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ABSTRACT
Protease-activated receptors (PARs) are a family of G protein coupled receptors whose
aberrant activation influences a variety of disease states including cardiovascular
disease, liver fibrosis, arthritis, sepsis, and cancer. This thesis focuses on the pathologic
role of PAR1 and PAR2 signaling following vascular and hepatic injury.
Atherothrombotic disease remains the leading cause of death in the United
States, Europe and Western nations. PAR1, also known as the high-affinity thrombin
receptor, has emerged as a new drug target in patients undergoing percutaneous
coronary intervention (PCI) for treatment of atherothrombotic disease. However, studies
with direct thrombin inhibitors have not demonstrated a beneficial effect in preventing
restenosis of culprit lesions post-PCI. Here, we identify matrix metalloprotease-1 (MMP1) as a non-canonical PAR1 agonist that specifically stimulates smooth muscle cell
(SMC) de-differentiation, hyperplasia and migration, resulting in phenotypic alterations
that favor a restenotic program. In contrast, thrombin-PAR1 signaling promotes a
differentiated, contractile phenotype in vascular SMCs. Unlike thrombin blockade,
inhibition of MMP1-activity leads to marked suppression of restenosis in mouse models
of arterial wire-injury. These findings suggest a MMP1-driven phenotypic switch via
PAR1 with therapeutic implications for suppressing post-injury restenosis.
Non-alcoholic fatty liver disease (NAFLD), and the more severe non-alcoholic
steatohepatitis (NASH), are liver manifestations of obesity and insulin resistance. The
prevalence of NAFLD in the general population is estimated between 10-46%. PAR2driven activation and differentiation of hepatic stellate cells has been implicated in the
pathogenesis of NAFLD and NASH. Using a cell-penetrating PAR2 antagonist pepducin,
we demonstrate decreased steatosis and hepatic inflammation in animal models of
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NASH, providing critical evidence for the use of PAR2 inhibitors in the treatment of
NAFLD/NASH.
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I. Chapter 1: Introduction
Over two decades ago, the classic ligand-initiated paradigm of G protein coupled
receptor (GPCR) signaling was challenged with the discovery of protease-activated
receptors (PARs). Unlike canonical GPCR activation, which requires a soluble ligand,
PARs are enzymatically cleaved at their N-terminus to free a tethered ligand, which
subsequently activates the receptor and downstream signaling.1 The elucidation of this
unique activation mechanism has transformed how we think about GPCR signaling, and
more importantly, emphasizes the critical role of proteases in influencing cellular
behavior. This thesis focuses on the contributions of protease-activated receptors -1 and
-2 (PAR1 and PAR2) to cellular injury and repair, with a special focus on matrix
metalloprotease-PAR1 signaling and cellular differentiation in cardiovascular and hepatic
pathophysiology. The following introductory reading will summarize the current literature
on PARs and matrix metalloproteases (MMPs), and bring the reader up to date on PAR1
and PAR2 signaling in the cardiovascular and hepatic systems, respectively.

I.1

G protein coupled receptors

GPCRs represent the largest protein family in the human genome, and include upwards
of 800 distinct receptors which account for approximately 30% of current drug targets.2, 3
GPCRs are characterized by their distinctive seven-transmembrane topology, and are
grouped into five major families based on amino acid sequence: Rhodopsin, Adhesion,
Secretin, Glutamate, and Frizzled. They are further subdivided based on homology;
PARs belong to the ‘delta’ subgroup of the Rhodopsin family.
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I.2

Protease-activated receptors (PARs)

Proteases comprise approximately 2% of the human genome and contribute to cell
signaling through zymogen/ligand activation, degradation/inactivation of soluble ligands,
and activation/inactivation of cell-surface receptors.4, 5 PARs are a subfamily of GPCRs
that are cleaved and activated by an array of proteases including those associated with
coagulation, inflammatory cells, the digestive tract, and matrix remodeling.5 PARs signal
through heterotrimeric G proteins to activate a multitude of signaling outputs that
influence cell behavior and function (Figure 1.1). Aberrant PAR signaling has been
implicated in thrombosis, in-stent restenosis, heart failure, sepsis, arthritis, inflammation,
wound-healing, and cancer among others.1 This section will summarize the cloning,
receptor activation, signal termination, and physiological roles PARs, with a focus on
PAR1 and PAR2.
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Figure 1.1. Mechanism of PAR activation. PARs are activated through proteolytic
cleavage of the N-terminus, which liberates a tethered ligand that is then capable of
interacting with extracellular loop 2, resulting in conformational changes in the
transmembrane regions that activate G-protein signaling. Activation of the receptor
results in the exchange of GDP for GTP in the Gα subunit, resulting in dissociation of the
α and βγ subunits. Both the α and βγ subunits are capable of activating downstream
signaling cascades that are cell type- and context-specific.
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I.2.1

Molecular cloning of PARs

PARs were initially cloned following the observation that thrombin, a coagulation
protease, is an extremely potent activator of platelet aggregation.6 The search for a
thrombin receptor was initiated through expression vector screening using cDNA’s
derived from thrombin-sensitive cells.7 Examination of positively identified clones
produced a 3.5 kb fragment of cDNA whose sequence revealed that it belonged to the
seven-transmembrane GPCR superfamily of proteins. The novel receptor was initially
termed the thrombin receptor, but later named protease-activated receptor-1 (PAR1)
following identification of other PARs.
Further analysis of PAR1 identified a sequence in the N-terminus that closely
mimicked the thrombin cleavage site in the coagulation factor, activated protein C (APC),
suggesting that the receptor was a direct proteolytic target of thrombin.7 Vu and
colleagues postulated that thrombin cleavage at the N-terminus unmasked a tethered
ligand that subsequently was capable of activating the receptor. Mutational analysis of
the proposed cleavage site rendered the receptor unresponsive to thrombin, providing
crucial support for their proposed mechanism. Additional studies revealed a hirudin-like
sequence distal to the thrombin cleavage site (Figure 1.2), which binds to exosite I in
thrombin and results in a conformational change that lowers thrombin’s activation energy
for cleavage.8 Hirudin, is a naturally occurring leech anti-coagulant and potent thrombin
inhibitor. It was later shown that the hirudin-like sequence increases the efficiency of
thrombin-PAR1 interactions and cleavage, as its absence, such as in PAR4 (discussed
below), results in decreased affinity between the enzyme and receptor.7-9 Experiments
conducted in parallel on hamster isolates resulted in the discovery of hamster PAR1;
similar to Vu et al., a thrombin cleavage site was identified in the N-terminus along with
an acidic hirudin-like sequence.10 It was therefore proposed that thrombin binds to the
hirudin-like sequence and cleaves the N-terminus of the receptor, liberating a tethered
4

ligand that is capable of activating the receptor. Proof of concept was obtained when
Coughlin and his group showed that an exogenous peptide corresponding to the cleaved
tethered ligand could be used to activate PAR1.7
Following the discovery of PAR1, further investigation hinted at the existence of
additional protease-activated receptors. First, it was observed that exogenous activating
peptides alone could not completely recapitulate all of the functions of thrombin in
platelets. Second, keratinocytes were found to be responsive to a thrombin-generated
activating peptide, but not to thrombin itself.11, 12 These findings suggested that an
alternative receptor was responsible for the observed discrepancies. Hybridization
studies utilizing primers to the bovine substance K GPCR against a mouse genomic
library resulted in a positive hit, the sequence of which was most closely related to the
human thrombin receptor, PAR1. Exogenous expression in Xenopus oocytes, however,
did not result in a thrombin-responsive phenotype. Surprisingly, the alternate serine
protease, trypsin, triggered robust intracellular calcium mobilization, suggesting the
existence of an alternative receptor that is sensitive to trypsin.13 Additional studies
confirmed the presence of a human homologue of the trypsin receptor, now known as
PAR2.11
The discovery of a second thrombin-sensitive receptor came after the creation of
Par1 -/- mice. Although nearly half of these animals die around embryonic day 9, those
that survive have platelets that are capable of responding to thrombin, despite germline
PAR1 deletion.14 Subsequent studies resulted in the cloning of the PAR3 receptor.15
Unlike PAR1 and PAR2, exogenous addition of the cleavage-generated peptide did not
result in PAR3 receptor activation.115 Furthermore, it was found that human platelets do
not express PAR3, in stark contrast to murine platelets which express high levels of the
receptor.16 Additionally, the signaling of PAR3 appears to be drastically different
depending on the interrogated species; thrombin is able to activate human PAR3,
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whereas mouse Par3 is unresponsive to thrombin cleavage.15, 17 Since PAR3 contains a
hirudin-like sequence that promotes thrombin association and cleavage, it has been
suggested that mouse Par3 functions as an anchoring protein for thrombin-driven
activation of Par4 (which lacks a hirudin-like sequence), as opposed to being a direct
thrombin target.17
The last PAR identified, PAR4, was discovered independently by two groups in
the late 1990s. The first used an in silico approach and performed a homology BLAST
against both the public DNA database dbEST and the Incyte EST database using the
previously identified PARs1-3 as the query sequences.18 A partial sequence was
identified in the screen, and the full length cDNA was cloned from a lymphoma cell
library.18 The second group proposed the existence of a fourth receptor due to the fact
that platelets from Par3-/- mice were still capable of responding to thrombin despite their
inability to express PAR1. A BLAST search of the mouse GenBank revealed the
presence of PAR4, which was confirmed after showing that Par3-/- platelets were
activated by exogenous addition of the PAR4-derived agonist peptide.19
PARs 1-3 are clustered on the long arm of human chromosome 5, whereas
PAR4 is located on chromosome 19.20 PAR1 and PAR2 are less than 100 kb
downstream from one another, suggesting that PAR2 most likely arose from a recent
gene duplication.21 The PARs are similarly structured, in that they contain two exons; the
first encodes a signal peptide and the second encodes the entire functional receptor.22
Because of the structural and genetic similarities among PARs, it has been proposed
that they evolved from a common ancestor.23
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I.2.2

Mechanism of receptor activation and structural insights

PARs are activated through irreversible proteolytic cleavage of the N-terminus allowing
for extracellular interactions between the newly created tethered ligand and extracellular
loop 2 of the receptor (Figure 1.1).1, 7 Subsequent conformational changes in the
transmembrane and intracellular portions of the receptor translate information regarding
the extracellular proteolytic environment to a functional second messenger or effector
protein.1
Cleavage of PAR1 by thrombin occurs at a canonical R41-S42 bond in the Nterminal region (Figure 1.2). Exogenous addition of synthetic peptides corresponding to
the thrombin-generated tethered-ligand (e.g., S/TFLLRN) are able to stimulate signaling
outputs that mimic proteolytic activation of the receptor,7 thus providing critical evidence
that PARs carry their own ligand. Additionally, it has been observed that the peptide
agonist, SFLLRN, is capable of activating both PAR1 and PAR2 either through a direct
heterodimer or close membrane proximity; however, replacement of the serine for
threonine at the first position in the tethered ligand shows a predilection for PAR1
signaling only.1, 24
Thrombin cleavage of PAR1 is facilitated by a K51YEPF55 motif in the receptor
that resembles the C-terminus of hirudin (Figure 1.2).25 Binding of thrombin’s exosite I to
the hirudin-like sequence of PAR1 results in allosteric changes to the protease that lower
the activation energy necessary for cleavage at the LDPR-S canonical site on PAR1
(Figure 1.2).26 Mutational analysis of the thrombin cleavage site identified the Leu38 and
Pro40 residues as critical for proper cleavage of PAR1.27, 28 By comparison, the lowaffinity PAR4 receptor lacks the functional hirudin-like sequence found in PAR1, and
therefore is a less potent thrombin receptor.29 Instead, PAR4 contains an anionic cluster
in its exodomain, which slows the dissociation rate of PAR4 from the cationic thrombin.29
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A high-resolution crystal structure of PAR1 was recently published, and this has
strengthened our understanding of the structure-function relationship of PARs in
general.30 Two major differences between PAR1 and other Rhodopsin family GPCRs
occur at conserved sites in transmembrane (TM) regions 6 and 7.30 A highly conserved
motif in TM6, FXXCWXP (where X is any residue), acts as a toggle switch in the majority
of GPCRs31; interestingly, PAR1 has a substituted Phe for Trp in this motif. Additionally,
the NPXXY motif in TM7, which helps stabilize the open-state conformation in other
GPCRs, has a replacement of the asparagine for aspartate.30 These structural changes
suggest that PAR1, and perhaps other PARs by extension, differ quite drastically from
other GPCRs in how they transmit the extracellular signal to the associated
heterotrimeric G protein complex. Consistent with this hypothesis is the observation that
mutations at and near the extracellular surface drastically reduce PAR1 activation,
suggesting that PAR1 agonist peptides may bind and activate the receptor more
superficially than has been observed with other GPCR peptide agonists (e.g., opioid
receptors).30
PAR2 is activated by a similar mechanism, with the distinction that PAR2 is not
responsive to thrombin but is instead activated by trypsin and trypsin-like proteases
(mast cell tryptase, Factor Xa, and matriptase1). N-terminal PAR2 cleavage occurs at the
R34-S35 peptide bond and results in a ligand corresponding to SLIGKV.24 Similar to
PAR1, the addition of exogenous peptides corresponding to the human and mouse
sequences is able to activate PAR2-dependent signaling cascades.
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Figure 1.2. Activating and Inactivating cleavages in PAR1. Schematic of enzymatic
cleavages of PAR1. Enzymes shown in green are confirmed activating cleavages, those
shown in orange are inactivating cleavages. Enzymes shown in grey are either
predicted cleavage sites, or sites that have been shown to activate/inactivate with
unknown physiologic significance. Blue residues correspond to the canonical thrombin
ligand, whereas red residues show the non-canonical MMP-1 generated peptide which is
two amino acids longer than the classic thrombin ligand. Activated protein C (APC);
Factor Xa (FXa), Kalikreins (KLKs); Matrix metalloprotease (MMP). It should be noted
that other proteases have been shown to inactivate PAR1 (ADAM17 and Protease 3)
although only functional cleavage and exact cleavage sites have not been identified.
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I.2.3
I.2.3.1

PAR signaling and termination
Signaling

PARs exert their effects through activation of various G protein constituents. Specifically,
PAR1 has been shown to activate the Gi, Gq, and G12/13 families of G proteins (Figure
1.3).1, 5 The exact nature of each interaction and the functional consequences that result
from G protein activation are cell type- and environment-specific. Most studies
attempting to identify specific interactions have relied on G protein-blocking antibodies or
have utilized cells derived from G protein knock-out animals. Therefore, although there
are general guidelines to PAR1-dependent G protein signaling, it is by no means
comprehensive. A recent study attempted to ectopically express both PAR1 and PAR2
in the PAR-null Cos7 cell line to elucidate how PARs couple to G proteins under similar
cellular conditions. The researchers found that PAR1 and PAR2 both signal through Gq
and G12, whereas only PAR1 signaled through Gi.32 Although these results are intriguing,
Cos7 cells are not human derived and the receptors are ectopically expressed, which
are important limitations to the study.
One of the more prominent PAR1-coupled pathways involves Gq activation and
subsequent PLC-β signaling (Figure 1.3). Fibroblasts, cancer cells, and platelets utilize
this signaling cascade to mobilize intracellular calcium and stimulate calcium-dependent
pathways. 1, 5 Activation of this signaling axis promotes proliferation, migration, and
secretion, among others.5 PAR1 is also capable of coupling to Gi dependent pathways in
certain cell lines and cell types. In Chinese hamster ovary (CHO) cells, PAR1 signaling
is almost entirely Gi-dependent, and stimulates PLC-β activation and arachidonic acid
release through the βγ subunits. Gi signaling is sensitive to inhibition by pertussis toxin,
which is a useful reagent when interrogating Gi -dependent pathways. G12/13 pathways
are important for cytoskeletal reorganization and cellular shape change (Figure 1.3).
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PAR1 couples to G12/13 pathways in both platelets and endothelial cells, which results in
platelet activation and endothelial barrier disruption, respectively.33, 34 PAR1 has
consistently been shown to activate MAP- kinase (MAPK) signaling pathways, although
it is unclear whether this occurs through a specific G protein pathway, or is ubiquitous to
all G proteins.24, 34
Although PAR2 G protein signaling has not been as thoroughly studied as PAR1,
some similarities have been identified. PAR2 is known to couple to inositol triphosphate
(IP3)-calcium-dependent pathways in a number of cell types, suggesting that PAR2
probably couples to Gq.1 Studies have not demonstrated pertussis toxin-sensitive PAR2
signaling, indicating that Gi is not a prominent pathway for PAR2.1 Similar to PAR1,
PAR2 strongly activates MAPK signaling, particularly the ERK1/2 pathway; the exact
mechanism of MAPK activation is elusive, but arrestins are thought to play an important
scaffolding role for PAR2.
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Figure 1.3. PAR1-G protein signaling. Schematic of G protein signaling pathways
known to couple to PAR1: Gi, Gq, G12/13. Adenylyl cyclase (AC), phospholipase C (PLCβ), inositol phosphate-3 (IP3), calcium (Ca2+), phosphor-myosin light chain (MLC). For
illustrative purposes, the tethered ligand is shown from N⇒C, from left to right.
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I.2.3.2

