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ABSTRACT
Administration of activated protein C (APC) protects from renal dysfunction, but the underlying mech-
anism is unknown. APC exerts both antithrombotic and cytoprotective properties, the latter via modu-
lation of protease-activated receptor-1 (PAR-1) signaling. We generated APC variants to study the
relative importance of the two functions of APC in a model of LPS-induced renal microvascular dysfunc-
tion. Compared with wild-type APC, the K193E variant exhibited impaired anticoagulant activity but
retained the ability to mediate PAR-1-dependent signaling. In contrast, the L8W variant retained
anticoagulant activity but lost its ability to modulate PAR-1. By administering wild-type APC or these
mutants in a rat model of LPS-induced injury, we found that the PAR-1 agonism, but not the anticoag-
ulant function of APC, reversed LPS-induced systemic hypotension. In contrast, both functions of APC
played a role in reversing LPS-induced decreases in renal blood flow and volume, although the effects
on PAR-1-dependent signaling were more potent. Regarding potential mechanisms for these findings,
APC-mediated PAR-1 agonism suppressed LPS-induced increases in the vasoactive peptide ad-
renomedullin and infiltration of iNOS-positive leukocytes into renal tissue. However, the anticoagulant
function of APC was responsible for suppressing LPS-induced stimulation of the proinflammatory
mediators ACE-1, IL-6, and IL-18, perhaps accounting for its ability to modulate renal hemodynamics.
Both variants reduced active caspase-3 and abrogated LPS-induced renal dysfunction and pathology. We
conclude that although PAR-1 agonism is solely responsible for APC-mediated improvement in systemic
hemodynamics, both functions of APC play distinct roles in attenuating the response to injury in the
kidney.
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Acute kidney injury (AKI) leading to renal failure is
a devastating disorder,1 with a prevalence varying
from 30 to 50% in the intensive care unit.2 AKI during
sepsis results in significant morbidity, and is an inde-
pendent risk factor for mortality.3,4 In patients with
severe sepsis or shock, the reported incidence ranges
from 23 to 51%5–7 with mortality as high as 70% versus
45% among patients with AKI alone.1,8

The pathogenesis of AKI during sepsis involves
hemodynamic alterations along with microvascular
impairment.4 Although many factors change dur-
ing sepsis, suppression of the plasma serine pro-
tease, protein C (PC), has been shown to be predic-

tive of early death in sepsis models,9 and clinically
has been associated with early death resulting from
refractory shock and multiple organ failure in se-
vere sepsis.10 Moreover, low levels of PC have been
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highly associated with renal dysfunction and pathology in
models of AKI.11 During vascular insult, PC becomes activated
by the endothelial thrombin-thrombomodulin complex, and
the activated protein C (APC) exhibits both antithrombotic
and cytoprotective properties. We have previously demon-
strated that APC administration protects from renal dysfunc-
tion during cecal ligation and puncture and after endotoxin
challenge.11,12 In addition, recombinant human APC [dro-
trecogin alfa (activated)] has been shown to reduce mortality
in patients with severe sepsis at high risk of death.13 Although
the ability of APC to protect from organ injury in vivo is well
documented,11,14,15 the precise mechanism mediating the re-
sponse has not been ascertained.

APC exerts anticoagulant properties via feedback inhibition
of thrombin by cleavage of factors Va and VIIIa.16 However,
APC bound to the endothelial protein C receptor (EPCR) can
also exhibit direct potent cytoprotective properties by cleaving
protease-activated receptor-1 (PAR-1).17 Various cell culture
studies have demonstrated that the direct modulation of
PAR-1 by APC results in cytoprotection by several mecha-
nisms, including suppression of apoptosis,18,19 leukocyte adhe-
sion,19,20 inflammatory activation,21 and suppression of endo-
thelial barrier disruption.22,23 In vivo, the importance of the
antithrombotic activity of APC is well established in model
systems24,25 and in humans.26 However, the importance of
PAR-1-mediated effects of APC also has been clearly defined in
protection from ischemic brain injury27 and in sepsis models.28

Hence, there has been significant debate whether the in vivo
efficacy of APC is attributed primarily to its anticoagulant (in-
hibition of thrombin generation) or cytoprotective (PAR-1-
mediated) properties.17,29

The same active site of APC is responsible for inhibition of
thrombin generation by the cleavage of factor Va and for
PAR-1 agonism. Therefore, we sought to generate point mu-
tations that would not affect catalytic activity, but would alter
substrate recognition to distinguish the two functions. Using
these variants, we examined the relative role of the two known
functions of APC in a model of LPS-induced renal microvas-
cular dysfunction.

