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Prolylcarboxypeptidase (PRCP) activates
prekallikrein to plasma kallikrein, leading
to bradykinin liberation, and degrades
angiotensin II. We now identify PRCP as a
regulator of blood vessel homeostasis.
�-Galactosidase staining in PRCPgt/gt mice
reveals expression in kidney and vascula-
ture. Invasive telemetric monitorings
show that PRCPgt/gt mice have signifi-
cantly elevated blood pressure. PRCPgt/gt

mice demonstrate shorter carotid artery
occlusion times in 2 models, and their
plasmas have increased thrombin genera-
tion times. Pharmacologic inhibition of

PRCP with Z-Pro-Prolinal or plasma kal-
likrein with soybean trypsin inhibitor, Pro-
Phe-Arg-chloromethylketone or PKSI 527
also shortens carotid artery occlusion
times. Aortic and renal tissues have un-
coupled eNOS and increased reactive oxy-
gen species (ROS) in PRCPgt/gt mice as
detected by dihydroethidium or Amplex
Red fluorescence or lucigenin lumines-
cence. The importance of ROS is evi-
denced by the fact that treatment of
PRCPgt/gt mice with antioxidants (mito-
TEMPO, apocynin, Tempol) abrogates the
hypertensive, prothrombotic phenotype.

Mechanistically, our studies reveal that
PRCPgt/gt aortas express reduced levels
of Kruppel-like factors 2 and 4, thrombo-
modulin, and eNOS mRNA, suggesting
endothelial cell dysfunction. Further,
PRCP siRNA treatment of endothelial cells
shows increased ROS and uncoupled
eNOS and decreased protein C activation
because of thrombomodulin inactivation.
Collectively, our studies identify PRCP as
a novel regulator of vascular ROS and
homeostasis. (Blood. 2011;117(14):
3929-3937)

Introduction

Prolylcarboxypeptidase (PRCP; lysosomal carboxypeptidase) is a
cell surface enzyme in the S28 class of serine proteases. PRCP
dimerizes and has a unique protease structure with closest identity
to dipeptidyl peptidase 7 with a novel helical structural domain
(SKS domain) that caps the active site of the catalytic Asp-His-Ser
triad.1,2 The protein was first isolated from swine kidney lysosomal
fractions and identified as a bradykinin and angiotensin II carboxy-
peptidase.3 PRCP is found on the surface of endothelial cells where
it is a high-affinity activator that converts prekallikrein bound to
high molecular weight kininogen to the serine protease plasma
kallikrein.4,5 PRCP proteolyzes penultimate C-terminal prolines,
except for bradykinin (RPPGFPFR) where it cleaves between the
Pro and Phe.6 The molecular affinity of PRCP for Pro-X bonds is
demonstrated by its crystal structure with the identification of
hydrophobic residues near the substrate proline at the active site.1,2

PRCP is up-regulated during the angiogenic processes of vascular
development.7

The exact physiologic role for PRCP is not completely known.
A PRCP polymorphism (E112D) is linked to hypertension and
preeclampsia.8,9 Further, PRCP is up-regulated in the kidney in a rat
hypertension model.10 PRCP is linked to metabolic syndrome in
humans.11 PRCP also degrades �-melanocyte stimulating hormone
(�-MSH1-13) to its inactive �-MSH1-12 form by cleaving its

C-terminal Val.12 �-MSH1-13 stimulates an anorexigenic response.
PRCP gene-trap mice are lean because of reduced hypothalamic
�-MSH1-13 degradation.12 Because PRCP activates prekallikrein
and degrades angiotensin II, we determined whether PRCP gene-
trap mice have a cardiovascular phenotype. PRCP gene-trap
hypomorphs demonstrate constitutively higher blood pressure and
shorter arterial vessel closure times. PRCP depletion in tissues and
cells is associated with increased uncoupled eNOS and reactive
oxygen species (ROS). In PRCP-depleted mice and cultured cells,
increased ROS is associated with endothelial cell dysfunction and
loss of anticoagulant properties.

Methods

Materials

The chromogenic substrates H-D-Pro-Phe-Arg-pNA�2HCl (S-2302) and
Glu-Pro-Arg-pNA�2HCl (S-2366) were purchased from DiaPharma, and
plasma prekallikrein activator was purchased from Enzyme Research
Laboratories. The fluorescent thrombin-specific substrate Z-Gly-Gly-Arg-
AMC�2HCl was purchased from Bachem. Innovin PT reagent as a source of
recombinant, human tissue factor, and APTT reagent were obtained from
Siemens. Rossix phospholipid mixture was purchased from DiaPharma.
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The polyclonal goat anti–mouse-PRCP antibody (anti-TND20) was reared
with a peptide from the mouse PRCP amino acid sequence TNDFRKS-
GPYCSESIRKSWN at Q.C.B. Custom Antibody Service. Human coagula-
tion factors XIIa, XIa, and plasma kallikrein were purchased from Enzyme
Research Laboratories. Lactic dehydrogenase (LDH) assay was obtained
from Sigma-Aldrich. PKSI-527 was from Dr Yoshio Okada, Kobe Gakuin
University, Kobe, Japan.13 Mouse anti–human antibody to thrombomodulin
was obtained from Santa Cruz Biotechnology (sc-13164).

