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Abstract

The contribution of plasma prekallikrein (PK) to vascular remodeling is becoming increasingly 

recognized. Plasma PK is activated when the zymogen PK is digested to an active enzyme by 

activated factor XII (FXII). Here, we present our findings that vascular smooth muscle cells 

(VSMC) activate plasma PK in the absence of FXII. Extracted plasma membrane and cytosolic 

fractions of VSMCs activate PK, but the rate of PK activation was greater by the membrane 

fraction. FXII neutralizing antibody did not affect PK activation by extracted proteins of VSMCs. 

VSMC PKA was inhibited by the serine protease inhibitors such as aprotinin, 

phenylmethylsulfonyl fluoride, leupeptin and CTI with CI50 of 0.78 µM, 1 mM, 3.13 µM and 40 

nM on the cultured cells, respectively. No inhibition of PK activation by cysteine, aspartic acid, 

and metalloprotease inhibitors was observed. This is the first report of the presence of an intrinsic 

PKA in VSMC. Considering that VSMCs are normally separated from the circulating blood by 

endothelial cells, direct PK activation by VSMCs may play a role in disease states like diabetes, 

hyperlipidemia or hypertension where endothelial layer is damaged.

Introduction

Atherosclerosis is the leading cause of death in diabetes, and a major source of morbidity 

and mortality. Early atherosclerotic lesions are characterized by endothelial dysfunction, 

impaired endothelium-dependent relaxation of blood vessels, accumulation of inflammatory 

cells, VSMC proliferation and migration and extracellular matrix deposition in the vessel 

wall (1–3). The role of impaired endothelium-dependent vasodilation and the mechanisms 

underlying its dysfunction in vascular disease remain unknown. However, evidence 

indicates that abnormalities in endothelial synthesis and release of nitric oxide may 

contribute to vascular complications (4).
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The localization of kinin receptors within the vascular wall and their activation by 

bradykinin (BK) implies a role for this system in the regulation of vascular tone and 

ultrastructure. Two forms of the kallikrein-kinin system (KKS) exist, one in tissue and the 

other in plasma. Tissue kallikrein, mainly expressed in the pancreas and salivary glands but 

also in other tissues such as kidney, vasculature (VSMC) and brain, acts on low and high 

molecular weight kininogen substrate to release Lysyl-BK (5). The plasma KKS, which 

includes factor XII, prekallikrein and high molecular weight kininogen (HMWK), has been 

linked to the activation of the intrinsic pathway of blood clotting. Plasma PK circulates in an 

inactive form, complexed with HMWK (6). BK, the principal effector of the KKS system, 

can be generated both systemically and locally within the vessel wall (7–10). Thus, BK can 

act in a paracrine or autocrine manner to influence vascular function.

The relevance and significance of kinin-mediated vascular growth and dysfunction is greater 

if there is accelerated kinin generation in populations at risk for vascular disease. Increased 

circulating levels of KKS components in patients at risk for vascular disease would provide 

evidence for heightened system activity and may point to a potential role in vascular disease. 

We have previously shown that type 1 diabetic patients at risk for developing macrovascular 

disease (those with altered glomerular hemodynamics who are at high risk for subsequent 

nephropathy) show increased renal kallikrein and kinin production (11). Furthermore, we 

demonstrated that circulating levels of plasma PK are increased in type 1 diabetic patients 

who are hypertensive. This increase in plasma PK levels was associated with an increase in 

albumin excretion rate (12). These observations together with our recent discoveries that BK 

promotes VSMC remodeling, provide evidence for the involvement of the plasma KKS as a 

modulator of vascular disease risk in diabetes (13–17).

In normal plasma, prekallikrein circulates as a bimolecular complex with HMWK (18). 

Recent studies have identified a binding site or receptor for kininogen on endothelial cells 

(19). This kininogen binding site was later identified to be a multiprotein kininogen receptor 

that consists of cytokeratin 1, urokinase plasminogen activator receptor and gC1qR (20). 

Once kininogen is bound to endothelial cells, it serves as a binding site for prekallikrein. 

Binding of prekallikrein to endothelial cells results in its activation to kallikrein via 

propylcarboxypeptidase (PRCP) (21,22). The generation of active kallikrein on endothelial 

cells then cleaves its receptor and substrate, HMWK, to release BK, which in turn stimulates 

the release of modulators of vessel wall function and ultrastructure such as nitric oxide and 

prostacyclin (22).

