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This study was conducted to determine the follow-
ing: (1) whether matrix metalloproteinase-1 (MMP-1)
is increased in systemic vessels of preeclamptic
women, (2) whether this increase might be medi-
ated by neutrophils, and (3) whether MMP-1 could
be responsible for vascular dysfunction. Omental
arteries and plasma were collected from healthy
pregnant and preeclamptic women. Omental arteries
were evaluated for gene and protein expression of
MMP-1, collagen type 1�, tissue inhibitor of metallo-
proteinase-1, and vascular reactivity to MMP-1. Gene
and protein expression levels were also evaluated in
human vascular smooth muscle cells (VSMCs) co-cul-
tured with activated neutrophils, reactive oxygen spe-
cies, or tumor necrosis factor �. Vessel expression of
MMP-1 and circulating MMP-1 levels were increased in
preeclamptic women, whereas vascular expression of
collagen or tissue inhibitor of metalloproteinase-1
were down-regulated or unchanged. In cultured
VSMCs, the imbalance in collagen-regulating genes of
preeclamptic vessels was reproduced by treatment
with neutrophils, tumor necrosis factor �, or reactive
oxygen species. Chemotaxis studies with cultured

cells revealed that MMP-1 promoted recruitment of
neutrophils via vascular smooth muscle release of
interleukin-8. Furthermore, MMP-1 induced vasocon-
striction via protease-activated receptor-1, whose ex-
pression was significantly increased in omental arter-
ies of preeclamptic women and in VSMCs co-cultured
with neutrophils. Collectively, these findings disclose
a novel role for MMP-1 as a mediator of vasoconstric-
tion and vascular dysfunction in preeclampsia. (Am J

Pathol 2011, 178:451–460; DOI: 10.1016/j.ajpath.2010.11.003)

Preeclampsia is defined as new-onset hypertension with
proteinuria during pregnancy.1,2 Pathological edema is a
frequent complication. Hypertension is associated with
extensive vascular remodeling characterized by rear-
rangement of extracellular matrix proteins3–5; however,
how this process occurs is not fully understood.

Recently, neutrophil infiltration of the systemic vascu-
lature was demonstrated in preeclamptic women.6–8 In-
filtration requires activation of the neutrophils, which most
likely occurs as they circulate through the intervillous
space and are exposed to increased levels of oxidized
lipids secreted by the placenta.9,10 Neutrophils produce
inflammatory mediators, such as reactive oxygen species
(ROS) and tumor necrosis factor (TNF) �,11,12 which in-
duce vascular expression of extracellular matrix proteins,
particularly matrix metalloproteinases (MMPs).13–16 Be-
yond their matrix remodeling properties, MMPs are

Supported in part by Fogarty grant 1D43 TW007692 (G.E.-G.); the Na-
tional Center on Minority Health and Health Disparities grant P60
MD002256 (J.F.S.); the Perinatology Research Branch, Division of Intra-
mural Research, Eunice Kennedy Shriver National Institute of Child Health
and Human Development, National Institutes of Health, Department of
Health and Human Services grant N01 HD-2-3342 (J.F.S.); and the Na-
tional Heart, Lung, and Blood Institute grant R01 HL069851 (S.W.W.).

Accepted for publication September 28, 2010.

Supplemental material for this article can be found at http://ajp.
amjpathol.org or at doi:10.1016/j.ajpath.2010.11.003.

Address reprint requests to Scott W. Walsh, Ph.D., Department of
Obstetrics and Gynecology, Virginia Commonwealth University, PO Box

980034, Richmond, VA 23298-0034. E-mail: swwalsh@vcu.edu.

451

http://ajp.amjpathol.org
http://ajp.amjpathol.org
http://dx.doi.org/10.1016/j.ajpath.2010.11.003
mailto:swwalsh@vcu.edu


452 Estrada-Gutierrez et al
AJP January 2011, Vol. 178, No. 1
involved in short-term biological processes, including
regulation of vascular reactivity and leukocyte activa-
tion.17–21 Interestingly, these biological processes are
altered in women with preeclampsia.1,22,23

These observations led us to hypothesize that neutro-
phil infiltration could affect vascular expression of MMPs
and other extracellular matrix proteins, resulting in vas-
cular dysfunction in women with preeclampsia. By using
blood vessels from omental fat, we found that MMP-1 is
increased in the vasculature of women with preeclampsia
compared with those experiencing a healthy pregnancy.
Omental fat vessels were studied because they are rep-
resentative of systemic blood vessels and they contribute
to total peripheral vascular resistance. Herein, we also
demonstrate that neutrophils induce secretion of MMP-1
by human vascular smooth muscle cells (VSMCs) in vitro.
Furthermore, we identified that, in addition to collagen
degradation, active MMP-1 induces chemotaxis of neu-
trophils through release of interleukin (IL)-8 by VSMCs
and MMP-1 causes vasoconstriction via protease-acti-
vated receptor-1 (PAR-1). Taken together, our findings
suggest a novel mechanism leading to clinical manifes-
tations of preeclampsia, consisting of increased vascular
expression of MMP-1 mediated by neutrophil infiltration.