Preparation of the murine PRCP hypomorph

ES cells KST302 prepared by gene trap were obtained from Bay Genomics
as previously reported.12,14 The CD4-�-geo-SV40 targeting vector to
membrane-expressed proteins was injected into 129svj ES cells and
incorporated into intron 4 of mouse PRCP.14 Mice in 129svj background,
made from the Prcp interrupted ES cells (KST302), were then back-crossed
10 generations into C57BL/6 mice.12 Tail DNA was used to genotype mice
possessing the �-geo transgene with the following primer sequences:
forward, 5�-TTACAACGTCGTGACTGGGA-3�; reverse, 5�-TTAC-
GTTGGTGTAGATGGGC-3�. Mice with the gene insertion replace Prcp
with LacZ.14

Murine blood pressure measurements

Blood pressure in the mice was measured by telemetry as previously
described using C-10 transmitters from DSI.15 After implantation of the
sensing catheter and transmitter, the mice were allowed to recover for
7 days until a circadian rhythm was observed. Data were collected with
Dataquest ART software Version 4.1 continuously for 4 days and analyzed
as a running average every hour. MitoTEMPO (Enzo Life Sciences) was
delivered to mice by osmotic pump at a dose of 0.7 mg/kg per day for
2 weeks before blood pressure measurement. In the analysis of the
continuous blood pressure data, the values on the graph represent mean
arterial pressure (MAP) for the following hour. Differences among/between
groups were determined by comparing the 8-hour periods in the night or day
cycle after the initial 4-hour transition period from day to night or night to
day, respectively, was excluded. All animal experiments were approved by
the Case Western Reserve University Institutional Animal Care and Use
Committee.

Arterial thrombosis assays

The Rose-Bengal carotid artery thrombosis assay was performed as
described previously with mice anesthetized with 40 mg/kg sodium pento-
barbital intraperitoneally.16 The ferric chloride-induced carotid artery
damage was performed with a 1 mm � 1 mm filter paper soaked in
4% FeCl3 and placed on the carotid artery for one minute. In the arterial
thrombosis studies, tempol (Enzo Life Sciences) was crushed and placed
into a soft dough diet (Transgenic Dough Diet, Bio-Serv) at a dose of 10 mg
of drug/gram of food and made fresh daily for 7 days. In the Amplex Red
studies, 1mM tempol was dissolved in drinking water, and the mice were
treated for 3 weeks before study. In other experiments, apocynin (Sigma-
Aldrich) was dissolved at 14mM in drinking water containing a sweetener
(Equal), and the mice were treated for 7 days. Arterial thrombosis studies
were performed on C57BL/6 or 129svj wild-type (WT) mice after
intraperitoneal injection with various pharmacologic inhibitors delivered
at the following concentrations: Pro-Phe-Arg-chloromethylketone
(PFRCK; Bachem), 10 mg/kg; soybean trypsin inhibitor (SBTI; Calbio-
chem), 30 mg/kg; the plasma kallikrein inhibitor PKSI-527,14 50 mg/kg; or
Z-Pro-Prolinal (ZPP; Bachem, 10 mg/kg).

Determination of uncoupled eNOS

Uncoupled to coupled eNOS ratios were obtained from renal tissue or
cultured human umbilical vein endothelial cells (HUVECs) digested in cold
RIPA buffer containing protease inhibitors and 5% �-mercaptoethanol
without boiling and separated on 5% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis maintained at 4°C.17 The protein on the gels was
then transferred for 3 hours at 4°C to nitrocellulose membranes, and protein
detected with an eNOS antibody (sc-654, Santa Cruz Biotechnology) at

0.4 �g/mL. Coupled (top) and uncoupled (bottom) band density ratios were
determined using densitometry (Scion Image).18 Ratios were standardized
to the average WT ratio values of RIPA-buffer homogenized samples.

Assays for ROS

Dihydroethidium (DHE) fluorescent analysis was performed on frozen
tissue sections (4 �m kidney, 7 �m aorta) incubated with the agent (1 �m
for kidney, 2 �m for aorta) for 5 minutes, and washed with phosphate-
buffered saline (PBS).19 Confocal images were analyzed by morphometric
analysis of pixels per nucleus using MetaMorph software Version 7
(Molecular Devices). The color threshold was set the same for each image,
and the red pixel density was obtained by dividing the total pixel density
value by the number of nuclei in the smooth muscle and endothelial layers
or renal cortex. Lucigenin measurements were obtained by placing 3-mm
pieces of aorta into 96-well plate wells containing 50�M lucigenin
(Sigma-Aldrich) in warm Krebs-N-2-hydroxyethylpiperazine-N�-2-ethane-
sulfonic acid buffer (99mM NaCl, 4.7mM KCl, 1.2mM MgSO4, 1.9mM
CaCl2, 25mM NaHCO3, 11.1 glucose, 20mM N-2-hydroxyethylpiperazine-
N�-2-ethanesulfonic acid, pH 7.4).20 Aortas were collected and cleaned in
cold Krebs-N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic acid buffer
and placed at 37°C for 30 minutes. Before obtaining luminescent values for
each sample, background luminescent values were obtained from each well
(NOVOstar; BMG Labtech). Values were standardized to supernatants of
1% Triton solubilized aorta by LDH determination. Lucigenin measure-
ments of renal samples were normalized by milligram of protein studied.
Renal hydrogen peroxide was measured using Amplex Red (100�M) with
10 U/mL horseradish peroxidase, according to the manufacturer’s sugges-
tions (Invitrogen).21 Fluorescent readings were obtained from mouse
kidneys after 1-hour incubation at 37°C, and values were normalized to
dried tissue weight.

