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Matrix Metalloproteinase 1 Causes
Vasoconstriction and Enhances
Vessel Reactivity to Angiotensin II
via Protease-Activated Receptor 1

William H. Nugent, PhD1, Nikita Mishra, MD, PhD1,2,
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Abstract
Matrix metalloproteinase 1 (MMP-1) is an activator of protease-activated receptor 1 (PAR-1), which is known to mediate the
release of endothelin 1 (ET-1) in endothelial cells and activate the RhoA kinase (ROCK) pathway. Recently, we reported increased
serum and vascular MMP-1 in women with preeclampsia and hypothesized that the action of MMP-1 on PAR-1 might have
vasoconstrictive effects. Resistance-sized omental arteries obtained from normal pregnant women were mounted on a myograph
system and perfused with MMP-1 in a dose range of 0.025 to 25 ng/mL or with angiotensin II (Ang II) in a dose range of 0.001 to 10
mmol/L in the presence of intraluminal MMP-1 (2.5 ng/mL) perfusion. Angiotensin II dose response was also performed with
omental arteries from women with preeclampsia. Matrix metalloproteinase 1 caused dose-dependent vasoconstriction in
endothelium-intact, but not in endothelium-denuded, vessels from normal pregnant women, which was blocked by inhibitors of
PAR-1 and ET-1 type A receptor blocker. Intraluminal perfusion with a constant amount of MMP-1 enhanced vessel reactivity to
Ang II, which was blocked by inhibitors of PAR-1, ROCK, and ET-1. Enhanced vascular reactivity to Ang II was observed in
endothelium-intact, but not in endothelium-denuded, arteries of women with preeclampsia. Inhibitors of PAR-1, ROCK, and ET-1
blocked enhanced vascular reactivity to Ang II in endothelium-intact preeclamptic arteries. These data demonstrate that MMP-1
has potent vasoconstrictor effects and the ability to enhance vascular reactivity to vasoconstrictor hormones, which are mediated
by an endothelial PAR-1, ROCK, and ET-1 pathway. Increased circulating levels of MMP-1 and its increased expression in systemic
vessels of women with preeclampsia may contribute to the development of maternal hypertension.
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Introduction

Preeclampsia is a hypertensive disorder that complicates 5% to

7% of all pregnancies,1 resulting in significant maternal and fetal

morbidity and mortality.2 It is associated with altered placental

oxygenation,3 oxidative stress,4-6 activation of circulating leuko-

cytes,7-10 neutrophil infiltration of the vasculature,11,12 and

endothelial and vascular smooth muscle dysfunction.11,13-15 The

cause of preeclampsia remains unknown, and the only definitive

treatment is delivery.

Matrix metalloproteinase 1 (MMP-1) is an interstitial col-

lagenase classically considered active during tissue remodeling

but was recently shown to activate protease-activated receptor

1 (PAR-1).16-19 Matrix metalloproteinase 1 is secreted as an

inactive proform by the endothelium,20 neutrophils,21 mono-

cytes, and vascular smooth muscle.22 Pro-MMP-1 becomes

catalytically active by inflammatory oxidants23 and extracellu-

lar proteinases.24 Recently, we showed significant increases in

plasma concentrations of both proform and activated form of

MMP-1 in women with preeclampsia.25 The sources of elevated

MMP-1 production were localized via immunohistochemistry of

preeclamptic omental fat sections to the vasculature, which

showed significantly greater staining for MMP-1 in the endo-

thelium, vascular smooth muscle, and infiltrating leukocytes.

Additionally, we showed that MMP-1 messenger RNA and pro-

tein expression were higher in omental arteries of patients with

preeclampsia versus normal pregnant patients.
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Several complications of preeclampsia may be explained by

the ability of MMP-1 to activate PAR-1. Coagulation abnorm-

alities are mediated by PAR-1, and activation of PAR-1 on

endothelial cells causes them to contract, resulting in protein

leakage and edema.26 Activation of endothelial PAR-1 also

results in the release of endothelin 1 (ET-1),27 which is a potent

vasoconstrictor,28 so PAR-1 activation may play a role in

hypertension. One of the signaling pathways through which

PAR-1 acts is RhoA kinase (ROCK).26,29,30 Inhibition of

ROCK is effective in abolishing enhanced contractile response

to angiotensin II (Ang II) of small resistance-sized omental

arteries obtained from women with preeclampsia,31 and it

abates hypertension in mice,32 which suggests a possible

mechanism by which MMP-1 working through PAR-1 may

enhance vascular tone via ROCK.