Termination
Unlike classic ligand-receptor interactions, where signaling is dependent on the

availability and concentration of the given ligand in the extracellular milieu, PARs have
the unique ability to maintain an innate connection with their ligand due to N-terminal
tethering. Given the constant availability of ligand, it would seem possible that PARs
could signal indefinitely following proteolytic cleavage; surprisingly this is not the case. In
fact, the accumulation of IP3 is directly correlated to the absolute rate of PAR1 cleavage
by thrombin.35 Therefore, PARs utilize a precise form (or forms) of signal termination to
regulate their signaling effects. This phenomenon can be readily observed by monitoring
intracellular calcium flux in cells in response to various protease and peptide agonists.
Following stimulation with a particular agonist, cells often become unresponsive to
repeated stimulation, suggesting that some form of signal termination has occurred.
Currently, two primary mechanisms of PAR inactivation exist.
Currently, there exist two primary mechanisms of PAR1 inactivation. The first
mechanism involves inactivating cleavages in the N-terminus by other proteases (Figure
1.2). The best example of this takes place between trypsin and PAR1. Trypsin is capable
of cleaving PAR1 at the canonical R41-S42 peptide bond, and has also been shown to
cleave at the 70-71 and 82-83 peptide bonds with similar kinetics.36 Studies by
Nakayama et al37 showed that endothelial cells were unresponsive to thrombin with
preceding trypsin treatment, which theoretically could result from trypsin-induced
cleavage at any of the three primary sites. What they then observed was that the
response to trypsin with preceding thrombin stimulation did not differ from that without
thrombin, suggesting that the observed trypsin-signal was a result of PAR2 activation,
since PAR1 desensitization was not observed following the initial thrombin treatment.37
This led the investigators to hypothesize that trypsin is capable of cleaving PAR1, but
that this cleavage does not result in functional PAR1 signaling. In fact, numerous
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proteases have been found to cleave PAR1 at distal sites to the R41-S42 bond, although it
is not clear whether all of these cleavages are functionally relevant (Figure 1.2).
A second mechanism of signal termination is C-tail phosphorylation by G proteincoupled receptor kinases (GRKs). Studies utilizing overexpression systems of GRK3
and GRK5 have demonstrated increased PAR1 phosphorylation and inhibition of IP3
accumulation.38 In other GPCRs, phosphorylation by GRKs has been shown to enhance
receptor binding to arrestins, which disrupts the interaction between the receptor and G
proteins, thereby inhibiting the signal.39 Studies of PAR1 signaling in β-arrestin1/2 null
mouse embryonic fibroblasts (MEFs) show impaired desensitization following PAR1
activation, suggesting that a similar phosphorylation- β-arrestin pathway exists for
PAR1.40
Phosphokinase C (PKC) appears to play an important role in PAR2-dependent
desensitization. Cells activated with phorbol esters to stimulate PKC activity display
inhibited PAR2-dependent calcium signaling.41 Furthermore, C-terminal mutations in the
putative PKC abolish the inhibition observed with phorbol ester treatment. These results
suggest that PAR2 may have unique inactivating mechanisms independent of those
established for PAR1.5

I.2.4

PAR1 and PAR2 in normal and pathophysiology

PAR-driven physiologic signaling represents a complex pathway that involves activating
and inactivating proteases, receptors, receptor dimers, cofactors, various G proteins,
and desensitizing pathways. Therefore, the functional outputs that result from PAR
signaling are many and varied, and PARs have been implicated in the vast majority of
pathological states including, but not limited to, cardiovascular disease, thrombosis,
cancer, inflammation, fibrosis, and arthritis.22 This section will summarize the roles of
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PAR1 and PAR2 in both normal and pathophysiology, with particular focus on the
cardiovascular and gastrointestinal/hepatic systems.

I.2.4.1

Cardiovascular system

Considering that PARs were initially identified as thrombin receptors, their role in the
vasculature is paramount.42 PARs are expressed on nearly all cell types in the blood
vessel wall and blood, the notable exception being red blood cells.42 PAR1 is the highaffinity thrombin receptor and is expressed on the surface of endothelium, smooth
muscle cells, platelets, neutrophils, macrophages, and leukemic white cells.43, 44
Thrombin activation of PAR1 promotes platelet aggregation, shape change, adhesion,
cell proliferation, chemokine production, and migration via Gq, Gi and G12/13 pathways.24
PAR1 is on platelets is activated under low concentrations of thrombin, subsequent
increases in thrombin can result in the activation of the low-affinity receptor, PAR4.45
Platelet activation results in granule release and adhesion, both of which are critical for
proper clot formation.
Despite thrombin’s important role in platelet-driven thrombosis, activation of
platelets in patients with acute coronary syndromes often occurs under high shear-stress
on sub-endothelial surfaces enriched with collagen fibrils.46 Studies using whole human
blood spiked with PAR1 inhibitors, such as a PAR1 pepducin,47 have shown no effect on
primary adhesion of platelets to immobilized collagen fibrils under arterial shear.48 This
led to the hypothesis that an alternative PAR1 activator was responsible for initial
platelet activation and nucleation under high flow rates. It was subsequently shown that
matrix metalloprotease-1 (MMP-1) is capable of cleaving and activating PAR1 on
platelets.48 Furthermore, it was demonstrated that the growth-rate of platelet aggregate
“strings” was significantly attenuated by an MMP-1 inhibitor, FN-439, or PAR1 inhibitors.
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Additionally direct antagonism of thrombin had little effect on early thrombogenesis on
collagen surfaces under high arterial flow rates.48 Several studies have previously shown
that thrombin may be more important for later propagation and stability of platelet
thrombi, and is not involved in initiating early thrombus growth at high arterial shear49-51
unless tissue factor levels are extremely high.52
Both PAR1 and PAR2 are highly expressed on endothelium and vascular smooth
muscle.5 It has been proposed that PAR1 plays a critical role in cardiovascular
development since the 50% embryonic lethality rate exhibited by Par1-/- mice can be
corrected with re-expression of PAR1 in the endothelium.14, 53 Activation of PAR1 and
PAR2 in the vasculature has been shown to cause both vasoconstriction and dilation
depending on the source of the blood vessel, presence or absence of endothelium, and
the conditions under which the experiment was performed.
In the endothelium, activation of PAR1 results in endothelial contraction with loss
of tight junctions and increased permeability resulting in edema and inflammation.5
PAR1 activation also results in release of von Willibrand factor (VWF) and P-selectin cell
surface expression to promote platelet and leukocyte rolling and adhesion.45 Cleavage
of endothelial PAR2 mediates proliferation and cytokine expression, and stimulates
vasodilation.22, 54 Human studies, in which PAR2-derived peptide agonists were injected
into the forearm, showed dilation of resistance vessels and elevated blood flow, which
occur through nitric oxide (NO)- and prostaglandin-dependent pathways. 5 PAR2
activation also induces edema and neutrophil infiltration, although this mechanism is
thought to be primarily due to PAR2-elicited neuropeptide release from sensory neurons.5
PAR1 expression on vascular smooth muscle cells (SMCs) is increased following
balloon catheter placement and in atherosclerotic plaques.55, 56 Furthermore, studies
have shown increased SMC surface expression of PAR1 after subarachnoid
hemorrhage,57 suggesting that up-regulation of PAR1 following vascular injury may be a

16

universal response in the SMC repair process. Thrombin-PAR1 activation in vascular
SMCs results in mobilization of intracellular calcium, extracellular matrix (ECM)
production, growth factor release, and increased proliferation.58-61 Inhibition of PAR1 in
models of vascular injury have produced mixed results; Par1-/- mice showed no statistical
difference in neointima formation in wire injury models, and actually showed increased
neointimal proliferation in ligation-injury models.62, 63 Conversely, pharmacologic
inhibitors of PAR1 have reduced neointima formation in animal models of vascular
injury.59, 62
Similar to PAR1, PAR2 expression is also increased on SMCs following ballooninjury models.64 Furthermore, Par2-/- mice show reduced neointima formation after wireinjury, although it was suggested that this effect was due to PAR2’s role in leukocyte
adhesion and a concomitant decreased inflammatory response in Par2-/- mice.65 These
results illustrate that PAR1 and PAR2 in the vasculature are important mediators of the
repair process following injury, although it is unclear whether PAR1 propagates or
ameliorates the hyperplastic response.

I.2.4.2

Gastrointestinal/hepatic system

Both PAR1 and PAR2 are expressed on a number of cell types throughout the
gastrointestinal system. PAR1 is present on intestinal epithelial cells, SMCs of the gut,
and enteric neurons. PAR2, on the other hand, has a broader expression pattern that
includes enterocytes of the intestine and colon, liver, pancreas, SMCs, and enteric
neurons. PAR2 activation of enterocytes results in IP3 production, intracellular calcium
mobilization, and prostaglandin release.5 Stimulation of PAR2 on ductal cells of the
pancreas regulates ion transport and protects against pancreatitis by increasing ductal
secretions upon premature activation of trypsinogen. Consistent with PAR2’s protective
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role in pancreatitis, Par2-/- mice show increased acinar cell vacuolization and necrosis in
models of acute pancreatitis.66
PAR2 also plays a detrimental role in infectious colitis through increased
neutrophil infiltration, cytokine production, and bacterial translocation.67 Genetic deletion
of PAR2 reduces the inflammatory response in models of infectious colitis. In contrast,
PAR1 appears to mediate an anti-inflammatory response in similar models, and studies
have shown that administration of a PAR1 agonist or use of Par1-/- mice reduces the
inflammatory response in colitis models.1
Both PAR1 and PAR2 have been implicated in injury-induced fibrotic responses
in the liver. Kassel et al68 showed that Par1-/- mice had reduced hepatic inflammation and
steatosis in Western diet-induced models of liver steatosis. Other studies have shown
that PAR1 antagonists dosed to rats reduced collagen expression in the liver.69 \Genetic
deletion of Par2 protects against collagen deposition and hepatic stellate cell activation
in experimental models of liver fibrosis.70 Additionally,PAR2 blocking peptides have been
used successfully to prevent acute liver injury in endotoxemia models in mice.71

I.2.4.3

Cancer

PAR1 was initially identified as a potential oncogene in 1995 after a screen of cDNA
libraries by the Whitehead Institute.72 Dysregulated PAR1 and PAR2 expression has
been linked to a wide variety of cancers, including lung, colorectal, prostate, breast, and
ovarian.1 Generally speaking, PAR1 expression and activation is associated with
increased tumor invasion and metastasis as well as being a pro-angiogenic pathway.
Activation of PAR1 on breast cancer cells enhances cell migration in vitro, and PAR1
knockdown in MDA-MB-231 breast cancer cells abolishes in vivo tumor formation in the
mammary fat pad in xenograft models.1 Furthermore, PAR1 activation by thrombin in
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prostate cancer cells results in increased secretion of IL-8 and VEGF, both potent
angiogenic factors.73 PAR2 also appears to play a detrimental role in tumor progression.
Par2-/- mice bred onto a spontaneous tumor background show delayed tumor onset and
decreased metastasis.1 PAR2 activation also promotes angiogenesis through production
of pro-angiogenic factors.1 Both PAR1 and PAR2 have been shown to increase
proliferation in cancerous cell lines through MAPK-dependent pathways, suggesting that
PARs may also play a role in cancer cell proliferation and survival.1

I.2.5

PAR inhibition

Given the importance of PARs in the vasculature, among other systems, there has been
substantial interest in developing PAR-specific antagonists. The majority of antagonists
have been directed at the prototypical receptor, PAR1, due to its critical role in platelet
aggregation, and by extension antithrombotic therapeutic potential. The first class of
receptor antagonists were peptide-mimetics in which modifications were made to the
activating peptide sequence in order to retain peptide binding but prevent receptor
activation. The most successful peptide-mimetics were developed based on a “three
point pharmacophore model” which constricts the distances between three important
functional groups.59, 74-76 The resulting structure inhibits activation of the receptor by both
enzymatic cleavage and peptide agonists. These compounds include BMS-200261 and
RWJ-56110/58259, which are widely used experimentally.22
Blocking antibodies have also been used successfully to inhibit thrombin-induced
platelet activation, although at high concentrations and in concert with PAR4 blocking
antibodies.77 Another class of inhibitors, pepducins, utilizes a completely different
approach to receptor antagonism by inhibiting from the intracellular surface of the
GPCR. Pepducins correspond to a sequence modeled after the intracellular loops of
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their target receptor and contain a hydrophobic lipid to facilitate membrane anchoring.
They mimic or antagonize the contacts between the targeted receptor and the
associated G protein.78 The first pepducins were targeted against both PAR1 and PAR4
and were shown to inhibit peptide-driven platelet aggregation.79, 80 Most recently, a PAR1
antagonist pepducin, PZ-128, was shown to inhibit arterial thrombosis in guinea pig and
baboon models.81 PAR2 antagonist pepducins such as PZ-235 have been used in
models of inflammation and edema, and are shown to inhibit neutrophil migration and
infiltration.63 Pepducins have also been successfully used in models of sepsis and
cancer.
The next wave of inhibitors were non-peptide based small molecules discovered
through screening of a combinatorial library.82 The most successful were the two orallyactive piperazine compounds, F16357 and F16618. Both compounds showed greater
than 90% inhibition of calcium release and had antithrombotic effects in shunt models,
although it is possible that these compounds also targeted non-PAR GPCRs.82, 83
Currently, the two most successful small molecule inhibitors, SCH-530348 (vorapaxar)
and E5555 (atopaxar), have progressed to phase 2 and 3 clinical trials. Vorapaxar is an
orally active small molecule inhibitor based on the alkaloid himbacine isolated from the
bark of the Australian magnolia.82, 84 It was shown to be extremely efficacious in
preventing thrombosis in non-human primate models of arterial thrombosis.85 In 2009 a
multi-center, randomized, double-blind, controlled phase 3 clinical trial was instated
(TRACER: Thrombin Receptor Antagonist for Clinical Event Reduction in acute coronary
syndrome)86 to test the antithrombotic effects of vorapaxar in combination with current
standard of care therapy (aspirin and/or clopidogrel). Due to observed increases in
intracranial bleeding during TRACER, the trial was stopped and two subsections aimed
at evaluating the efficacy and safety in (1) atherosclerotic disease and (2) prevention of
thrombotic events in patients with a history of myocardial infarction (MI) was modified to
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exclude patients with a history of stroke (TRA 2°P-TIMI 50).87 For the evaluation of
vorapaxar in prevention of atherothrombotic events, vorapaxar-treated patients showed
a statistically significant decrease in the primary endpoint (cardiovascular death),
although there was an increase in moderate to severe bleeding and intracranial
hemorrhage.88 The results from the TRA 2°P-TIMI 50 arm aimed at preventing
thrombotic events in patients with a history of MI were recently published, and showed a
significant decrease in cardiovascular death, myocardial infarction, and stroke in the
vorapaxar-treated group versus control (in patients with a history of MI). Moderate or
severe bleeding events were seen more frequently in the vorapaxar-treated arm.89
E5555 is a competitive antagonist of PAR1 that has been shown to inhibit platelet
aggregation, without significantly increasing the bleeding risk.84, 90 A small phase 2
clinical trial was established to evaluate safety, in which the drug was well tolerated and
there was no increased risk of bleeding (J-LANCELOT: Japanese-Lesson from
ANtagonizing the CELlular effects Of Thrombin).91
PAR2 inhibitors have received very little attention compared to PAR1 inhibitors.
Peptide-mimetics (FSLLRY-NH2 and LSIGRL-NH2) have been shown to block trypsinmediated cleavage, although they have little effect on activating peptides.1 GB88 is a
small molecule inhibitor of PAR2 that is the first orally available, reversible agonist
shown to specifically inhibit PAR2 signaling by both trypsin and activating peptides.1
Given the prevalence of aberrant PAR2 signaling in disease (see Section I.2.4), further
development of GB88 and similar antagonists is warranted.
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I.3

Matrix metalloproteases

MMPs represent a family of proteases that were initially characterized by their ability to
degrade ECM, although they have been revisited in recent years due to the
overwhelming evidence of their importance in both normal and pathophysiology.
Furthermore, two MMPs, MMP-1 and MMP-13, have recently been shown to cleave and
activate PAR1 (Figure 1.4a,b). The following sections will summarize the current
literature on MMPs and their role in PAR signaling and cardiovascular disease.