Cell culture experiments

HUVECs were purchased from AllCells and grown on gelatin-coated plates
in CSC media (Cells Systems). Cells were grown to near-confluence in
6-well plates and transfected with Lipofectamine 2000 reagent (Invitrogen)
in OPTI-MEM media (Invitrogen) overnight. Sequences of siRNA
(Ambion) were as follows (5� to 3�): human-PRCP: sense, GGCUGAU-
UUUGCAGAGUUAtt; antisense, UAACUCUGCAAAAUCAGCCag;
negative control: sense, UAACGACGCGACGACGUAAtt; and antisense,
UUACGUCGUCGCGUCGUUAtt. Cells were then washed with PBS and
placed in CSC medium. DHE staining (10�M) was performed in PBS for
30 minutes at 37°C. After washing, images were obtained with a Nikon
Eclipse TE200 microscope and a Nikon 10�/0.25 objective lens. The
images were analyzed with Metamorph software Version 7 and values
obtained by calculating pixel density per nucleus. Protein C activation
studies were measured on siRNA-treated HUVECs on 96-well plates. The
cells were washed with N-2-hydroxyethylpiperazine-N�-2-ethanesulfonic
acid carbonate buffer (137mM NaCl, 3mM KCl, 12mM CaHCO3, 5.5mM
dextrose, 0.1% gelatin, 1mM CaCl2, 1mM MgCl2, pH 7.1) and incubated
for 1 hour at 37°C with 0.5nM thrombin (Haematologic Technologies) and
0.5nM protein C (Enzyme Research). The reaction was stopped by
10 U/mL hirudin (Sigma-Aldrich). Hydrolysis of the chromogenic substrate
S-2366 (0.3mM; DiaPharma) was analyzed by calculating the initial slope
of 405-nm absorbance.

Mouse embryonic fibroblast (MEF) cell cultures were prepared from
E13 embryos of WT and PRCPgt/gt mice.22 The embryos were dissected
from the womb under sterile conditions and washed with PBS. Embryo
heads and red organs were removed, and the remaining tissue was minced
and digested with 0.25% trypsin for 20 minutes at 37°C. Cell suspensions
were plated in Dulbecco modified Eagle medium with 10% fetal bovine
serum and penicillin/streptomycin.22 MEFs were immortalized with Large
T in LNCX2 in lentivirus generously supplied by Mark Jackson, Case
Western Reserve University.

Statistical analyses

One-way analysis of variance was used to determine the differences among
groups. Unless stated otherwise in text, all groups indicated differences.
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Unpaired t test was used to determine differences between groups. Data are
compared as mean � SD in text and graphed as mean � SEM using
GraphPad Prism software Version 4. Statistical significance is defined as a
P � .05.

Histologic, mRNA, and immunoblot studies and in vitro assay methods
are in supplemental Data (available on the Blood Web site; see the
Supplemental Materials link at the top of the online article).

Results

Characterization of PRCPgt/gt mice

PRCP gene-trap mice (PRCPgt/gt) were produced by random
transgene incorporation into intron 4, allowing for interruption of
mRNA production.12,14 In kidney, PRCPgt/gt mice express 6.5% �
2.3% Prcp mRNA (mean � SD) compared with WT (Figure 1A).
PRCPgt/gt mice have 23% PRCP antigen (Figure 1B-C). PRCPgt/gt

mice are not true “knockout” mice, but rather, hypomorphs.
PRCPgt/gt mice express LacZ protein in place of PRCP. X-Gal
staining, which demonstrated endogenous PRCP expression dis-
rupted in PRCPgt/gt tissues, showed that the kidney was the major
site for expression (Figure 1D). At low magnification, X-Gal
staining of longitudinally sectioned kidneys demonstrated a gross
blue-green appearance, indicating that normal kidney has a high
PRCP concentration (Figure 1D). Microscopic analysis of renal
cortex showed dark X-gal staining in some tubules and lighter
staining in others (Figure 1E). Bowman capsules adjacent to the
darkly stained tubules were thickened with a heavy X-Gal stain

(Figure 1E). X-Gal staining was also observed in renal vessels
(Figure 1F). Renal tubule PRCP colocalized with the glycoprotein
Lotus lectin, indicating that the darkly stained X-Gal structures
were proximal tubules (supplemental Figure 1A). Lotus lectin and
immunoperoxidase staining showed that proximal tubule PRCP
was localized on the basal side of the cells (supplemental Figure
1A-B). Renal artery PRCP colocalized with both PECAM antigen
on endothelium (Figure 1G) and �-smooth muscle actin in vascular
smooth muscle (Figure 1H). Smaller amounts of X-Gal staining
were seen in brain, small bowel, and testes (supplemental Figure
1C-E).

Hypertension phenotype of PRCPgt/gt mice

On review of the hematoxylin and eosin renal histology, we
observed that some glomerular Bowman capsules of 6-month-old
PRCPgt/gt mice show “tubulization,” a histologic marker for
hypertension (Figure 2A).23,24 Continuous carotid artery blood
pressure monitoring was performed by telemetry. The stable MAP
during 8 hours of the night cycle (10 PM to 6 AM) was significantly
higher in the PRCPgt/gt mice (122 � 6 mm Hg) compared with WT
mice (113 � 6 mm Hg; P � .01; Figure 2B-C). MAP during the
8 hours of the day from 10 AM to 6 PM also was significantly higher
in PRCPgt/gt mice (114 � 8 mm Hg) compared with WT
(106 � 8 mm Hg; P � .044) on differences between groups, but
not on a one-way analysis of variance among the 3 groups. When
PRCPgt/gt mice were treated with the mitochondrial-specific super-
oxide scavenger mitoTEMPO, the MAP of the treated PRCPgt/gt