In this study, we tested a novel hypothesis that MMP-1 con-

tributes to hypertension in preeclampsia via a PAR-1, ROCK,

ET-1 pathway. To test this hypothesis, we used omental arteries

obtained from normal pregnant women or women with pree-

clampsia and a pressure myograph system to record real-time

changes in vessel diameter in response to MMP-1. A dose–

response contraction curve was established to physiologic con-

centrations of active MMP-1, and enhancement of vascular

reactivity was evaluated by perfusing MMP-1 through the

lumen of normal arteries in conjunction with progressively

increasing concentration of Ang II. Enhanced vascular

response to Ang II was also evaluated for preeclamptic arteries,

and the mechanism of action was dissected with inhibitors of

PAR-1, ROCK, or ET-1.

Materials and Methods

Study Participants

Omental fat samples (approximately 20 � 40 � 20 mm) were

collected from normal pregnant women and women with pree-

clampsia undergoing term cesarean section at MCV Hospitals,

Virginia Commonwealth University Medical Center. The study

population’s clinical characteristics including age, systolic and

diastolic pressures, body mass index (BMI), gestational age at

delivery, and birth weight are summarized in Table 1. The

Office of Research Subjects Protection of Virginia Common-

wealth University approved this study, and all participants gave

informed consent.

Activation of Matrix Metalloproteinase 1

Pro-MMP-1 (Calbiochem, San Diego, California) was activated

using the organomercurial protocol described in the manufactur-

er’s product data sheet. Pro-MMP-1 (400 ng/100 mL) was incu-

bated in tris-triton-calcium buffer containing 1 mmol/L p-amino

phenyl mercuric acetate (APMA; Calbiochem) for 2 hours at

37�C. The product was followed by ultrafiltration at 4�C to

remove the APMA using a Microcon Ultracel Filter device

YM-10 (molecular weight 10 000; Millipore, Billerica, MA).

To prevent sticking and allow for maximum MMP-1 recovery,

the flow-through filter was first treated with 100 mL of 1 mg/mL

bovine serum albumin for 30 minutes at 37�C.

Myograph Experiments

The omental fat sample—a tissue abundant in resistance-sized

vessels that contribute to total peripheral vascular resistance—

was placed in Dulbecco phosphate-buffered saline (D-PBS;

Gibco Invitrogen, Carlsbad, California) on a silicone dissection

dish precooled to 4�C. A 10-mm length of an omental artery

200 to 500 mm in diameter was dissected and mounted on glass

microcannulas of a myograph system (Model 110P, Danish

Myo Technologies [DMT], Denmark, the Netherlands) as

described previously.31 For some experiments, the endothelium

was denuded by passing a glass cannula through the lumen. The

vessel was immersed in 10 mL of D-PBS and secured at both

ends using two 11-O silk suture ties. The myograph chamber

temperature was set at 37�C, and the vessel pressures were

maintained at constant inlet (45 mm Hg) and outlet (42 mm

Hg) to achieve flow through the vessel. The vessel was moni-

tored optically by a charge-coupled device camera (XC-73CE;

Sony, Japan), and changes in lumen diameter were recorded in

real time by the DMT software.

After a period of stabilization, endothelium-intact arteries

from normal pregnant women and women with preeclampsia

were challenged with 60 mmol/L potassium chloride to assess

vessel reactivity and viability. Endothelium-denuded arteries

from normal pregnant women and women with preeclampsia

were exposed to an additional challenge of acetylcholine (10

mmol/L) to verify successful removal of the endothelium.

Matrix metalloproteinase 1 was perfused through the vessel

lumen of endothelium-intact (n ¼ 12), as well as

endothelium-denuded (n¼ 4), omental arteries of normal preg-

nant women at 10-minute intervals in 10-fold stepwise

Table 1. Clinical Characteristics of Patient Groups.a

Variable

Normal
Pregnant
(n ¼ 31) Preeclamptic (n ¼ 7)

Maternal age, y 29.1 + 6.1 30.0 + 7.8
Prepregnancy BMI, kg/m2 29.7 + 6.6 28.9 + 8.4
BMI at sample collection, kg/m2 34.4 + 7.4 38.8 + 8.0
Systolic blood pressure,mm Hg 125.2 + 14.9 169.3 + 15.1b

