to be an important regulator [12]. Note that in mice,
PCI is only found in cells of the reproductive system impli-
cating that another mechanism is necessary for the inhibition
of APC in plasma [13]. Another inhibitor of APC is al-
antitrypsin. As a result of the irreversible, covalent complex
formation with both inhibitors, APC has a short pharmacoki-
netic half life of about 20 minutes, in contrast to the half life
of 10 hrs for protein C [14]. The pharmacokinetics of APC
were studied in guinea pigs, in which 15% of the injected
dose was already eliminated after 1 to 2 minutes and 2
mechanisms of APC elimination were proposed: one via
binding to protease inhibitors followed by clearance by the
liver, and the other one via direct elimination by the liver. In
plasma, the decay of APC activity is about 15-25 minutes
[15]. An overview of the working mechanism of APC is
given in Fig. (1).

© 2009 Bentham Science Publishers Ltd.
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Fig. (1). Schematic overview of the working mechanisms of APC. Tissue factor (TF):Factor VIla complex activates FX (1), which in turn
activates prothrombin (II) into thrombin (Ila, 2). Subsequently, thrombin binds to thrombomodulin (TM, 3) and activates protein C into acti-
vated protein C (APC, 4). Furthermore, FIXa in complex with FVIIla can activate FX (5). APC then inhibits coagulation through inhibition
of FVa (6a) or FVIIla (6b) or acts as anti-apoptotic/inflammatory protein through activation of PAR-1 (7).

Clinical Significance of Protein C Abnormalities

In humans, the clinical significance of the protein C
pathway is indicated by thrombotic disorders that occur in
protein C deficient patients. Severe, homozygous, protein C
deficiency is associated with neonatal purpura fulminans,
while mild (heterozygous) protein C deficiency is a risk fac-
tor for venous thrombosis [16-19]. Indirectly related to the
action of APC is the factor V molecule. A common mutation
at one of the APC cleavage sites within factor V, the so
called factor V Leiden mutation, is also associated with an
increased risk of venous thrombosis and coronary disease
[20-22]. An association between defects in the protein C
pathway and arterial thrombosis was recently shown by the
observed association between protein C deficiency and in-
creased risk for arterial thromboembolic events [23]. Fur-
thermore, Eitzman et al. revealed a correlation between fac-
tor V Leiden homozygosity and enhanced arterial thrombosis
and atherosclerosis [24].

Knowing that homozygous protein C deficiency in hu-
mans is life threatening, it is no surprise that homozygous
protein C deficiency in mice is lethal, due to consumption
coagulopathy. To survive, a low level of protein C of about
1% is sufficient for survival at birth [25, 26].

Since clinically, the deficiency of protein C is manifested
by a thrombotic tendency, it has been an important issue to

assess the antithrombotic potency of APC in animal models.
The antithrombotic role of APC was primarily addressed in
arterial injury models. Araki et al. showed an inhibitory ef-
fect of APC on thrombotic arterial occlusion in a rat mesen-
teric artery injury model in which administration of APC
decreased the total occlusion time compared to control ani-
mals [27]. The antithrombotic effect of APC was also as-
sessed in a rat model of deep arterial injury in which admini-
stration of APC in combination with protein S displayed a
significant antithrombotic effect [28].

APC: Cell Signaling via Protease Activated Receptors
(PARs)