I.3.1

Classifications

MMPs comprise a family of 28 zinc-dependent endopeptidases, which are further
subdivided based on their distinct, albeit overlapping, substrate specificity.92 MMP-1, -8,
and -13, otherwise known as the interstitial collagenases, are capable of initiating the
degradation of fibrillar-type collagens by cleaving at a single site three-quarters of the
distance away from the N-terminus.93 The ensuing ¾ and ¼ fragments are subsequently
denatured at body temperature and further degraded by the gelatinases. Collagen is the
most abundant protein in the human body; therefore, the collagenases represent an
essential enzyme class critical for normal development and tissue repair.94 MMP-2 and 9 comprise the gelatinases -- the primary enzymes capable of degrading the gelatinous
by-products of collagen degradation.95 MMP-3, -7, -10, and -11 are members of the
stromelysin subfamily, which degrade laminin, fibronectin, and elastin, among others.96
MMP-12 is thought to be a distantly related metalloelastase, which primarily degrades
elastin and is found predominantly in macrophages.95, 97 The final class is composed of
the membrane-tethered MMPs; these include MMP-14, -15, -16, -17, -24, and -25.98
Nearly all MMPs are secreted as zymogens, and acquire activity through removal
of their auto-inhibitory pro-domain.99 The pro-domain of MMPs contains a highly
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conserved cysteine residue responsible for coordinating with the active-site zinc to lock
the enzyme in an inactive state. Disruption of the cysteine-zinc interaction, either through
chemical modification or by proteolytic release of the pro-domain, results in activation of
the zymogen.99
To date, only two MMPs have been identified as having agonist activity against
PAR1: MMP-1 and MMP-13.100-103 MMP-1 and MMP-13 belong to the collagenase
subfamily and share several important structural features, including classic signal
peptide, pro-, catalytic, and hemopexin domains characteristic of this subgroup (Figure
1.4a). MMP-1 is expressed in most human tissues, including the majority of cell types in
the blood vessel wall, inflammatory cells, and platelets, and is considered the primary
enzyme responsible for collagen degradation.104-106 Despite the pervasive basal
expression of MMP-1, a number of disease states result in further up-regulation of MMP1, a consequence that is often associated with poor outcomes.95, 105, 107
MMP-13 is more limited in its tissue expression profile compared to MMP-1, and
is important to developing bone and periodontal tissues.108, 109 Similar to MMP-1, MMP13 is up-regulated in a number of pathologic states including atherosclerosis, rheumatoid
arthritis, periodontitis, breast cancer, melanoma, and squamous cell carcinomas of the
head and neck.105, 110
Although MMPs are classically categorized based on their extracellular-matrix
substrate specificity, they also function as important signaling molecules through the
cleavage of more than 100 extracellular ligands and proteins.111 Important non-matrix
substrates include osteopontin112, SDF-1α113, HB-EGF114, IL-1β115, and now PAR1.
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I.3.2

MMP-1 cleavage of PAR1 and biased agonism

Recently, it was found that PAR1 is also a substrate for the collagenases, MMP-1 and
MMP-13, which cleave PAR1 at non-canonical sites distinct from thrombin.48, 103 The
initial identification of the MMP-1 cleavage site of PAR1 stemmed from cleavage studies
utilizing a synthetic 26-amino acid peptide (TR26) which spanned the N-terminal
tethered ligand region of PAR1.48 Incubation of nanomolar MMP-1 with TR26 yielded a
peptide with a mass that corresponded to cleavage at the D39-P40 peptide bond (Figure
1.4b). This cleavage resulted in a tethered-ligand two amino acids longer than the
thrombin-generated ligand. To confirm that this cleavage event would result in
productive PAR1 signaling, the longer MMP-1 ligand PR-SFLLRN peptide was
synthesized and tested for platelet activity. The result was complete recapitulation of the
signaling cascades activated by the authentic MMP-1 enzyme including platelet shape
change, RhoA activation, and p38 phosphorylation; however, the peptide was a
relatively weak agonist for stimulating intracellular calcium mobilization and platelet
aggregation. These effects were all blocked by a small molecule inhibitor of PAR1, RWJ56110, confirming that these are PAR1-dependent events.48 Together, these data
demonstrate that MMP1-PAR1 strongly activated Rho-GTP pathways, cell shape
change, motility, and MAPK signaling in platelets.48 Subsequent analysis of G protein
signaling pathways presented the first evidence that MMP-1 and the PR-SFLLRN ligand
are biased agonists that preferentially activate G12/13, and thrombin preferentially
activates Gq in human platelets.48
Blackburn et al116 showed that MMP-1 and thrombin differentially activate MAPK
signaling, with MMP1-driven signals delayed (15 min) compared to thrombin (5 min),
both of which were inhibited by a PAR1-specific antagonist. In breast cancer cells,
thrombin and MMP-1 activated PAR1-dependent phospho-Akt signals117, with the peak
Akt signal occurring at 5 min for thrombin and 1 h for MMP-1, showing that even with
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identical signaling outputs, thrombin and MMP-1 display markedly divergent kinetics.117
Perhaps more striking was the differential effects seen on PAR1-dependent gene
expression of certain pro-angiogenic factors in endothelial cells.116 The two enzymes
individually increased expression of subsets that were independent of the other
protease, suggesting that MMP1-PAR1 signaling may alter the phenotype of cells in a
manner distinct from thrombin-PAR1 activation.116
Though thrombin is specific for the R41-S42FLLRN bond, MMP-1 generally
prefers a hydrophobic residue at the C-terminal side (P1′) of the cleavage site, a basic or
hydrophobic amino acid at P2′, and a small residue (alanine, glycine or serine) at P3′
which facilitates proper fit between the substrate and the S1′-S3’ sites on the enzyme
surface (Figure 1.4b).118, 119 By placing the hydrophobic P40 residue at the P1′ position,
the alignment of the PAR1 cleavage peptide resembles that seen in native substrates of
the collagenases.118, 119 Using x-ray structures of MMP-1 and MMP-8 bound to peptide
inhibitors,120, 121 we modeled the PAR1 ligand region consisting of the residues
T37LD-PRSFLLRN47 bound to the active site cleft of human MMP-1 with the scissile D39P40 peptide bond carbonyl oxygen coordinated to the active site zinc (Figure 1.4b).
Especially favorable hydrophobic interactions and geometry were observed for PAR1 P3
and P2 residues (T37, L38) and for the C-terminal cleavage site P1′-P40 within the active
site groove surrounding the catalytic zinc of MMP-1. To provide evidence to support this
model, we substituted the P1′-P40 residue with asparagine in both the full-length receptor
(P40N-PAR1) and the cleavage peptide (TR26-P40N), a substitution which had
previously been shown to substantially reduce cleavage of collagen peptides.122 To
inhibit proteolysis by thrombin, we mutated the P1′-S42 serine of the thrombin cleavage
site to aspartate (S42D-PAR1), a mutation that suppresses cleavage by thrombin.123 The
P40N PAR1 mutant was fully cleaved by thrombin but was poorly cleaved by MMP-1.
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Conversely, the S42D-PAR1 mutant was substantially cleaved by MMP-1 but was poorly
cleaved by thrombin. These results are consistent with the mass spectrometry cleavage
data, which show that MMP-1 cleaves PAR1 at D39-P40, and illustrate the ability to
selectively uncouple MMP-1 cleavage of PAR1 from thrombin.
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Figure 1.4. MMP-1 cleavage of PAR1. (a) Crystal structure of MMP-1 showing the pro,
catalytic and hemopexin domains. The catalytic zinc is shown in red. (b) Model of the Nterminal region of PAR1 in the MMP-1 active site. The catalytic zinc is shown in
magenta. MMP-1 favors a hydrophobic residue at the P1′ to facilitate fit into the catalytic
groove. (Modeling performed in collaboration with Dr. Andrew Bohm; Modified from
Austin et al. 2012)124
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Two other MMP-1 cleavage sites in the PAR1 N-terminal exodomain have been
described. Nesi et al.125 showed that by using a longer incubation time and micromolar
concentrations of MMP-1, recombinant PAR1 (A26-L103) exodomain126 was cleaved at the
L44-L45 and F87-I88 bonds, which could result in receptor desensitization due to loss of
part or all of the tethered ligand (Figure 1.2). As the L44-L45 and F87-I88 MMP1-cleaved
receptors have not been validated physiologically, it is unclear whether MMP-1 cleavage
sites within or distal to the canonical ligand are capable of productive signaling.
However, it was recently shown that APC may also cleave PAR1 at R46-N47,127 as
opposed to the canonical R41-S42 cleavage site.126 Although cleavage at the C-terminus
of the tethered ligand might be expected to severely impact signaling, the APC R46-N47
cleavage event is capable of producing cytoprotective effects through PAR1,
representing a new example of biased agonism for PAR1 (Figure 1.2).127 This raises the
question of whether additional proteases that cleave at distal sites may be capable of
producing new kinds of signaling outputs from PARs either as homomers or in
partnership with other PARs in heteromeric complexes, such as PAR1-PAR2
heterodimers.34, 128 It is also possible that conformational changes or steric steering,
which might occur through dimerization, could promote one cleavage site over another.
Once cleaved, the different-length tethered ligands may induce or stabilize different
conformational states in the transmembrane domains and intracellular loops of PAR1 to
facilitate preferential or biased association with one class of G proteins over another.129,
130

Moreover, enzyme co-receptor proteins such as integrins or local micro-environments

and lipid rafts131 could favor biased cleavage and subsequent activation of precoupled130 sub-sets of receptors.
Most recently, MMP-13 was identified as having PAR1 agonist activity.103 Using
cleavage experiments similar to those performed with MMP-1, the TR26 PAR1 peptide
was found to be cleaved by MMP-13 at a slightly different site – S42-F43 – one residue
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toward the C-terminal side of the thrombin cleavage site. This cleavage site was
functionally validated through mutation of amino acid F43, which rendered the receptor
insensitive to MMP-13 cleavage.103 Considering the MMP family contains a conserved
active site,97 it is possible that other MMPs are also capable of cleaving PAR1. Several
other MMPs tested for PAR1 cleavage and/or signaling, including MMP-2, -3, -7, and -9,
appeared to be unable to activate PAR1,48, 100 though many other MMPs have yet to be
tested for agonist activity against PAR1 or the other PARs.

I.3.3

MMP-PAR Signaling in vascular disease

Atherothrombotic disease remains the leading cause of death in the United States,
Europe, and Western nations.132, 133 Despite successful percutaneous coronary
interventions (PCIs), 20% of patients still experience a recurrent major adverse cardiac
event within three years of treatment.134 Furthermore, more than 60% of adverse events
and nearly half of all deaths are a consequence of the initial culprit lesion, suggesting
that destructive vascular remodeling continues even in the face of lesion ablation and
widespread use of drug-eluting stents (DESs).134

I.3.3.1

MMP-PAR1 signaling in platelet thrombosis and atherosclerosis

Platelets express several metalloproteases including MMP-1, MMP-2, MMP-3, and
MMP-14 on their surfaces.106, 135, 136 Pioneering studies conducted almost 40 years ago
showed that human platelets harbored enzymatic activity capable of degrading fibrillar
collagen.137 The platelet-derived collagenase activity was later identified as MMP-1,
which was released upon exposure of platelets to thrombin.106 More recently, it was
discovered that collagen-stimulated platelet activation also results in the conversion of
proMMP-1 to active MMP-1, which is capable of directly cleaving PAR1 on the platelet
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surface.48 MMP1-PAR1 signaling in platelets leads to activation of G12/13-Rho, p38 MAPK
pathways, and platelet shape change. Furthermore, the collagen-MMP1-PAR1 pathway
mediates platelet aggregation and clot retraction, which is inhibited by PAR1
antagonists, but not thrombin inhibitors.48 These results suggest that the collagenMMP1-PAR1 signaling axis is an activator of both early and late platelet signaling events
independent of thrombin.
In addition to the role of MMP-1 in PAR1-dependent platelet activation, the
matrix-degrading functions of MMP-1 are also critical contributors to normal and pathophysiology.110 Specifically, there is increasing interest in the diagnostic value of plasma
MMP-1 in patients with acute coronary syndrome and its surge after PCI and stenting.138
Plasma MMP-1 is also significantly increased in diabetic patients and those with high
intimal/medial ratios in their carotid artery plaques.139 Although patho-anatomic studies
of human atherosclerotic lesions suggest that large plaques cause ischemic symptoms,
the key contributing factor to the morbidity and mortality associated with atherosclerosis
is excessive platelet thrombus formation on exposed collagen surfaces following acute
plaque rupture.46 The contribution of MMP-1 during atherogenesis can thus be
considered two-fold: destabilization of the collagenous structure of plaques, and a procoagulant function caused by its effect on platelets.
Not surprisingly, MMP-1 expression is increased in atherosclerotic plaques.104, 110,
140

Furthermore, MMP-1 has been shown to be to be expressed by macrophages,

SMCs, and endothelial cells surrounding the fibrous cap, especially in the vulnerable
shoulder region of the plaque.140, 141 Also of interest is the presence of a promoter
polymorphism in MMP-1 that results in increased expression that has strong
associations with arterial plaque burden142 and myocardial infarction risk.143
Similarly, PAR1 expression is also increased in the plaque body,56 suggesting
that the activating enzyme (MMP-1) and receptor (PAR1) are in close proximity during
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plaque remodeling; however, the direct relationship between MMP-1 and PAR1 in the
atherosclerotic plaque has yet to be shown.