RESULTS

Effect of Mutations on APC Anticoagulant and
Cytoprotective Functions
Two variants of APC were generated by substitution of a Glu
for Arg at position 193 in the protease domain of APC (K193E)
and Typ for Leu at position 8 in the Gla domain (L8W). These
mutations had no effect on synthetic substrates or plasma in-
hibitors at the active site (Supplemental Table 1 and 2). Be-
cause previous studies have shown that the simultaneous mu-
tation of K191, K192, and K193 to Ala or Glu significantly
reduced anticoagulant activity,31,32 yet retained cell signaling,32

we tested the effect of the single change of K193E on activated
partial thromboplastin time (APTT). As shown in Figure 1A,

K193E exhibited significantly less anticoagulant activity com-
pared with wild-type APC (wt-APC). In repeated experiments,
the concentration required to double the APTT by K193E was
20- to 30-fold higher than that of wt-APC. In contrast, the
mutation L8W in the Gla domain retained the anticoagulant
activity, actually being slightly more potent in this assay.
Therefore, although the mutation of K193 had no effect on
small substrate and serpin inhibitors, it appears to dramatically
reduce interaction with APC’s macromolecular substrates in-
volved in coagulation inhibition.

Effect of Variants K193E and L8W on PAR-1-
Dependent Cell Signaling
To assess the effect of these point mutations on the ability of
APC to provide a cytoprotective signal via PAR-1, we deter-
mined their effect using a functional assay of endothelial per-
meability, previously shown to be PAR-1 dependent.23 K193E
dose-dependently suppressed PAR-1-dependent endothelial
permeability, whereas L8W had no significant effect even at a
maximally effective concentration of wt-APC (Figure 1B). In
repeated experiments, the IC50 for K193E was significantly
lower than wt-APC (5.6 � 1.6 nM versus 10.3 � 0.8 nM, P �
0.05, n � 4). In addition, K193E but not L8W induced calcium

Figure 1. Determination of the antithrombotic and PAR-1-me-
diated properties of variants of APC. (A) Concentration depen-
dence of wt-APC and variants L8W and K193E in a plasma APTT
determination. Results are expressed as seconds of prolongation
of the clotting time. Results are the mean � SD, n � 8. (B) Effect
of wt-APC, K193E, and L8W on permeability deficit in HUVECs by
the Evans blue dye method described previously.21 Results are
mean � SEM, n � 4.
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flux in human umbilical vein endothelial cells (HUVECs) with
a potency approximately twofold higher than wt-APC (Figure
2) and was PAR-1 and EPCR-dependent (Supplemental Figure
1). Wt-APC and K193E bound EPCR with equivalent affinity,
whereas L8W did not significantly bind, suggesting that its lack
of cytoprotective activity was due to defective EPCR interac-
tion. (Supplemental Figure 2).

Effect of APC on Blood Pressure and Renal Blood
Flow by Computed Tomography after LPS Challenge
We and others have previously shown that APC administered
as a single bolus dose can ameliorate LPS-induced hypoten-
sion30,33 and increase renal blood flow.12 In rats, APC signifi-
cantly blocked the LPS-induced reduction in mean arterial
pressure (MAP) at doses of 30 and 100 �g/kg (Supplemental
Figure 3). As previously shown in LPS models,28 and as ex-
pected for the known anticoagulant activity, APC treatment

blocked the fivefold rise in thrombin-antithrombin levels in-
duced by LPS treatment (sham, 3.0 � 0.9; LPS, 15.5 � 6; APC,
2.8 � 0.5ng/ml).

Computed tomography (CT)-perfusion imaging was used
to assess and quantify LPS-induced functional defects and the
effect of APC treatment. As shown in the images in Figure 3A,
administration of LPS significantly reduced renal blood flow,
as demonstrated by the reduced intensity in the CT image. In
repeated studies quantifying the CT analysis, renal blood flow
and volume were reduced by approximately 43 and 39%, re-
spectively, as compared with the sham group (Figure 3, B and
C). However, after treatment with APC (100 �g/kg bolus), we
observed a complete restoration in renal blood flow and vol-
ume. Although the lower dose of APC (30 �g/kg) resulted in
suppression in the reduction in MAP (Supplemental Figure 3),
there was no improvement in the renal blood flow and volume
at this dose. As previously reported12 and described in the sup-
plemental data, the effect of APC on renal blood flow was in-
dependent of its effect on MAP.

Effect of PAR-1 Signaling Variant on Vascular
Parameters during LPS Challenge
The role of APC in mediating anti-inflammatory properties via
PAR-1 signaling is well documented in cell culture systems.
However, the physiologic relevance of PAR-1 cleavage by APC
in vivo has been controversial.28,29,34 To address this issue, we
examined the effect of K193E on modulating LPS-induced hy-
potension and renal blood flow. As shown in Figure 4A, ad-
ministration of K193E at 30 �g/kg in LPS-treated rats signifi-
cantly reversed the decrease in MAP after LPS treatment.
Analysis of both renal blood flow and volume by CT perfusion
analysis revealed that K193E at this dose also blocked the effect
of LPS (Figure 4, B through D), although as was shown in
Figure 3, the higher dose of wt-APC was required for this effect.
These data are consistent with the in vitro data showing that
K193E is more potent at PAR-1 signaling (Figures 1B and 2).
APC-mediated PAR-1 agonism in vivo was confirmed by mea-
suring phospho-ERK1/2 in the kidney (Supplemental Figure
4). Taken together, these data conclusively demonstrate that
amelioration of LPS-induced hypotension is indeed mechanis-
tically coupled to APC signaling via PAR-1. Moreover, PAR-1
signaling by APC is sufficient to improve renal blood flow and
volume in this model.