Materials and Methods

Study Subjects

Omental fat biopsy specimens were obtained from pre-
eclamptic and healthy pregnant women at the time of
cesarean section. Preeclamptic patients had blood pres-
sures of 140/90 mmHg or higher on two separate read-
ings 6 hours apart and proteinuria (0.3 g protein/24 hours
or one plus urine dipstick result). Placentas for the iso-
lation of VSMCs and blood samples for neutrophil iso-
lation were obtained from healthy pregnant women at
term deliveries. Blood samples from healthy pregnant
and preeclamptic women for MMP-1 measurement were
obtained during the third trimester. Informed consent was
obtained before surgery. The Office of Research Subjects
Protection, Virginia Commonwealth University, Richmond,
approved this study.

VSMC Culture and Treatment

Human VSMCs were isolated from placental chorionic
plate arteries of healthy pregnant patients, as previously
described.24 The cells were treated for 24 hours with
ROS generated by the oxidation of 0.05-mmol/L hypoxan-
thine (Sigma, St Louis, MO), 0.003-U/ml xanthine oxidase
(Calbiochem, La Jolla, CA), 1-ng/ml TNF-� (R&D Sys-
tems, Minneapolis, MN), or neutrophils activated with 50-
�mol/L arachidonic acid (Cayman Chemical, Ann Arbor,
MI) in a 1:16 ratio of neutrophils/VSMCs. Hypoxanthine
plus xanthine oxidase generates superoxide that quickly
dismutates to hydrogen peroxide, the physiological sig-
naling molecule.25 Arachidonic acid was used to activate
the neutrophils because it is elevated in preeclamptic
women and stimulates superoxide production by neutro-

phils.26 Activated neutrophils were washed before expo-
sure to VSMCs. Conditioned medium was collected and
centrifuged for removal of cell debris. Cells were rinsed in
PBS and harvested for RNA or protein extraction.

Extracellular Matrix Gene Profiling

RNA was extracted from homogenized omental arterial
blood vessels or VSMCs using the RiboPure kit (Ambion,
Austin, TX). Reverse transcription was performed with
0.15-�g RNA using a commercially available kit (RT2 First
Strand kit; SABiosciences, Frederick, MD). Gene profiling
was generated using an array (Human Extracellular Ma-
trix and Adhesion Molecules RT2 Profiler PCR Array; SA-
Biosciences), and the array was analyzed with a template
(RT2 Profiler PCR Array Data Analysis Template v3.0;
SABiosciences).

Quantitative RT-PCR

Omental arterial blood vessels and VSMCs were pro-
cessed for RNA extraction and first-strand cDNA synthe-
sis, as previously described. The expression levels of
MMP-1, tissue inhibitor of metalloproteinase-1 (TIMP-1),
collagen type 1�1 (COL1A1), and PAR-1 were quantified
by real-time RT-PCR using commercial primers (SABio-
sciences) and a mix (SYBR Green PCR Master Mix; SA-
Biosciences). Data were normalized to the gene for �-ac-
tin (ACTB) by the ��Ct method. Initially, a panel of five
housekeeping genes was used for the real-time RT-PCR
arrays. The results for the housekeeping genes were
consistent; therefore, ACTB was chosen for subsequent
targeted real-time RT-PCR. Dissociation melting-curve
analysis confirmed the specificity of the PCR.

Western Blotting

Protein lysates from omental arterial vessel segments or
VSMCs were homogenized in 0.5 ml of mammalian pro-
tein extraction reagent (Pierce, Rockford, IL) containing
�1 Halt protease inhibitor (Thermo Scientific, Pittsburgh,
PA) and 0.5-mmol/L EDTA (Invitrogen, Carlsbad, CA).
Membrane protein extraction for PAR-1 detection was
performed with lysis buffer containing 20-mmol/L Tris,
150-nmol/L sodium chloride, and 1% NP40, with �1 Halt
protease inhibitor. Denatured protein lysates (50 �g)
were resolved by SDS–polyacrylamide gel electrophore-
sis and electrotransferred to a membrane (Immobilon-FL;
Millipore, Billerica, MA). Blots were probed for �-actin
and MMP-1, TIMP-1, COL1A1, or PAR-1. The source of
primary antibodies and dilutions used was as follows:
�-actin (1:1000, Sigma A2066), MMP-1 (0.2 �g/ml, R&D
Systems AF901), TIMP-1 (2 �g/ml, R&D Systems
MAB970), COL1A1 (1:1000, Santa Cruz sc-8784; Santa
Cruz Biotechnology, Santa Cruz, CA), or PAR-1 (0.2
�g/ml, R&D Systems AF3855). The secondary antibod-
ies used included donkey anti-rabbit (Alexa Fluor 680,
1:20,000, Invitrogen A10043) for the detection of �-actin,
in combination with donkey anti-goat (IRDye800,
1:20,000, Rockland 605-731-125; Rockland, Gilbertsville,
PA) or goat anti-mouse (IRDye800, 1:20,000, Rockland,

610-132-003) for detection of MMP-1, COL1A1 and
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PAR-1, or TIMP-1, respectively. Immunoreactive proteins
were detected and analyzed with an available system
(LI-COR Odyssey Infrared Imaging System) using com-
puter software (Odyssey 2.1; Thermo Scientific, Pitts-
burgh, PA).