I.3.3.2

MMP-PAR1 signaling in endothelial dysfunction

Sepsis and septic shock represent a cohort of disease states in which dysregulation of
the vasculature is a key pathologic feature. The coincident activation of pro-inflammatory
mediators contributes to endothelial barrier disruption and subsequent hypotension,
hypovolemia, and disseminated intravascular coagulation.144, 145 Endothelial PAR1 may
also be a major mediator of acute inflammatory-coagulation responses and is a potential
target in disease states characterized by endothelial dysfunction including abnormal
hypercoagulability and sepsis/systemic inflammatory response syndrome.34, 146, 147
Thrombin activation of PAR1 causes Rho-dependent cytoskeletal rearrangements in
endothelial cells and induces cell contraction and rounding.148, 149 Endothelial cell
contraction destabilizes cell-cell contacts, causing an increase in vascular permeability.
This facilitates the passage of molecules and leukocytes from the blood into the subendothelial compartment and exposure of tissue factor and collagen, which can trigger
disseminated intravascular coagulation (DIC). Despite the ability of thrombin to trigger
PAR1-dependent activation of endothelial cell contraction, PAR1 signaling confers both
beneficial and deleterious effects on sepsis progression and outcomes depending on the
timing and the severity of the disease state.34, 150
It has recently been shown that MMP1-PAR1 signaling also plays an important
role in endothelial barrier function and sepsis outcomes.101 Sepsis patients had a
significant 18-fold increase in mean plasma proMMP-1 levels at time of enrollment
relative to healthy controls. For septic patients, elevated proMMP-1 levels significantly
correlated with worsening survival outcomes at days 7 and 28 (p=0.006).101 In mouse
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models of sepsis, mouse Mmp-1a was released from the endothelium into the
circulation. Both Mmp-1a and MMP-1 triggered PAR1-dependent disruption of barrier
function via Rho pathways. Inhibition of MMP-1 in the early stages of sepsis significantly
improved the survival of WT and Par2-/- mice but had no effect in Par1-/- mice.101 Similar
results have been observed with thrombin inhibition in endotoxemia models utilizing WT
and Par2-/- mice.150 Administration of exogenous human MMP-1 caused endothelial
barrier dysfunction and increased lung vascular permeability in WT but not Par1-/mice.101 Conversely, sepsis- and LPS-induced vascular leakage could be attenuated by
inhibition of MMP-1 activity. Inhibition of MMP-1 also reduced DIC and markedly
suppressed the cytokine storm, which was lost in Par1-/- mice. The timing of the effects
of inhibition of MMP-1 activity on lung vascular permeability, systemic cytokines, and
DIC correlated well with survival outcomes in mice.101 These findings suggest that
endothelial MMP1-PAR1 plays an unexpectedly important role in the lethal sequelae of
sepsis, and that MMP-1 could be a useful predictive biomarker for outcomes in patients
newly diagnosed with sepsis.

I.3.3.3

MMP-PAR1 inhibition in the vasculature

Activation of platelet thrombosis in patients with acute coronary syndromes often occurs
under high shear-stress conditions on subendothelial surfaces enriched with collagen
fibrils.46 As previously discussed, spiking human whole blood with PAR1 inhibitors did
not affect primary adhesion of platelets to immobilized collagen fibrils under arterial
shear.48 The subsequent growth rate of platelet aggregate “strings,” however, was
significantly attenuated by an MMP-1 inhibitor, FN-439, or PAR1 inhibitors. Blockade of
the MMP1-PAR1 pathway with the MMP-1 inhibitor FN-439 also greatly curtailed arterial
thrombosis in a guinea pig model of ferric chloride injury, which caused denudation of
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the artery and exposure of type I collagen and other subendothelial matrix proteins.48
These in vitro and in vivo data suggest that the collagen-MMP1-PAR1 pathway may be a
point of early intervention in preventing arterial thrombosis.
Considering the complex role of MMPs in vascular remodeling, especially in
intimal thickening following balloon angioplasty and stenting,151, 152 the first MMP inhibitor
(MMPi) clinical trials in the cardiovascular field were designed to prevent restenosis.
Additional evidence from animal models suggested that genetic deletion of MMPs
reduced neointimal formation, further supporting the rationale for using MMPis in
restenosis prevention.153, 154 Although MMP inhibition was shown to be successful at
inhibiting smooth muscle cell migration,155 in vivo studies have produced mixed results in
restenosis models.156-158 The BRILLIANT-EU studies examined whether DESs coated
with batimastat, a broad-spectrum MMPi, would inhibit in-stent restenosis in patients
without effects on re-endothelialization.159, 160 The study concluded that batimastatcoated stents proved safe in larger populations (n=550), but there was no net benefit at
primary (major adverse cardiac events) or secondary (binary restenosis, sub-acute
thrombosis, angiography) endpoints.158 Aside from their antibiotic effects, doxycycline
and its derivatives have been shown to have broad spectrum MMPi activity.158, 161-163 A
prospective study in 2004164 (MIDAS) examined the effect of sub-antimicrobial doses of
doxycycline in reducing the incidence of plaque rupture in acute coronary syndrome.
Doxycycline treated groups showed a 46% reduction in C-reactive protein levels and a
50% reduction in MMP-9 activity; however, there was no difference between treatment
and placebo groups for the major cardiovascular endpoints such as MI and death.164
These in vivo studies suggest that inhibiting various MMPs may have beneficial effects;
however, further development of MMPis with high specificity for the intended MMP target
may improve clinical outcomes.
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I.4

Smooth muscle cells in cardiovascular disease and arterial stenosis

SMCs are the major contributing cell type to neointima formation in in-stent restenosis,
but also contribute to atherosclerotic lesion development and destructive architectural
remodeling in hypertension. Overall restenosis rates following bare-metal stenting range
from 10 to 30%, with DESs reducing the incidence to below 10%.165 In-stent restenosis
occurs as a result of vascular SMC de-differentiation and subsequent migration from the
medial layer through the damaged endothelium, where they deposit and proliferate to
form a neointima. Therefore, understanding the mechanisms driving SMC phenotypic
switching remains an important area of research.

I.4.1

Phenotypic switching

Vascular smooth muscle cells line the endothelial layer and contribute to the architecture
and function of intact blood vessels. The major function of SMCs in the vessel wall is
vascular contraction, which controls vessel tone and luminal diameter, thus regulating
blood flow and pressure.166 Unlike most adult tissues and cells, SMCs exhibit remarkable
plasticity in the developed adult.167 Following exposure to environmental cues after
vascular injury, resident SMCs are able to undergo transient and reversible phenotypic
modulation in which they change from a differentiated contractile cell to a dedifferentiated synthetic one (Figure 1.5). Phenotypic changes occur in a variety of
pathological states including atherosclerosis, in-stent restenosis, hypertension, asthma,
and cancer.167 Here we focus mainly on vascular restenosis models, which highlight
SMC migration to, and proliferation in, the neointima.
The core changes that must occur in order for a change in phenotype are both
molecular and behavioral, and include increased migration, proliferation, and matrix
production, in coordination with down-regulation of contractile proteins.167 Geary and
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colleagues168 conducted a study comparing gene expression profiles in the neointimal
cells between primates receiving sham surgery or an aortic graft SMC. One hundred
forty-seven genes were differentially expressed between the two cohorts, and most of
the genes affected resulted in down-regulation compared to the normal aorta. Only 13
genes were increased over the normal tissue, and the vast majority were involved with
ECM production.168 These results highlight the importance of matrix and matrixassociated proteins in the process of phenotype determination.
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Figure 1.5. Illustration of SMC phenotypic switching. Schematic showing SMC
phenotypic switching. The de-differentiated (or contractile) phenotype is shown on the
left, and the differentiated (or synthetic) phenotype is shown on the right. The important
defining features of each phenotype are discussed below.
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The exact mechanisms through which SMCs modify their phenotypes is not fully
understood, although several studies have shown that platelet-derived growth factor
(PDGF) is a potent stimulator of the synthetic phenotype in vitro. SMCs treated with
PDGF show increased proliferation and migration, and down-regulate expression of
myocardin, the major transcriptional co-activator of SMC-specific genes (Figure 1.5).169
Despite the numerous observations that PDGF is able to stimulate SMC phenotypic
switching in vitro, no conclusive studies have been able to determine whether this
signaling cascade is relevant in complex in vivo disease models. Pdgf and Pdgfr (PDGF
receptor) knock-out mice die perinatally from severe hemorrhaging due to improperly
formed blood vessels, suggesting that PDGF plays a critical role in SMC migration
during development, but it’s difficult to determine its role in fully mature, injured
vessels.170, 171
In contrast to PDGF, transforming growth factor-β (TGF-β) has been implicated in
the differentiation of SMCs (Figure 1.5). TGF-β, in concert with Smads, results in
increased expression of myocardin-responsive genes. Additionally, TGF-β signaling has
indirect effects through activation of p38 and RhoA, which suppress proliferation and
activate contractile pathways.169 Definitive in vivo studies have not confirmed whether
the effects of PDGF or TGF-β represent the prominent signaling pathways that
determine SMC phenotype.

I.4.2

Current therapeutics

There are currently two approved therapeutics to manage and prevent in-stent
restenosis: rapamycin (and its derivatives), and paclitaxel. Both agents are used in
DESs and have been clinically beneficial in reducing the rate of in-stent stenosis in
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patients that have undergone PCI. Rapamycin (Sirolimus) is an inhibitor of the
mammalian target of rapamycin (mTOR) pathway. mTOR exists as two distinct
intracellular complexes, mTORC1 and mTORC2, each of which has unique cellular
functions. mTORC1 phosphorylates p70 S6 kinase and 4E-binding protein-1 leading to
increased translation of a number of mRNAs involved in cell-cycle regulation, such as
MYC and cyclin D1.172 mTORC2 works in complex to phosphorylate AKT at residue
S473 to inhibit apoptosis and promote cell survival.172 Rapamycin is a macrolide
antibiotic that is often used for its potent immunosuppressant effects. After rapamycin
complexes with an immunophilin, it specifically inhibits mTORC1 but also inhibits cell
cycle progression by inducing expression of p27, a cyclin-dependent kinase inhibitor.173
In vascular SMCs, rapamycin has been shown to activate TGF-β signaling, which is
known to promote a contractile phenotype.173 Furthermore, it increases SMC sensitivity
to TNF-α driven apoptosis, thus inhibiting cellular growth and proliferation.173 Newer
derivatives of rapamycin, such as Everolimus, which have improved pharmacodynamic
and kinetic properties, have been shown to be both efficacious and safe at doses lower
than those used with rapamycin.173
Paclitaxel is a microtubule inhibitor that was first isolated from the Western yew
tree in the early 1970s. Unlike the vinca alkaloids, paclitaxel (and other taxol-related
agents) promotes hyperstability of microtubules, resulting in a dysfunctional tubulin
assembly and disassembly equilibrium.165 Furthermore, mitotic spindle formation is
disrupted, resulting in M-phase arrest and eventual apoptosis. For this reason, paclitaxel
has had wide application, not only in the cardiovascular field, but also as a
chemotherapeutic. Specifically, paclitaxel has been shown to inhibit vascular SMC
proliferation and migration both in vitro and in vivo.165
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Randomized, prospective clinical trials were conducted to determine whether
rapamycin or paclitaxel DESs were superior in reducing in-stent restenosis. Metaanalyses suggest that rapamycin-eluting stents show significant reductions in
angiographic restenosis and loss of lumen diameter, as well as lower rates of target
lesion revascularization. Interestingly, there was no difference in the rate of in-stent
thrombosis, although the rapamycin groups trended towards fewer major adverse
cardiac events.174, 175
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I.5

I.5.1

Non-alcoholic Fatty Liver Disease (NAFLD) and Steatohepatitis
(NASH)
Natural history and pathophysiology

Non-alcoholic fatty liver disease (NAFLD) is a frequent sequelae of obesity and insulin
resistance. Approximately 20-30% of Western populations experience NAFLD, and up to
25% of these patients will progress to a more serious condition: non-alcoholic
steatohepatitis (NASH).176 NASH is characterized by the presence of steatosis,
inflammation, and fibrosis in the liver parenchyma. Patients who have progressed to
NASH are at higher risk of developing cirrhosis, hepatocellular carcinoma, and endstage liver failure.177 Metabolic Syndrome, which is a constellation of features including
central obesity, hyperlipidemia, insulin resistance, and hypertension, is also heavily
associated with NAFLD/NASH. Studies report between 43-71% of NASH patients also
suffer from concurrent Metabolic Syndrome.178
Similar to carcinogenesis, a “two-hit” hypothesis has been proposed for the
generation of NASH, in which certain patients are unable to cope with the influx of free
fatty acids (FFAs) into the liver and consequently develop a more serious disease
(Figure 1.6).179 In both cases, insulin resistance is a precipitating event, which results in
excessive lipolysis in peripheral fat stores. In fact, many consider NAFLD and NASH to
be the hepatic manifestations of type 2 diabetes (Figure 1.7). The result is increased
numbers of FFAs trafficked to the liver. Patients who do not properly incorporate the
FFAs into triglycerides develop steatosis (NAFLD) as the “first hit.” In essence, steatosis
occurs when the rate of import or synthesis of FFAs by the hepatocytes exceeds the rate
of export or catabolism. NASH develops as a consequence of direct liver toxicity and
increased susceptibility to “second hits” such as reactive oxygen species (ROS), viral
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infections, and increased inflammation (Figure 1.6). Cirrhosis develops as a response
by the liver to repair the damaged tissue.176, 179
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Figure 1.6. Two-hit model of NASH progression. NASH is thought to develop through
a two-hit model similar to cancer progression. The initial hit occurs due to increased
FFAs, triglycerides (TGs), and β-oxidation as a result of obesity and insulin resistance.
The first hit results in simple steatosis of the liver. The second hit results from additional
liver injury due to ROS, cytokines, drugs, viruses, etc. that can be a result of the
inflammatory response to the steatosis or an exogenous insult. Once NASH has
developed, fibrotic progression leads to cirrhosis, which can also result in formation of
hepatocellular carcinoma.
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Figure 1.7. The importance of insulin resistance in NAFLD/NASH. Insulin resistance
is thought to be a precipitating factor in the development of NAFLD/NASH. Other comorbidities such as metabolic syndrome (obesity, hypertension (HTN),
dys/hyperlipidemia, and type 2 diabetes) all contribute to the central feature of insulin
resistance. Each co-morbidity represents a number of individual pathologic features, of
which reactive oxygen species (ROS) and inflammation (cytokines, inflammatory cells:
inflam) are shown. (Adapted from Marchesini et al., 2007) 178
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NAFLD/NASH is generally diagnosed as an abnormal elevation of liver enzymes
on routine chemistry panel. The diagnosis is often confirmed with ultrasound imaging.180
Livery biopsy is the only method for obtaining a precise diagnosis and for determining
the severity of disease.180 A histological scoring system, NASH activity score (NAS), has
been developed to determine the stage of disease and takes into account the extent of
steatosis, lobular inflammation, and hepatocyte injury.

I.5.2

Hepatic stellate cells

Hepatic stellate cells (HSCs) are specialized pericytes in the liver located in the space of
Disse, between the hepatocytes and endothelium lining the sinusoids.181 HSCs adopt a
dendritic morphology and are the primary non-parenchymal cell in the liver. The
developmental origin of HSCs remains controversial due to their expression of both
mesenchymal and neuronal markers. Although HSCs were initially identified
anatomically as fat-storing or sensing cells of the liver, their normal physiologic role is in
fact the storage of vitamin A (retinol). HSCs store nearly 80% of the body’s retinol, which
serves as a useful marker experimentally.181 Given the location of HSCs, it is not
surprising that they also regulate sinusoidal blood flow through contraction and
relaxation. In addition, HSCs maintain the proper ECM composition in the space of Disse
by secreting the appropriate ECM proteins and MMPs.181
Following liver damage, HSCs exit their quiescent stage and undergo activation
resulting in increased proliferation, matrix production, and contractility.181
Morphologically, HSCs increase the size of their rough endoplasmic reticulum, downregulate vitamin A storage, and express smooth muscle actin, which has become
pathognomonic for HSC activation.181 In addition to molecular and behavioral changes to
the HSCs themselves, activation results in the production of a number of pro-
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inflammatory cytokines such as IL-6, IL-8, and MCP-1 that exacerbate the fibrotic
response.181 Activated HSCs are the primary cells responsible for collagen deposition
and fibrosis in the injured liver, which suggests their activation is causal and not in
response to liver fibrosis.69, 176, 181 In addition to direct ECM deposition, HSCs also upregulate the production and release of tissue inhibitors of MMPs (TIMPs) which
contribute to net liver fibrosis.
HSCs are activated as a consequence of an inflamed microenvironment in the
liver due to excessive fat deposition and generation of ROS. Currently, the most potent
inducers of HSC activation include TGF-β and PDGF, although a number of other factors
have also been shown to stimulate HSC activation (leptin, TNF-α, adiponectin, IL-1 β, IL6).176, 181

I.5.3

Current therapeutics

NAFLD is often a benign disease that does not require pharmacologic intervention,
although more severe cases and those that have progressed to NASH are at risk for
developing cirrhosis or hepatocellular carcinoma. A number of therapeutic inhibitors
have been tested for efficacy in NAFLD/NASH. This section will summarize current
clinical trials for agents used to treat NAFLD/NASH.