Effect of Anticoagulant, but PAR-1-Inactive APC
Variant, on Endotoxemia
To explore the role of APC’s anticoagulant activity in mediat-
ing beneficial responses in the LPS model, we tested the effect
of L8W on LPS-induced hypotension and renal function. At
doses of 30 �g/kg, at which wt-APC was effective in suppress-
ing the hypotensive response to LPS, L8W was ineffective (Fig-
ure 5A). Even at a higher dose of 100 �g/kg there was no pro-
tection from the LPS-induced reduction in MAP. Like wt-APC
above, L8W effectively reduced thrombin-antithrombin levels
to control (2.6 � 0.5 ng/ml), whereas K193E showed no sig-

Figure 2. Determination of PAR-1-mediated properties of vari-
ants of APC by calcium flux and EPCR binding. (A) APC induces
calcium flux in HUVEC. Wt-APC, K193E, and L8W were used at 80
nM in the presence of 1.0 U/ml hirudin. The wt-APC peak was
normalized to 100%. (B) Determination of the calcium flux in
HUVECs at varying concentrations of wt-APC and the variants.
The area under the curve was determined using FLIPR software
(v2.12, Molecular Devices, Sunnyvale, California). Results are
mean � SEM, n � 8.
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nificant difference from LPS-treated (16.8 � 4.7 ng/ml) group.
Thus, the anticoagulant activity of APC appears to have no role
in the protection from hypotension.

We next assessed the effect of L8W on renal blood
flow and volume. Although the dose of 30 �g/kg had
no effect, unlike that observed with K193E, at a
higher L8W dose of 100 �g/kg there was a significant
improvement in both renal blood flow and volume
(Figure 5, B and C). These results suggest that the
anticoagulant activity of APC at higher doses can
contribute to improvement of LPS-induced renal in-
jury, but cannot aid in restoration of the systemic
hemodynamics.

Effect of APC Variants on Renal Function and
Pathology
We determined whether protection against renal in-
jury observed at 3 h translated to improvement in
renal function at 24 h post-LPS. LPS induced a sig-
nificant renal insufficiency as denoted by increase in
plasma blood urea nitrogen (BUN; Figure 6A). As
observed at 3 h, wt-APC and K193E suppressed the
LPS-induced increase in BUN, whereas a higher dose
of L8W was required for significant effect. LPS in-
duced significant multifocal nonthrombotic mi-
croangiopathy and early tubular damage (Figure 6B,
low magnification Supplemental Figure 5). Similar
to the effect on BUN, treatment with APC and
K193E significantly reduced pathology at the 100-
�g/kg dose, whereas a higher dose of L8W was re-
quired.

Renal Inductible Nitric Oxide Synthase
Staining, Leukocyte Margination, and Plasma
Adrenomedullin Levels
Because both variants could improve renal function,
we sought to explore possible mechanisms. Previous
studies have shown that APC can modulate hypoten-
sion and blood flow by suppressing inductible nitric
oxide synthase (iNOS) and adrenomedullin (ADM)
activation.12,30,33 To assess the relative contribution
of the two intrinsic activities of the molecule in driv-
ing both the improvement in systemic hemodynam-
ics and in the renal vasculature, we examined the
effect of L8W and K193E on plasma ADM levels. As
shown in Figure 7A, at 3 h post-LPS treatment we
observed a significantly elevated plasma level of the
hypotensive peptide ADM compared with sham,
which was largely suppressed by treatment of ani-
mals with wt-APC and K193E, but not L8W. With
wt-APC, we previously showed that this effect was
accompanied by a suppression in iNOS expression
and iNOS-positive leukocyte infiltration.30 By im-
munohistochemical staining, we observed weak ex-
pression of iNOS in kidney tissues from the sham

animals, but intense iNOS staining and endothelial margin-
ation of iNOS-positive cells in the LPS-treated animals, indi-
cating an activated nitric oxide pathway and vascular inflam-

Figure 3. Effect of APC on renal hemodynamics by CT analysis in the rat
endotoxin model. (A) Representative image of renal blood flow in control,
LPS, and LPS � APC. (B) Quantification of CT for blood volume. (C) Blood
flow after LPS and LPS � APC (30 and 100 �g/kg) administration. Data are
represented as mean � SEM, n � 6 per data group. *P � 0.05 as compared
with sham, #P � 0.05 as compared with respective LPS-treated group.