Besides its role in anticoagulation, APC is also involved
in cell signaling mechanisms. Protease activated receptors
(PARs) provide an important link between the coagulation
proteases and cellular responses like inflammation and apop-
tosis. PARs are G protein-coupled receptors which mediate
transmembrane signaling upon proteolytic cleavage. Three
out of four known human PARs, PAR-1, PAR-3, and PAR-
4, can be activated by thrombin, while PAR-2 can be acti-
vated by trypsin and the coagulation factors VIIa and Xa
[29]. PAR-1 will be described in further detail within this
review due to its connection with APC. When thrombin is
present, the N-terminal exodomain of the PAR-1 receptor,
present on endothelial cells, is cleaved at a specific site. This
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subsequently creates a new N-terminus that serves as a teth-
ered ligand for PAR-1, resulting in intracellular signaling
[30]. PAR-1 on endothelial cells can also be cleaved by APC
in an EPCR-dependent manner [31]. The specific contribu-
tions of signaling through PAR-1 either via thrombin, lead-
ing to pro-inflammatory effects or via APC, leading to anti-
inflammatory effects, are being discussed below. Since the
specificity and affinity of thrombin for PAR-1 cleavage is
much higher than that of APC, and thrombin is needed to
activate protein C to APC, it is not yet completely clear to
which extend APC can exert its (protective) effects in the
presence of thrombin via PAR-1. Recently, this question was
partially answered by Bae et al., who showed that the recep-
tors TM and EPCR (involved in protein C activation) as well
as the receptors EPCR and PAR-1 (required for cell signal-
ing through APC), are co-localized in lipid rafts on endothe-
lial cells, thereby facilitating an adjacent neighborhood for
all transmembrane proteins involved. The presence of these
factors in the same environment eventually allows APC to
signal through PAR-1 [32, 33].

Although APC's cell signaling functions require the
presence of EPCR and PAR-1, novel signaling pathways of
APC have been recently revealed in which EPCR and PAR-1
are not involved [34]. Using an in vitro monocyte-like cell
culture study, it was proposed that apolipoprotein E receptor
2 (ApoER2)-dependent signaling by APC induced phos-
phorylation of the adaptor protein disabled-1 (Dabl) and
subsequent signaling through PI3K and Akt was not depend-
ent on EPC and PAR-1. Whether the signaling is cell-type
dependent or requires the involvement of other proteins such
as the platelet integrin GP1ba [35], remains unknown and
needs to be clarified.

CYTOPROTECTIVE FUNCTIONS OF APC: FROM
CELL CULTURE TO ANIMAL STUDIES.

Anti-Inflammatory and Anti-Apoptotic Functions

In vitro studies revealed much of the cytoprotective and
cell signaling properties of APC. In 2001 Joyce et al. re-
vealed a marked modulation of a number of apoptotic genes
including the Bcl-2 homologue gene, the inhibitor of apopto-
sis (IAP) and tumor necrosis factor-o (TNF-a) as well as
down-regulation of inflammation related genes including
ICAM-1, VCAM-1, and E-selectin upon APC administration
[36]. It was demonstrated that APC inhibited apoptosis
through directly reducing NF-xB signaling in endothelial
cells. Other studies on endothelial cells also revealed protec-
tive effects of APC including a reduced expression of the
adhesion molecule ICAM-1 and the interleukins IL-6, IL-8,
and MCP-1, and attenuating effects on apoptosis related
genes via the inhibition of p53, normalization of the Bax/
BCI-2 ratio, and the reduction of caspase-3 activation [37-
40]. Furthermore, in vitro work on TNF-a stimulated neutro-
phils isolated from healthy volunteers, showed a reduction in
CD18 expression and ROS generation after administration of
APC [41]. The mechanisms of these processes are not yet
completely revealed, but EPCR-dependent PAR-1 signaling
seems to contribute in an important manner. Besides its func-
tion on gene expression, APC has the potency to inhibit the
release of inflammatory mediators from leukocytes as well
as endothelial cells and to down regulate vascular adhesion
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molecules thereby attenuating the inflammatory response. In
the course of this process Mosnier et al.[42] speculated that
EPCR, located on monocytes and neutrophils, is of substan-
tial importance, since it can possibly interact with the in-
tegrin CD11b/CD18 on leukocytes influencing leukocyte
adhesion. Also proteinase-3 (PR-3), which is expressed on
neutrophils is believed to mediate the binding of EPCR to
CDI11b/CD18 and can in complex with EPCR bind to APC.
However, the exact cell signaling mechanisms of APC in this
process are not fully understood and need to be further inves-
tigated [42-44]. In a model of hypoxic brain endothelial cell
injury, APC exerts its anti-apoptotic effect via down regula-
tion of p53, normalization of the Bax/Bcl-2 ratio, and via
inhibition of caspase-3 signaling. The anti-apoptotic mecha-
nisms also seem to require the presence of PAR-1 and EPCR
as blockage of PAR-1 and EPCR inhibited APC to exert its
protective effects whereas blockage of PAR-2 did not [37,
45].

