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tion (doxycycline, 5.4 mg/kg/day, 24 weeks) attenuated 
 VEGFR-2 cleavage, endothelial apoptosis, and capillary rar-
efaction in the SHR. These results suggest elevated plasma 
MMP activities may cleave VEGFR-2, resulting in endothelial 
apoptosis and capillary rarefaction in the SHR. 

 Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Hypertension is associated with a high prevalence and 
an increased risk of cardiovascular morbidity and mor-
tality. Besides an elevated arterial blood pressure, the 
spontaneously hypertensive rat (SHR) form of hyperten-
sion shows numerous microvascular complications, e.g. 
free radical production, insulin resistance, attenuated 
leukocyte adhesion to the endothelium, apoptosis, and 
enhanced organ injury  [1–5] . Endothelial apoptosis causes 
capillary closure and rarefaction with loss of parenchy-
mal cells  [6] .

  The vascular endothelial growth factor receptor-2 
(VEGFR-2) plays a central role in the proliferation and 
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 Abstract 
 Besides an elevated blood pressure, the spontaneously hy-
pertensive rat (SHR) has multiple microvascular complica-
tions including endothelial apoptosis with capillary rarefac-
tion. The SHR also has elevated levels of proteolytic (e.g. 
 matrix metalloproteinase, MMP) activity and apoptosis in 
microvascular cells compared to its normotensive control, 
but the specific enzymes involved and the molecular mech-
anism for apoptosis are unknown. We hypothesize that se-
lected MMPs cleave the extracellular domain of vascular 
 endothelial growth factor receptor-2 (VEGFR-2), which in 
turn causes endothelial apoptosis and capillary rarefaction. 
Zymographic analysis shows that gelatinase (MMP-2 and 
MMP-9) and matrilysin (MMP-7) activities are significantly 
enhanced in SHR plasma. The SHR has lower levels of the 
 extracellular domains of VEGFR-2 in cardiac microvessels. 
Furthermore, application of plasma from the SHR, or purified 
MMP-9 and MMP-7 to naïve cells causes cleavage of the ex-
tracellular domain of VEGFR-2. The receptor cleavage was 
blocked by broad-acting MMP inhibitors (GM6001 1  �  M , 
EDTA 10 m M , or doxycycline 11.3  �  M ). Chronic MMP inhibi-
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apoptosis of vascular endothelium  [7–9] . Depletion of 
VEGFR-2 signaling leads to apoptosis in capillaries  [10] , 
but no molecular mechanism has been proposed for the 
enhanced endothelial apoptosis in hypertension.

  The matrix metalloproteinase (MMP) family includes 
24 members that share structural domains, but differ in 
substrate specificity, cellular sources, and transcriptional 
regulation  [11] . Based on structural domains, the MMP 
family consists of five subgroups: collagenase, gelatinase, 
stromelysin, matrilysin, and membrane-type MMPs. 
MMPs degrade components of the extracellular matrix, 
remodel the extracellular matrix, and influence angio-
genesis  [12] . This feature is relevant for many aspects of 
mammalian biology and pathophysiology  [13, 14] .

  Recently, we showed that SHRs have elevated levels of 
unchecked proteolytic activity in plasma and on endo-
thelium compared to their normotensive control, the Wi-
star Kyoto (WKY) rat. MMPs and other enzymes con-
tribute to this process  [15] . MMPs cause cleavage of mem-
brane receptors, e.g. the extracellular domain of the 
insulin receptor and consequently insulin resistance, or 
cleavage of CD18 on leukocytes and defective adhesion of 
leukocytes to the endothelium. Blockade of the MMPs 
prevents receptor cleavage and symptoms that are associ-
ated with insulin resistance and attenuated leukocyte ad-
hesion, in addition to reducing blood pressure  [15] . MMPs 
can also cleave vasoactive substances to produce vaso-
constrictors  [16–18] . 

  In the present study, fluorospectrophotometry and 
gelatin gel zymography were employed to determine the 
plasma levels of selected MMPs of WKY and SHR. Fluo-
rescently quenched substrates specific for MMP-1, -1/-9, 
-2, -3, -7, -8, -13, and -14 were utilized and their cleavage 
into fluorescent products was measured in plasma. We 
determined the level of VEGFR-2 proteolytic cleavage as 
well as its association with endothelial apoptosis and cap-
illary rarefaction before and after chronic MMP inhibi-
tion. Among hundreds of MMP-inhibitory compounds 
that have been developed  [19] , we used doxycycline, a 
member of the tetracycline family, which is the only FDA-
approved MMP inhibitor, and usable in future clinical 
studies. 