Diastolic blood pressure,
mm Hg

76.4 + 9.6 101.0 + 8.0b

Proteinuria, mg/24 h ND 166.7 + 115.5, n ¼ 3
Dipstick ND 3.0 + 1.4, n ¼ 4
Primiparous 20 4
Multiparous 11 3
Gestational age, weeks 38.9 + 1.2 33.1 + 6.3b

Infant birth weight, g 3459 + 522 1964 + 1424b

Vessel lumen diameter, mm 303 + 85 335 + 141

Abbreviations: BMI, body mass index; ND, not detected; SD, standard
deviation.
aValues are mean + SD.
bP < .001.
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increases in concentration (0.025-25 ng/mL). The MMP-1 dose

response was repeated with perfusion of a specific PAR-1 inhi-

bitor (10 mmol/L, SCH-79797; Tocris, Ellisville, Missouri;

n ¼ 5) or 5 mmol/L ET-1 type A (ETA) receptor blocker

(BQ-123; Sigma-Aldrich, St Louis, Missouri; n ¼ 5). An Ang

II dose response, based on values reported by other investiga-

tors studying in vitro vascular effects of Ang II in omental and

pregnancy vessels,33-37 was run alone in 10-fold increments

(0.001-10 mmol/L; n ¼ 11) and in the presence of 2.5 ng/mL

of MMP-1 perfused through the vessel lumen (n ¼ 11). Angio-

tensin II doses were added at 10-minute intervals. The Ang II

dose response in the presence of MMP-1 was repeated with per-

fusion of 10 mmol/L SCH-79797 (n ¼ 4), 10 mmol/L ROCK

inhibitor (n ¼ 4, Y-27632 dihydrochloride; Tocris), or 5

mmol/L BQ-123 (n ¼ 4; Sigma-Aldrich). Angiotensin II dose

response was done alone and in the presence of perfusion

with PAR-1 (n ¼ 5), ROCK (n ¼ 5), or ET-1 (n ¼ 5) inhibitors

in endothelium-intact omental arteries of women with pree-

clampsia. Angiotensin II dose response was also done in

endothelium-denuded arteries of women with preeclampsia

(n ¼ 2). In some cases, inhibitors were given first to assure that

inhibition was not due to vessel fatigue. The vessel was con-

tracted with potassium chloride after each treatment to assess

viability and recharge intracellular calcium stores and at the

end of experimental treatments to verify vessel viability.

Data Analysis

Demographic data are presented as mean + standard deviation

(SD) and were analyzed for significance using a t test. The

myograph experiment data are presented as mean + standard

error (SE) and were analyzed by 2-way analysis of variance

with Bonferroni multiple comparisons test using a statistical

software program (Prism 4; GraphPad Software, San Diego,

California). A P < .05 was considered statistically significant.

Results

Demographic Data

Demographic data for 31 normal pregnant women and 7 parti-

cipants with preeclampsia are shown in Table 1. Maternal age

and BMI were matched, while the preeclamptic group showed

significant elevation in systolic and diastolic blood pressures

that accompany the disease. Results for proteinuria were also

recorded by 24-hour urine measurement or dipstick. The mean

lumen diameters of omental resistance arteries studied for nor-

mal pregnant women and participants with preeclampsia were

303 + 85 mm and 335 + 141 mm, respectively, and not statis-

tically different.

Matrix Metalloproteinase 1 Dose Response

As shown in Figure 1, when MMP-1 was perfused through the

vessel lumen in endothelium-intact human omental arteries, it

caused dose-dependent vasoconstriction ranging from an aver-

age decrease of 5 mm with 0.025 ng/mL MMP-1 to an average

decrease of 40 mm with 25 ng/mL MMP-1. Significant vaso-

constriction was present at 0.25 ng/mL (P < .01). In

endothelium-denuded vessels, luminal MMP-1 perfusion did

not elicit contraction at any dose.

Role of PAR-1 and ET-1

Coperfusion of a PAR-1 inhibitor with MMP-1 in endothelium-

intact omental arteries abolished MMP-1–induced vasocon-

striction (Figure 2). Coperfusion of an ETA receptor blocker

with MMP-1 also abolished MMP-1–induced vasoconstriction.

Matrix Metalloproteinase 1-Mediated Enhancement of
Vascular Reactivity to Ang II

As shown in Figure 3, the dose response to Ang II alone in

endothelium-intact vessels ranged from a 4 mm mean decrease

in vessel diameter with 0.001 mmol/L Ang II and up to a 14 mm

mean decrease with 1 mmol/L Ang II. Repeating the Ang II

dose–response test with activated MMP-1 coperfusing through

the lumen at 2.5 ng/mL resulted in a significant dose–response

enhancement of vascular reactivity to treatment with Ang II.