Immunohistochemistry

The MMP-1 was localized in 8-�m omental fat tissue
sections using an anti–MMP-1 antibody (15 �g/ml, No.
AF901, R&D Systems). Immunohistochemical staining
was performed using a kit (SuperPicture HRP Polymer
Conjugate Goat Primary [diaminobenzidine] kit (Zymed,
San Francisco, CA) and tissue was counterstained with
hematoxylin QS (Vector Laboratories, Burlingame, CA).

Treatment of VSMCs with MMP-1

Confluent primary cultures of VSMCs were exposed
overnight to 0.025-, 0.25-, 2.5-, and 25-ng/ml MMP-1
(Calbiochem) in serum-free 199 media with 1% sodium
pyruvate and 1% antibiotic-antimycotic (Invitrogen). Pro–
MMP-1 was activated in TTC buffer (50-mmol/L Tris-HCl,
pH 7.5; 1-mmol/L calcium chloride; and 0.05% Triton
X-100) using 1.0-mmol/L 4-aminophenyl mercuric ace-
tate (Calbiochem). The 4-aminophenyl mercuric acetate
was removed by ultrafiltration, as previously recommend-
ed.27 Changes in the extracellular matrix arrangement
were documented by light microscopy. Supernatants
were filtered through a 0.2-�m membrane (Corning,
Corning, NY) and preserved at �70°C until use.

Enzyme-Linked Immunosorbent Assay and
Enzyme Immunoassay Analyses

Commercial enzyme-linked immunosorbent assays were
used to quantify total MMP-1 (unactivated proenzyme
and active forms), active MMP-1 (GE Health care, Pisca-
taway, NJ), TIMP-1 (GE Health care), and IL-8 (R&D
Systems). Carboxyterminal cross-linked telopeptide of
collagen type 1 was measured in concentrated VSMC
supernatants using a commercial enzyme immunoassay
(Orion Diagnostica, Espoo, Finland).

Chemotaxis Assay

Supernatants from VSMCs treated with different doses of
MMP-1 were tested for neutrophil chemotaxis using sin-
gle-well Boyden chambers (Neuro Probe, Gaithersburg,
MD), as previously described.28 Briefly, 500 �L of serum-
free 199 media containing 50,000 neutrophils was placed
on top of the polycarbonate membrane (5-�m pore size;
TMTP01300; Millipore, Billerica, MA) with the VSMC su-
pernatant as chemoattractant in the lower compartment.
Chambers were incubated for 90 minutes at 37°C in
humidified air containing 5% carbon dioxide. The IL-8–
neutralizing antibody (20 �g/ml, R&D Systems) was used
to determine the importance of IL-8 for neutrophil migra-
tion. Media with MMP-1 alone in the lower chamber

served as the control. The VSMC supernatants were re-
moved and centrifuged at 500 � g for 5 minutes. The
pellet was stained with an anti–CD45–fluorescein isothio-
cyanate antibody (Beckman Coulter, Brea, CA), and the
total number of migrating neutrophils was assessed by
flow cytometry (FC 500; Beckman Coulter).

Vessel Reactivity Studies

Omental arteries from healthy pregnant women (diame-
ter, 200 to 500 �m) were dissected in cold Dulbecco’s
PBS (Invitrogen) containing glucose, sodium pyruvate,
calcium chloride, and magnesium chloride. Arteries (1
cm in length) were mounted on glass microcannulae of a
pressure myograph system (model 110P; Danish Myo
Technology, Marietta, GA). Vessels were immersed in the
myograph chamber containing 10 ml of Dulbecco’s PBS
maintained at 37°C. After a period of stabilization, the
vessel was challenged with 60-mmol/L potassium chlo-
ride to assess vessel reactivity and charge intracellular
calcium stores. Activated MMP-1 was then perfused
through the vessel lumen for 10-minute periods at 0.025,
0.25, 2.5, and 25 ng/ml. Unactivated pro–MMP-1 was
perfused at a dose of 2.5 ng/ml to assess the necessity
for enzyme activation. Vessel pressure was maintained at
constant inlet (45 mmHg) and outlet (42 mmHg) pres-
sures to achieve flow through the vessel. The MMP-1
treatments were repeated in the presence of 10-�mol/L
SCH-79797 (Tocris Bioscience, Ellisville, MO), a PAR-1
antagonist.