Figure 4. K193E effect on MAP and renal blood flow during endotoxemia.
(A) Effect of APC (30 �g/kg) and K193E (30 �g/kg) on MAP. (B) Represen-
tative CT images depicting renal blood flow after APC and K193E treatment
3 h post-LPS administration. (C) Effect of APC (30 �g/kg) and K193E (30
�g/kg) on renal blood volume. (D) Renal blood flow in endotoxemic rats 3 h
post-LPS administration. Data are mean � SEM, n � 6 per group. *P � 0.05
as compared with sham, #P � 0.05 as compared with respective LPS-treated
group.
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mation (Figure 7B). K193E markedly reduced iNOS staining
and endothelial margination, with the response being more
dramatic than observed even for wt-APC. Similar to the effect
on blood pressure (BP) and ADM, L8W had no effect on iNOS
expression in the kidney tissue. These data suggest that the
signaling component of the APC molecule is important in

driving the improvement in vascular tone via sup-
pression of vasoactive mediators such as ADM and
iNOS. In addition, the suppression of leukocyte mar-
gination by APC is largely mediated by its PAR-1-
dependent activity (K193E) and not its ability to sup-
press thrombin (L8W). The previously reported
PAR-1 dependence of ADM regulation in cultured
cells supports this observation.30

Modulation of Thrombin-Mediated Renal
Markers of Inflammation by K193E and L8W
As shown above, L8W at higher doses could improve
renal blood flow. To further explore the potential
role of thrombin inhibition via L8W, we examined
other mediators known to play a role in renal micro-
vascular function during endotoxemia, including
IL-6 and thrombospondin-1 (TSP-1), which are
both induced by PAR-1 induction by thrombin,35–38

and IL-18. Activation of these mediators in AKI has
been associated with modulation of renal vascular
inflammation and tone.39,40 As shown in Figure 8, A
and B, both IL-6 and IL-18 levels were significantly
induced at 3 h post-endotoxemia. Surprisingly,
K193E, which ameliorated renal injury and had the
most significant anti-inflammatory response in
terms of leukocyte margination (Figure 8), had no
significant effect on these two proinflammatory cy-
tokines. In contrast, L8W significantly downregu-
lated plasma IL-6 and IL-18 levels as compared with
the LPS-treated group. L8W, but not K193E, signif-

icantly reduced the induction in renal TSP-1 (Figure 8C). APC
also has been shown to suppress renal angiotensin converting
enzyme-1 (ACE-1) and thus the proinflammatory and vasore-
sponse through angiotensin II in the kidney.11,12 As shown in
Figure 8D, the protective effect of APC via suppression of the
induction of ACE-1 in renal injury appears to be via the ability

Figure 5. Effect of L8W on MAP and renal blood flow during endotoxemia.
(A) Determination of MAP in the presence of L8W (30 and 100 �g/kg). (B)
Representative CT images depicting renal blood volume after L8W treatment
3 h post-LPS administration. (C) Renal blood flow in the presence of L8W (30
and 100 �g/kg). Data are represented as mean � SEM, n � 6 per data group.
*P � 0.05 as compared with sham, #P � 0.05 as compared with respective
LPS-treated group.

Figure 6. Effect of APC and variants on renal function
and pathology. (A) Determination of plasma BUN lev-
els 24 h post-LPS after treatment alone or after a single
bolus dose of 100-�g/kg wt-APC, K193E, and L8W.
Animals were also dosed at 400 �g/kg L8W. Data are
represented as mean � SEM, n � 5 per data group. (B)
Representative hemotoxylin and eosin staining of kid-
ney sections from sham and treated animals as in panel
A. Notable pathology associated with the LPS treat-
ment was diffuse multifocal ischemia with early tubular
damage, characterized by nonthrombotic ischemic mi-
croangiopathy notable in the outer strip of the medulla
(arrow), indicative of hypoxia as previously re-
viewed.59,60 Supplemental Figure 5 shows lower mag-
nification images. Consistent with the reduction in BUN
levels, pathologic evidence of renal ischemia was sig-
nificantly reduced by APC treatment and in the high-
dose L8W animals and absent in the K193E animals.
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to inhibit thrombin generation and not the direct
PAR-1-meditated signaling, because L8W but not
K193E significantly suppressed its expression. These
data demonstrate that both functions of APC can
affect mediators previously associated with the pro-
tective effect of APC.

To provide additional support for the differential
role of the variants, we examined caspase-3, which is
induced by thrombin agonism41– 43 but blocked by
APC agonism of PAR-1.20 As shown in Figure 9, both
L8W (by inhibiting thrombin generation and thus
PAR-1 induction) and K193E (by direct agonism of
PAR-1) suppress renal caspase-3 activation. As de-
picted in Figure 9B, APC appears to have comple-
mentary functions that at least in this model can in-
dependently result in the improvement in vascular
function.

DISCUSSION

Various studies have demonstrated both anticoagu-
lant and anti-inflammatory/cytoprotective proper-
ties of APC in model systems. Using the same active
site, APC can cleave factors Va and VIIIa, resulting in
the inhibition of thrombin,16 and cleave and agonize
PAR-1,44 resulting in an anti-inflammatory/cyto-
protective signaling response. Because thrombin it-
self is a proinflammatory mediator, there has been
debate in the literature whether APC’s effect on in-
flammation and vascular protection is mediated by
inhibition of thrombin and its proinflammatory ac-
tivity via PAR-1, or via the direct anti-inflammatory
response by PAR-1 agonism. In this paper, using sin-
gle point mutations that distinguish these two roles
of APC, we provide evidence that both functions can
contribute to a protective effect during organ injury.