Significantly enhanced response started at 0.01 mmol/L Ang

II (P < .0001). Coperfusion of a PAR-1 inhibitor with Ang II

plus MMP-1 abolished MMP-1–enhanced vascular reactivity

to Ang II. Similarly, the ROCK inhibitor and ETA receptor

blocker abolished enhanced vascular reactivity to Ang II

induced by MMP-1.

Figure 1. Role of endothelium in matrix metalloproteinase 1 (MMP-
1)–induced vasoconstriction of pregnancy blood vessels. Matrix metal-
loproteinase 1 perfusion through the lumen of endothelium-intact
small omental arteries obtained from normal pregnant women caused
dose-dependent vasoconstriction (0.25-25 ng/mL, n ¼ 12).
Endothelium-denuded vessels did not constrict or otherwise respond
to MMP-1 perfusion (n ¼ 4). bP < .01, dP < .0001 compared to MMP-1
endothelium-denuded arteries for that dose.
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Inhibition of PAR-1 Pathway in Preeclamptic Arteries

Treatment of endothelium-intact arteries from patients having

preeclampsia with Ang II produced a hypercontractile response

in a dose-dependent fashion (Figure 4, panel A). Significantly

enhanced vasoconstriction was present at 0.01 mmol/L Ang II

when compared to endothelium-intact arteries from normal

pregnant patients. When Ang II dose response was tested in

endothelium-denuded arteries from women with preeclampsia,

the enhanced response was not present (Figure 4, panel A).

Inhibition of PAR-1 prevented the enhanced response of

endothelium-intact preeclamptic arteries (panel B), restoring

the Ang II dose–response curve to that seen in untreated normal

pregnant vessels. Inhibition of ROCK or blockade of ETA

receptors also effectively abolished the enhanced contractile

response to Ang II. The data for ROCK inhibition in pree-

clamptic arteries were published previously31 and are shown

here for the sake of completeness.

Discussion

In this study, we demonstrated that luminal perfusion of MMP-

1 elicited a potent and dose-dependent vasoconstrictive

response in endothelium-intact human omental arteries. Signif-

icant vasoconstriction was present at a dose of MMP-1 as low

as 0.25 ng/mL. Removal of the endothelium or blockade of

endothelium-derived signaling by coperfusion with inhibitors

of PAR-1 or ET-1 prevented vasoconstriction by MMP-1. Per-

fusion of 2.5 ng/mL of activated MMP-1, a dose within the con-

centration range of active MMP-1 in the circulation of women

with preeclampsia,25 significantly enhanced vascular reactivity

to Ang II in intact normal pregnant omental arteries, similar to

enhanced response of preeclamptic arteries. Coperfusion with

inhibitors of PAR-1, ROCK, or ET-1 blocked the enhanced

response of preeclamptic arteries as well as the enhanced

response of normal pregnant arteries perfused with MMP-1.

The enhanced vascular response of preeclamptic arteries was

abolished when the endothelium was removed. These data

demonstrate that vascular effects of MMP-1 are mediated via

an endothelial PAR-1, ROCK, ET-1 pathway and suggest this

pathway plays an important role in mediating hypertension in

preeclampsia.

Matrix metalloproteinase 2, which is elevated in the mater-

nal circulation of women with preeclampsia,38 has also been

found to mediate vasoconstriction. It operates through a differ-

ent mechanism than MMP-1 and PAR-1 by cleaving big ET-1

to form ET-1.39,40 Given the proposed model, these effects

could be additive to MMP-1’s activation of endothelial PAR-

1 and increased production of ET-1.

Matrix metalloproteinase 1 is best known as a collagenase.

However, in recent years, it has been shown to activate the

thrombin receptor, PAR-1, by cleaving the N-terminal peptide

sequence just 2 amino acids distal to the thrombin cleavage

site.16-19 Protease-activated receptor 1 is expressed on the sur-

face of endothelial cells, and its activation by MMP-1, throm-

bin, or other serine/threonine proteases results in endothelial

Figure 2. Role of protease-activated receptor 1 (PAR-1) and
endothelin 1 (ET-1) in matrix metalloproteinase 1 (MMP-1)–mediated
vasoconstriction. In endothelium-intact human omental arteries,
coperfusion of a specific PAR-1 inhibitor (n¼ 5) or a specific ET-1 type
A (ETA) receptor blocker (n ¼ 5) inhibited MMP-1–induced vasocon-
striction (n ¼ 12). bP < .01, dP < .0001 compared to inhibitory treat-
ments for that dose.