I.5.3.1

Thiazolidinediones

Insulin resistance has been universally accepted as the major instigator of the “first hit”
in the development of NAFLD and NASH; therefore, insulin sensitizers have been
proposed as potential treatments for this group of diseases. Thiazolidinediones (TZDs)
are PPAR-γ agonists that promote glucose tolerance and insulin sensitivity. TZDs
function though activation of PPAR-γ, which binds DNA along with the retinoid X receptor
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and modifies gene transcription of a number of downstream targets. Pioglitazone is the
most widely prescribed drug in this class, and clinical trials in patients without diabetes
resulted in decreases in NAS scores, serum alanine aminotransferase (ALT) levels,
hepatocyte injury, and fibrosis.182, 183 Two meta-analyses have been performed to assess
the efficacy of pioglitazone treatment on NAFLD/NASH outcomes; both suggest that
TZDs improve liver histological assessment, although there was no significant decrease
in fibrosis score.180

I.5.3.2

Metformin

Metformin is first-line therapy for obese patients with a recent diagnosis of type 2
diabetes. Similar to the rationale behind the use of TZDs, it was proposed that
management of insulin resistance could be a potential therapeutic avenue in
NAFLD/NASH. The mechanism of action involves the activation of AMP-activated
protein kinase (AMPK), which inhibits expression of genes involved in hepatic
gluconeogenesis and increases translocation of the GLUT4 receptor to the membrane
surface to increase glucose uptake in the periphery. Clinical trials utilizing metformin in
diagnosed NAFLD patient populations have not resulted in definitive recommendations
for its use. In most cases, patients using metformin had decreased aminotransferase
levels but no histological benefit.180 In studies controlled to a clinician-prescribed diet,
metformin did not show any significant improvements over diet alone,184 although
combined diet and metformin treatment did result in some improvement in
aminotransferase levels.185 In summary, metformin administration does not offer
substantial gains in treatment of the histological features of NAFLD, particularly in
patients without pre-existing glucose intolerance.180
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I.5.3.3

Statins

As previously discussed, Metabolic Syndrome is a notorious risk factor for NAFLD and
NASH. Hypercholesterolemia is a cardinal feature of Metabolic Syndrome; therefore, it
was suggested that HMG co-reductase inhibitors (statins) would potentially benefit this
subset of patients. Currently, only small pilot studies have been conducted regarding the
effects of statins in patients with NAFLD and NASH, with mixed results. Some studies
reported no statistical differences in statin-treated groups compared to placebo, whereas
others showed decreases in aminotransferase levels following treatment.180 Currently,
the American Association for the Study of Liver Diseases does not recommend statins in
the treatment of NASH.

I.5.3.4

Pentoxifylline

Pentoxifylline is a non-specific phosphodiesterase inhibitor that reduces the synthesis of
TNF-α. Elevated TNF-α in the liver parenchyma is thought to contribute to a proinflammatory phenotype followed by fibrosis and cirrhosis progression.180 A metaanalysis of six pilot studies showed a significant decrease in aminotransferase levels,186
although direct randomized, placebo-controlled clinical trials have not be initiated.

I.5.3.5

n-3 Polyunsaturated fatty acids

N-3 polyunsaturated fatty acid (n-3 PUFA) deficiency has been associated with fatty liver
and Metabolic Syndrome.180 Normally, n-3 PUFA complexes with PPAR-α to regulate
lipid metabolism in hepatocytes. Relative deficiencies in n-3 PUFA result in increased
hepatic uptake of FFAs, decreased fatty acid oxidation in the liver, reduced production of
fatty acid transport proteins, and increased expression of lipogenic genes.187
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Clinical trials have shown improvements in serum ALT levels, ultrasonic
reductions in fatty liver, and serum triglyceride levels.180 Surprisingly, n-3 PUFA has
resulted in the most consistent beneficial clinical trial data. Doses as low as 1g/day
produced clinical improvements in patients, and suggest great potential as a widespread
therapeutic.180 At this time, additional large-scale clinical trials are necessary to
determine the true efficacy of n-3 PUFA.

I.5.3.6

Orlistat

As weight loss remains the gold-standard for the treatment of NAFLD and NASH, there
is renewed interest in adjunct therapies that help patients reduce total body weight.
Orlistat, a lipstatin derivative, is used to block intestinal lipases, leading to decreased fat
absorption by the gut. In conjunction with a reduced-calorie diet, patients taking orlistat
showed increased weight loss over patients relying on reduced-calorie diet alone.188 180
A randomized, double-blind, placebo-controlled trial showed a reduction in serum ALT
levels in patients given orlistat, although the diet-alone placebo group also saw
reductions in ALT. There was, however, a significant decrease in liver steatosis (as
measured by ultrasound) in the orlistat-treated group only.189 Additional studies have
shown decreased steatosis and serum aminotransferases, but stratification of the data
shows that the observed decreases are always associated with a greater than 5%
weight loss. Therefore, it is likely that orlistat’s effect on NAFLD and NASH is a direct
result of the concomitant weight loss, and not an independent effect.180

I.5.3.7

Antioxidants

Increased oxidative stress as a result of the generation of ROS has been shown play a
critical role in the progression of NAFLD and NASH (Figures 1.6 and 1.7). It was
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postulated that antioxidant therapy may benefit patients in the early stages of steatosis.
Vitamin E, vitamin C, betaine, glutathione, and N-acetylcysteine have all been
investigated as potential therapeutics for NASH.180 Overall, studies using these agents
were unimpressive and suffered from inconsistent experimental design. Of the agents
used, vitamin E has shown the most promise by reducing serum ALT levels and
histological features of NASH.183 There is, however, concern regarding the safety of
high-dose vitamin E use; a meta-analysis of doses larger than 400 IU/day showed an
increase in all-cause mortality and prostate cancer rates.180

I.5.4

Methionine-choline deficient mouse models of NASH

The methionine/choline deficient (MCD) diet is a widely accepted method of
recapitulating NASH-like symptoms in rodents. Studies by Kirsh et al152 compared the
effects of a MCD diet on both male and female rats and mice, and found that male
C57BL/6 mice best approximated the histological features of human NASH syndrome.190,
191

The mechanism of steatosis in this model is a result of the need for methionine
and choline in hepatic β-oxidation and the production of very low-density lipoproteins
(VLDLs). Influx of FFAs into the liver stimulates their conversion into triglycerides in the
ER lumen of the hepatocytes. There, the VLDL is assembled to include a core of lipid
(mostly triglycerides) surrounded by phospholipids, cholesterol, cholesterol esters, and
apolipoprotiens.192 Since both methionine and choline are critical for nascent
phospholipid synthesis, dietary restriction of the two results in triglyceride accumulation
in the liver. Additionally, choline deficiency inhibits VLDL secretion by hepatocytes.190
The consequence of aberrant VLDL synthesis and secretion is accumulation of fatty
acids in the liver, resulting in the “first hit” of steatosis. Animals on the MCD diet show
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increased oxidative stress and inflammatory cytokines, both of which can act as the
“second hit” over time.190
Animals on the MCD diet mimic a number of the features of clinical features of
NASH, including increased serum ALT, steatosis (by day 10), lobular inflammation and
hepatocyte ballooning (by day 10), and fibrosis (8-10 weeks).190 The major disadvantage
of MCD diet in animal models is that mice on the diet lack a number of the metabolic
changes seen in humans. Mice on MCD diet show significant weight loss, low fasting
blood sugar, and low serum insulin and leptin levels, which is in stark contrast to the
human disease.190

I.5.5

PAR2 in NASH

Mast cell infiltrates have been observed in the liver following injury in both humans and
animal models.193, 194 Levels in cirrhotic livers have been estimated to be roughly 9-fold
higher than in normal liver.171 Furthermore, activated HSCs produce and secrete stem
cell factor (c-kit ligand) which has been shown to be a potent chemo-attractant for mast
cells.195 Following stimulation, mast cells release the contents of their granules into the
extracellular space. The PAR2 protease agonist, tryptase, is a major component of mast
cell granules, and therefore is a potential activator of PAR2 in the injured liver. Although
many attribute activation of PAR2 in the injured liver to the availability of mast cell
tryptase, definitive in vivo experiments have not determined the precise activating
protease during liver injury.
Both PAR1 and PAR2 expression increases upon activation of rat HSCs. PAR2
activation on HSCs results in MAPK-dependent increases in proliferation and collagen
production.194 Recent studies utilizing Par2 knockout mice showed decreased liver
fibrosis, collagen gene expression, and hydroxyproline content in experimental models
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of liver fibrosis.70 Additionally, activation of PAR2 on human HSCs resulted in increased
proliferation and collagen production, consistent with their role in hepatic fibrosis.70 In a
high-fat diet-induced model of liver steatosis, both tissue-factor (TF) and Par2 knockout
mice showed reduced fatty infiltrates in the liver, independent of
hematopoietic/inflammatory cell signaling.196 These data indicate that PAR2 activation in
the liver, particularly on HSCs, contributes to the detrimental liver fibrosis.
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Chapter 2. Non-canonical MMP1-PAR1 signaling
triggers vascular smooth muscle cell de-differentiation
and arterial stenosis
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II. Chapter 2. Non-canonical MMP1-PAR1 signaling
triggers vascular smooth muscle cell dedifferentiation and arterial stenosis

II.1

Abstract

Vascular injury that results in proliferation and de-differentiation of vascular smooth
muscle cells (SMCs) is an important contributor to restenosis following percutaneous
coronary interventions (PCI). Protease-activated receptor-1 (PAR1) has been shown to
play a role in vascular repair processes; however, little is known about its function or the
relative roles of the upstream proteases thrombin and matrix metalloprotease-1 (MMP-1)
in triggering PAR1-mediated arterial restenosis. The goal of this study was to determine
whether non-canonical MMP-1 signaling through PAR1 would contribute to aberrant
vascular repair processes in SMC de-differentiation and models of arterial restenosis. A
mouse carotid arterial wire-injury model was used for studies of neointima hyperplasia
and arterial stenosis. Mice were treated post-injury for 21 days with either a small
molecule inhibitor of MMP-1 or a direct thrombin inhibitor, and compared to vehicle
control. Intimal and medial hyperplasia was significantly inhibited by 2.8-fold after daily
treatment with the small molecule MMP-1 inhibitor. Conversely, chronic inhibition of
thrombin showed no benefit in suppressing the development of arterial stenosis.
Thrombin-PAR1 signaling resulted in a super-contractile, differentiated phenotype in
SMCs. Non-canonical MMP1-PAR1 signaling resulted in the opposite effect, and led to a
de-differentiated phenotype via a different G protein pathway. MMP1-PAR1 signaling
significantly stimulated hyperplasia and migration of SMCs, and resulted in downregulation of SMC contractile genes. These studies elucidate a previously un-described
mechanism for the formation of vascular intimal hyperplasia, and suggest a novel
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therapeutic strategy to suppress restenosis by targeting non-canonical MMP1-PAR1
signaling in vascular SMCs.
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II.2

Introduction

Cardiovascular disease is the leading cause of mortality in the United States, accounting
for more than a quarter of all deaths.133 Following vessel injury in the context of
atherosclerotic plaque rupture or iatrogenic intervention, an important component of the
repair process is smooth muscle cell (SMC) activation.167, 197 SMC proliferation,
migration, and reversion from a differentiated contractile phenotype to a de-differentiated
synthetic phenotype are crucial contributors to the pathology associated with
maladaptive remodeling.167, 197 SMC de-differentiation results in overall changes to
vascular structure, which are initially adaptive but later become injurious. Despite our
understanding of the plasticity and differentiation capacity of SMCs, the signaling
cascades triggering phenotypic modulation remain poorly understood.
Any enduring change in vessel architecture requires matrix remodeling, the majority
of which is accomplished by matrix metalloproteases (MMPs). MMPs are a family of
zinc-dependent endopeptidases whose canonical function is the breakdown of
extracellular matrix. Recently, MMPs have proven to be critical contributors to basic cell
physiology through cleavage of soluble, matrix-, and membrane-bound ligands.113-115
The role of MMPs in cardiovascular disease is highlighted by the fact that SMCs
constitutively express certain MMPs and TIMPS (tissue inhibitors of MMPs), and focal
increases in MMPs have been well described in diseased arteries.96, 104, 140, 198
Furthermore, clinical studies have shown increased MMP plasma levels in patients
following vascular injury and atherosclerotic plaque rupture.199, 200
Specifically, MMP-1 has emerged as an important player in cardiovascular
disease.96, 140, 141, 199 MMP-1 is the primary collagenase responsible for the breakdown of
collagen types I, II, and III.92, 96 Furthermore, MMP-1 has been shown to cleave and
activate PAR1.48, 100 PAR1 is a G protein-coupled receptor that is activated through
proteolytic cleavage by circulating and interstitial proteases, including thrombin,
55

activated protein C, and now MMP-1.7, 100, 201, 202 MMP-1 cleaves PAR1 at a distinct site
from the classical agonist, thrombin, prompting the theory that the two differentially
signal through PAR1.48 Despite ample evidence that MMP-1 plays a role in
atherosclerotic lesion development and post-angioplasty restenosis,96, 140, 198 the unique
roles of MMP-1- versus thrombin-triggered PAR1 activation in SMC physiology have yet
to be explored.
Here we present evidence for PAR1-driven biased agonism between thrombin and
MMP-1. We demonstrate that MMP1-cleaved PAR1 functions as a potent inducer of
SMC proliferation and migration, but also leads to decreased expression of contractile
genes; three cardinal features of SMC de-differentiation. Furthermore, we establish that
thrombin-PAR1 signaling in SMCs is primarily coupled to Gi-dependent signaling
pathways, unlike MMP1-PAR, which favors non-Gi coupled signaling cascades. Finally,
we show that systemic inhibition of MMP-1 following vascular damage inhibits vessel
restenosis in animal models of vascular injury, putting forth a new strategy for targeted
PAR1 inhibition that does not rely on receptor antagonists.
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II.3

Methods

Carotid artery wire-injury model
All animal procedures were approved by the Tufts Medical Center IACUC committee.
Fourteen to sixteen week old male C57BL/6 mice were anesthetized with an isoflurane
nebulizer and nose-cone. The neck region of the animal was shaved with electric
clippers and the area was sterilized using 3 alternating passes of iodine and ethanol
swabs. Using sterile instruments a 1.5 cm midline incision was made and the skin and
subcutaneous tissue was gently pushed aside using blunt dissection. Retractors were
placed inside the neck of the animal to expose the trachea and carotid bundles on each
side. The left side was further dissected to isolate the left common, internal and external
carotids. A 6-0 suture was used to tie off the external carotid, and vascular clips were
placed on the internal and common carotids. A small puncture was made with ocular
scissors in the external carotid, at which time a small flexible surgical wire was inserted
caudally into the external carotid until it entered the common carotid. The wire was
carefully inserted and removed 10 times the entire length of the exposed common
carotid (up to the vascular clip). The wire was removed and the vessel incision was tied
off with a 6-0 suture. The animal was then closed with 6-0 nylon sutures and given 0.05
mg/kg buprenorphine for post-operative pain control. If animals were in a treatment
group, they were treated with the appropriate dose of drug or vehicle at this time.
Animals were allowed to recover from anesthesia in individual cages placed on warmed
heating pads. Once animals were recovered they were monitored every few hours for
the first day, and daily from that point on. At the end of 21 days, animals were
anesthetized using isoflurane and the chest was opened and retracted. The animal was
perfused with 10% buffered formalin through insertion of a 25 gauge needle attached to
a pressurized perfusion bag into the left ventricle of the heart. The animal was perfused
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for approximately 1 minute at which point both the left and right common carotid arteries
were removed and placed in 10% buffered formalin.