LPS administration in rodents induces a hemody-
namic response that results in alteration of renal
blood flow and GFR, producing loss in renal func-
tion.45 The pathogenesis of AKI secondary to endo-
toxin challenge has been attributed to impaired he-
modynamics caused by systemic production of large
amounts of nitric oxide and proinflammatory cyto-
kines, along with enhanced renal vasoconstriction.
In addition, leukocyte activation and microvascular
dysfunction after kidney injury also play a key role in
contributing to renal dysfunction.46 Exogenous ad-
ministration of APC has been shown to ameliorate
renal dysfunction in animal models of endotoxemia
and sepsis11,12 as well as ischemia-reperfusion inju-
ry.14 These effects have been attributed to suppres-
sion of the inflammatory response by inhibiting leu-
kocyte-endothelial interactions and suppressing
iNOS, ADM, and the cytokine response, resulting in

Figure 7. Effect of K193E and L8W treatment the vasoactive mediators
ADM and iNOS. (A) Determination of plasma ADM levels after APC variant
treatment. (B) Effect of APC variants on the degree of iNOS staining and
leukocyte margination in kidney tissue obtained from sham and endotoxemic
rats. n � 6 per data group.

Figure 8. Effect of K193E and L8W treatment on the induction cytokines
and on renal ACE-1 expression. Plasma level of (A) IL-6 and (B) IL-18 were
determined by immunoassay. Data are represented as mean � SEM, n � 6.
(C) Relative expression of TSP-1 in the kidney after LPS treatment with and
without APC variants. (D) Relative expression of ACE-1 in the kidney after LPS
treatment with and without APC variants.
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an improvement in renal blood flow. In the study presented
here, we observed that administration of a single bolus dose of
APC blocked the hypotensive response to LPS and the associ-
ated iNOS and ADM induction and suppressed leukocyte in-
filtration into the kidney. These effects were clearly mediated
via PAR-1 agonism because K193E, but not L8W, was protec-
tive. Thus, PAR-1 agonism alone was sufficient to inhibit LPS-
induced renal vascular dysfunction.

The protection against BP drop, reduced renal blood flow,
and rise in BUN conferred by K193E provide compelling evi-
dence that PAR-1-mediated signaling is important. However,
treatment with K193E did not alter common markers of in-
flammation, such as IL-6 and IL-18 levels, nor did it affect the
level of renal ACE-1. In contrast, L8W markedly suppressed
IL-6, IL-18, and renal ACE-1, all markers previously associated
with renal dysfunction and protection with APC.12 Of interest,
thrombin is a potent inducer of IL-6 via activation of PAR-
1,35–37 suggesting that the effect of L8W is by reducing throm-
bin and thus thrombin-mediated PAR-1 activation. The lack of
an effect of L8W on the hypotensive response is consistent with
studies by Isobe et al. showing that inhibition of thrombin
generation by active-site-inhibited factor Xa could not alter
LPS-induced hypotension in an rat endotoxin model.33 More-
over, studies with thrombin inhibition using heparin infusion
in rats showed improved microvascular blood flow in the
brain, which was independent of BP changes.47

A recent study by Kerschen et al.28 has suggested that the
antithrombin activity of APC is not important in the efficacy in
murine models of sepsis. Furthermore, Taylor et al.48 showed
that active site-blocked factor Xa was unable to rescue animals
from an endotoxin challenge despite preventing coagulopathy,
and anticoagulants such as antithrombin and tissue factor
pathway inhibitor failed to provide benefit in severe sepsis tri-
als.49,50 These data suggest that anticoagulation alone is not
sufficient to provide protection in systemic microvascular dys-
function. However, our data would suggest that APC can have
distinct effects on inflammatory activation and vascular func-
tion through the ability to block thrombin generation as well as
to agonize PAR-1. Thus, the relative role of each function likely
depends on the context and/or drivers of the particular vascu-
lar pathology, such as the degree of coagulopathy. Further

studies will be needed to define the relative balance of these two
activities in any particular disease context.

The surprising result of our study was that through very
different pathways affecting vascular inflammation and tone,
both functions of APC resulted in improvement in renal blood
flow as a measure of kidney function postendotoxemia. As de-
picted in Figure 9B, the central player in the response to APC
appears to be PAR-1, and whether APC directly agonizes the
receptor to generate a protective response or blocks the proin-
flammatory activation of PAR-1 via thrombin, the net effect is
an improvement in microvascular function. The results sug-
gest that either the direct signaling response of APC (leading to
effects such as reduced leukocyte infiltration, iNOS expression,
and improved vascular tone) or the inhibition of thrombin and
resulting suppression of pathways involving cytokine response
and ACE-1 are independently sufficient to improve renal
blood flow and volume, although the improvement in systemic
hemodynamics is solely via PAR-1 agonism. Our data would
suggest that both functions of APC may play independent, and
possibly redundant roles depending on the disease context.