Here, we describe a novel mechanism of plasma PK activation by VSMC. Unlike 

endothelial cells, activation of plasma PK by VSMC occurs irrespective of HMWK binding 

to the surfaces of VSMC. Furthermore, our data reveal that the plasma PK activator in 

VSMC is not PRCP, the plasma PK activator identified on endothelial cells. Understanding 

the processes of activation of plasma prekallikrein may provide insights into the 

mechanisms through which plasma PK regulates the vasculature and hence lead to novel 

strategies for intervention.
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Methods

Cell Culture

Rat aortic VSMC from male Sprague-Dawley rats (Charles-River, Laboratories, 

Wilmington, MA) were prepared as previously described (13). A 2-cm segment of artery 

cleaned of fat and adventitia was incubated in 1 mg/ml collagenase for 3h at room 

temperature. The artery was then cut into small sections and fixed to a culture flask for 

explantation in minimal essential media (MEM) containing 10% fetal calf serum (FCS), 1% 

non-essential amino acids, 100 mU/ml penicillin and 100 µg/ml Streptomycin. Cells were 

incubated at 37°C in a humidified atmosphere of 95% air −5% CO2. Medium was changed 

every 3–4 days and cells were passaged every 6–8 days by harvesting with trypsin-EDTA. 

VSMC were identified by the following criteria. They stained positive for intracellular 

cytoskeletal fibrils of actin and smooth muscle cell specific myosin and negative for factor 

VIII antigens. VSMC isolated by this procedure were homogeneous and were used in all 

studies between passages 2–6. The studies were done in compliance with the Guide for the 

Care and Use of Laboratory Animals published by the National Institutes of Health (NIH 

Publication No. 85-23, revised 1996) and approved by the MUSC Institutional Animal Care 

and Use Committee.

Human aortic vascular smooth muscle cells (HAVSMs), human aortic endothelial cells 

(HAECs) and human umbilical vein endothelial cells (HUVECs) were purchased from 

BioWhittaker (Walkersville, MD). They are subcultured in gelatin coated dishes using 

endothelial basal medium-2 (EBM-2) with SingleQuots (Catalog No. CC4176) from 

BioWhittaker (Walkersville, MD), containing 2% FBS and 1% AAS. All cells were used 

from the third passage.

Extraction of Cellular Proteins

VSMCs were subcultured in the 100mm culture dishes until 80% confluent. After washing 

with ice cold PBS, the cells were harvested with 150µl of isolation buffer (10mM Tris-HCL, 

250mM sucrose, pH 7.5) on ice. The cell suspensions were further homogenized using 27-

gauge needle and 1mm-syringe. No detergent was used in this procedure. Cell homogenates 

were centrifuged for 10min at 40°C and the supernatants were ultracentrifuged at 45,000 

rpm for 60min at 4°C (Beckman Optima TM TLX ultracentrifuge, TLX-45 Fixed Angle 

Rotor). The supernatants were collected as the cytosolic fraction of the cellular proteins and 

kept at −80°C until used. The pellets from ultracentrifugation were resuspended and 

homogenized in 50µl of lysis buffer (50 mmol/LTris-HCl, 150 mmol/L NaCl, 0.1% SDS, 

0.02% Sodium azide,1% NP 40 (IGEPAL), 0.5% sodium deoxycholate, 1mmol/L PMSF, 

and protease inhibitor cocktail, pH 8.0) on the ice. The homogenates were centrifuged at 

2,000 rpm for 15min at 4°C. The supernatants were then centrifuged at 30,000 rpm for 30 

min at 4°C. The supernatants were collected for as the plasma membrane fraction of cellular 

proteins and kept at −80°C until used. The protein concentration of each fraction of the 

cellular protein was measured using bicinchoninic acid (BCA) method.
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Western Blotting of Plasma Prekallikrein

VSMCs cultured in 6-well plates to 80% confluence, were incubated with plasma 

prekallikrein and/or factor XII and plasma prekallikrein for various times. Conditioned 

media from the cells was collected and subjected to SDS-PAGE (12%), under reducing 

conditions and transferred onto nitrocellulose membrane (BioRad, Hercules, CA) with semi-

dry transfer method (Biorad, Hercules, CA) at 20V for 50 min. The membranes were 

immunoblotted with anti-plasma prekallikrein polyclonal antibody (1:1,000 dilution, 

Enzyme Research Laboratories, South Bend, IN) overnight at 4°C followed by incubating 

the membranes in a secondary antibody conjugated to horse radish peroxidase (HRP). The 

immunoreactive bands were visualized using the chemiluminiscence reagent Renaissance 

(New England Nuclear Life Science Products, Boston, MA), according to the procedure 

described by the supplier. Membranes were exposed to Kodak LS film and bands were 

measured by densitometry and quantified by Scion Image program (Scion Corporation, 

Frederick, MA).