Statistical Analysis

Quantitative results are presented as mean � SEM. We
compared parameters between two groups by the Stu-
dent’s t test. We also compared parameters for more than
two groups by one-way analysis of variance with Dunn’s
posttest or two-way analysis of variance with the Bonfer-
roni posttest, as appropriate. P � 0.05 was considered
statistically significant.

Results

Study Subject Characteristics

The clinical data for healthy pregnant subjects and pre-
eclamptic patients were as follows: maternal age (22.8 �
4.2 versus 21.2 � 2.6 years; P � 0.49), systolic blood
pressure (124.6 � 5.0 versus 150.8 � 2.2 mmHg; P �
0.0001), diastolic blood pressure (72.6 � 6.3 versus 92.4
� 1.5 mmHg; P � 0.0001), gestational age (38.5 � 0.8
versus 37.9 � 0.8 weeks; P � 0.28), and birth weight
(3234 � 360 versus 3372 � 549 g; P � 0.65).

MMP-1 Is Increased in the Vasculature of
Women with Preeclampsia

To test the hypothesis that neutrophil infiltration could
affect the expression of collagen-regulating genes in
the vasculature of women with preeclampsia, we eval-

uated the expression profile of genes related to extra-
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cellular matrix in omental fat arteries from a healthy
pregnant patient and a preeclamptic patient using re-
al-time RT-PCR arrays. The entire list of 84 genes ex-
amined can be found in the Supplemental Table S1 (at
http://ajp.amjpathol.org). The MMP1 gene (sevenfold
increase) was among the eight genes exhibiting a two-
fold or greater change in expression for a blood vessel
from a preeclamptic patient versus a healthy pregnant
patient. Four genes were down-regulated, including
TIMP1 (twofold decrease) and COL1A1 (almost three-
fold decrease), which encode the inhibitor and sub-
strate for MMP-1, respectively. Changes in the expres-
sion of these three genes were confirmed in omental fat
arteries from six preeclamptic and six healthy pregnan-
cies by real-time RT-PCR (Figure 1A). By using omental
fat from women with a healthy pregnancy and pre-
eclampsia, we found that preeclamptic women showed
substantially greater immunostaining for MMP-1 in their
blood vessels than healthy pregnant women. Increased
staining for MMP-1 was evident in the endothelium, vas-
cular smooth muscle, and infiltrating leukocytes (Figure
1B), which most likely were neutrophils because they
produce MMP-129 and are the most abundant leukocyte
that infiltrates the vasculature of preeclamptic women.8

Next, we studied MMP-1, TIMP-1, and COL1A1 content in

these blood vessels by Western blot analysis. Consistent
with gene expression profiles, basal pro–MMP-1, which
was negligible in the blood vessels of women with healthy
pregnancies, was much higher in samples from women
with preeclampsia. In addition, active MMP-1 was more
abundant in the vessels of preeclamptic women. The
amount of TIMP-1 and mature COL1A1 in the blood ves-
sels from preeclamptic women was not markedly affect-
ed; however, the precursor form of COL1A1 was absent
from blood vessels of preeclamptic women, indicating
that the synthesis of COL1A1 was reduced (Figure 1C).
Matrix metalloproteinase-1 is a secreted protein; there-
fore, increased vascular expression of MMP-1 should be
reflected in the plasma. The mean plasma concentration
of MMP-1 measured by enzyme-linked immunosorbent
assays was threefold higher in women with preeclampsia
than in women with a healthy pregnancy (P � 0.003). The
activity assay for MMP-1 showed that there was more
active MMP-1 circulating in preeclamptic women than in
healthy pregnant women (17% versus 2%) (Figure 1D).
Taken together, these data suggest that the increase in
MMP-1 could cause vascular dysfunction in preeclamptic
women by creating an imbalance between collagen syn-
thesis and collagen breakdown, favoring breakdown.
These alterations in the vascular collagen type 1 network
may be responsible for the edema and protein leakage

Figure 1. The level of MMP-1 is increased in the
vasculature of preeclamptic women versus
healthy pregnant women. A: Fold change in
gene expression for MMP1, TIMP1, and COL1A1
in arteries dissected from omental fat from
women with preeclampsia (PE) versus a healthy
pregnancy (NP). Results are expressed as rela-
tive increases or decreases versus controls. Data
are given as mean � SEM (n � 6 different
women per group). ***P � 0.001 for PE versus
NP. B: Representative MMP-1 immunostaining of
blood vessels in omental fat from women with
an NP and those with PE. The large arrow on
the left PE panel indicates smooth muscle cell
staining; and small arrow on right PE panel,
endothelial cell staining. Scale bars � 50 �m. C:
Representative Western blots to assess the pres-
ence of MMP-1, TIMP-1, and COL1A1 in lysates
of arteries dissected out of omental fat. D: Cir-
culating levels of MMP-1 in healthy (n � 5) and
preeclamptic (n � 6) women. **P � 0.01 for PE
versus an NP. Percentage of active enzyme is
shown in blue (2% for NP and 17% for PE). Data
are given as mean � SEM. C indicates IgG neg-
ative control staining of a preeclamptic patient.
observed in women with preeclampsia.