CONCISE METHODS

S-2366 Amidolytic Activity of APCs
The kinetics of hydrolysis of the tripeptide substrate Glu-Pro-Arg-p-

nitroanilide (S-2366) were performed at 25°C in 150 mM NaCl, 20

mM Tris-HCl, 3 mM CaCl2, 2 mg/ml BSA, pH 7.4 with recombinant

APC (0.5 nM), with various concentrations of S-2366 (15.6 to 2000

�M). Reactions (n � 6) were carried out in 96-well microtiter plates

(200 �l/well) and the absorbance at 405 nm was monitored in a Ther-

moMax kinetic microtiter plate reader. Kinetic constants were de-

rived using SigmaPlot Enzyme Kinetics Module 1.1 (Michaelis-Men-

ten Enzyme Kinetics nonlinear fit) software, a path length of 0.53 cm

(Molecular Devices Technical Applications Bulletin 4-1), and an ex-

tinction coefficient for p-nitroaniline of 9620 M�1�cm �1 at 405 nm as

described previously.51

In Vitro Plasma Half-Life Determination
Inactivation of APCs and plasma half-lives were determined by incu-

bating 20 nM APC in citrated plasma [human and rat, 90% (vol/vol)]

Figure 9. Effect of APC on caspase-3 activation and
differential PAR-1 modulation. (A) Determination of de-
gree of active caspase-3 in renal tissue and effect of
APC and variant treatments (100 �g/kg). (B) Schematic
of APC’s distinct effects on PAR-1 agonism (K193E),
and suppression of thrombin-mediated PAR-1 agonism
by inhibition of thrombin generation (L8W). Redundant
mechanisms appear to allow APC to improve vascular
function because both variants improve renal blood
flow and function by modulating distinct pathways.
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at 37°C. Aliquots were removed at selected times, and residual APC

amidolytic activity was measured using the S-2366 chromogenic as-

say. Initial amidolytic activity reading (time � 0 min) was set as 100%

and activity remaining at subsequent time points was calculated as a

percentage of this initial activity. The half-life (t1/2) was calculated by

nonlinear regression analysis of the decay curves with SigmaPlot 8.0

(Enzyme Kinetics module) and the equation t1/2 � ln(2)/k1 (app),

where k1 (app) � the apparent first-order rate constant for inactiva-

tion.

APTT Assay
The anticoagulant activity of recombinant APCs (wild-type, L8W and

K193E) was determined using an APTT assay as described previous-

ly.52 In brief, the APCs were serially diluted in buffer consisting of 150

mM NaCl, 20 mM Tris-HCl pH 7.40, and 2 mg/ml BSA. APTTs were

then determined by preincubating 20 �l of the APC dilution (or

buffer alone, baseline control) with 50 �l of citrated plasma and 50 �l

of APTT reagent (Helena Laboratories 5385) for 5 min at 37°C in a

96-well plate (CoStar 3596). Clotting reactions were then initiated by

the addition of 50 �l of 25 mM CaCl2 (prewarmed at 37°C), and

absorbance at 595 nm was monitored using a ThermoMax plate

reader (Molecular Devices) over a 5-min kinetic run with a 6-s read

interval; clotting times were determined as “time to Vmax” (n � 8).

Assays were conducted using rat citrated plasma (Sprague Dawley,

pooled from multiple animals) as well as human citrated reference

plasma (S.A.R.P, Helena Laboratories 5185).

Cell Permeability Assay
Permeability was measured as the movement of Evans blue bound

albumin across cell monolayers using a two-chamber system essen-

tially as described previously.23 In brief, the transformed human en-

dothelial cell line EA.hy926 was maintained in a tissue culture incu-

bator at 37°C and 5% CO2; growth medium was DMEM/F-12 (3:1

ratio) supplemented with 10% FBS, 20 mM HEPES, and 50 �g/ml

gentamicin. For permeability assays, EA.hy926 cells were trypsinized/

seeded into HTS Transwell-24 plates (Corning CoStar 3399) at 20,000

cells/0.33 cm2/well and grown to confluency over approximately 1 wk.

Serum-free medium (SFM) was prepared by supplementing DMEM/

F-12 medium (3:1 ratio) with 20 mM HEPES, 2 mg/ml BSA, 1�

insulin-transferrin-selenium-X (Invitrogen 15630 – 080), and 50

�g/ml gentamicin. After visually confirming EA.hy926 monolayers

using a microscope, the lower chamber medium was replaced with

600 �l SFM and the upper chamber medium was replaced with 100 �l

of SFM containing 0 to 30 nM of the various recombinant APCs

(wild-type, L8W or S3F). Plates were then incubated for 2 h at 37°C

and 5% CO2, after which the upper chamber medium was replaced

with 100 �l SFM � 5 nM human thrombin and the plate incubated 15

min at room temperature. Then 100 �l of DMEM/F-12 (3:1 ratio)

containing 2% BSA and 0.6% Evans blue was added to the upper

chambers and the plate was mixed briefly before incubating another

2 h at room temperature. The Transwell plate was then mixed again

briefly and the upper chambers removed before transferring an ali-

quot from the lower chambers to a 96-well plate. This 96-well plate

was then measured for absorbance at 650 nm using a ThermoMax

plate reader (Molecular Devices).