Plasma Prekallikrein Activation Assay

1~2×104 VSMCs were subcultured on Falcon® 96-well sterile polystyrene tissue culture 

plates (Becton Dickinson, Franklin Lakes, NJ) for one to two days for the cells to become 

greater than 95% confluent. Cells were starved by incubating in 200 µl of serum-free EMEM 

for 24 hrs. For endothelial cells, 2×104 HUVECs and HAECs were subcultured on the same 

96-well tissue culture polystyrene plates with or without gelatin coating. Assays were 

performed in Hepes buffer (10 mM Hepes, 137 mM NaCl, 4 mM KCl, 11 mM D-glucose, 

0.5 mg/ml RIA grade BSA, pH 7.4) at room temperature using 0.4 mM of S-2302 (H-D-

Prolyl-L-Phenylalanyl-L-arginine-p-nitroaniline dihydrochloride), a relatively specific 

chromogenic substrate for plasma kallikrein (Chromogenix, Milano, Italy). After washing 

the cells with 200µl of warm Hepes buffer 3× at room temperature, the cells were incubated 

with 3.58 nM human plasma PK (Enzyme Research Laboratories, South Bend, IN) in Hepes 

buffer. 2.40 nM human plasma FXII (Enzyme Research Laboratories, South Bend, IN) and 

4.28 nM human plasma HMWK (Enzyme Research Laboratories, South Bend, IN) were 

used in controls. These concentrations were chosen by applying the ratios among the plasma 

concentrations of the three components of KKS, FXII and HMWK; PK 50 µg/mL (670 nM), 

FXII 30 µg/mL (375 nM) and HK 80 µg/mL (560 nM). Proper activation of PK on the 

cultured VSMCs was obtained with these concentrations. The optical density (OD) 

(absorbance at 405 nm) of p-nitroaniline was measured at 2 min intervals using a 

SpectraMax 340PC (Molecular Devices, Sunnyvale, CA) to follow the kinetics of PK 

activation. Vmax was defined as the maximum slope of the kinetic display of optical density 

versus time and milli-optical density per minute (mOD/min) was applied in our experiment. 

In detail, Vmax represents a steepest slope of a segment of 11 contiguous points during the 

reaction time given; the slopes were calculated by applying linear regression of line 

segments consisting of time points 1 to 11, 2 to 12, 3 to 13 and so forth. The ODmax of our 

experiment was 0.8 at 405 nm when we used 0.4 mM of S-2302. To characterize the nature 

of PK activator on VSMCs, PK activation was done in the presence or absence of various 

protease inhibitors such as corn trypsin inhibitor (CTI), aprotinin, phenylmethylsulfonyl 

fluoride (PMSF), leupeptin, cystatin, pepstatin, ethylenediaminetetraacetic acid (EDTA) and 
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ethylenle glycol-bis(β-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA). To test the 

effect of CTI and anti-FXII antibody on the activation of PK on the cells or cell-free 

systems, CTI and anti-FXII antibody were pretreated with cultured VSMCs or extracted 

proteins from VSMCs for 30 min at room temperature.

Statistical Analysis

Data were expressed as mean±SE and analyzed by analysis of variance for repeated 

measures. For comparisons involving more than two experimental groups, one way ANOVA 

using the Tukey-Kramer multiple comparison tests were employed to determine statistical 

significance using SAS (Statistical Analysis Systems). The rates of PK activation between 

groups were compared by using Vmax from kinetic data. The differences of mean Vmax 

between groups were analyzed using the Student’s t test. Significance was considered if 

P<0.05.

Results

Direct Activation of Plasma PK by VSMC

We initiated studies to explore the possible mechanisms of plasma PK activation by VSMC. 

VSMCs cultured on gelatin coated 96-well plates were serum starved by incubating them in 

200 µl of serum-free EMEM for 24 hrs. The cells were washed at least 3 times with HEPES 

buffer (10 mM HEPES, 137 mM NaCl, 4 mM KCl, 11 mM D-glucose, 0.5 mg/ml RIA grade 

BSA, pH 7.4) followed by the addition of 0.4 mM of S-2302 and 3.58 nM human plasma PK 

(ERL, South Bend, IN). The optical density (OD) (absorbance at 405 nm) of p-nitroaniline 

was measured at 2 min interval to follow the kinetics of plasma PK activation. The results 

shown in Figure 1A demonstrate the conversion of plasma PK to active kallikrein upon its 

contact with VSMC as evidenced by its ability to cleave S-2302. In contrast, the 

chromogenic substrate S-2302 was not cleaved by plasma PK in a cell free system, thus 

excluding the possibility of PK autoactivation.

Activation of plasma PK by VSMC was also determined by western blot analysis. VSMC 

were incubated with a known concentration of plasma PK (3.58 nM) for various times. The 

appearance of cleaved fragments of PK in conditioned media is indicative of the conversion 

of prekallikrein to kallikrein. Figure 1B demonstrates the detection of cleaved fragments of 

PK in the conditioned media as early as 1h that correspond to one heavy chain (52kD) and 

two light chains (36 and 33 kDs). As a positive control, PK activated with FXII in cell free 

system for 4h, resulted in a similar pattern of PK cleaved fragments as that generated by 

VSMC.