Figure 1. Characterization of the PRCP hypomorph (PRCPgt/gt) mouse. (A) Total renal mRNA was reverse-transcribed to cDNA from C57BL/6 (WT) and PRCPgt/gt (gt/gt)
mice, and quantitative PCR was performed. Data represent mean � SEM of PCR studies from 3 mice in each group. (B) PRCP antigen level was detected by immunoblot with
a goat antimouse-PRCP antibody (anti-TND-20) on 100 �g of renal lysate from WT or PRCPgt/gt mice. Anti-GAPDH antibody was used as a loading control. (C) Comparative
antigen levels from panel B were quantified with densitometry. The bar graph is the mean � SEM ratio of PRCP/GAPDH antigen in 4 WT or PRCPgt/gt renal lysates. (D)
Longitudinal sections of X-Gal–stained whole mouse kidney from WT and PRCPgt/gt (gt/gt) mice. Kidney sections were stained for LacZ with X-Gal to determine the presence of
the CD4TM-�-geo transgene in place of the Prcp gene. Blue LacZ staining in the PRCPgt/gt indicates where endogenous PRCP would be expressed in these tissues from WT
mice. The photographs were taken on a Nikon SMZ-U dissecting microscope at 2� magnification. (E) Cross section of X-Gal–stained renal cortex from a PRCPgt/gt mouse
showing a Bowman capsule of a glomerulus with LacZ protein and variably darkly stained tubules. The black arrow points to a darkly stained tubule. (F) Longitudinal vessel
sections from renal cortex from a PRCPgt/gt mouse showing staining for the LacZ protein, which replaces PRCP.14 The figure is at 40� magnification. Black arrow points to
vascular PRCP as indicated by the presence of LacZ. (E-F) Photographed on an Olympus BH-2 microscope aperture 0.70 160/0.17 at 40�. Arterial PRCP was colocalized with
the endothelial cell marker PECAM (CD31; G) and the vascular smooth muscle cell marker �-smooth muscle actin (�-SMA; H). (G-H) Photographed on a Zeiss LSM510
confocal microscope aperture 40�/1.3 oil immersion. *P � .05.

PRCP MODULATES BLOOD PRESSURE AND THROMBOSIS 3931BLOOD, 7 APRIL 2011 � VOLUME 117, NUMBER 14

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/117/14/3929/1337360/zh801411003929.pdf by guest on 02 June 2024



mice during the night cycle (113 � 7 mm Hg) was significantly
reduced compared with untreated gene-trap mice (122 � 6 mm Hg;
P � .04).25 These data indicated that PRCPgt/gt mice have antioxi-
dant-responsive hypertension.

Expression of ROS in PRCPgt/gt

Because the PRCPgt/gt mice have antioxidant responsive hyperten-
sion, we sought evidence for increased tissue ROS.26 The superox-

ide (O2
.	) fluorescent probe DHE showed increased fluorescent

intensity in PRCPgt/gt aorta (P � .01) and kidney (P � .04; Figure
3A-B). PRCPgt/gt mice had 3.2-fold and 2.8-fold brighter fluores-
cence in aortic and renal sections, respectively (Figure 3A-B).
PRCPgt/gt mice also demonstrated a 1.6-fold increase (P � .04) in
approximately 3-mm-long aortic pieces (arbitrary luminescent
units [ALU]/LDH units) and a 1.7-fold increase (P � .02) in
kidney lysates (ALU/mg-protein) in PRCPgt/gt tissue vs control
using the chemiluminescent superoxide probe lucigenin (Figure
3C-D). Renal tissue from PRCPgt/gt additionally showed a 2.4-fold
increase (P � .04) in Amplex Red fluorescence, a measure of
hydrogen peroxide (H2O2), compared with WT mice (Figure 3E).
Last, we determined that there was a higher ratio of uncoupled
eNOS to coupled eNOS in renal tissue from PRCPgt/gt mice
compared with WT mice (P � .02; Figure 3F). Uncoupled eNOS
additionally propagates superoxide production. These combined
data indicated that renal and vascular tissue in the PRCPgt/gt mice
is injured.

Arterial occlusion times in PRCPgt/gt mice

Because aortas were found to express increased ROS, PRCPgt/gt

mice were examined for changes in arterial occlusion times. On the
Rose Bengal assay for induced carotid artery thrombosis, PRCPgt/gt

mice had a faster time to carotid artery occlusion on vessel insult
(24 � 3 minutes) than their C57BL/6 controls (52 � 8 minutes;
P � .01; Figure 4A). Using 4% ferric chloride to induce carotid
artery thrombosis, no WT mice occluded by 60 minutes, whereas
all PRCPgt/gt occluded in 21 � 8 minutes (Figure 4A). Additional
investigations determined whether pharmacologic inhibition of
PRCP or its protein product, plasma kallikrein, also produced a
shortened arterial occlusion time. In WT C57BL/6 mice, the
prolyloligoprotease inhibitor Z-Pro-Prolinal (ZPP; 10 mg/kg intra-
peritoneally) shortened the time to arterial occlusion on the Rose
Bengal assay from 48 � 5 minutes to 24 � 5 minutes (P � .01;
Figure 4B). Likewise, when the WT C57BL/6 mice were treated
with SBTI (30 mg/kg intraperitoneally), PFRCK (10 mg/kg intra-
peritoneally), or the specific plasma kallikrein inhibitor, PKSI-527
(50 mg/kg intraperitoneally), the time to arterial thrombosis short-
ened to 28 � 4 minutes (P � .01), 28 � 7 minutes (P � .01), and
15 � 4 minutes (P � .01), respectively (Figure 4B). Pharmaco-
logic inhibition of PRCP and plasma kallikrein also shortened
occlusion times in 129svj WT mice (22 � 3 minutes; supplemental
Figure 2). When these mice were treated with ZPP, SBTI, PFRCK,
or PKSI-527, the carotid artery occlusion times on the Rose Bengal
assay significantly shortened to 11 � 1 minute (P � .01), 12 � 4
minutes (P � .01), 10 � 1 minute (P � .01), and 13 � 2 minutes
(P � .01), respectively (supplemental Figure 2).