Morphometry
Images for H&E stained carotid arteries were captured using a Nikon Eclipse 80i
microscope and a Spot 7.4 Slider camera (Diagnostic Instruments Inc) at both 16x and
40x magnifications. Four images from sequential sections were then analyzed for
medial plus intimal thickness using ImageJ software by measuring um length, using a
known scale bar, in 4 equally distributed quadrants. All 4 lengths were averaged per
carotid artery. Contralateral un-injured carotid arteries were used as controls. A oneway ANOVA followed by Student-Newman-Keuls post-test was performed using
Kaleidograph software on natural log transformed medial plus intimal lengths. * p< 0.05;
**p< 0.01.

DQ-Collagen and S-2238 cleavage assays.
Collagenase activity was measured using DQ-collagen (Molecular Probes) as previously
described.100 Briefly, 5 nM activated MMP-1, MMP-8, and MMP-13 were dilution in 1X
reaction buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM CaCl2, 0.2 mM sodium azide, pH
7.6) and used to cleave 20 µg of DQ collagen for 30 min at room temperature in triplicate
in a 96-well plate. FN-439 (5 µM) and 1,10 phenanthroline (100 µM) were diluted in 1x
reaction buffer and directly added to the wells. Fluorescence was measured with at
absorption of 495 nm and an emission at 515 nm on a Promega GloMax Multi Microplate
Multimode reader. Thrombin protease activity was monitored by S-2238 cleavage
(Chromogenix) as previously described.203 Thrombin (0.01–10 nM) was diluted in Tris
buffer (50 mM Tris-HCl, 175 mM NaCl, 0.5 mg/mL BSA, pH 7.9) with or without
bivlairudin (0.5-50 µM) to a final volume of 180 µL. 20 µL of S-2238 (2 mM) was added
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to each well and the reaction was allowed to proceed at room temperature for 30 min.
The absorbance was measured at 405 nm on a SpectraMax 340 (Molecular Devices).
Cell Culture
Immortalized smooth muscle cell lines (AO391, CD314) were a generous gift from
Wendy Bauer in the Molecular Cardiology Research Institute (MCRI) at Tufts Medical
Center. AO391 cells were derived from a human aorta, whereas CD314 cells were
harvested from human carotid arteries. Both cell lines were immortalized with retroviral
transduction of E6 and E7 genes from human papilloma virus. Immortalized cells were
maintained in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin in 5%
CO2 at 37 °C. Primary HCA (human coronary artery) cells were purchased from
Invitrogen and maintained in Medium 231 supplemented with smooth muscle growth
supplement (SMGS; GIBCO) in 5% CO2 at 37 °C. Primary cells were assayed only
between passages 4-8.

Immunohistochemistry
Human atherosclerotic arteries were obtained with Tufts Medical Center IRB approval
from archived blocks in the Tufts Medical Center Department of Pathology in
collaboration with Dr. Golrokh Javid. Samples were sectioned and stained with
antibodies (1:200) directed at smooth muscle actin (SMA), MMP-1, or PAR1. Slides
were initially de-paraffinized and rehydrated by the following procedure: 100% xylene
(10 min x 2), 100% ethanol (3 min), 95% ethanol (3 min), 75% ethanol (3 min), 50%
ethanol (3 min), rinse with PBS. Antigen retrieval was performed in 10 mM sodium
citrate (pH 6) by microwaving on low for 5 minutes; repeat 3 times. Slides were
subsequently blocked in 0.3% hydrogen peroxide in PBS for 15 min at room
temperature, followed by incubation for 1 hour at room temperature with 2% bovine
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serum albumin (BSA)/0.5% Triton X-100 in PBS. Slides were washed with 2% BSA/PBS
and incubated overnight at 4° C with primary antibody (1:200). Slides were washed 3
times with Tris buffered saline with 1% Tween (TBST) x 5 min. Slides were then
incubated with a biotinylated secondary antibody (1:400) for 1 h at room temperature,
followed by washing with TBST. Samples were then incubated for 30 min at room
temperature with HRP-conjugated streptavidin, followed by washing with TBST. Slides
were developed with DBA reagent for approximately 30 s to 1 min, followed by
counterstaining with Mayer’s hematoxylin.

Flow Cytometry
Immortalized and primary SMCs were harvested by lifting with 5 mM EDTA/PBS and
placed in PBS/1% FBS. Cells were then labeled for 1 h at 4° C with a PAR1 rabbit
polyclonal antibody (1:200) targeted against the epitope: SFLLRNPNDKYEPFC. Cells
were then incubated with FITC-conjugated secondary antibody (1:1000) for 1 h at 4° C
(in dark). Cells were fixed by adding 1% formaldehyde, and PAR1 expression was
assayed relative to a FITC conjugated isotype control on a BD FACS Canto II cytometer.
Results were analyzed using FlowJo Software (Tree Star).

PAR1 cleavage assay
CD314 cells were lifted with 5 nM EDTA/PBS and resuspended in PBS/1% FBS. Cells
were then treated with vehicle, 5 nM MMP-1, or 5 nM MMP-1 + 5 µM FN-439 for 30 min
at 37° C. Cells were immediately fixed with 1% formaldehyde/PBS/1% FBS, followed by
staining for 1 h at 4° C (in dark) with a FITC-conjugated Span12 antibody (1:400), whose
epitope spans both the MMP-1 and thrombin cleavage sites in PAR1. Mean
fluorescence was measured on a BD FACS Canto II cytometer, and results were
analyzed using FlowJo Software.
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Intracellular Calcium Flux
Cells were lifted with 5 mM EDTA/PBS and labeled with Fura-2AM (1:4000) in PIPES or
Hank’s Buffered Saline Solution (HBSS). Cells were incubated at 37° C on a horizontal
rocker for 30 min. Samples were then washed with PIPES or HBSS and re-suspended in
4-5 mL of the respective buffer (PIPES or HBSS). Calcium flux was then measured
following the addition of agonists (thrombin, MMP-1, TFLLRN, SFLLRN, etc.) by the ratio
of excitation intensity at 340/380 nm on a LS 50B Luminescence Spectrometer. The
antagonist RWJ-56110 (5 μM) was added 3 min prior to the addition of agonist.
Pertussis toxin (200 ng/mL) was added to cells 16 h prior to lifting.

Trans-well migration assays
Fifteen thousand cells were plated in the top well of 8 μm pore trans-well plates
(Corning) in full 10% FBS/DMEM media. Cells were allow to adhere to the membrane
for 4-6 hours before media was changed to 0.1% FBS/DMEM in the top well. Lower
chambers were filled with 0.1% FBS/DMEM with and without chemo-attractants or full
10% FBS/DMEM as a positive control. Cells were allowed to migrate at 37 °C for 16 h.
Membranes were washed 3X with PBS and non-migrated cells were removed from the
top side of the membrane with a cotton swab. Membranes were subsequently stained
with the Hema 3 stain set (Protocol) and allowed to dry completely at room temperature.
Membranes were mounted using Resolve high viscosity mounting medium (RichardAllan Scientific), and nine fields (16X) were counted to extrapolate the number of
migrated cells.

Scratch Assay
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For wound healing (scratch) assays, CD314 cells were grown to confluency in 6-well
plates and then scratched in a cross-wise pattern 4 times/well with a P1000 pipet tip.
Photos were taken at time 0, at which point treatment was added to each well (5 nM
thrombin or MMP-1 +/- 5 µM RWJ-56110). Cells were allowed to reconstitute the
scratched region for 16 h, at which point additional photographs were taken. The mean
number of cells migrated was quantified (n=4 fields at 4x) and expressed as mean ±
SEM.

PAR1 endocytosis
SMCs were treated with thrombin (5 nM) or MMP-1 (5 nM) at 37 oC or 4 oC and cells
fixed at various time points with 1% formaldehyde and stained for PAR1 (SFLLRN-Ab).
FITC-conjugated secondary antibody was then added and PAR1-surface expression
analyzed with a FACS Canto II (Becton-Dickinson). Mean fluorescence intensities were
measured using FlowJo software and normalized to untreated samples to obtain percent
PAR1 surface expression.

Crystal violet proliferation assay
Ten thousand cells were plated in six-plicate in 96 well plates in 0.1% FBS/DMEM. Cells
were then treated with agonists (5 nM thrombin, 5 nM MMP-1) with and without 5 μM
RWJ-56110 for 3 days. For assays utilizing peptide agonists, 30 or 300 μM were used
as indicated. After 3 days cells were washed twice with PBS and fixed and stained for 5
minutes at room temperature with gently agitation in 0.5% crystal violet (w/v) in
methanol. Plates were washed in doubly distilled water and allowed to dry at room
temperature overnight. The following day, the crystal violet was resuspended in 100%
methanol solution for 30 min at room temperature with gentle shaking. The absorbance
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was then read at 595 nm in a SpectroMax 340 plate reader (Molecular Devices). Results
were expressed as mean absorbance plus or minus the standard error.

Rho-GTP activation
For RhoA activation, confluent CD314 cells were treated with thrombin (5 nM) or MMP1
(5 nM) with or without RWJ-56110 (5 µM) for 15 min. The cells were lysed and Rho-GTP
was precipitated from cell lysates with glutathione S-transferase (GST)-rhotekin-reduced
glutathione-agarose beads as described.101 Rho-GTP was then quantified by
immunoblot analysis with monoclonal antibody to RhoA (1: 400; 26C4,Santa Cruz). A
portion of the SMC lysates was reserved and analyzed by immunoblot for total Rho and
rhotekin as loading controls.

Western blot
Cells were grown to confluency in 10 cm tissue culture plates in 10% FBS/DMEM
supplemented with 1% penicillin/streptomycin. The plates were then serum starved in
0.1% FBS/DMEM for 60 hours, replacing media every 16 h. Antagonists (200 ng/mL
pertussis toxin, 5 μM RWJ-56110, 5 μM BAPTA-AM, 5 μM U73122) were added to cells
30 min prior to agonist treatment. To stimulate ERK phosphorylation, cells were treated
with 5 nM thrombin or MMP-1 for 15 minutes at room temperature. Cells were then
lysed in 300 µL of T-PER lysis buffer using a rubber spatula at 4 °C. Lysates were spun
at 14,000 rpm at 4 °C, and supernatant was removed. Lysates were quantified for total
protein content using a Bradford assay or nanodrop. Thirty micrograms of total protein
was run on 10% polyacrylamide SDS-gels, after which point protein was transferred to
nitrocellulose membranes. Membranes were blocked for 1 h at room temperature in 5%
non-fat dry milk in Tris-buffered saline/1% Tween (TBST) after which point they were
probed for phospho-ERK1/2 (p42/44) at a dilution of 1:1000 in TBST for 1 h at room
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temperature with gentle agitation. Membranes were washed 3x5 min in TBST and HRPconjugated secondary antibody was used at a 1:5000 dilution for 1 h at room
temperature. Membranes were was 3x5 min in TBST and developed using ECL reagent
(Pierce). Membranes were then stripped with 62 mM Tris/2-β
β-mercaptoethanol (2BME) for 1 hour at 56 °C. Membranes were then re-probed with total ERK antibody
(1:1000) and β-tubulin (1:5000) at room temperature for 1 h.

Reverse transcriptase quantitative PCR (RT-qPCR)
Total RNA was extracted using the RNeasy mini kit (Qiagen) and 1-2 µg of RNA was
reverse transcribed into cDNA using Moloney murine leukemia virus (MMLV) reverse
transcriptase as described below. Random oligomers (10-15 bases) (Oligo dT;
Invitrogen) were annealed at 72 °C for 10 min, followed by 40 cycles of: 25 °C for 15
min, 37 °C for 60 min, 95 °C for 5 min, 4 °C for 5 min. Quantitative PCR was conducted
in 25 µL volumes with 12.5 µL SYBR Green master mix (Invitrogen) and 1.25 µL of both
forward and reverse primers (5 μM). All reactions were performed in triplicate and run
on a DNA Engine Opticon 2, Continuous Fluorescence Detector (MJ Research). qPCR
program consisted for 40 cycles of the following: 95 °C for 15 s, 55 °C for 20 s, and 72
°C for 15 s. Primer sequences are listed in Table 2.1.
Table 2.1 RT-qPCR primers

Gene
Myocardin

Gene
ID

Accession No.

TAGLN

Calponin

CNN1

Fibronectin

FN1

3’)

F- TGCACAGAACTCAGGAGCACACG
R- TGGGCTCCAGAGAAGGGCGG
F- CCAAGGAGCTTTCCCCAGACATGG
NM_001001522.1
R- TTGGACTGCACTTCGCGGCT
F- GGCCAGCATGGCGAAGACGAA
NM_001299.4
R- CCCGGCTCGAATTTCCGCTCC
F- TCATCCCAGAGGTGCCCCAACTC
NM_212482.1
R- GTCCACCTCAGGCCGATGCTTG