The rate of plasma PK activation between VSMC and endothelial cells was compared in the 

absence of added HMWK. The results shown in Figure 2, demonstrate that both human 

aortic VSMC and rat VSMC can directly activate plasma PK to active kallikrein. In contrast, 

no activation of plasma PK occurred, when plasma PK was added to human aortic 

endothelial cells (HAEC) and/or human umbilical vein endothelial cells (HUVEC).

To assess whether VSMC can hydrolyze S2302 in the absence of PK, rat aortic VSMCs 

were incubated with 0.4 mM of S-2302 in the presence and absence of 3.58 nM of PK either 

Keum et al. Page 5

J Biol Regul Homeost Agents. Author manuscript; available in PMC 2015 February 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



alone or in the presence of FXII or HMWK. The results in Figure 3A show that cleavage of 

S2302 by VSMC was observed only in the presence of PK, PK+FXII and PK+HMWK. No 

cleavage of S2302 was observed by VSMC in the absence of PK (NO PK). We next 

determined whether VSMC release factors into the conditioned media that may result in the 

hydrolysis of S2302. Conditioned media collected 24 h after incubation with VSMC was 

incubated with 0.4 mM of S-2302 and 3.58 nM of PK in the presence and absence of FXII. 

The results in Figure 3B show that no hydrolysis of S2302 by PK was observed in 

conditioned media (PK+Cell Media) collected from VSMC and in PK+ Media. Hydrolysis 

of S2302 by PK was observed only in the presence of FXII.

Activation of Plasma PK by Cellular Proteins Extracted From VSMCs

We next determined whether the putative plasma PK activator we discovered on the surfaces 

of VSMC is mainly associated with the plasma membrane or with the cytosol. We extracted 

the cellular protein from cultured VSMCs without using any detergent, which might affect 

the activity of enzymes involved in activation of the KKS, and separated each fraction using 

ultracentrifugation. The results shown in Figure 4A&B demonstrated that incubation of 

plasma PK (3.58nM) and 0.4 mM S-2302 with either cytosolic or plasma membrane 

fractions resulted in a concentration dependent increase in plasma PK chromogenic activity. 

The higher the protein concentration the faster the rate of conversation of plasma 

prekallikrein to active kallikrein

The next series of studies compared Vmax between the membrane and cytosolic fractions. 

The results in Figure 5A demonstrate that both the cytosolic and plasma membrane fraction 

showed activation of plasma PK when 40µg protein of each fraction was used. As a control, 

the results were compared to activation of plasma PK by FXII in a cell free system. The 

Vmax of the PK activation using 40µg of plasma membrane protein was significantly higher 

(P<0.016) than that for cytosolic fraction of the same protein concentration (Figure 5B). 

Furthermore, the Vmax of 40µg of plasma membrane fraction was significantly higher 

(P<0.035) than that observed for FXII (2.40 nM) activation of plasma PK in this experiment. 

The Vmax of the reaction was significantly greater for plasma membrane at any given 

protein concentration, indicating that the rate of conversion of prekallikrein to kallikrein is 

higher in plasma membrane fractions than the cytosolic fractions, indicating that the 

concentration of PK activator is higher (as a fraction of total protein) in plasma membrane 

than in cytosol. No activation of plasma PK was observed in a cell-free system (Figure 5A).

Characterization of the Plasma PK Activator on VSMC

Role of Factor XII in Plasma PK Activation—To exclude the possibility that 

activation of plasma PK by VSMC may be due to contamination by FXII that is present as 

part of the FBS used to culture VSMC, we determined whether activation of plasma PK is 

sensitive to inhibition with corn trypsin inhibitor (CTI), a select inhibitor of factor XII.

Our first experiments determined the inhibitory profile in our assay conditions of CTI on 

plasma PK activation by FXII in a cell free system. The inhibitory profile of CTI on plasma 

PK activation by FXII was assessed by performing a concentration-response curve using 

various concentrations of CTI (0.5nM–10µM). A concentration dependent inhibition of 
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plasma PK activation by FXII was observed in response to CTI treatment. The IC50 was 

between 0.312 µM and 0.156 µM, with peak inhibition of about 80% by 10µM of CTI 

(Figure 6A). Based on this finding we elected to use two concentrations of CTI (0.156µM 

and 10µM) to assess whether these concentrations would inhibit plasma PK activation to 

response to proteins extracted from the plasma membrane or cytosol of VSMC.

Plasma membrane and cytosolic protein extracts (40µg) were incubated in the presence or 

absence of 0.156 µM or 10 µM of CTI for 30 min prior to performing the activation assay. 