PFRCK and SBTI are nonspecific serine protease inhibitors.
Investigations determined their relative inhibition of plasma kal-
likrein versus factors XIIa or XIa, respectively. PFRCK is a 23-fold
more potent inhibitor of 2nM plasma kallikrein than 2nM factor
XIIa (50% inhibitory concentration [IC50] � 0.072�M vs 1.67�M,
respectively; Figure 4C). Likewise, SBTI is a 61-fold better
inhibitor of 5nM plasma kallikrein than 5nM factor XIa
(IC50 � 5.7nM vs 350nM, respectively; Figure 4D). These com-
bined investigations indicated that pharmacologic inhibition of
PRCP or plasma kallikrein produced a prothrombotic phenotype.

Plasma phenotype of PRCPgt/gt mice

The etiology of the prothrombotic phenotype of PRCPgt/gt mice was
sought. PRCPgt/gt mice had significantly increased plasma PK

Figure 2. Characterization of the blood pressure of PRCPgt/gt mice. (A) Hematoxy-
lin and eosin staining of 6-month-old mouse kidney are shown from WT and PRCPgt/gt

mice. A thickened Bowman capsule (tubulization) is noted in the PRCPgt/gt mice
(compare thickness of Bowman capsule in WT vs gt/gt sections, black arrow). The
images were photographed on an Olympus BH-2 microscope aperture 0.70 160/0.17
at 40�. (B) Carotid artery blood pressure measurement by a sensor for telemetry was
performed on WT and PRCPgt/gt mice (gt/gt; “Murine blood pressure measurements”).
Hourly data were compiled from 4 days of measurement. Data are mean � SEM
of monitoring 9 WT, 8 PRCPgt/gt, and 3 mitoTEMPO-treated PRCPgt/gt

(gt/gt
mitoTEMPO) mice. The dotted lines indicate an 8-hour period of the night or
day cycle, respectively, used to analyze differences between groups. (C) Hourly data
expressed in panel B are presented as an 8-hour period of the night or day cycle,
respectively. One-way analysis of variance was used to determine differences among
groups. *P � .05.
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compared with WT (110% � 10% vs 94% � 11%; Table 1). Their
plasma factor XII values (69% � 38%) were significantly reduced
compared with WT mice (114% � 49%). Alternatively, plasma
bradykinin values in the PRCPgt/gt mice (0.30 � 0.20 ng/mL) were
not different from WT (0.23 � 0.13 ng/mL). Similarly, plasma
angiotensin II values were unchanged in PRCPgt/gt mice compared

with WT (72 � 41 pg/mL vs 86 � 63 pg/mL, respectively). How-
ever, PRCPgt/gt mice were found to have increased plasma thrombin
generation (Table 1). When thrombin generation times were
performed on contact activation-induced plasma from the PRCPgt/gt

versus its control, peak thrombin generation time (152 � 9 arbi-
trary fluorescent units vs 131 � 9 arbitrary fluorescent units) and

Figure 3. Measurement of tissue ROS in PRCPgt/gt

mice. (A-B) Studies on the expression of fluorescence in
aorta (A) and kidney (B). Frozen aortas and kidneys
from WT and PRCPgt/gt (gt/gt) were stained with DHE.
(A-B) Photographed on a Zeiss LSM510 confocal micro-
scope aperture 40�/1.3 oil immersion. The relative DHE
fluorescence was measured by morphometric analysis
on 40� microscopic images using MetaMorph (Molecular
Devices). Data are expressed as the number of fluores-
cent pixels per nuclei. Data are mean � SEM of � 9
samples on aorta and � 4 samples on kidney. (C)
Superoxide levels (O2

.	) were measured from freshly
harvested mouse aortas using the chemiluminescent
probe lucigenin. Data are mean � SEM ratio of ALU
per LDH units from WT or PRCPgt/gt aortic pieces.
(D) Superoxide levels (O2

.	) were determined from N-2-
hydroxyethylpiperazine-N�-2-ethanesulfonic acid buffer
solubilized mouse kidneys using the chemiluminescent
probe lucigenin. Data are mean � SEM ratio of arbitrary
lucigenin fluorescent units (ALU) per milligram of renal
tissue from WT or PRCPgt/gt. (E) Hydrogen peroxide
levels (H2O2) were determined from harvested mouse
kidneys using Amplex Red. Data are mean � SEM ratio
of AFU per milligram of dried renal tissue from WT or
PRCPgt/gt. (F) An immunoblot for eNOS was performed
on renal lysates from WT and PRCPgt/gt. The normalized
relative ratio of renal uncoupled/coupled eNOS in lysates
from 10 mice from WT and PRCPgt/gt was compared by
analysis of band intensity using densitometer scanning.
Immunoblot of high molecular weight kininogen was used
as a loading control. *P � .05.