  Materials and Methods 

 Reagents 
 Representatives of the five subgroups of the MMP family were 

studied in this report. The following fluorogenic substrates were 
purchased (from American Peptide Company, APC, Sunnyvale, 
Calif., and Sigma-Aldrich, St. Louis, Mo., USA):

   Vascular Collagenase:  MMP-1 (collagenase, or murine colla-
genase-like A and B in the rat), Dnp-Pro-Cha-Abu-Cys(Me)-His-
Ala-Lys(N-Me-Abz)-NH 2 , 1.5  �  M , excitation (EX) at 365 nm and 
emission (EM) at 450 nm (APC); MMP-8 (neutrophil collagenase) 
Dnp-Pro-Leu-Ala-Tyr-Trp-Ala-Arg, 1.5  �  M , EX/EM 280/360 nm 
(APC), and MMP-13 (collagenase-3) Mca-Pro-Cha-Gly-Nva-His-
Ala-Dpa-NH 2 , 1.5  �  M , EX/EM 280/360 nm (APC).

   Gelatinase:  MMP-2 (gelatinase A), Mca-Pro-Leu-Ala-Nva-
Dpa-Ala-Arg-NH 2 , 1.5  �  M , EX/EM 350/385 nm (Sigma), and 
MMP-1/-9 (for collagenase and gelatinase B), N-(2,4-dinitrophe-
nyl)-Pro-Leu-Gly-Leu-Trp-Ala- D -Arg, 1.5  �  M  EX/EM 280/346 
nm (Sigma).

   Stromelysin:  MMP-3 (stromelysin-1), MOCAc-Arg-Pro-Lys-
Pro-Tyr-Ala-Nva-Trp-Met-Lys-(DNP)-NH 2 , 1.5  �  M , EX/EM 
325/395 nm (Sigma).

   Membrane-Type MMP.  MMP-14 (MT1-MMP), MCA-PLA-
C(OMeBz)-WAR(Dpa)-NH 2 , 1.5  �  M , EX/EM 380/460 nm 
(APC).

   Matrilysin : MMP-7 (matrilysin-1), Dnp-Arg-Pro-Leu-Ala-
Leu-Trp-Arg-Ser, 1.5  �  M , EX/EM 278/358 nm, APC.

  The specificity of the fluorogenic substrates was validated 
with the purified enzyme MMP-1, -2, -7, -8, -9, and -13 (Calbio-
chem, Gibbstown, N.J., USA). Pro-MMPs were activated with 2-
aminophenylmercuric acetate. VEGFR-2 was labeled with anti-
bodies against the extracellular domain (Q-20, Santa Cruz Bio-
technology, Santa Cruz, Calif., USA; binding to a 20-amino acid 
epitope between amino acid sites 50 and 100) and the intracellular 
domain (S-20, Santa Cruz; binding to a 20-amino acid epitope 
between amino acid sites 1,300 and 1,350). Apoptosis was detect-
ed with TACS � XL �  DAB in situ apoptosis. 

   Detection Kit (Trevigen 4828-30-DK).  To block MMP activity, 
we used the broad-spectrum MMP inhibitors doxycycline (West-
Ward, Eatontown, N.J., USA), GM6001 (Calbiochem) and the iron 
chelator ethylene-diamine-tetraacetic acid (EDTA, Fisher Scien-
tific, Schwerte, Germany). 

  Animals 
 The experimental protocol was reviewed and approved by the 

University of California San Diego Animal Subjects Committee. 
After general anesthesia (sodium pentobarbital, 50 mg/kg body 
weight i.m.; Abbott Laboratories, North Chicago, Ill., USA), male 
SHRs, normotensive WKY and Wistar rats (Charles River Labo-
ratories, Wilmington, Mass., USA; 12–18 weeks, 280–350 g) were 
cannulated with a femoral artery and a femoral vein catheter 
(polyethylene catheters, PE50, Becton Dickinson Primary Care 
Diagnostics, Sparks, Md., USA). The mean arterial pressure and 
heart rate were digitally recorded (MacLab with Power Macintosh 
G3). Supplemental doses of anesthesia (5 mg/kg body weight i.v.) 
were administered as needed after reflex testing. The body tem-
perature was maintained at 37   °   C by a water-heated stage. At the 
end of the study, the animals were euthanized (sodium pentobar-
bital 120 mg/kg body weight i.v.). 