MYOCD NM_001146312.1

SM-22

Primer Pairs (5’
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II.4 Results
II.4.1 MMP-1 inhibition reduces neointima formation in animal models of
restenosis
Despite the well-documented contribution of PAR1 to platelet aggregation and acute
arterial thrombosis, it is not clear whether PAR1 on other cell types in the blood vessel
wall (e.g., SMCs) promotes or mitigates the hyperplastic response to arterial injury in the
chronic timeframe. Studies utilizing genetic deletion of PAR1 demonstrate no net
positive benefit in preventing medial thickening,62 and actually report increased intimal
growth in mouse models of arterial injury;128 however, pharmacologic inhibitors of
PAR159, 204 or blocking antibodies205 inhibited neointimal hyperplasia in rats. Given the
observed paradoxical nature of PAR1 in response to vascular injury, we hypothesized
that PAR1 may exhibit functional biased agonism with respect to the activating protease
(see Section I.3.2). This hypothesis is supported by evidence showing that MMP-1
cleaves and activates PAR1 at a distinct site from thrombin, two residues towards the
amino terminus (Figure 1.2).48 This cleavage results in a tethered ligand two amino
acids longer than the thrombin-generated ligand, which could potentially alter the ligandreceptor interactions and lead to distinct signaling outputs. Since both thrombin206 and
MMP-1207 are increased in the injured vasculature, we chose to interrogate the distinct
contributions of MMP1-PAR1 versus thrombin-PAR1 signaling following vessel injury.
Mouse carotid arteries were injured (n=14 per group) with a vascular wire208 and
animals were treated daily for 21 d with either FN-439, a small molecule inhibitor that is
selective for MMP-1, or bivalirudin, a direct thrombin inhibitor indicated as an
anticoagulant during PCI (Figure 2.1).203 FN-439 inhibited >92% of MMP-1 collagenase
activity, 6% of MMP-8 activity and 36% of MMP-13 activity, and had no inhibitory effects
against thrombin (Figure 2.2a-c). Conversely, bivalirudin blocked thrombin-dependent
cleavage at all concentrations tested (0.5-50 µM) and had no effect on MMP-1
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collagenase activity (Figure 2.2a-c). Importantly, neither drug affected SMC viability
(Figure 2.2d). At the 21 day endpoint, vehicle-treated animals had 4-fold increases in
mean medial and intimal thickness and marked neointima formation following wire injury
as compared to contra-lateral uninjured carotids (Figure 2.1a-c). Daily treatment with
the MMP-1 inhibitor, FN-439, gave a significant 2.4-fold protective effect against
neointimal hyperplasia, whereas treatment with the thrombin inhibitor, bivalirudin, had no
discernable effect as compared to untreated animals (Figure 2.2a-c). These results
indicate that unlike direct thrombin inhibition, blockade of MMP-1 activity significantly
decreases arterial neointima formation and stenosis following wire injury in mice.
These data indicate that MMP-1 versus thrombin may play different roles in
regulating vascular neointima formation. Given that SMCs are the primary cell type
responsible for human in-stent restenosis,173 we confirmed that our model recapitulates
the human disease. Using immunofluorescence on vehicle treated animals we found that
SMCs were the major constituent of the media and neointima in our model (Figure 2.3ac). Furthermore, we also looked at the prevalence of smooth muscle actin (SMA)
positive cells in human atherosclerotic plaques and found prominent staining in the
proliferative fibrous cap, an area of known remodeling and MMP-1 expression (Figure
2.3d-e).141 We then explored the possibility that MMP-1 and PAR1 are juxtaposed in the
remodeling vessel, and that MMP1-PAR1 signaling could contribute to the observed
detrimental vascular remodeling. Not surprisingly, both human and mouse MMP-1 and
PAR1 are in close proximity in the injured blood vessel, and co-localize with SMA+
SMCs (Figure 2.3).
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Figure 2.1. MMP-1 inhibition reduces medial and intimal lesion thickness following
carotid artery wire-injury in mice. (a) Representative photomicrographs (16x) of
carotid arteries from the right uninjured contralateral artery or the left injured artery from
male C57BL6 mice treated with daily subcutaneous injections of vehicle (20% DMSO),
5 mg/kg FN-439, or 10 mg/kg bivalirudin (Bival) for 21 days (n=14). (b) Medial plus
intimal thickness based on a µm scale bar of injured carotid arteries harvested from mice
in (A). Each data point represents four averaged (quadrants) measurements from each
mouse artery. Horizontal lines indicate mean medial plus intimal thickness in microns.
The mean medial thickness (horizontal lines) for each treatment cohort was calculated
from cross sections of the arteries as described above in the methods section.(c)
Individual medial and intimal thickness for control, vehicle, FN-439, and bivalirudin
treated groups. #: 8.9 microns represents endothelial thickness, and thus the lowest
limit of detection. *, p <0.05 by ANOVA.
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Figure 2.2 Bivalirudin and FN-439 selectivity. (a,b) Inhibition of thrombin enzymatic
activity (hydrolysis of S2238 over 30 min, 25 °C)203 by 0.5-50 µM FN-439. (c), Percent
inhibition by 5 µM FN-439 on the collagenase activity (hydrolysis of FITC-DQ-collagen
over 30 min, 25 °C)100 of the 3 collagenases (5 nM MMP-1, MMP-8 and MMP-13) vs.
100 µM Zn-chelator, 1,10 phenanthroline. Percent inhibition of the enzymatic activity of 1
nM thrombin by 5 µM FN-439 or 5 µM bivalirudin as done in A. (d) MTT viability of SMCs
treated with 0.5-10 µM bivalirudin and FN-439.
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Figure 2.3 PAR1 and MMP-1 localize to SMCs in vascular lesions. (a), Merged immunofluorescence of
representative sections from wire-injured carotid arteries of vehicle-treated mice from (A) stained for smooth
muscle actin (SMA), mouse Par1 (FITC), and Mmp-1a (FITC). Cell nuclei were counterstained (blue) with
DAPI. Inset boxes in lower left corner represent magnified regions prominent co-localization in the neointima
(white triangles). Autofluorescence of the elastic lamina can be seen as distinct green bands. (b-c)
Representative photomicrograph of wire-injured mouse carotid arteries (vehicle) showing background
staining of combined FITC- and Cy3-conjugated IgG control antibodies and individual non-merged stains of
DAPI, mPAR1, MMP-1a, and SMA expression. (d), Immunohistochemistry of sections from human
atherosclerotic lesions showing co-localization of SMA with MMP-1 and PAR1. A: adventitia, M: media, L:
lumen. (e) IHC of MMP-1, PAR1, and SMA depicting co-localization in the media, neointima, and
endothelium of a human atherosclerotic plaque. Arrow-heads point to areas of localization in the neointima.
Triangles show staining in the endothelium
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Our data indicate that MMP-1 antagonism inhibits SMC-driven neointima
formation in mice, the converse of thrombin antagonism. We hypothesized that PAR1 is
differentially activated by MMP-1 and thrombin, and that MMP1-driven cleavage and
activation promotes SMC de-differentiation and neointimal growth. In contrast, thrombinPAR1 activation protects the vasculature by maintaining a contractile phenotype and
promoting hemostasis. Our model was used to drive experimental design and define the
contributions of MMP1-PAR1 versus thrombin-PAR1 signaling to SMC behavior and the
key features used to define SMC de-differentiation: migration, contraction, and
proliferation.
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Figure 2.4. Model of PAR1 activation by MMP-1 and thrombin in SMCs. Proposed
mechanism of divergent signaling and outcomes resulting from PAR1 activation by
MMP-1 versus thrombin at two different cleavage sites in arterial injury and restenosis.
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II.4.2 MMP-1 cleaves and activates PAR1 on SMCs
We predicted that PAR1 on SMCs exhibits biased agonism in response to MMP-1 and
thrombin, which leads to either detrimental remodeling or preservation of hemostasis.
Although thrombin-PAR1 signaling in SMCs has been well documented,58, 60, 209 MMP-1
driven cleavage of PAR1 on smooth muscle had not been reported. To confirm that
MMP-1 was capable of cleaving and activating PAR1 on SMCs, we assayed for PAR1
surface expression in both immortalized (AO391, CD314) and primary (1° HCA) human
vascular smooth muscle cell lines by flow cytometry. All SMC lines showed robust
PAR1 expression on their cell surface (Figure 2.5a). We then tested whether MMP-1
was capable of enzymatically cleaving PAR1 on the surface of SMCs as had been
shown in breast cancer cells100 and platelets48. Using an antibody that spans the MMP-1
cleavage site on PAR1 (Figure 2.4), and therefore only recognizes intact (uncleaved)
receptor, we verified MMP1-mediated PAR1 cleavage on SMCs. CD314 cells incubated
with 5 nM MMP-1 had decreased antibody binding, correlating to a loss of epitope and
receptor cleavage (Figure 2.5b). This effect was blocked by 5 μM of the MMP-1
inhibitor, FN-439, confirming that MMP-1 is a functional agonist for PAR1 on SMCs.
Not all N-terminal cleavages of PAR1 activate receptor signaling (see Section
I.2.3.2 ). To interrogate whether MMP1-driven cleavage triggers a functional signaling
cascade in SMCs, we utilized intracellular calcium mobilization as a read-out for PAR1
activation. Equimolar amounts of thrombin and MMP-1 had similar magnitudes of
calcium flux in both immortalized and primary SMC lines (Figure 2.5c). Additionally, both
signals were inhibited by the PAR1-specific small molecule antagonist, RWJ-56110
(RWJ). Together, these results suggest that MMP-1 is capable of cleaving and activating
PAR1 on vascular SMCs, which reinforces the hypothesis that MMP-1 is an important
PAR1 agonist during vascular injury and repair.
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Figure 2.5. MMP-1 cleaves and activates PAR1 on SMCs. (a) PAR1 surface
expression (black fill) of 3 SMC lines analyzed by FACS. 2° antibody control is shown as
black line with white fill. (b) MMP-1 cleavage of PAR1 on CD314 SMCs after 30 min
treatment with 5 nM MMP-1 +/- 5 µM FN-439. The Span12 antibody spanning the PAR1
cleavage site was used to recognize full-length receptor. Loss of antibody binding
indicates receptor cleavage by MMP-1 (5 nM); 5 µM FN-439 MMP-1 inhibitor. (c)
Calcium-flux measurements of SMCs following challenge with MMP1 or thrombin (5 nM
thrombin or MMP-1). In bottom traces, cells were pre-treated for 3 min with the PAR1
inhibitor 5 µM RWJ-56110 (RWJ) prior to the addition of agonist.
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II.4.3 MMP1-PAR1 signaling is a potent chemo-attractant for SMC
migration
Acquisition of cell migration and invasion are important and defining features of SMC
phenotypic de-differentiation (see Section I.4.1). Synthetic SMCs migrate into the
luminal space where they proliferate to create a pathologic neointima.167 To interrogate
the contribution of thrombin-PAR1 versus MMP1-PAR1 signaling to SMC migration, we
performed overnight trans-well migration assays with immortalized and primary human
SMC lines using either 5 nM thrombin or MMP-1 as a chemo-attractant. Thrombin
stimulated modest SMC migration, increasing by approximately 1.25 fold over
background (Figure 2.6a,b). Surprisingly, MMP-1 functioned as a potent chemoattractant with statistically significant increases in migration ranging from 2-2.5 fold over
vehicle at equimolar concentrations compared to thrombin (Figure 2.6a,b). These
effects were equivalent to the use of 10% FBS as a chemo-attractant. Blockade of
PAR1 with RWJ-56110 completely abolished MMP-1’s pro-migratory effects. In alternate
assays of cell migration, such as wound-healing scratch assays, we found that MMP-1
stimulated improved closure of the wound-space compared to thrombin, which was
blocked by RWJ-56110. (Figure 2.7)
Protease-activated receptors offer the unique ability to create synthetic activating
peptides that mimic the tethered ligand produced by proteolytic cleavage. 48, 210 Similar
to the results observed with thrombin, both thrombin-generated peptides (SFLLRN and
TFLLRN) had modest effects on 16 h migration at lower concentrations, and had no
effect at higher concentrations (Figure 2.8a-c). Conversely, the MMP-1 generated
peptide (PR-SFLLRN), showed a comparable increases in migration at lower
concentrations but had markedly increased migration at higher concentrations in all cell
lines tested (Figure 2.8a-c). Furthermore, we designed a negative control peptide, RPSFLLRN, in which the first two residues are reversed, resulting in an inactive peptide.211
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This control peptide had no effect on migration (Figure 2.8a-c), suggesting that proper
MMP1-induced cleavage is essential for PAR1 signaling.
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Figure 2.6. MMP-1 is a potent chemo-attractant for PAR1-dependent SMC
migration. (a) 16 h migration in Boyden chambers of AO391 and (b) CD314 SMCs
towards either 5 nM thrombin or 5 nM MMP-1, with and without 5 μM RWJ-56110
(RWJ). 10% FBS was used as a positive control. **p<0.01 by ANOVA followed by
Student-Newman-Keuls post-test.
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Figure 2.7. MMP-1 induces SMC migration in wound-healing assays. (a) CD314
cells were grown to confluency in 6-well plates and scratched using a sterile P1000
polypropylene pipet tip. The cells were then treated with either 5 nM thrombin or MMP-1
with or without 5 µM RWJ-56110 (RWJ) and allowed to migrate for 16 h. Four
micrographs (4x) at time 0 and 16 h were used to compare treated and untreated (PBS
buffer (vehicle) wells. (b) The mean number of cells migrated in (n=4 fields) are
quantified on the right. Data is shown as mean ± SEM. Student’s unpaired t-test: **
p<0.01.
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Figure 2.8. MMP-1 derived peptide ligands stimulate PAR1-dependent migration.16
h migration of (a) AO391, (b) CD314 and (c) 1° HCA SMCs towards agonist peptides
(Thr: TFLLRN, SFLLRN; MMP-1: PR-SFLLRN; Reversed MMP-1: RP-SFLLRN) at the
concentrations indicated (30 -300 μM). *p<0.05 by ANOVA followed by StudentNewman-Keuls post-test.
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II.4.4 Desensitization of PAR1 to thrombin and MMP-1
Following activation, PAR1 is rapidly phosphorylated and internalized as the primary
means of quenching the signal.39 As both thrombin and MMP-1 were capable of
cleaving and signaling through PAR1 (Figure 2.5), we were surprised to observe such
dramatic differences in their abilities to function as chemo-attractants for vascular SMCs.
In contrast to thrombin-generated peptides which showed negligible or decreased
migration at higher concentrations, migration occurred even at high concentrations of the
MMP1-ligand (Figure 2.8), suggesting that MMP1-PAR1 may have altered kinetics of
endocytosis/recycling as a means of prolonging the protease signal.39 To test this
hypothesis we assayed PAR1 surface expression, as a measure of endocytosed
receptor, following cleavage by both equimolar amounts of both thrombin and MMP-1.
Both enzymes resulted in rapid and efficient internalization of PAR1 by 5 min at 37 °C,
however, activation by MMP-1 resulted in faster re-emergence of PAR1, with 100%
surface expression returning by 30 min (Figure 2.9). Thrombin resulted in a return of
only 40% PAR1 surface expression by 30-60 min. Suppression of endocytosis at 4 °C
prevented loss of PAR1 surface expression by either protease agonist (Figure 2.9). The
quicker reappearance of PAR1 after exposure to MMP-1 as compared to thrombin is
consistent with the observation that MMP-1 is a more efficient chemo-attractant for
SMCs.
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Figure 2.9. PAR1 desensitization following MMP-1 or thrombin cleavage. PAR1
surface expression on CD314 SMCs over 60 min as observed by FACS following
treatment with either 5 nM thrombin or 5 nM MMP-1. Experiments were performed at
either 37 °C or 4 °C (to inhibit endocytosis).
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II.4.5 Thrombin vs. MMP1-stimulated SMC contraction
The ability of SMCs to contract is an intrinsic quality that controls blood vessel tone and
subsequently blood flow. Furthermore, physiologic contraction underscores one of the
major functional differences between differentiated and de-differentiated SMCs (see
Section I.4.1). Because MMP-1 cleaves PAR1 at a unique non-canonical site from
thrombin (Figure 2.4) we hypothesized that MMP-1 and thrombin differentially regulate
SMC contractile function. To determine the efficacy of thrombin versus MMP-1
stimulation on SMC contraction, we assayed myosin light chain (MLC) phosphorylation
and smooth muscle (F)-actin polymerization in CD314 SMCs. Thrombin-PAR1
significantly induced phosphorylation of MLC and thrombin-generated peptide agonists
stimulated F-actin polymerization in the SMCs (Figure 2.10a,b).212 MMP-1 treatment
only modestly increased MLC phosphorylation, similar to the effect of the MMP1generated peptide on F-actin production (Figure 2.10a,b).
Biochemical analysis of phosphorylation of focal adhesion kinase (FAK), which
activates downstream proteins involved in cellular shape change and contraction,212 was
also investigated as a marker of SMC contraction. FAK was phosphorylated over 60 min
more robustly following stimulation with thrombin as compared to MMP-1 (Figure 2.10c).
As GPCR-induced cell shape change is mediated through the G12/13 family of G-proteins
with subsequent activation of RhoA-GTP,34 we tested whether thrombin and MMP-1
were capable of activating this pathway. Thrombin increased PAR1-RhoA activation to a
greater extent than MMP-1; both effects were blocked by RWJ-56110 (Figure 2.10d).
Together, these data suggest that thrombin is capable of stimulating more robust
contraction of SMCs through PAR1 as compared to MMP-1.
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Figure 2.10. Thrombin-PAR1 activates SMC contraction. (a) Immunofluorescence of
FITC-phospho-MLC in CD314 cells treated for 15 min with either 5 nM thrombin or 5 nM
MMP-1, with and without 5 μM RWJ-56110 (RWJ). Quantification of mean green
fluorescence intensity of 6 fields is shown on right. DAPI was used as a nuclear counter
stain. (b) Immunofluorescence of FITC-phalloidin in CD314 cells treated for 5 min with
either 5 nM thrombin or 5 nM MMP-1, with and without 5 μM RWJ-56110 (RWJ).
Quantification of mean green fluorescence intensity of 6 fields is shown on right. DAPI
was used as a nuclear counter stain. (c) Immunofluorescence and Western blot analysis
of phospho-FAK (Tyr397) following stimulation with either 5 nM thrombin or 5 nM MMP-1
at the time points indicated. (d) Western blot analysis of RhoA bound to GTP 15 min
following stimulation with either 5 nM thrombin or 5 nM MMP-1, with and without 5 μM
RWJ-56110 (RWJ) pre-treatment for 15 min. *p<0.05; ** p<0.01 by ANOVA followed by
Student-Newman-Keuls post-test.
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II.4.6 Molecular Phenotypic modulation of SMCs by thrombin and MMP-1
SMC contraction represents rapid physiologic signaling in cells. To determine how
thrombin or MMP-1 could affect to long-term maintenance of a contractile phenotype, we
performed RT-qPCR for contractile markers166 on primary SMCs treated with thrombin or
MMP-1, with and without RWJ-56110 for 24 hours. Primary cells were utilized for this
assay because there early passage number more closely mimics a naive SMC-state
outside the blood vessel wall. Thrombin treatment resulted in a 3-10 fold increased
expression of differentiation/contractile markers of SMCs including myocardin,213 SM22,166, 167 and calponin166, 167 which was suppressed by the PAR1 inhibitor, RWJ-56110
(Figure 2.11). Myocardin is the major transcriptional co-activator responsible for
expression of the SMC gene box213 and is both necessary and sufficient for a
differentiated smooth muscle phenotype. Both SM-22 and calponin are crucial members
of the contractile apparatus, and represent SMC specific gene products166, 167. In
contrast, MMP-1 treatment markedly suppressed (3-17 fold) contractile gene expression
and myocardin, which was reversed by the PAR1 inhibitor (Figure 2.11). Fibronectin, a
component of the secreted extracellular matrix important for maintenance of a
differentiated phenotype,214 was unaffected by thrombin, but substantially decreased by
MMP-1. These data indicate that activation of PAR1 by thrombin promotes a
contractile/differentiated phenotype, whereas activation of PAR1 by MMP-1 triggers a
de-differentiated phenotype, which may contribute to the observed detrimental
phenotypic modulation of SMCs associated with restenosis.
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Figure 2.11. MMP1-PAR1 drives SMC de-differentiation. RT-qPCR in 1° HCA cells of
myocardin, SM-22, calponin, and fibronectin following 24 h treatment with either 5 nM
thrombin or 5 nM MMP-1, with and without 5 μM RWJ-56110 (RWJ). Data are expressed
as relative fold changes of triplicate over untreated samples normalized to GAPDH. **
p<0.005, by ANOVA with Bonferroni post-test correction.
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II.4.7 Thrombin-PAR1 vs. MMP1-PAR1 signaling in SMC proliferation
Another critical feature of de-differentiated SMCs is their ability to re-enter the cell cycle
and proliferate to repair the injured site.167, 197, 215 Over-persistence of the hyperplastic
phenotype of SMCs can eventually narrow the vessel lumen resulting in a stenotic
lesion. We found that both MMP-1 and thrombin stimulated PAR1-dependent
proliferation of cultured and primary SMCs to a similar extent (Figure 2.12). The
thrombin (TFLLRN) and MMP-1 (PR-SFLLRN)-generated peptide ligands recapitulated
the proliferative effects on SMCs observed with either thrombin or MMP-1 (Figure
2.12a,b). Thrombin stimulated ERK phosphorylation in SMCs was blocked by the PAR1
inhibitor (Figure 2.12e); MMP-1 stimulation of phospho-ERK was blocked by both the
MMP-1 inhibitor, FN-439, and the PAR1 inhibitor, RWJ-56110 (Figure 2.12e).
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Figure 2.12. MMP-1 and thrombin stimulate SMC proliferation. (a-c) Fold change in
proliferation (DNA-crystal violet staining, A595 nm) after three days of treatment with 5 nM
thrombin, 5 nM MMP-1, 300 µM TFLLRN, or 300 µM PR-SFLLRN, with or without 5 µM
RWJ-56110 (RWJ) in (a) AO391, (b) CD314, and (c)1° HCA cell lines. (d) Proliferative
dose-response curves in SMCs to thrombin and MMP-1 over the concentrations (nM)
indicated. (e) ERK1/2 phosphorylation in CD314 cells 15 min after treatment with either
5 nM thrombin, 5 nM MMP-1, or 30 µM SFLLRN in the presence or absence of 5 µM
RWJ-56110 (RWJ) or 5 µM FN-439. *p<0.05; ** p<0.01 by ANOVA followed by StudentNewman-Keuls post-test.
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II.4.8 G-protein coupling of thrombin-PAR1 vs. MMP1-PAR1
PAR1 exhibits promiscuous G-protein coupling with three of the four Gα families: Gi,
G12/13, and Gq. Following our observations that MMP-1 and thrombin produced different
functional outcomes in SMCs, we first ascertained whether the Gi-inhibitor, pertussis
toxin (PTx), could affect intracellular calcium mobilization in SMCs. Thrombin-stimulated
calcium flux was completely inhibited by the addition of PTx, whereas the MMP-1 signal
was only partially suppressed (Figure 2.13a). Thrombin-PAR1 induced proliferation was
inhibited by PTx, whereas MMP1-PAR1 induced proliferation was not (Figure 2.13b).
Moreover, PTx blocked thrombin-stimulated ERK-phosphorylation, but instead enhanced
MMP1-ERK phosphorylation (Figure 2.13c,d). The βγ subunits coupled to PAR1-Gi are
potent activators of PLC-β and calcium dependent pathways (Figure 2.14).216
Accordingly, inhibitors of PLC-β and calcium, U73122 and BAPTA-AM, respectively,
suppressed ERK phosphorylation induced by thrombin, but conversely increased MMP1induced activation of phospho-ERK (Figure 2.14a). These results demonstrate that
thrombin-PAR1 activates mitogen-activated protein kinase pathways and proliferation
through Gi, whereas MMP1-PAR1 utilizes a non-Gi pathway in SMCs.
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Figure 2.13. Thrombin and MMP-1 differentially signal through PAR1-Gi pathways
in SMC proliferation. (a) Representative calcium traces of AO391 cells treated with
either 5 nM thrombin or 5 nM MMP-1. Cells were pretreated with 200 ng/mL PTx
(pertussis toxin) for 16 h. (b) 24 h proliferation of CD314 cells treated with either 5 nM
thrombin or 5 nM MMP-1, with and without 200 ng/mL PTx. All proliferation assays are
representative graphs expressing average fold changes from 6 individual replicates per
treatment. ERK1/2 phosphorylation in (c) AO391 and (d) CD314 cells 15 min following
treatment with either 5 nM thrombin or 5 nM MMP-1 in the presence of 5 µM RWJ-56110
(RWJ) or 200 ng/mL pertussis toxin (PTx). * p<0.05, by ANOVA followed by StudentNewman-Keuls post-test.
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Figure 2.14. Thrombin-PAR1 signaling in SMCs couples to a Gi-PLCβ
β-Ca2+
pathway. (a) ERK1/2 phosphorylation in CD314 cells 15 min following treatment with
either 5 nM thrombin or 5 nM MMP-1 in the presence or absence of 200 ng/mL pertussis
toxin (PTx), 5 µM BAPTA-AM (BAPTA), or 5 µM U73122. (b) Schematic of pathway
inhibitors used in ERK assays from (a).
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II.5 Discussion
Matrix metalloprotease-1 has long been implicated in the pro-inflammatory and tissueremodeling events leading to cleavage of collagen in the vascular wall and promotion of
vulnerable atherosclerotic plaque formation.104, 140, 198 Recently, there has been an
increasing awareness of the potential clinical utility of measuring circulating MMP-1
levels for risk-stratification in acute coronary syndrome patients undergoing coronary
intervention and stenting.217, 218 MMP-1 is also significantly elevated in patients with high
intimal/medial ratios in their carotid artery plaques.139 Here, we describe a previously
unknown vascular remodeling mechanism by which MMP1-PAR1 drives arterial stenosis
following injury of carotid arteries, and leads to intimal hyperplasia and de-differentiation
of SMCs. Activated PAR1 exhibited metalloprotease-specific signaling patterns distinct
from thrombin activation, known as biased agonism, that produced divergent functional
outputs by the SMCs. Inhibition of MMP-1 activity with the small molecule FN-439 led to
significantly reduced neointimal formation following wire-injury of carotid arteries in mice.
Inhibition of thrombin showed no benefit. Thrombin-PAR1 signaling caused rapid
contraction of SMCs and resulted in a contractile, differentiated phenotype. MMP1-PAR1
resulted in the opposite effect and led to a de-differentiated phenotype, via a different G
protein pathway.
De-differentiation of SMCs results in the transformation from a quiescent,
contractile cell to a proliferative and migratory one, lacking an organized contractile
apparatus.167 The pathologic role of phenotypic modulation of SMCs in cardiovascular
disease has been well established,167 and current therapeutic strategies, including drug
eluting stents, are aimed at targeting SMC de-differentiation.219 Considering the role of
MMPs in vascular matrix remodeling, especially in intimal thickening following balloon
angioplasty and stenting,151, 152 broad-spectrum MMP inhibitors have been evaluated in
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clinical trials for the prevention of restenosis following PCI.158 The BRILLIANT-EU study
examined whether stents coated with the broad-spectrum MMP inhibitor batimastat,
would suppress restenosis without effects on re-endothelialization. The study concluded
that batimastat-coated stents proved safe in larger populations (n=550), although there
was no significant benefit at primary (major adverse cardiac events) or secondary
(binary restenosis, sub-acute thrombosis, angiography) endpoints.158
Downstream inhibition of PAR1 has had beneficial effects in animal models of
restenosis,220 but orally-active PAR1 inhibitors such as vorapaxar,221 can have adverse
effects on hemostasis.222 Direct thrombin and Xa inhibitors have shown promise in the
treatment of atrial fibrillation and venous thromboembolism,223 but similar to PAR1
inhibitors, there is a dose-dependent increased risk for bleeding and they have not been
thoroughly evaluated in phase III clinical trials for patients with acute coronary
syndrome.223 Moreover, clinical studies with thrombin inhibitors have not demonstrated a
beneficial effect in preventing restenosis of culprit lesions post-PCI.224-226 Inhibition of the
upstream protease, MMP-1, may provide the advantage of specifically impacting PAR1
signaling cascades that promote phenotypic switching and restenosis, without affecting
thrombin-PAR1 driven hemostasis. Development of more selective MMP inhibitors,
especially ones directed against MMP-1, may be useful for upstream blockade of this
MMP1-PAR1 restenotic pathway in PCI patients.
In addition to MMP-1, MMP-13 was recently identified as having PAR1 agonist
activity in cardiomyocytes leading to cardiac hypertrophy and heart failure.103 MMP-13
was found to cleave PAR1 at a slightly different site from both MMP-1 and thrombin, one
residue toward the C-terminal side of the thrombin cleavage site.103 It is currently unclear
whether MMP13-PAR1 signaling plays a similar role to MMP-1 in SMC-driven vascular
remodeling, but it further underlines the emerging importance of metalloprotease-PAR
signaling in the regulation of pathological repair processes in cardiovascular diseases.
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In conclusion, we provide evidence for a MMP1-PAR1 signaling axis that
promotes SMC de-differentiation, resulting in increased cell proliferation and migration,
while down-regulating expression of proteins that are critical for SMC contraction.
Conversely, thrombin-PAR1 signaling led to a differentiated, contractile phenotype,
consistent with notion that thrombin-PAR1 promotes hemostasis rather than restenosis.
Upstream inhibition of MMP-1 may provide the advantage of selectively antagonizing a
non-canonical PAR1 signaling cascade that promotes restenosis without adversely
affecting thrombin-PAR1 hemostasis.
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Chapter 3. A PAR2-antagonist pepducin reduces
steatosis and hepatic inflammation in models of nonalcoholic fatty liver disease and steatohepatitis.
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III. Chapter 3. A PAR2-antagonist pepducin reduces
steatosis and hepatic inflammation in models of nonalcoholic fatty liver disease and steatohepatitis
III.1 Abstract
The prevalence of obesity and type 2 diabetes in Western populations has led to the
emergence of non-alcoholic fatty liver disease (NAFLD) as the leading cause of chronic
liver disease, recently surpassing viral hepatitis. Studies have shown that proteaseactivated receptor-2 (PAR2) contributes to hepatic stellate cell (HSC) activation in the
liver, and subsequent hepatocyte injury, collagen deposition, and inflammation. We
hypothesized that inhibition of PAR2, with a cell-penetrating pepducin antagonist, could
ameliorate the histologic and systemic symptoms of NAFLD and its more severe form,
steatohepatitis (NASH). Using a diet-induced model of NAFLD, we report that a PAR2
antagonist, PZ-235, significantly reduced vesicular fat deposits by approximately fifty
percent. Lobular inflammation was also reduced in pepducin treated animals. We
observed a decline in both the individual and total NASH activity scores (NAS) for PZ235 treated mice, which corresponded to decreased histologic disease-progression. In
pepducin treated mice there was a trend towards reduced serum alanine
aminotransferase (ALT) levels and liver triglycerides. These results indicate that PAR2 is
a valid therapeutic target for the treatment of NAFLD/NASH.
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III.2