The cytoprotective functions of APC were demonstrated
in vivo using a lung injury model, in which APC attenuated
inflammation via IL-1f [46, 47]. Furthermore, APC inhala-
tion in a LPS-induced lung injury model, reduced pulmonary
inflammation, reduced endothelial cell leakage and improved
lung function [48]. APC also showed protective effects in
several ischemia models. In an ischemic stroke model, APC
has been proven to have anti-inflammatory, antithrombotic,
and neuroprotective effects as the administration of APC
increased the average survival time and restored cerebral
blood flow. Cellular effects of APC on ischemic stroke were
recognized by a decrease in leukocyte and fibrin deposition
and a reduction in ICAM-1 at the blood brain barrier pre-
venting neutrophil adhesion [37, 49, 50]. APC has been
shown to have anti-inflammatory properties in an acute
ischemia reperfusion model in the skeletal muscle where
APC reduced myeloperoxidase (MPO) content and improved
electrical properties of skeletal muscle. Mizutani ef al. dem-
onstrated a reduction in ischemia/reperfusion (I/R) induced
renal injury by APC as administration of APC led to an im-
proved renal blood flow after I/R, to an increased vascular
permeability, and to reduction in fibrin degradation products
in plasma. Plasma concentrations of TNF-a, IL-8 and MPO
which are increased by I/R also normalized upon APC ad-
ministration [51]. Furthermore, APC has anti-inflammatory
properties in a rat model of spinal cord I/R by inhibition of
neutrophil activation [52]. Recently, APC administration was
proven to be effective in an animal model of multiple sclero-
sis as APC administration ameliorated the disease severity in
EAE mice. Administration of APC decreased IxBa break-
down in T-cells, suggesting an inhibiting effect of APC on
NF-«B signaling [53].

Cheng et al. have shown an anti-apoptotic role for APC
in vitro in a focal ischemic stroke model. Here administra-
tion of APC reduced brain infarction volumes and brain
edema, requiring the presence of EPCR and PAR-1. Fur-
thermore, APC administration showed reduced fibrin deposi-
tion and a reduction in neutrophil deposition [37]. Prelimi-
nary experiments from our group also revealed a protective
effect of APC on myocardial ischemia/reperfusion injury via
a combined effect on inflammation and apoptosis (ATVB
2008, Loubele). Another recent study revealed a protective
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effect of APC in diabetic nephropathy as over expression of
APC protected against hyperglycemia associated renal injury
through inhibition of apoptosis in endothelial cells and podo-
cytes [54]. These results could provide new pathways regard-
ing drug development [55].

Protection of Endothelial Barrier Function

The loss of endothelial barrier function facilitating the
infiltration of inflammatory cells is a critical component of
the tissue inflammatory reaction. As previously mentioned
the barrier-protective properties of APC require S1P and its
receptor SIP1 and also require the presence of PAR-1 and
EPCR. PAR-1 activated by APC, stimulates sphingosine
kinase-1 (SphK-1) to form S1P. S1P signaling is mediated
through the cell surface receptors that are part of the endo-
thelial differentiation gene (Edg) family that are expressed
on endothelial cells, cardiomyocytes and leukocytes. Activa-
tion of Edg receptors leads to improved cellular motility and
a decreased permeability via Rho family GTPases and mito-
gen activated protein (MAP) kinases [56, 57]. EPCR is also
shown to interact with Edg receptors to improve endothelial
barrier function [58]. In this context, the question remains
how APC can have a positive effect on endothelial barrier
function via PAR-1 in the presence of thrombin. A recent
study by Bae ef al., demonstrated that when EPCR is bound
to protein C, the protective signaling properties of PAR-1
can be mediated either via thrombin or via APC. When
EPCR is associated with caveolin-1 in lipid rafts and when
APC is bound to EPCR this leads to dissociation from caveo-
lin-1, resulting in a protective signaling of PAR-1 [59].
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In vitro, the endothelial barrier protective functions of
APC are demonstrated in a stroke model in which brain
hemorrhage induced by t-PA administration are reduced
upon administration of APC probably due protective effects
on endothelial barrier function [60, 61]. Also in a lung injury
model, APC has cytoprotective effects via preservation of
the micro vascular permeability [46, 47]. A schematic over-
view of the cytoprotective properties of APC are given in

Fig. (2).
APC in Sepsis: From Animal Models to Clinical Use

The first evidence for the anti-inflammatory function of
APC in vivo was shown by Taylor et al. in 1987 where injec-
tion of APC in a sepsis baboon model improved the survival
rate [62]. Also several other animal models of sepsis have
shown a protective role of APC [63-65].