Figure 4. The influence of PRCP on arterial thrombo-
sis risk. (A) Control C57BL/6 WT and PRCPgt/gt (gt/gt)
mice were subjected to the Rose-Bengal and ferric
chloride carotid artery thrombosis occlusion models. Data
are expressed as the time to complete arterial occlusion.
A 1-way analysis of variance was used to determine
differences among groups. Data represent the mean �
SEM of 10 WT and 12 PRCPgt/gt mice for the Rose Bengal
assay and 4 WT and 5 PRCPgt/gt mice for the ferric
chloride assay. (B) The time to carotid artery occlusion on
the Rose Bengal assay was determined in C57BL/6 mice
that were untreated (WT, open bar graph, n � 13) or
treated with the inhibitor to the PRCP, ZPP (n � 4), or
plasma kallikrein inhibitors SBTI (n � 4), PFRCK (n � 5),
or PKSI 527 (PKSI; n � 6). Data represent the mean �
SEM of 4 to 13 animals in each group. (C) Determination
of the IC50 of PFRCK on 2nM plasma kallikrein or factor
XIIa. Inhibition studies were performed as indicated in
supplemental Methods. Data represent the mean � SEM
of 3 reactions. (D) Determination of the IC50 of SBTI on
5nM plasma kallikrein or factor XIa. Inhibition studies
were performed as indicated in supplemental Methods.
Data represent the mean � SEM of 3 reactions. *P � .05.
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area under the curve thrombin generation time (22 608 � 49
arbitrary fluorescent units vs 18 659 � 1255 arbitrary fluorescent
units) were significantly increased (P � .02 and P � .01, respec-
tively). Peak and area under the curve tissue factor-induced
thrombin generation time tended toward but were not significantly
increased in PRCPgt/gt mice (Table 1). These data suggested that
there was a small but significant tendency toward increased
thrombin generation in the PRCPgt/gt mice.

Influence of ROS reduction on thrombosis

We next asked whether increased vascular ROS contributed to the
shorter thrombosis times in PRCPgt/gt mice. When these mice were
treated orally for 7 days with the antioxidant apocynin, the time
to arterial thrombosis on the Rose Bengal carotid artery thrombosis
assay was significantly lengthened from 36 � 5 minutes in untreated
PRCPgt/gt mice to 58 � 20 minutes in treated animals (P � .01), a
value not significantly different from WT mice (P � .67; Figure
5A). Apocynin treatment did not significantly alter the time to
arterial thrombosis in treated WT mice (P � .45; Figure 5A).
Similarly, when PRCPgt/gt mice were treated with the superoxide
scavenger tempol, the time to arterial thrombosis significantly length-
ened from 31 � 3 minutes in untreated mice to 49 � 7 minutes in

the treated PRCPgt/gt mice (P � .01; Figure 5B). Tempol treatment
also had no effect on the time to thrombosis on WT mice. Tempol
administration significantly decreased renal tissue ROS (H2O2) as
measured by Amplex Red fluorescence (P � .01; Figure 5C).
Because ROS is associated with vascular injury, we determined
whether genes associated with vascular function were altered in
PRCPgt/gt aortas. PRCPgt/gt aortas demonstrated decreased mRNA
expression of the vascular transcription factors Kruppel-like-
factor-2 (KLF2) and KLF4 and 2 of their downstream genes, eNOS
and thrombomodulin (P � .01; Figure 5D).27,28 In contrast, these
mRNA were unchanged in PRCPgt/gt renal tissue (supplemental
Figure 3). These findings suggested that vascular tissue ROS
reduced expression of genes associated with anticoagulant func-
tion, which is associated with the shorter arterial thrombosis times
of PRCPgt/gt mice.

Influence of PRCP on cellular ROS expression

We next determined whether cell PRCP levels themselves influ-
enced ROS expression and loss of endothelial cell anticoagulation.
PRCP knockdown in HUVEC by siRNA had 2.6% PRCP gene and
33% PRCP antigen expression, respectively (Figure 6A; supplemen-
tal Figure 4). PRCP siRNA-treated HUVECs demonstrated
2.1-fold increased constitutive DHE fluorescent intensity compared
with control siRNA transfections (P � .01; Figure 6B). Similarly,
MEFs from PRCPgt/gt mice, which expressed 0.4% PRCP mRNA
compared with MEFs made from WT embryos, demonstrated
1.4-fold increased DHE fluorescence intensity compared with WT
(P � .048; Figure 6C; supplemental Figure 4). PRCP-depleted
HUVECs lost more than 90% of their ability to activate protein
C (P � .01) without significant change in thrombomodulin antigen
(P � .30), suggesting that thrombomodulin became dysfunctional
(Figure 6D-E). In addition, PRCP depletion resulted in a 40%
reduction in eNOS mRNA (P � .02) and increased uncoupled/
coupled eNOS ratio (P � .02; Figure 6F-G). These combined data
indicated that reduction of PRCP alone increased uncoupled eNOS
and cell ROS and the increased cell ROS is associated with reduced
protein C activation.

Table 1. Characteristics of plasma proteins, peptides, and function
in PRCPgt/gt mice

Assay Wild-type PRCPgt/gt P

Prekallikrein, % activity 94 � 11 110 � 11 .01

Factor XII, % activity 114 � 49 69 � 38 .03

Bradykinin, ng/mL 0.23 � 0.13 0.30 � 0.2 .24

Angiotensin, pg/mL 72 � 41 86 � 63 .84

Contact TGT peak, AFU 131 � 9 152 � 9 .02

Contact TGT AUC, AFU 18 659 � 1255 22 608 � 49 � .01

TF TGT peak, AFU 78 � 5 87 � 5 .06

TF TGT AUC, AFU 25 410 � 1527 28 056 � 1860 .07

Values are mean � SD.
Contact indicates contact activation-induced thrombin generation time; TGT,

thrombin generation time; AUC, area under the curve; AFU, arbitrary fluorescent
units; and TF, tissue factor.