http://ajp.amjpathol.org
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Neutrophils, TNF-�, and ROS Increase
Expression and Secretion of MMP-1 by VSMCs

We propose that neutrophil infiltration into the blood ves-
sels of women with preeclampsia contributes to the
changes observed in vascular collagen-regulating gene
expression and, in particular, induces the increase in
MMP-1. To test this hypothesis, we examined the effects
of neutrophils and their soluble products (ie, TNF-� and
ROS) on extracellular matrix protein gene expression us-
ing primary cultures of human VSMCs, an in vitro model
previously validated.24 Analysis of the extracellular matrix
gene array of VSMCs after overnight treatments showed
a similar expression profile as that observed in blood
vessels from preeclamptic women (see Supplemental Ta-
bles S2–S4 at http://ajp.amjpathol.org), including the up-
regulation of MMP1 and the down-regulation or no
change of TIMP1 and COL1A1 gene expression. Real-
time RT-PCR confirmed that neutrophils, TNF-�, and ROS
significantly up-regulated MMP-1 expression in VSMCs
by 6-fold (P � 0.05), 9-fold (P � 0.028), and 19-fold (P
� 0.001), respectively, compared with controls. Al-
though treatments did not significantly affect TIMP1 or
COL1A1 gene expression, the trend was for down-
regulation (Figure 2A). Consistent with gene expres-
sion, enzyme-linked immunosorbent assay analysis
demonstrated increased concentrations of MMP-1 in
VSMC culture supernatants after all three treatments (P �
0.001). Treatments decreased or did not affect TIMP-1
secretion (Figure 2B). Western blot analysis of VSMC
lysates showed that treatments did not affect COL1A1 in
these cells (Figure 2C). Thus, vascular neutrophil infiltra-
tion in preeclamptic women and the subsequent produc-
tion of inflammatory products, such as TNF-� and ROS,
could promote the secretion of MMP-1 by VSMCs, favor-
ing modification of the collagen type 1 network in the

blood vessels.
MMP-1 Has a Role in the Recruitment of
Neutrophils into the Vessel Wall

Previously, it was demonstrated that neutrophils infiltrate
the vasculature of women with preeclampsia6–8; there-
fore, we tested the hypothesis that MMP-1 stimulates
VSMCs to produce chemotactic factors, resulting in re-
cruitment of neutrophils into the intimal space, the area
between the endothelium and vascular smooth muscle.
The VSMC primary cultures were treated overnight with
0.025-, 0.25-, 2.5-, or 25-ng/ml active MMP-1; and the
cell-free supernatants were tested for chemotaxis using
modified Boyden chambers and flow cytometry to deter-
mine the number of migrating neutrophils in the lower
chamber. Increase in neutrophil migration, as assessed
by CD45� cell number, was directly proportional to the
MMP-1 added to the VSMC culture (Figure 3A). Neutro-
phil migration was significantly increased by 0.25-, 2.5-,
and 25-ng/ml MMP-1 compared with supernatants of
cells treated with MMP-1 in the presence of IL-8–neutral-
izing antibody or cells treated with MMP-1 alone (P �
0.001). These data indicate that the cells liberated che-
motactic factors in response to MMP-1.

To characterize the mechanisms by which the interac-
tion between MMP-1 and VSMC promotes migration of
neutrophils, we analyzed the supernatants for IL-8 and
C-terminal telopeptide of collagen type 1, a fragment
liberated during the degradation of mature collagen type
1 through the action of MMPs30 and a previously de-
scribed chemoattractant.31,32 Interleukin–8 secretion by
VSMCs was significantly increased by 0.25-, 2.5-, and
25-ng/ml MMP-1 (P � 0.01) and collagen type 1 frag-
ments by 2.5- and 25-ng/ml MMP-1 (P � 0.05 and P �
0.001, respectively) compared with control (Figure 3, B
and C). Interleukin–8 was primarily responsible for neu-
trophil migration because migration was significantly in-

Figure 2. Increased expression and secretion of
MMP-1 in VSMCs treated with neutrophils,
TNF-�, or ROS. A: Fold change in gene expres-
sion assessed for MMP1, TIMP1, and COL1A1 in
VSMCs treated overnight with neutrophils acti-
vated with 50-�mol/L arachidonic acid (1:16 ra-
tio of neutrophils/VSMCs), 1-ng/ml TNF-�, or
ROS (0.05-mmol/L hypoxanthine plus 0.003-
U/ml xanthine oxidase). Results are expressed
as relative increases or decreases versus con-
trols. Data are given as mean � SEM of three
experiments in duplicate, representing cell lines
from three different women with healthy preg-
nancies. *P � 0.05 and **P � 0.01 for treated
versus control cells. B: Levels of MMP-1 and
TIMP-1 in the VSMC culture supernatants after
treatments. Data are given as mean � SEM of
three experiments in duplicate, representing cell
lines from three different women with healthy
pregnancies. **P � 0.008 and ***P � 0.001 for
treated versus control cells. C: Representative
Western blot showing precursor and mature
forms of COL1A1 in VSMC lysates after
treatments.
hibited by 82% to 86% in the presence of an IL–8–