The results shown in Figure 6A, demonstrate that activation of plasma PK by FXII was 

significantly inhibited in the presence of CTI. Both concentrations of CTI (0.156µM and 

10µM) significantly inhibited plasma PK activation by FXII (54% and 80% inhibition in 

Vmax, P<0.05 and P<0.0001, respectively). Incubation of plasma PK with either the plasma 

membrane or cytosolic fraction resulted in significant activation of plasma PK (Figure 6B & 

6C). However, no inhibition of PK activation was observed by either concentration of CTI 

(0.156µM and 10µM) when plasma membrane and cytosolic fractions were used to activate 

PK (11% increase and 2.4% decrease in Vmax, respectively, P=0.08 and P=0.66, 

respectively, Figure 6B &6C).

To explore further the involvement of FXII in plasma PK activation by VSMC, plasma PK 

activation by VSMC alone and/or by FXII and VSMC was determined in the presence and 

absence of neutralizing anti-FXII antibodies (100µg/mL). The results shown in Figure 7A 

demonstrate that, VSMC alone and/or VSMC+FXII resulted in plasma PK activation. 

However, in the presence of anti-FXII antibodies, the activation of plasma PK that was 

observed in response to FXII and VSMCs was significantly reduced compared to FXII 

treated VSMC (34% inhibition in Vmax, P<0.001). On the other hand, pretreatment of 

VSMC with anti-FXII antibodies had no significant effect on plasma PK activation by 

VSMC alone (9% inhibition in Vmax, P=0.254, Figure 7A).

To assess whether the concentration of anti-FXII antibody we used was effective in 

neutralizing the effects of FXII, we measured the rate of plasma PK activation by FXII in a 

cell free system in the presence and absence of anti-FXII antibody (100µg/mL). The results 

in Figure 7B show that the increase in plasma PK activation in response to FXII was 

significantly inhibited in the presence of neutralizing anti-FXII antibodies (88% inhibition in 

Vmax, P<0.0001).

The effect of neutralizing anti-FXII antibodies on plasma PK activation in response to 

plasma membrane and cytosolic fractions extraction from VSMC was also assessed. The 

results shown in Figure 7C&D demonstrate that anti-FXII antibodies had no significant 

effect on plasma PK activation in response to either the membrane fraction or the cytosolic 

fraction (3% increase each in Vmax; P=0.578). Taken together, these findings rule out a role 

for the involvement of FXII in activation of plasma PK by VSMC.

Effect of Protease Inhibitors on VSMC Plasma PK Activator

To characterize the plasma PK activator in VSMC, the inhibitory profile of the plasma PK 

activator was assessed by using a panel of protease inhibitors. In these studies plasma PK 

(3.58nM) was added to VSMC cultured on 96 well-plates in the presence and absence of 
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high concentrations of i) serine protease inhibitors (aprotinin 0–100 µM; 

phenylmethylsulfonyl chloride 0–10mM; leupeptin 0–100 µM) and antipain 0–100µM); ii) 

cysteine protease inhibitor (cystatin 0–100 µg/ml); iii) aspartic acid protease inhibitor 

(pepstatin 0–1.56µg/ml); iv) metalloprotease inhibitors (bestatin 0–250 µg/ml) and v) 

calcium-dependent proteases (EDTA-Na2 0–3.125 mM, EGTA 0–12.5mM). The amount of 

kallikrein activity formed in the presence of the above inhibitors was determined by the 

hydrolysis of 0.4 mM S-2302 and compared with an uninhibited control. In addition to 

assessing the effect of these inhibitors on the chromogenic activity of PK, we also 

determined whether these inhibitors would block the conversion of PK to active kallikrein. 

This was assessed by SDS-PAGE, an event that is independent of kallikrein amidolytic 

activity.

The results shown in Figure 8 demonstrated that aprotinin (Figure 8A), PMSF (Figure 8B) 

and leupeptin (Figure 8C), inhibited the chromogenic activity of PK in a concentration 

dependent manner with an IC50 0f 0.78µM, 1mM and 3.12µM, respectively. We next 

determined whether aprotinin, PMSF and leupeptin would block the conversion of PK to 

kallikrein as assessed by SDS-PAGE, an event that is independent of kallikrein amidolytic 

activity. PK migrated as a thick band between 85–88kD (Figure 8A–C). Incubation of PK 

with VSMC for 4h resulted in the generation of multiple breakdown products of PK that 

migrated at 52 and 36 and 33KD. However, in the presence of increasing concentrations of 

aprotinin, PMSF and leupeptin, no breakdown products of PK were observed, indicating that 

the PK activating enzyme(s) associated with VSMC is sensitive to inhibition with aprotinin, 

PMSF and leupeptin.