  Subgroups of the SHRs and WKY rats were treated with the 
broad-blocking MMP inhibitor doxycycline (5.4 mg/kg/day, 24 
weeks; West-Ward) as described  [15] .

  Plasma Protease Activities  
 Fresh plasma samples were collected and frozen (–80   °   C) until 

assayed. For analysis, the samples were unfrozen and tested si-
multaneously for overall protease activity (Enzchek BODIPY, ca-



 Matrix Metalloproteinase in 
Hypertension 

J Vasc Res 2010;47:423–431 425

sein derivative, catalogue No. E-6638; Molecular Probes, Carls-
bad, Calif., USA; cleaved by metallo-, serine, acid, and sulfhydryl 
proteases) and specific protease activity with each of the intra-
molecularly quenched fluorescent substrates. Protease activity 
levels were determined from the fluorescent intensity after pep-
tide cleavage after a 1-hour incubation at 37   °   C (SpectraMax 
Gemini XS, Molecular Devices, Sunnyvale, Calif., USA; in fluo-
rescent units). As controls, individual MMP activity levels were 
also determined with the fluorogenic substrates and standards of 
purified MMP in different concentrations (0, 1, 10, and 100 
n M ).

  Gel Zymography Protocol 
 We confirmed selected MMP activity by molecular weight de-

termination using gelatin and carboxymethylated transferrin zy-
mography (protocol from Bio-Rad Laboratories, Hercules, Calif., 
USA). Briefly, SDS gels (10% degassed acrylamide/bis) with gel-
atin (0.8 mg/ml) were loaded with plasma samples and run 
( � 125 V, constant voltage) until the bromophenol blue tracking 
dye reaches the bottom of the gel. The gels were incubated in the 
renaturing buffer during gentle agitation for 60 min at room tem-
perature. Subsequently, the gels were incubated in the developing 
buffer, equilibrated for 30 min at room temperature, and then in-
cubated in the fresh developing buffer (37   °   C) overnight for max-
imum sensitivity. MMP-7s were analyzed by 12.5% carboxymeth-
ylated transferrin zymography. Heparin was used to enhance the 
zymographic assays  [20] .

  The gels were stained with Coomassie blue R-250 (30 min) and 
then de-stained with destaining solution (methanol:acetic acid:
water, 50:   10:   40) until areas of gelatinolytic activity appeared as 
clear sharp bands (where the protease had digested the gelatin) 
over the blue background.

  VEGFR-2 Cleavage  
 To examine the possibility that proteases in plasma of the SHR 

may cleave the extracellular domain of VEGFR-2, freshly frozen 
cardiac tissue sections from Wistar rats were un-frozen, then ex-
posed for 6 h to plasma from the SHR, WKY, and control Wistar 
rats, and selected purified MMPs. After fixation in paraformal-
dehyde and permeabilization with saponin, the tissue sections 
were labeled with a primary antibody against the extracellular 
and separately against the intracellular domain of VEGFR-2, fol-
lowed by biotinylated secondary antibody and avidin:biotinylated 
enzyme complex and Vector NovaRED peroxidase substrate  [15] . 
Measurements of receptor density were determined by light in-
tensity measurements. 

  Cell Apoptosis Levels  
 Cardiac microvessels and thymus were examined by TdT-me-

diated dUTP-biotin nick end labeling [terminal deoxynucleotidyl 
transferase-mediated dUTP nick end-labeling (TUNEL)] accord-
ing to instructions (VasoTACS; Trevigen, Gaithersburg, Md., 
USA).