http://ajp.amjpathol.org


456 Estrada-Gutierrez et al
AJP January 2011, Vol. 178, No. 1
neutralizing antibody (P � 0.001) (Figure 3A). We
speculate that the remaining chemotactic activity was
mediated by the degradation fragments of collagen type
1 in the supernatants. Consistent with the collagen type 1
results, MMP-1–treated VSMC cultures observed under
light microscopy showed alterations in cell morphological
features consistent with a loss of the extracellular matrix
arrangement and alterations in cell morphological com-
ponents in a dose–dependent manner (Figure 3D).
These data suggest a key role for MMP-1 in vascular
inflammation and neutrophil recruitment to the vessel wall
in preeclampsia.

Vascular PAR-1 Is Increased in Preeclampsia

Beyond structural instability, the increase in MMPs may
have additional important effects, such as triggering a
variety of signaling pathways that control different cellular

Figure 3. Treatment of VSMCs in vitro with MMP-1 induces chemotactic
factors for neutrophils. A: Chemotaxis of neutrophils in response to super-
natants of VSMCs treated with different concentrations of active MMP-1,
supernatants of VSMCs treated with active MMP-1 in the presence of IL-8–
neutralizing antibody (IL-8 Ab, 20 �g/ml), or MMP-1 alone. Data are given as
mean � SEM of three independent experiments in duplicate. ***P � 0.001
versus supernatants with IL-8 Ab or MMP-1 alone. B and C: The IL-8 (B) and
C-terminal telopeptide (C) of collagen type 1 in the supernatants of VSMCs
after overnight treatment with different concentrations of active MMP-1. Data
are given as mean � SEM of three independent experiments in duplicate.
*P � 0.05, **P � 0.01, and ***P � 0.001 versus control supernatants from
VSMCs without treatment. D: Representative light microscopy of VSMC cul-
ture morphological features after treatment with different concentrations of
active MMP-1 (original magnification, �40).
responses.18 Matrix metalloproteinase-1 is known to ac-
tivate PAR-1,33 which plays critical roles in coagulation,
inflammation, and vascular homeostasis34; and its ex-
pression is increased in preeclamptic compared with
healthy placentas.35 We hypothesized that neutrophils
infiltrated into the vasculature of women with preeclamp-
sia promote VSMC expression of PAR-1. Thus, we eval-
uated the potential of neutrophils, TNF-�, and ROS to
induce expression of PAR-1 in vitro. Treatments with
TNF-� and ROS increased expression of PAR1 twice to
threefold, as assessed by real-time RT-PCR. However,
treatment of VSMCs with neutrophils increased PAR1 ex-
pression by approximately eightfold (P � 0.001), demon-
strating that neutrophils have the potential to transform
VSMCs to a phenotype expressing PAR-1 (Figure 4A).
Gene expression was confirmed by Western blot analysis
(Figure 4B). Furthermore, we found that PAR-1 expres-
sion was increased approximately ninefold in omental
vessels of women with preeclampsia versus a healthy
pregnancy (P � 0.001) (Figure 4C), which was confirmed
by Western blot (Figure 4D). As can be seen, a major
band corresponding to the expected molecular 47-kDa
weight of the receptor was detected in VSMCs after all
treatments, although the band was more evident when
cells were exposed to neutrophils. The same band was
present in blood vessels from women with preeclampsia
but not from women with healthy pregnancies. Interest-
ingly, an additional lower band emerged in VSMCs
treated with neutrophils and in preeclamptic blood ves-
sels (arrows). Because PAR-1 is cleaved to become ac-
tive, this lower band most probably represents a frag-

Figure 4. The PAR-1 level is increased in the vasculature during pre-
eclampsia (PE). A: Fold change in PAR-1 expression in VSMCs after
overnight treatment with neutrophils activated with 50-�mol/L arachi-
donic acid (1:16 ratio of neutrophils/VSMCs), 1-ng/ml TNF-�, or ROS
(0.05-mmol/L hypoxanthine plus 0.003-U/ml xanthine oxidase). Data are
given as mean � SEM of three experiments in duplicate, representing cell
lines from three different women with healthy pregnancies (NPs). ***P �
0.001 for treated versus control cells. B: Representative Western blot for
PAR-1 in membrane lysates of VSMCs after treatments. C: PAR-1 expres-
sion in blood vessels dissected from omental fat from women with PE
versus NP. Data are given as mean � SEM (n � 5 different women per
group). ***P � 0.001 for PE versus NP. D: Representative Western blot

for PAR1 in blood vessels from omental fat from women with PE or
NP.
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ment of PAR-1, suggesting cleavage and activation of
this receptor. Overall, these in vitro and in vivo studies
support a model in which infiltrating neutrophils enhance
PAR-1 production in vascular smooth muscle, which
could be activated by increased levels of MMP-1, pro-
viding additional support for the pathogenic role of these
inflammatory cells and MMP-1 in preeclampsia.