The cysteine protease inhibitor cystatin (Figure 9A) and an aspartic acid protease inhibitor 

pepstatin (Figure 9B) did not inhibit the chromogenic activity of plasma PK, nor did they 

block the conversion of plasma PK to kallikrein as assessed by SDS-PAGE. Furthermore, 

the metalloprotease inhibitor bestatin (Figure 10A) and the calcium-dependent proteases, 

EDTA-Na2 (Figure 10B) and EGTA (Figure 10C) also had no significant effect on the 

chromogenic activity of plasma PK or the conversion of plasma PK to kallikrein as assessed 

by SDS-PAGE.

Effect of Angiotensin II and Bradykinin

We next evaluated whether the putative plasma PK activator in VSMC is the endothelial cell 

plasma PK activator propylcarboxypeptidase (PRCP). Plasma PK (3.58nM) was added to 

VSMC in the presence and absence of 10 µM angiotensin II (Ang II) and/or 100 µM of BK. 

Both Ang II and BK are substrates for PRCP that inhibit PRCP activity (20). The amount of 

kallikrein activity formed in the presence of Ang II and BK was determined by the 

hydrolysis of 0.4 mM S-2302 and compared with an uninhibited control. The results shown 

in Figure 11 demonstrated that neither AngII nor BK inhibited the chromogenic activity of 

PK, thus ruling out PRCP as the putative PK activator in VSMC (4.3% increase and 4.7% 

decrease in Vmax, respectively; P=0.547 and P=0.651, Figure 11B).
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Discussion

The pathophysiological significance of plasma PK independent of its role in blood 

coagulation is just beginning to be realized. Plasma PK has recently been shown to be 

associated with high blood pressure and albuminuria in type 1 diabetic patients, to modulate 

thrombosis risk and to promote vascular remodeling (12,18). The plasma PK gene KLKB1 

is encoded by a single gene that is mapped to the q34–q35 region of chromosome 4 and is 

composed of 15 exons and 14 introns that correspond to the coding regions of the heavy and 

light chains of plasma kallikrein. The heavy chain consists of four tandem repeat sequences 

called “apple” domains (named A1–A4) that are responsible for binding of PK to HMWK. 

The catalytic domain of PK is in the light chain (23). Plasma PK is predominately 

synthesized in the liver and secreted into the circulation where it circulates as a bimolecular 

complex bound to its substrate HMWK (5). Under physiological conditions, the assembly of 

the plasma PK-HMWK complex on the surfaces of endothelial cells is facilitated by the 

binding of domains 3, 4 and 5 of HMWK to a multiprotein receptor complex that consists of 

cytokeratin 1 (CK1), the receptor for globular head of the C1q (gC1qR) and the urokinase 

plasminogen activator receptor (u-PAR) (19–21). Once assembled on the surfaces of 

endothelial cells, PRCP, which is bound to the complex, activates plasma PK to activate 

kallikrein, which in turn cleaves HMWK to release BK (22). The generated, BK can act on 

its B2-receptors in an autocrine and or paracrine manner to initiate a multitude of cellular 

signals that influence vascular structure and tone. For instance, activation of B2 receptors on 

endothelial cells by BK results in the generation of nitric oxide, which promotes 

vasodilatation of the vessel wall and inhibits proliferation of the underlying VSMC (24).

However, when the endothelium is denuded or injured, as a result of the diabetic state, 

plasma PK will be in direct contact with VSMC leading to its activation and initiation of its 

signal transduction mechanisms. Furthermore, VSMC comprise the main cellular component 

in atherosclerotic lesions and their number and activity largely determines the thickness of 

the intima. In this regard, circulating levels of plasma PK are in constant contact with the 

atherosclerotic plaque leading to its activation by VSMC and initiation of PK signaling 

pathways that may ultimately alter the pathophysiology of the atherosclerotic plaque.

However, whereas HMWK plays a pivotal role in PK activation by HSP90 or PRCP, 

HMWK was not essential for activation of PK on surfaces of VSMCs in our experiments 

(20,25). When HMWK was added together with PK, the rate of PK activation was slightly 

lower than PK alone. This finding is in contrast to a previous report by Fernando et al, 

showing that addition of PK and HMWK to VSMC did not result in PK activation as 

evidenced by hydrolysis of S2302 (26). In addition, anti-factor FXII antibody, did not inhibit 

the activation of PK by VSMCs themselves or extracted proteins from the VSMCs. 

Additionally, using extracted VSMC proteins, CTI did not show a dramatic inhibition as is 

seen with CTI’s inhibition of PK activation by FXII. Thus, the direct activation of PK on 

VSMCs cannot be attributed to contaminating FXII arising from some trace amounts of 

remaining FXII that might be present in FBS used in the culture media.