Fluorometric Imaging Assay
HUVECs (Clonetics, Walkersville, Maryland) were seeded into a 96-

well plate at 104 cells per well and incubated for 48 h at 37°C in 5%

CO2 until confluent. The monolayers were rinsed once with fluoro-

metric imaging plate reader (FLIPR) buffer:HBSS (Invitrogen, Carls-

bad, California) and 0.75% BSA fraction V (Invitrogen). The cells

were labeled with 50 �l per well of 5 mM Fluor-4 am (Invitrogen) and

0.05% Pluronic F-68 (Life Technologies) in FLIPR buffer. The cells

were incubated for 30 min at 37°C in 5% CO2. After incubation the

cells were washed three times with FLIPR buffer, and 50 �l of FLIPR

buffer was added to each well. APC and APC mutants were diluted

into FLIPR buffer with 1.0 U/ml hirudin (Calbiochem, San Diego,

California) and added to 96-well polypropylene V-bottom plates

(Greiner Bio-One, Germany). Calcium flux was measured in a FLIPR

(Molecular Devices, Sunnyvale, California). For experiments with an-

tibody treatment, we used anti-PAR-1 (ATAP2, sc-13503) or control

normal mouse IgG (SC-2025, Santa Cruz Biotechnology, Santa Cruz,

California), and anti-EPCR (purified rat anti-human CD201,

#552500, BD Biosciences Pharmingen, San Jose, California) or con-

trol normal rat IgG (sc-2026, Santa Cruz Biotechnology). Antibodies

were allowed to bind for 2 h at 37°C in 5% CO2, then the plates were

rinsed with FLIPR buffer and treated with APC and variants as above.

Determination of Binding to EPCR
EPCR binding by APC to EPCR-expressing cells was determined es-

sentially as described previously.53 HUVEC monolayers expressing

high levels of EPCR, determined by FITC-labeled anti-EPCR anti-

body binding, were dissociated using enzyme-free dissociation buffer

(Invitrogen). APC (81 nM) was mixed with the dissociated cells

(1.5 � 105 cells/ml) on ice for 1h. The cells were then washed with

HBSS/bovine albumin fraction V (Invitrogen) and bound again with

the C1 anti-APC antibody (2 mg/ml) on ice for 2 h. The cells again

were washed and labeled with goat anti-mouse IgG-PE on ice for 45

min and the amount of APC bound to the cells versus control IgG (no

APC) was determined followed by flow cytometry.

To determine the kinetics of binding, Costar #3590 96-well EIA/

RIA plates (Corning, Corning, New York) were coated with soluble

human EPCR (obtained from Eli Lilly & Co.) at 50 �g/ml in carbon-

ate-bicarbonate buffer #C-3041 (Sigma, St. Louis, Missouri). Control

wells for nonspecific APC binding were coated with BSA fraction V

(Life Technologies #15260, Invitrogen, Grand Island, New York) at 50

�g/ml. The plates were incubated overnight at 4°C, rinsed once with

binding buffer (HBSS, Life Technologies #14025, Invitrogen, Grand

Island, NY.; 10 mg/ml BSA fraction V, 20 mM HEPES buffer solution,

Life Technologies 15630, Invitrogen, Grand Island, NY; 2 mM

CaCL2), and 200 �l/well binding buffer was added and incubated at

room temperature for 1 h. After a rinse in binding buffer, varying

concentrations of APC and the variants were added and the plates

incubated for 2 h at room temperature. Plates were rinsed three times

with binding buffer. Amidolytic activity of bound APC was deter-

mined by adding 175 �l/plate of 150 mM NaCl2, 20 mM Tris pH 7.5,

3 mM CaCl2, and 25 �l of a 1-mg/ml solution of S-2366 (Chromogenix,

Lexington, Massachusetts) using a Molecular Devices SpectroMax 190

plate reader for a 1-h kinetic read at A405 to A595, reading once every

minute. Kd values were determined using SigmaPlot 8.0 software.
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Animal and Surgical Procedure
Male Sprague-Dawley rats (Harlan, Indiana) weighing 250 to 300 g

were used in the study. The rats were acclimatized to the laboratory

conditions for at least 7 d after their arrival. Endotoxemia was induced

by administration of Escherichia coli LPS (10 mg/kg, intravenous in-

fusion for 30 min; LPS E. coli 111:B4, Sigma, Detroit, Michigan) using

a tail vein catheter. The control group received pyrogen-free saline. In

the APC-treated groups, recombinant human APC (100, 30, or 10

�g/kg, intravenous bolus) or the variants were administered before

the administration of LPS in the respective groups. After 3-h post-LPS

administration, renal blood flow and BP measurements were per-

formed. BP was recorded using a tail-cuff system (CODA6). Animals

were sacrificed at 3-h time points for collection of kidney tissue, and a

blood sample was collected for analysis just before sacrifice. All exper-

imental methods were approved by the institutional Animal Care and

Use committee and were in accordance with the institutional guide-

lines for the care and use of laboratory animals.