Figure 3. Vascular reactivity to Ang II in endothelium-intact omental
arteries from normal pregnant women. Coperfusion of MMP-1 (2.5
ng/mL) through the vessel lumen significantly enhanced vascular reactiv-
ity to Ang II. Perfusion of a specific PAR-1 inhibitor (n ¼ 4), a specific
ROCK inhibitor (n ¼ 4), or a specific ETA receptor blocker (n ¼ 4)
abolished MMP-1–mediated enhancement of vascular reactivity to Ang
II (n ¼ 11). dP < .0001 compared to Ang II alone and inhibitory treat-
ments for that dose. Ang II indicates angiotensin II; ETA, endothelin 1
type A; MMP-1, matrix metalloproteinase 1; NS, nonsignificant for treat-
ment effects; PAR, protease-activated receptor 1; ROCK, RhoA kinase.
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cell activation as evidenced by release of chymase, interleukin

8, and P-selectin from the Weibel–Palade bodies within the

endothelial cells.41,42,43 Activation of PAR-1 on endothelial

cells also results in the release of ET-1,44 which as shown in

this study mediates vasoconstrictive effects of MMP-1.

In preeclampsia, levels of MMP-125 and ET-145,46 are sig-

nificantly greater than that in normal pregnancy. With regard

to MMP-1, plasma concentrations are 3-fold higher in women

with preeclampsia than normal pregnant women, with 17% in

the active form as opposed negligible amounts in the active

form for normal pregnant women. In preeclampsia, the circu-

lating amount of active MMP-1 is 7 to 8 ng/mL,25 so the vaso-

constrictive effects we observed for MMP-1 at concentrations

0.25 and 2.5 ng/mL are well within the physiologic range for

preeclampsia as is our test amount of 2.5 ng/mL perfused

through the vessel lumen to enhance vascular reactivity to

Ang II.

Neutrophils can produce MMP-1,21,47 thus, activated

neutrophils in the maternal circulation are a potential source

of elevated plasma levels of MMP-1 in preeclampsia.

Another contributor is the vascular smooth muscle, which

releases MMP-1 in response to neutrophils and neutrophil

products.25 Matrix metalloproteinase 1 in turn increases

endothelial ET-1 from endothelial cells. Our recent findings

of greater gene and protein expression of MMP-1 and PAR-

1 in omental fat vessels from women with preeclampsia

support a role for MMP-1 activation of PAR-1 in the patho-

physiology of preeclampsia.25

Matrix metalloproteinase 1 is activated by reactive oxygen

species,23 so increased circulating levels of active MMP-1 in

preeclampsia may be the result of pro–MMP-1 being exposed

to increased placental secretion of lipid peroxides,5,6 as it

passes through the intervillous space. Another source of acti-

vated MMP-1 is the vascular smooth muscle because it secretes

MMP-1 and is infiltrated by activated neutrophils, which

release reactive oxygen species, such as myeloperoxidase.48

The activated MMP-1 is then released into the circulation

and/or works in an autocrine or paracrine fashion on local

smooth muscle and endothelial PAR-1.

These data demonstrated that MMP-1 not only has potent

vasoconstrictor effects by itself but also has the ability to

enhance vascular reactivity to vasoconstrictor hormones. These

effects are mediated by an endothelial PAR-1, ROCK, ET-1

pathway, with ET-1 being the final mediator of vasoconstric-

tion. The enhanced vascular reactivity to Ang II elicited by

MMP-1 in vitro may explain why women who go on to develop

preeclampsia have an enhanced blood pressure response to Ang

II in vivo49 because elevated circulating levels of active MMP-

1 heighten their vascular sensitivity to vasoconstrictive hor-

mones, which eventually results in hypertension.

These new data could provide novel avenues for treatment

by targeting PAR-1, ROCK, or ETA receptor. SCH 530348

(vorapaxar), an oral PAR-1 antagonist designed as an antith-

rombotic, was recently approved for clinical use in the United

States.50 The ROCK inhibitors have shown promise in animal

models of hypertension51 and improved hemodynamics in clin-

ical trials of human pulmonary arterial hypertension.52 The

ETA/B antagonists have shown clinical efficacy in the treatment

of pulmonary arterial hypertension.53 Additionally, MMP-1

inhibitors54 may be useful for the treatment of preeclampsia.
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