  Microvessel Length Density 
 The vessels in cardiac muscle were immunolabeled with anti-

body against the intracellular domain of VEGFR-2. Stereology 
was used to analyze vessel density (capillary length per tissue vol-
ume)  [3] . The cremaster muscle was excised and labeled with 
 fluorescein isothiocyanate-conjugated  Bandeiraea simplicifolia -1 

lectin dissolved in phosphate-buffered saline (20  � g/ml, Sigma), 
which selectively bonded to small vessels with a diameter 20  � m. 
Using a confocal microscope (Bio-Rad MRC-1024UV), we ob-
tained stacked fluorescent images and examined microvessel 
length density, i.e. the total vessel length per unit tissue volume, 
as reported previously  [3, 18] .

  Statistics 
 All measurements are presented as means  8  SD. Compari-

sons of mean values between animal groups were carried out by 
ANOVA, and Student-Newman-Keuls test was used for multiple 
comparisons. Student’s t test was used to determine differences 
between groups. p  !  0.05 was considered statistically signifi-
cant. 

  Results 

 Arterial Blood Pressure 
 The mean femoral arterial blood pressures in the 

WKY rats and SHRs were 113  8  4 and 164  8  6 mm Hg, 
respectively (p  !  0.05). 

  Plasma Protease Activity 
 Compared to WKY and Wistar plasma, average total 

protease activity detected by casein in the SHR plasma 
was significantly increased on average by 35% ( fig. 1 ). In 
addition, the SHR had a significantly elevated plasma ac-
tivity of MMP-2, MMP-9, and MMP-7 (by 10.9, 25.5, and 
15.0%, respectively; p  !  0.05 in each case;  fig. 2 ). The 
plasma MMP-1, -8, and -13 activities in the SHR were not 
significantly increased (p  1  0.05). The plasma protease 
activity of MMP-3 was not elevated in the SHR com-
pared to the WKY rats. In contrast, in the SHR plasma 
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  Fig. 1.  Plasma protease activity (digital fluorescence units, DFU) 
in the SHR, WKY, and Wistar plasma (n = 6/group) determined 
by fluorescently quenched casein. Measurements are derived 
from 6 rat plasma samples in each group.  *  p  !  0.05. 
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  Fig. 2.  Plasma MMP activity in the SHR, WKY, and Wistar plas-
ma determined by specific fluorescently quenched substrates. 
Specific individual MMP equivalent activity levels were deter-
mined with the fluorogenic substrates and standards of purified 

MMPs. n = 6 rat plasma samples/group.  a  MMP-2 equivalent 
units.  b  MMP-9 equivalent units.  c  MMP-7 equivalent units.
 *  p  !  0.05. 
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  Fig. 3.  Activity of specific MMPs in the SHR plasma in gelatin 
zymography. The protease activity in plasma was confirmed by 
gel zymography using molecular weight standards for confirma-
tion. Enhanced pro- and active-MMP-9 (92/86 kDa), MMP-2 
(72/66 kDa), as well as MMP-7 ( � 20 kDa) activities were detected 
in the SHR plasma ( b ). The bar graphs ( a ) represent measure-

ments of active MMP levels. As control, we showed that all MMP 
activity is blocked in vitro by metal chelation (EDTA) and we con-
firmed by gel zymography with a serine protease inhibitor, phenyl-
methylsulfonyl fluoride (PMSF), that the enhanced proteolytic 
activity in the SHR was not affected by serine protease inhibition 
( b ).     
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MMP-14 activity was on average 21% lower than in WKY 
rats (p  !  0.05). 

  In an alternative approach, the elevated MMP-2, 
MMP-9, and MMP-7 activities in SHR plasma were con-
firmed by gel zymography ( fig. 3 ). As control, we showed 
that all MMP activity is blocked in vitro by metal chela-
tion (EDTA;  fig. 3 ) and by GM6001 (results not shown). 
We further confirmed by gel zymography with a serine 
protease inhibitor, phenylmethylsulfonyl fluoride, that 
the enhanced proteolytic activity in the SHR was not af-
fected by serine protease inhibition. 

  Receptor Cleavage of VEGFR-2 in the SHR 
 Cleavage of the extracellular domain of VEGFR-2 was 

detected by use of separate antibodies against their intra- 
and extracellular domains in cardiac tissue of the SHR 
and WKY. The SHR had a significantly lower expression 
of the extracellular domain of VEGFR-2 on endothelium 
of cardiac arteries, arterioles and capillaries, with a simi-
lar trend in cardiac venules ( fig. 4 ). 