Whether the cytoprotective effect of APC via PAR-1 or
the anti-coagulant effects of APC are responsible for the
positive outcome in sepsis models is still a matter of debate
[66-68]. On the one hand, PAR-1 deficient mice do not show
improved survival after LPS challenge compared to normal
mice, whereas protein C deficient mice had reduced survival
rates, indicating that PAR-1 signaling is not necessary for
APC to exert its protective effects [69, 70]. On the other
hand, Kerschen et al. showed that administration of an APC
variant, with normal signaling but reduced anti-coagulant
activity, was as effective as wild-type APC in reducing mor-
tality rates in endotoxemic mice, and this via EPCR and
PAR-1 signaling [71]. This study indicates that the signaling
activity of APC via PAR-1 and EPCR is much more impor-
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Fig. (2). Schematic overview of the cytoprotective functions of APC. The anti-inflammatory effects of APC are depicted in the left panel.
The middle panel represents the anti-apoptotic properties of APC. The endothelial barrier protective effects of APC are depicted in the right

panel.
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tant in reducing mortality rates in endotoxemic mice than the
anti-coagulant activity.

These studies are of potential importance with regard to
the treatment of patients with sepsis in whom the APC sys-
tem is not functioning properly. In conditions of sepsis the
plasma protein C levels are usually reduced in the course of
disseminated intravascular coagulation (DIC), while a down-
regulation and/or shedding of TM from cells impairs protein
C activation [72, 73]. The first successful clinical results
were derived from the PROWESS study in which admini-
stration of recombinant human APC reduced mortality rates
in patients suffering from a septic shock [74]. Here, APC
was administered in a continuous infusion in which steady-
state plasma APC levels were achieved 2 hrs after the start of
the infusion. After stopping the infusion, APC was no longer
detectable in plasma after 4.5 hrs. Plasma D-dimer levels
were used as an important biomarker for coagulation in this
study and show strongly reduced levels upon APC treatment.
Further studies revealed that APC treatment is only effective
in severe sepsis patients and is even harmful when adminis-
tered to mild sepsis patients due to the bleeding risk [75, 76].
Furthermore, the bleeding risk associated with APC admini-
stration as demonstrated in several studies [76, 77] will be
one of the main limiting factors in the use of APC in the
treatment of sepsis patients.

In addition to the right timing of drug administration
(only in the late stage of sepsis and in patients with APACHE
scores >25), the type of APC may be relevant with regard to
its safety. The mice experiments suggest that a mutant form
of APC, which possesses a reduced anti-coagulant function
but maintains its cell signaling properties, may counteract
sepsis but not influence bleeding risk, and thus may be a
safer drug than the wild type APC.

From animal studies, APC is shown to have a wide range
of treatment possibilities within a variety of disorders. De-
spite several successful mice studies, the clinical use of APC
remains limited to the treatment of sepsis due to the high
costs and the bleeding risk. Further research into mutant
APC proteins, might reveal the exact protective effect of
APC, excluding its negative properties as shown by in-
creased bleedings in order to use the multi-function APC
protein in a number of clinical settings.
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ABBREVIATIONS

APC = Activated protein C

DIC = Disseminated intravascular coagulation
EPCR = Endothelial protein C receptor

IAP = Inhibitor of apoptosis

I/R = Ischemia/reperfusion

MAP = Mitogen activated protein

MPO =  Myeloperoxidase

PAR =  Protease activated receptor

Loubele et al.
PCI = Protein C inhibitor
PR-3 = Proteinase-3
SphK1 = Sphingosine kinase 1
TF = Tissue factor
TFPI = Tissue factor pathway inhibitor
™ = Thrombomodulin
TNF-a = Tumor necrosis factor- a
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