Figure 5. Influence of antioxidant therapy on time to
arterial thrombosis occlusion. WT (n � 6) and PRCPgt/gt

(n � 8) mice were left untreated or treated with the
antioxidants apocynin (Apo; n � 6 WT; n � 11 PRCPgt/gt;
A) or tempol (n � 6 WT; n � 5 PRCPgt/gt; B) for 7 days. At
the conclusion of the treatment period, carotid artery
occlusion times were performed using the Rose-Bengal
carotid artery thrombosis model. One-way analysis of
variance was used to determine the difference among
groups. Data presented are the mean � SEM of � 5 mice
for each condition. (C) Hydrogen peroxide (H2O2) levels
were measured by Amplex Red in renal tissue harvested
from WT (n � 7), PRCPgt/gt (n � 9), or PRCPgt/gt 
 tempol-
treated (n � 5) mice. (D) Constitutive aortic expression of
endothelial cell mRNAfor KLF2, KLF4, eNOS, or thrombo-
modulin (TM) in WT (n � 3) or PRCPgt/gt (n � 4) mice.
*P � .05.
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Discussion

These combined data demonstrate that PRCP deficiency is associ-
ated with higher blood pressure and shorter arterial thrombosis
times. The PRCPgt/gt murine phenotype is dramatic considering that
the animal is not a complete knockout and low levels of PRCP are
expressed. This fact heightens the physiologic importance of
PRCP. Other gene-trap mice have been characterized as hypo-
morphs rather than true knockouts.29 Recent investigations indicate
that the absence of hypothalamic PRCP results in reduced �-MSH1-13

metabolism associated with animal leanness.12 These data are
consistent with the gene-wide study, suggesting that PRCP is a risk
factor for the metabolic syndrome.11 Furthermore, the finding that
the mice are hypertensive is consistent with human studies showing
that a polymorphism E112D in PRCP is associated with hyperten-
sion and preeclampsia.8,9 Unlike other proteins related to the
plasma kallikrein/kinin system (factor XII, high molecular weight
kininogen, and the bradykinin B2 receptor), deficiency of PRCP is
associated with a prothrombotic state rather than thrombosis
protection.16,30,31

The finding that PRCPgt/gt are hypertensive and it is ameliorated
by mitoTEMPO, an antioxidant directed to mitochrondria, suggests
that endothelial cell injury may be occurring because of increased
ROS. We determined that there is a constitutive increase in
uncoupled eNOS and tissue ROS in these animals. Our current
understanding is that the ROS seen in the gene-trap tissue is
directly related to the constitutive levels of PRCP. When HUVEC

PRCP is knocked down by siRNA, there is increased cell ROS.
Further, murine embryonic fibroblasts made from the gene-trap
embryos constitutively express higher ROS. In addition, the ROS
expression is related to the prothrombotic phenotype of the
PRCPgt/gt mice. When these mice are treated with 2 nonspecific
antioxidants, apocynin or Tempol, the time to arterial thrombosis of
the PRCPgt/gt mice lengthens to the normal control and the tissue
ROS normalizes in the treated animals. These combined data
indicate that both the higher blood pressure and arterial occlusion
times in PRCPgt/gt mice are linked to vascular ROS.

The observed prothrombotic phenotype of PRCP hypomorphs
is supported with pharmacologic studies with Z-Pro-Prolinal, a
class prolyloligopeptidase inhibitor. Interestingly, using 2 murine
backgrounds, inhibitors to plasma kallikrein also shortened the
time to carotid artery thrombosis. Previous studies indicate that the
use of PFRCK lengthened the time to arterial thrombosis in mice
presumably because it inhibits factor XIIa.30,32 These findings were
surprising considering that PFRCK is a 23-fold better plasma
kallikrein inhibitor than factor XIIa.33 In our thrombosis assays,
PFRCK shortens the time to carotid artery thrombosis in 2 mouse
genetic backgrounds with different untreated times to arterial
occlusion (� 50 minutes for C57BL/6 and � 25 minutes for
129 svj). Similarly, SBTI, a 61-fold better inhibitor of plasma
kallikrein than factor XIa, also shortened the time to thrombosis in
both mouse strains. SBTI inhibits several blood coagulation
enzymes, but in all cases but plasma kallikrein, one would expect
lengthening of the time to thrombosis, not shortening. Confirma-
tion that plasma kallikrein inhibition shortens arterial thrombosis

Figure 6. Influence of PRCP depletion in cultured cells. (A) HUVECs were treated with control (CN) or PRCP siRNA overnight, and comparative PRCP expression levels
were analyzed by immunoblot. Data are mean � SEM of 3 samples. (B) DHE fluorescent images of siRNA-treated HUVECs were obtained after control (CN; n � 6) or PRCP
knockdowns (n � 6). Data are a representative experiment on siRNA-treated cells, and the adjacent graph is the mean � SEM of pixel density per nucleus measured by
morphometric analysis of 6 experiments for each group. (C) DHE fluorescent image of MEFs from control (n � 10) and PRCPgt/gt (n � 11) embryos. The figure presented is a
representative experiment on each of the cells, and the adjacent graph is the mean � SEM of pixel density per nucleus measured by morphometric analysis of � 10
experiments for each condition. (B-C) Photographed at 40� on a Nikon, TE200 immunofluorescent microscope aperture 0.75/0.17 WD 0.72 oil immersion. The relative DHE
fluorescence was measured by morphometric analysis on 40� microscopic images using MetaMorph (Molecular Devices). (D) Protein C activation on HUVECs with control
(CN) or PRCP siRNA treatment as measured by activated protein C hydrolysis of a chromogenic substrate. Data presented are the percentage activated protein C hydrolysis
generated on HUVECs treated with PRCP siRNA versus control. Data are mean � SEM of 6 experiments per condition. (E) Thrombomodulin (TM) in HUVECs treated with
control (CN) or PRCP siRNA as seen on immunoblot. Data presented are the mean � SEM ratio of TM antigen/GAPDH antigen of 4 experiments. (F) mRNA expression for
eNOS from control (CN) or PRCP knockdown siRNA-treated HUVECs as measured by real-time PCR (control: n � 7, PRCP knockdown: n � 7). (G) An immunoblot for eNOS
was performed on control and PRCP siRNA-treated HUVEC lysates. The normalized relative ratio of uncoupled:coupled eNOS in lysates from 3 samples of control or PRCP
siRNA-treated cells were compared by analysis of band intensity using densitometer scanning. Immunoblot for GAPDH was used as a loading control. *P � .05.