  Receptor Cleavage of VEGFR-2 by SHR Plasma 
 Application of plasma from the SHR and WKY or se-

lected purified MMPs to naïve cardiac tissues from a nor-
motensive Wistar rat serves to examine their ability to 
cleave VEGFR-2. The cleavage of VEGFR-2 was detected 
by use of the primary antibody against its extracellular 
domain. The label density of the extracellular domain of 
VEGFR-2 on the surface of cardiac endothelial cells was 
reduced by SHR plasma, as well as by MMP-7 and MMP-
9 ( fig. 5 a).

  The receptor cleavage by SHR plasma was blocked by 
addition of MMP inhibitors, GM6001 (1  �  M ), EDTA (10 
m M ), and doxycycline (11.3  �  M ; p  !  0.05 without vs. with 
each blocker, results not shown). 

  Chronic MMP Inhibition Attenuated VEGFR-2 
Cleavage and Apoptosis in the SHR 
 Chronic doxycycline treatment attenuated the level of 

receptor cleavage of VEGFR-2 in cardiac tissue ( fig. 5 b), 
as well as the level of apoptosis and capillary rarefaction 
in the SHR heart muscle ( fig. 6 a, b) and also in cremaster 
muscle ( fig. 6 c). Enhanced levels of apoptosis and tissue 
rarefaction in the SHR thymus  [21]  were also significant-
ly attenuated by chronic doxycycline treatment (results 
not shown). The attenuation of apoptosis and microvas-
cular rarefaction is accompanied by a significant reduc-
tion in the SHR blood pressure  [15] .

  Discussion 

 The current observations of elevated plasma levels of 
MMP-2, -9, and -7 activity in the SHR are in agreement 
with previous studies demonstrating enhanced protein 
expression of MMP-2, -9, and -7 in models of hyperten-
sion, stroke, ischemia/reperfusion, and target organ in-
jury. The SHR has elevated MMP-9 mRNA  [22]  com-
pared to the WKY strain. The MMP-9 level is also elevat-
ed in stroke  [23] . Levels of renal cortical MMP-9, and 
medullary MMP-9 and MMP-7 are increased in the SHR 
 [24] . MMP-2 and -9 activities also contribute to glomeru-
lar injury and hypertensive remodeling  [24]  and to deg-
radation of the blood-brain barrier during occlusion with 
reperfusion  [25] . MMP-9 is observed consistently in en-
dothelial cells and leukocytes under ischemic conditions 
 [26, 27] . Aging and the development/progression of hy-
pertension are associated with increased MMP-2 activity 
in the aorta of the SHR  [28] .

  MMP-7 and -9 may cleave VEGFR-2 at multiple posi-
tions (e.g. Leu-Ser  �  Met-Leu, Leu-Ser  �  Ile-Arg)  [29] . We 
show  here  that   the   plasma   MMP   activity   causes   cleav-
age of the extracellular, but not intracellular, domain of 
VEGFR-2 on endothelium both under steady-state con-
ditions and also when naïve Wistar cells are exposed to 
SHR plasma. The cleavage can also be achieved by puri-
fied MMP-7 and -9 ( fig. 5 a). This cleavage reduces the 
ability of the cell to bind VEGF agonists and may be one 
of the reasons for the enhanced apoptosis in the SHR en-
dothelium  [4, 30–32] . Chronic MMP inhibition with 
doxycycline attenuates VEGFR-2 cleavage as well as en-
dothelial apoptosis and consequent capillary rarefaction. 
Further research is required to identify the exact cleavage 
sites and determine the fate of the cleaved fragments of 
the receptor.