MMP-1 Induces Vasoconstriction via PAR-1

It was previously demonstrated that MMP-2 affects
vascular function by cleaving vasoactive peptides to

Figure 5. Vasoconstrictor effect of MMP-1 is PAR-1 dependent. The MMP-1
caused dose-dependent vasoconstriction of perfused intact omental arteries
obtained from women with healthy pregnancies. The PAR-1 antagonist,
SCH-79797 (10 �mol/L), abolished the ability of MMP-1 to cause vasocon-
striction. Unactivated pro–MMP-1 was ineffective at a dose of 2.5 ng/ml,
which resulted in maximal contraction with active MMP-1; therefore, vaso-
constriction was because of enzymatic activity of MMP-1 to activate PAR-1.
*P � 0.05 and ***P � 0.001. Data are given as mean � SEM of four separate
experiments.

Figure 6. Working model of vascular dysfunction mediated by MMP-1 during p
space, neutrophils secrete TNF-� and ROS. C: This, in turn, stimulates VSMCs to
possibly favors edema and proteinuria. E: The IL-8, and possibly collagen, fragm

Active MMP-1 can play additional roles, including enhancement of neutrophil inflamma
on endothelial cells or VSMCs (G).
generate potent vasoconstrictors.19,20,36 To ascertain
whether MMP-1 has a role in the regulation of vascular
reactivity, active enzyme was perfused into the lumen
of intact omental arteries at varying concentrations and
tested for vasoconstriction using a myograph system.
We found that activated MMP-1 directly caused vessel
contraction at 0.25 ng/ml (P � 0.05), 2.5 ng/ml (P �
0.001), and 25 ng/ml (P � 0.001) (Figure 5). Unacti-
vated pro–MMP-1 had no effect on vessel diameter,
demonstrating that the vasoconstriction was because
of the enzymatic activity of MMP-1. Because increased
vascular expression of PAR-1 has been reported in
those with hypertension,37,38 we explored the possibil-
ity that MMP-1–induced vasoconstriction could be spe-
cifically mediated via PAR-1. When MMP-1 dose-re-
sponse was repeated in the presence of SCH-79797, a
potent and selective non–peptide PAR-1 antagonist,39

vessel contraction was completely abolished (Figure
5). These data demonstrate that activated MMP-1 has
potent vasoconstrictor properties that are PAR-1 de-
pendent. This represents an entirely new mechanism to
explain hypertension during preeclampsia.

Discussion

Our finding that MMP-1 is increased in the vasculature of
women with preeclampsia presents a novel mechanism
for vascular dysfunction associated with this syndrome.
We show herein that the increase in MMP-1 may mediate
biological processes in the vasculature that involve ves-
sel remodeling and vasoconstriction (Figure 6).

psia. A: Activated neutrophils infiltrate the blood vessels. B: Once in the intimal
MMP-1 and IL-8. D: Increment of MMP-1 induces collagen breakdown, which
uce recruitment of more neutrophils, favoring vascular inflammation. F and G:
reeclam
secrete
ents ind
tory response (F) and vasoconstriction through the cleavage of PAR-1 receptor
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The enhancement in collagenolytic activity suggested
by the increase in MMP-1, the lack of increase in TIMP-1,
and the lack of precursor form of COL1A1 synthesis
during preeclampsia strongly imply the alteration of the
collagen network in the blood vessel wall. This is consis-
tent with a previous report40 showing that preeclampsia
is accompanied by a decrease in collagen type 1 in
umbilical cord arteries. Because collagen is found in all
three layers of blood vessels and especially around
smooth muscle cells of the media, where it provides
mechanical strength and maintains the structural integrity
of the vasculature, it is reasonable to infer that the dam-
age to this network might increase vascular permeability.
Consequently, we propose the hypothesis that leakage of
fluids and proteins could result in edema and proteinuria,
conditions observed in women with preeclampsia.41,42

The maternal vascular system undergoes an inflamma-
tory process during preeclampsia, as evidenced by in-
creased neutrophil activation43–46 and vascular neutro-
phil infiltration.6–8 In the early phase of this study, we
hypothesized that infiltrating neutrophils could affect ex-
pression of genes related to the extracellular matrix. In
view of our finding that activated neutrophils induce
MMP-1 expression by VSMCs in vitro, we propose that the
presence of these inflammatory cells in the preeclamptic
blood vessel wall triggers molecular signaling, resulting
in an increment of MMP-1 in both vascular tissue (includ-
ing endothelial and smooth muscle) and circulating
blood. This observation agrees with a previous report47

that indicates that VSMCs produce MMP-1 after leuko-
cyte contact.