The direct activation of PK by PK activator of VSMC seen in this study was inhibited by 

other serine protease inhibitors such as aprotinin, phenylmethylsulfonyl fluoride (PMSF), 
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and leupeptin. No inhibition of PK activation was observed in response to inhibitors of 

cysteine and aspartic acid proteases and metalloproteases. Angiotensin II (AngII) and BK 

are known substrates for PRCP and both inhibit PK activation by PRCP in the endothelial 

cells (20,25). However, when we examined AngII and BK, they did not inhibit the activation 

of PK by VSMCs. This suggests that the activator of VSMCs in this experiment may be 

different from PRCP, a known endothelial PK activator.

Furthermore, the pattern of kinetics of PK activation by the cytosolic fraction of extracted 

protein was quite different from that by plasma membrane fractions. The rate of PK 

activation measured using Vmax was much faster with the plasma membrane fraction than 

with the cytosolic fraction. In the early phase, PK activation by plasma membrane fraction 

was even faster than that by FXII on the same plate. This suggests that the PK activator is 

not FXII and that it constitutes a larger fraction of plasma membrane protein that cytosolic 

protein.

A possible alternate pathway for activation of PK by vascular cells, a number of studies in 

cell free systems implicated a role for proteoglycans in the autoactivation of PK and factor 

XII (27–29). However, a number of recent studies using endothelial cells have shown that 

negatively charged proteoglycans inhibit the binding of HMWK to endothelial surfaces and 

limit the liberation of BK from kininogen cleavage (30). Furthermore, heparin was shown 

not to affect the activation of PK on endothelial cells (31). These results are in agreement 

with our studies showing that when PK was added to either HAEC or to HUVECS, no 

activation of PK was observed, thus ruling out a potential role of proteoglycans in PK 

activation. Since VSMC synthesize and secrete proteoglycans, we tested whether the culture 

medium collected from the cell layer of cultured VSMC will stimulate PK activation 

(32,33). No PK activation was observed when incubated with culture media collected from 

VSMC. PK activation was observed only in the presence of Factor XII, thus ruling out a 

potential role for cell surface proteoglycans in PK activation by VSMC. However, the data 

presented in the current manuscript do not rule out a possible role of activation of PK by 

proteoglycans that are not rapidly secreted by VSMC.

In summary, the findings of this manuscript point to a novel mechanism of plasma PK 

activation by VSMC. Unlike endothelial cells, activation of plasma PK by VSMC occurs 

irrespective of HMWK binding to the surfaces of VSMC. Future studies will aim to purify, 

characterize and identify the nature of this putative plasma PK activator present in VSMC.
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Figure 1. Prekallikrein activation by cultured VSMCs in the absence of FXII
A: VSMCs were subcultured in the 96-well microplate. Optical densities (OD) were 

recorded at 405 nm at 2-min intervals for 3 hrs using SpectraMax® 340 PC laser microplate 

reader. No activation of PK was present by using 3.85 nM of PK and 0.4 mM of kallikrein 

substrate S-2302® in the cell-free system (open circle). When the same amount of PK was 

added to VSMCs, activation of PK was detected in the absence of FXII (closed circle). The 

graphs are from a representatives set of 10 experiments. B, Immunoblot analysis of 

conditioning media of VSMCs incubated with 3.58 nM of prekallikrein shows the 
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conversion of PK into various digestion fragments including those corresponding to heavy 

chain (52 kD) and light chains (36 and 33 kD) of the PK as a function of time. PK digestion 

fragments by FXII in cell-free system are shown for comparison.
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Figure 2. Comparison of PK activation by endothelial and VSMC
Rat aortic VSMCs, human aortic VSMCs (HVSMCs), human umbilical vein endothelial 

cells (HUVECs) and human aortic endothelial cells (HAECs) were subcultured in different 

wells and incubated with 3.58 nM of PK and 0.4 mM of S-2302. Optical densities were 

recorded at 405 nm at every 2 min for 2 hrs. While HUVECs and HAECs did not show PK 

activation, rat VSMCs (closed circle) and HVSMCs (open circle) showed remarkable 

activation of PK in the absence of FXII. Graphs are from a representative set of 3 

experiments.
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Figure 3. 
(A) Cleavage of S2303 by PK in VSMC. Rat aortic VSMCs were incubated with 0.4 mM 

of S-2302 in the presence and absence of 3.58 nM of PK alone and in the presence of FXII 

and/or HK. Optical densities were recorded at 405 nm at every 2 min for 3 hrs. Cleavage of 