PRCP MODULATES BLOOD PRESSURE AND THROMBOSIS 3935BLOOD, 7 APRIL 2011 � VOLUME 117, NUMBER 14

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/117/14/3929/1337360/zh801411003929.pdf by guest on 02 June 2024



times was performed by the use of the very specific inhibitor PKSI-
527.13 These data suggest that, unlike other plasma contact system
proteins, inhibition of plasma kallikrein, like PRCP depletion or
inhibition, increases arterial thrombosis risk. This observation is
relevant to the developing clinical use of plasma kallikrein
inhibitors to treat angioedema and reduce bleeding in cardiopulmo-
nary bypass.

The mechanism(s) by which PRCP deficiency leads to arterial
thrombosis was not obvious. Because PRCP activation of prekalli-
krein leads to bradykinin formation and PRCP degrades angioten-
sin II, we postulated that reduced bradykinin (BK) formation and
higher angiotensin II levels would produce a prothrombotic state.
However, plasma BK and angiotensin II levels were unchanged
from control WT mice. Although plasma BK and angiotensin
II levels were unchanged in PRCPgt/gt, these data do not exclude
decreased cell-surface production of these peptides contributing to
their thrombosis and hypertension. Because normal plasma kinino-
gen concentrations are approximately 2.5�M and plasma brady-
kinin concentrations are approximately 0.25nM, less than 0.01% of
the total amount of the peptide is released into plasma. In addition,
intracellular kallikrein/kinin and renin-angiotensin systems have
been described, which also may be contributory to endothelial cell
function in PRCPgt/gt mice.34,35 The 60% normal plasma factor
XII levels seen in the gene-trap mice are probably of no signifi-
cance. Although epidemiologic studies suggest that reduced plasma
factor XII levels are associated with myocardial infarction, mice
severely deficient in factor XII are protected from thrombosis and
plasma levels of factor XII of only 10% to 15% in humans are
sufficient to have normal blood coagulation times.30,36,37 Alterna-
tively, in plasma from PRCP-deleted mice, there is a small but
significant increase in contact activation-induced thrombin genera-
tion and a nonsignificant increase in tissue factor-induced thrombin
generation. The exact mechanism for increased thrombin genera-

tion in plasma of PRCPgt/gt mice is not completely known, but it
may be related to ROS and vascular dysfunction.

Vascular ROS in PRCPgt/gt mice is associated with endothelial
cell dysfunction because the protective transcription factors KLF2
and KLF4 are reduced in the aorta. The anticoagulant genes
thrombomodulin and eNOS, which are regulated by KLF2 and
KLF4, are reduced in gene-trap mice aorta.27,28,38 Further, siRNA
knockdowns of PRCP in HUVECs are associated with increased
uncoupled eNOS and markedly reduced protein C activation. The
finding that thrombomodulin antigen in the knockdowns is not
reduced indicates that it has become inactivated. ROS has been
demonstrated to inactivate a critical methionine for thrombomodu-
lin function.39 How cellular and tissue ROS arise in PRCP-depleted
states is not known. It is known that, when bradykinin binds the
bradykinin B2 receptor, the latter is released from an inhibitory
complex on eNOS.40 It is possible that reduced cell surface or
intracellular BK formation from less PRCP directly reduces cell
eNOS activity contributing to increased ROS. In addition, reduced
PRCP could result in less angiotensin II degradation, allowing for
higher local levels. Angiotensin II is a potent stimulator of ROS
formation through NADPH oxidase.41

In conclusion, these data suggest PRCP expression has a role in
regulating blood pressure and arterial occlusion times. In normal
animals, PRCP contributes to the production of bradykinin and
angiotensin.1-7 Both peptides bind to their constitutive receptors,
the B2R and Mas, to contribute to the constitutive level of vascular
NO that contributes to thrombosis protection (Figure 7). Alterna-
tively, PRCPgt/gt mice are hypertensive. The reduction in PRCP in
vivo results in reduced vascular KLF2/KLF4 and eNOS, contribut-
ing to increased vascular ROS and uncoupled eNOS (Figure 7). In
addition, reduction in Kruppel-like factors contributes to reduced
thrombomodulin, and the vascular ROS leads to its inactivation as
well.41 Both uncoupled eNOS and inactivated thrombomodulin

Figure 7. The influence of PRCP depletion in the intravascular compartment. (Top) At physiologic levels of PRCP, the enzyme contributes to the maintenance of normal
blood pressure and reduces thrombosis risk in the intravascular compartment. PRCP activates prekallikrein to plasma kallikrein that then liberates bradykinin (BK) from
kininogen. PRCP also degrades angiotensin II (Ang II) to angiotensin-(1-7) [Ang(1-7)].(4-6) Both BK and Ang (1-7) act on their respective endothelial cell membrane receptors,
the bradykinin B2 receptor (B2R) or Mas, to increase coupled eNOS leading to NO formation, vasodilation, and thrombosis protection. (Bottom) PRCP-depleted mice are
hypertensive with faster arterial thrombosis times. Reduction in aortic PRCP is associated increased tissue and cell ROS (O2

.�) and uncoupled eNOS. These findings are
associated with reduced vascular KLF2, KLF4, eNOS, and thrombomodulin (TM).
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contribute to the increased arterial thrombosis risk seen in these
animals. These combined data suggest that PRCP regulates blood
pressure and arterial occlusion times, and both activities are linked
to vascular ROS expression.
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