To provide additional evidence of a sustained benefit, we also ex-

amined the effect of APC variants at 24 h after endotoxemia as de-

scribed previously.12 For 24-h studies, rats received an intraperitoneal

injection of LPS (20 mg/kg). This concentration was based on a dose

response that resulted in elevated BUN and no mortality at 24 h. APC

and variants were administered at the time of induction of endotox-

emia, and 24 h later the kidney and plasma were collected for histology

and BUN analyses. BUN was determined using a Hitachi 911 clinical

chemistry analyzer (Roche Diagnostics, Indianapolis, Indiana). For

pathology, tissues were fixed, sectioned, and stained as described pre-

viously.54 The slides were assessed for degree of pathology by a board-

certified veterinary pathologist.

Functional CT and Quantification of Perfusion
Parameters
Perfusion CT imaging was utilized to measure renal blood flow as

described previously.55–58 Briefly, animals were placed in the center of

the CT scanner (Locus Ultra; GE Medical Systems, Milwaukee, Wis-

consin) and a tail-vein catheter was inserted (BD Biosciences) for

contrast agent injection. Single-location multisection (80 rows) cine

CT scanning was begun 3 s before a bolus of 300 �l of iodinated

contrast medium (150 mg/ml, Omnipaque; Amersham, Princeton,

New Jersey) was administered via the tail vein at a rate of 3 ml/min. All

images were acquired by using an 80-kVp tube voltage, an 60-mA

tube current, and a 1-Hz rotation speed. The data obtained at func-

tional CT were then reconstructed into a 153- by 153- by 403-�m

voxel matrix with an improved temporal resolution of 0.5 s between

images. The reconstructed image data were then transferred to an

image workstation (Advantage Windows; GE Medical Systems) for

calculating perfusion parameters. Absolute values of perfusion pa-

rameters— blood flow (in milliliters per minute per 100 g of rat tissue

weight) and blood volume (in milliliters per 100 g)—were measured

by using perfusion software (Perfusion II; GE Medical Systems). Us-

ing the highest spatial resolution pixel-by-pixel calculation technique

created the parametric map images. To quantify functional CT pa-

rameters, we first used cursors to indicate a six-pixel region of interest

within the aorta to determine the enhancement value of arterial input.

A region of interest was then drawn on the raw CT images, on which

the whole kidney was delineated by contrast enhancement. In addi-

tion to measuring the entire kidney, we marked as functional hot

spots on the parametric images the areas inside the kidney where the

highest blood flow and blood volume were measured.

Determination of Concentration of ADM, IL-6, and IL-
18 in Rat Plasma, and ACE and TSP-1 mRNA in Kidney
Tissue
Plasma ADM levels were measured using the kit supplied by Phoenix

pharmaceuticals (Belmont, California) following the manufacturer’s

instructions as described previously.30 Measurements of IL-6 and

IL-18 were by immunoassay using the Rodent Multi-Analyte Profile

(Rules Based Medicine; Austin, Texas). Renal ACE mRNA was mea-

sured using QuantiGene Plex (Panomics, Inc. Fremont, California)

according to the manufacturer’s recommendation. TSP-1 levels were

determined from total RNA purified from kidneys with the RNeasy

procedure (Qiagen) using a TaqMan gene expression assay for rat

TSP-1 (# Rno1513693_m1, Applied Biosystems, Foster City, Califor-

nia).

Immunohistochemistry
Kidneys were fixed in 4% paraformaldehyde and embedded in paraf-

fin. Five-micrometer sections were immunostained for iNOS using

the automated Ventana Discovery XT staining module (Ventana

Medical Systems, Tuscon, Arizona). The tissue was deparaffinized

and antigen retrieval was performed using standard cell conditioning

1. The sections were incubated with rabbit anti-mouse iNOS (5 �g/

ml, BD Transduction Labs) for 60 min followed by biotinylated goat

anti-rabbit IgG (1:200, DAKO) for 20 min. Detection was performed

using Ventana’s DAPMap kit, and sections were taken offline for rou-

tine counterstaining with hematoxylin.

Active Caspase-3 Western Analysis
Protein lysates were prepared for Western analysis using the T-PER

reagent (Pierce, Rockford, Illinois) containing complete protease in-

hibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany)

from kidney tissues that had been preserved in RNA-later (Ambion

Austin, Texas). The protein lysates were quantified by bicinchoninic

assay (Pierce) and equal concentrations of each lysate were loaded for

SDS PAGE and electroblotting. Cleaved caspase-3 was detected using

the Apoptosis Marker:Cleaved Caspase-3 (Asp175) Western Detec-

tion Kit from Cell Signaling Technology, Inc. (Danvers, Massachu-

setts). The blots were stripped and reprobed using a monoclonal an-

tibody to �-actin (Sigma) for normalization. Levels of cleaved

caspase-3 and �-actin were quantified by analyzing the pixel density

of each band from scanned autoradiograms using UnScanIt software

(Silk Scientific Corporation, Orem, Utah).

Statistical Analysis
Data are presented as mean � SEM. The biochemical data were ana-

lyzed by one-way ANOVA using JMP5.1 software (SAS Institute).

After obtaining a significant F value, a post hoc t test was performed for

inter- and intragroup comparisons. Statistical significance was real-

ized at P � 0.05 to approve the null hypothesis for individual param-

eters.
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