Experimental findings support a role of ROS and
TNF-� in the maternal vascular alterations associated
with preeclampsia21; both are released by activated
neutrophils.26,48 Evidence presented in this study sug-
gests that the potential mechanism for MMP-1 induc-
tion and activation may involve the generation of ROS
and TNF-� by infiltrated neutrophils. This notion is sup-
ported by studies13,15,16,49 showing that TNF-� and
ROS modulate the expression of different MMPs in
VSMCs and promote the activation of MMPs secreted
by VSMCs. The fact that the exposure of VSMC to
neutrophils or neutrophil products, such as TNF-� and
ROS, resulted in a similar extracellular matrix gene
expression pattern as that observed in blood vessels
from preeclamptic women provides further evidence
for the in vivo role of neutrophils in the vascular remod-
eling process occurring during preeclampsia.

Recently, it was demonstrated that plasma from pre-
eclamptic women stimulates transendothelial migration
of neutrophils.50 Migration to and local accumulation of
leukocytes at the sites of inflammation are critical for
the inflammatory response.51 Leukocytes need to de-
grade blood vessel basement membranes to migrate;
therefore, proteinases are the most obvious candidates
for regulating this step.52 A previous report53 showing
novel MMP functions in relation to leukocyte migration
and the demonstration that transendothelial migration
of leukocytes across high endothelial venules is af-
fected by MMPs52 lead us to speculate that MMP-1

could also be involved in the recruitment of neutro-
phils into the vasculature of women with preeclampsia.
The identification of MMP-1 as a mediator of neutro-
phil chemotaxis through liberation of IL-8 secretion,
and possibly collagen fragments, by VSMCs provides
insight into the mechanisms underlying vascular in-
flammation and, consequently, vascular dysfunction in
women with preeclampsia. Although further studies are
needed to elucidate the molecular basis of the MMP-1
and neutrophil interaction, we know that the contact
between them leads to reciprocal activation in vitro (see
Supplemental Figure S1, A and B at http://ajp.amjpathol.
org), which indicates bidirectional regulation. Thus, we hy-
pothesize that the increase in MMP-1 is part of a feed-
forward signaling pathway involving activation and infiltra-
tion of neutrophils into the vascular tissue, which is
accompanied by secretion of additional amounts of MMP-1
by VSMCs, favoring vascular dysfunction (Figure 6).

The signaling network triggered by neutrophils infil-
trated into the vasculature during preeclampsia prob-
ably includes the expression of thrombin receptor,
PAR-1. As we show herein, VSMCs stimulated in vitro
with activated neutrophils, TNF-�, or ROS elicit PAR-1
up-regulation. This G protein– coupled receptor plays a
major role in orchestrating the interaction between co-
agulation and inflammation.54 The PAR-1 is a tethered
ligand receptor that is activated by proteolytic cleav-
age of its extracellular domain.55 Activating proteases
include thrombin, trypsin, factor Xa, factor XIIa/X,56

and MMP-1.33 Although overexpression of PAR-1 in the
preeclamptic placenta has been previously demon-
strated,35 we show herein, for the first time to our
knowledge, that PAR-1 expression is increased in the
vasculature of women with preeclampsia. Because
PAR-1 is mostly confined to the endothelium in healthy
human arteries, whereas during an inflammatory pro-
cess, its expression is enhanced in regions associated
with leukocyte influx,57 it is logical to infer that the
increase in vascular PAR-1 during preeclampsia is me-
diated by infiltrating neutrophils. Contact between in-
filtrating neutrophils and VSMCs could induce overex-
pression of PAR-1, which then may be activated by the
MMP-1 present in the microenvironment, triggering a
cascade of downstream events that result in vascular
dysfunction in women with preeclampsia.

The role of MMPs in vascular function includes regu-
lation of vasoconstriction.19,20,58 Our data demonstrate
that active MMP-1 is also a regulator of vascular reactiv-
ity. Therefore, increasing levels of MMP-1 in preeclamp-
sia seem to be central to the hypertensive disorder ob-
served in these women. We provide evidence that the
vasoconstrictor effect of MMP-1 is mediated via PAR-1
because an antagonist of the receptor completely inhibits
the vessel diameter reduction induced by activated
MMP-1. Therefore, vascular reactivity would be en-
hanced because of increased expression of both MMP-1
and PAR-1 in those with preeclampsia. A previous re-
port59 that describes that activation of PAR-1 on vascular
smooth muscle results in vasoconstriction supports our
results.

As demonstrated herein, extracellular matrix remodel-

ing has critical effects on vascular function and the con-

http://ajp.amjpathol.org
http://ajp.amjpathol.org
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sequent behavior of cells residing on or within it.17,18 In
light of our findings, we propose that successive molec-
ular events involving vascular neutrophil recruitment and
secretion of MMP-1 by VSMCs are implicated in the vas-
cular dysfunction observed in preeclamptic women.
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