S2302 by VSMC was observed only in the presence of PK, PK+FXII and PK+HK. No 

cleavage of S2302 was observed by VSMC in the absence of PK (NO PK). Graphs are from 

a representative set of 4 experiments. (B). Effect of cell culture media on PK activation. 
0.4 mM of S-2302 and 3.58 nM of PK were incubated with conditioned media collected 24 
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h after incubation with VSMC in the presence and absence of FXII. No hydrolysis of S2302 

by PK was observed in conditioned media (PK+Cell Media) collected from VSMC and in 

PK+ Media. Hydrolysis of S2302 by PK was observed only in the presence of FXII. Graphs 

are from a representative set of 4 experiments.
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Figure 4. Dose-response prekallikrein activation by cytosolic and plasma membrane fractions
A: Dose response of cytosolic fractions (5, 10, 20 and 40 µg) on PK activation (3.58 nM of 

PK, closed circles). B: Dose response of plasma membrane fraction (Pmb) on PK activation 

in a cell free system. The results are representative of 4 separate experiments.
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Figure 5. Prekallikrein activation by extracted proteins from VSMCs in cell-free system
A: 40 µg of cytosolic (Cyt) and/or plasma membrane (Pmb) protein fractions extracted from 

VSMC were used to assess activation of PK in cell-free system. Optical densities were read 

at 405 nm at 2-min intervals for 5 hr. Autoactivation of PK was not observed in the absence 

of cellular protein (open circle). Both cytosolic fraction (open triangle) and plasma 

membrane fraction (closed triangle) activated PK. B: The rate of PK activation by plasma 

membrane fraction was faster than that by cytosolic protein based on the maximum rate of 

the kinetic profile (Vmax). The Vmax of plasma membrane was even higher than that by 
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factor XII (FXII) (closed circle in A). The results are averages from 3 experiments, each 

with triplicates.
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Figure 6. Inhibitory profile of PK activation BY CTI in cell-free system
A, PK activation by FXII in the absence of CTI is shown. Using 0.156 µM and 10 µM, CTI 

inhibited activation of PK by factor XII (FXII) in dose-dependent manner (p=0.0161 and 

p=0.000176 for 0.156 µM and 10 µM, respectively, n=3). B, 40 µg of plasma membrane 

fraction (Pmb) of VSMC activated PK was not inhibited by 0.156 µM and 10 µM of CTI 

(p=0.996 and p=0.906 for 0.156 µM and 10 µM, respectively, n=3). C, Cytosolic fraction 

also activated PK, which did not show a significant inhibition by 0.156 µM and 10 µM of 

CTI (p=0.165 and p=0.765 for 0.156 µM and 10 µM, respectively, n=3).

Keum et al. Page 21

J Biol Regul Homeost Agents. Author manuscript; available in PMC 2015 February 23.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 7. The effect of anti-FXII antibody on the activation of PK
A: VSMCs incubated with anti-FXII antibody for 30 min at room temperature. Anti-FXII 

(100µg/ml) antibody inhibited PK activation by FXII (p=0.00674). However, activation of 

PK by the VSMCs in the absence of FXII was not inhibited by 100µg/mL of anti-FXII 

(closed circles and closed triangles). B, Anti-FXII inhibited PK activation by FXII 

(p=0.0144). C: Anti-FXII did not inhibit PK activation by plasma membrane fraction (Pmb, 

40 µg) of VSMCs. D, Anti-FXII did not inhibit PK activation by cytosolic fraction (Cyt, 

40µg) of VSMCs. The graphs are representative sets from 4 separate experiments.
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Figure 8. Inhibition profile of PK activation on surfaces of VSMCs by serine protease inhibitors
A–C, PK activation by VSMCs was dose-dependently inhibited by aprotinin (A), 

phenylmethylsulfonyl fluoride (PMSF) (B) and leupeptin (C). Each graph of PK activation 

and the bands obtained by Western blotting represent the effect of serial dilution of protease 

inhibitors used (n=3).
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Figure 9. Inhibitory profile of PK activation by cysteine and aspartic acid protease inhibitors
A, PK activation by VSMCs was not inhibited by cystatin, a cysteine protease inhibitor. B, 

PK activation by VSMCs was not inhibited by pepstatin, an aspartic acid protease inhibitor 

(n=3 experiments).
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Figure 10. Inhibition profile of PK activation by metalloprotease inhibitors
A–C, PK activation by VSMCs was not inhibited by bestatin (A), EDTA-Na2 (B) and 

EGTA (C). Activation assays and western blot analysis showed similar results (n=3 

experiments).
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Figure 11. Effect of angiotensin II (AngII) and bradykinin (BK) on prekallikrein (PK) activation 
by VSMCs
PK activation was done in the absence (open circle) or presence of AngII (10 µM, open 

triangle) and BK (100 µM, closed triangle) for 2 hrs at room temperature. No inhibition of 

PK activation by VSMCs was observed by incubating PK in the presence of AngII or BK. 

The graphs were representative of 3 separate experiments.
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