  The cleavage of the extracellular domain of VEGFR-2 
in the SHR is in line with the cleavage of the extracellular 
domain of the insulin receptor  �  and the leukocyte adhe-
sion receptor CD18  [15] . Receptor cleavage compromises 
the ability of insulin to stimulate glucose transport and 
leukocyte adhesion, i.e. they cause type II diabetes and im-
mune suppression encountered in the SHR. Thus, evi-
dence supports the idea that receptor cleavage by MMPs 
may compromise a range of receptor functions, i.e. cleav-
age of VEGFR-2 leads to endothelial apoptosis and micro-
vascular rarefaction, cleavage of the insulin receptor causes 
insulin resistance, and cleavage of CD18 suppressed leuko-
cyte adhesion to the endothelium. Chronic treatment of 
the SHR with an MMP inhibitor restores normal cell func-
tion and attenuates this pathophysiological process  [15] . 
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   Fig. 4.  Extracellular (   a ), but not intracellular ( b ), domain cleavage 
of VEGFR-2 in SHR vascular endothelium. Immunohistochemi-
cal receptor density in the rat heart microvasculature and cardiac 
artery were measured after labeling with separate antibodies 
against the extracellular ( a ) and intracellular ( b ) domain of
VEGFR-2 in WKY and SHR. The SHR has a lower expression of 
extracellular domains of VEGFR-2 in cardiac artery, arterioles, 
and capillaries, with a similar trend in cardiac venules (heavy ar-
rows point to locations with lower VEGFR-2 extracellular label, 
as compared to locations with the normal label density shown by 
small arrows). n = 6 rats/group, and 8 measurements in each ves-
sel type; 8 arteries/heart.  *  p  !  0.05 WKY vs. SHR. 
  Fig. 5.     a  Extracellular domain cleavage of VEGFR-2 by SHR plas-
ma, MMP-7 and MMP-9. VEGFR-2 immunolabel density was 
measured after acute treatment (for 6 h) of Wistar heart muscle 
sections with plasma from WKY and SHR, and with purified 
MMP -7 and MMP-9. There is extensive cleavage of the extracel-
lular domain of VEGFR-2 on naïve endothelial cells (arrows). All 
receptor cleavage by SHR plasma, MMP-7, and MMP-9 was 
blocked by addition of doxycycline (11.3  �  M , see with doxycycline 
group) as well as GM6001 (1  �  M ), EDTA (10 m M ; not shown). 
Measurements are derived from 4 repeats per plasma/MMP group 
and 8 arterioles per Wistar cardiac section.        *  p  !  0.05 between 
SHR plasma, MMPs and WKY plasma;  *  *  p  !  0.05 compared to 
case with doxycycline treatment.  b  Reversal of VEGFR-2 cleavage 
in the SHR by chronic MMP inhibition. VEGFR-2 label density 
was measured in the SHR and WKY without (control groups) and 
with chronic MMP inhibition (doxycycline, 5.4 mg/kg/day, 24 
weeks; doxycycline group). The SHR exhibits many sites of sig-

nificantly reduced VEGFR-2 labeling (on average about 19%) on 
the extracellular domain (left images, arrows). There are no dif-
ferences in VEGFR-2 expression and receptor cleavage in cardiac 
arterial endothelium detected between WKY rats and SHRs after 
treatment with the MMP inhibitor. Measurements are derived 
from 4 rats/group and 8 cardiac artery cross-sections/heart.  *  p  !  
0.05 comparison of the extracellular domain of VEGFR-2 density 
between SHR and WKY;  *  *  p  !  0.05 comparison of the extracel-
lular domain of VEGFR-2 density between SHR and SHR + doxy-
cycline. 
 Fig. 6.  Reversal of endothelial apoptosis and capillary rarefaction 
by chronic MMP inhibition. TUNEL labeling of apoptotic endo-
thelial cells, capillaries with intracellular domain of VEGFR-2 la-
beling in the microcirculation of the rat heart, and capillary net-
works in the cremaster muscle microcirculation with fluorescent 
lectin labeling.    a  The number of TUNEL-positive endothelial 
cells is significantly higher in SHR cardiac arteries. After chronic 
MMP inhibition (doxycycline, 5.4 mg/kg/day, 24 weeks), there 
were no significant differences in TUNEL-positive cells detected 
between WKY rats and SHRs.  b ,  c  The SHR has lower capillary 
length density (                 *  for capillaries in cardiac muscle in          b , and green 
network in cremaster muscle in  c ). Chronic MMP inhibition in-
creased microvascular length density in the SHR cremaster mus-
cle. Apoptosis and cardiac capillary density measurements are 
derived from 4 rats/group and 8 cardiac cross-sections per heart. 
Cremaster muscle capillary density measurements are derived 
from 4 rats per group with one capillary region per cremaster 
muscle.  *  p  !  0.05 SHR vs. WKY;  *  *  p  !  0.05 with vs. without 
doxycycline. 
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