Introduction

NAFLD is the most prevalent chronic liver disorder in the United States. It is estimated
that upwards of 46% of Americans have diagnosable NAFLD, and the incidence
predictably tracks with obesity.180, 227 NAFLD is defined as triglyceride accumulation in
hepatocytes without a positive history of excessive alcohol consumption or other liver
injury (e.g. viral hepatitis).227 Progression of NAFLD can lead to a more severe disease
(NASH) characterized by hepatocyte injury, inflammation, and fibrosis. The major risk
factors predisposing to NAFLD, and by extension NASH, are obesity and insulin
resistance, although Metabolic Syndrome consisting of the combination of abdominal
obesity, hyperlipidemia, hypertension, and insulin resistance, is also a prominent risk
factor. Considering the striking relationship between insulin resistance, obesity, and
NAFLD, it is often considered the hepatic manifestation of type 2 diabetes.228
The activation and differentiation of hepatic stellate cells (HSCs) plays a
prominent role in the progression of NAFLD/NASH. HSCs are specialized pericytes that
normally store the majority of the body’s vitamin A, but become activated following liver
injury. The influx of free fatty acids into the liver is a potent activator of HSCS, and a
hallmark of NAFLD/NASH. Upon activation, HSCs up-regulate expression of smooth
muscle actin (SMA), and modify their matrix and cytokine secretion. Release of proinflammatory cytokines, including IL-1, IL-6, and MCP-1, along with increased deposition
of collagen, incite architectural and inflammatory changes that lead to liver fibrosis.181
PAR2 belongs to a family of G protein coupled receptors that are activated by
proteolytic cleavage of the N-terminus resulting in the formation of a tethered ligand that
subsequently activates G-protein signaling.1 Unlike other members of the PAR family,
PAR2 is unresponsive to thrombin cleavage. Instead, it is fully activated by trypsin and
trypsin-like proteases (e.g. mast cell tryptase). 24
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PAR2 is widely expressed throughout the gastrointestinal system, including gut
epithelium, intestinal smooth muscle cells, pancreatic acinar cells, enteric neurons, and
liver Kuppfer cells and HSCs. 1,24 Furthermore, HSC activation results in increased PAR2
surface expression, and which then stimulates HSC proliferation and collagen
synthesis.194 Recently, Knight et al70 have shown that Par2 -/- mice have decreased
collagen deposition and HSC activation in experimental mouse models of liver fibrosis.
Given the significance of PAR2 in these studies, we hypothesized that inhibition of PAR2
in models of NAFLD/NASH could protect against disease progression.
In this study, we provide evidence that a cell-penetrating PAR2-antagonist
pepducin, PZ-235, reduces steatosis and hepatic inflammation in a methionine-choline
deficient diet-induced model of NAFLD/NASH. Additionally, we also show that delayed
treatment with PZ-235 diminishes serum alanine aminotransferase (ALT) levels and
pathological hepatocyte ballooning to levels comparable to Par2-/- mice. Finally, we show
that PZ-235 inhibits PAR2-dependent HSC intracellular calcium mobilization, MAPkinase activation, and cytokine release. Together, these data put forth a new strategy for
targeted PAR2 inhibition for non-alcoholic fatty liver syndromes.

97

III.3

Methods

MCD mouse model
All animal models were approved by the Tufts Medical Center IACUC committee.
Eleven-week old male C57BL/6 mice were purchased from Charles River Laboratories
and placed on an ad libitum methionine-choline deficient (MCD) diet (Harlan #
TD.90262) or either a control diet with methionine and choline added back (Harlan #
TD.99366) or regular chow (Harlan #8604). The mice remained on MCD diet for either 2
or 3 weeks. Treatment animals were injected daily with subcutaneous injections of either
vehicle (5% DMSO) or 10 mg/kg PZ-235 for 14 days starting at day 0 (2 week cohorts)
or day 7 (3 week cohort). At the end of the experiment, animals were anesthetized with
isoflurane and a mid-line incision was made exposing both the chest and abdominal
cavities. The chest cavity was exposed and retracted in order to insert a 25 gauge
needle into the left ventricle where approximately 500 µL of blood was removed for
serum analysis. The animals were then perfused for approximately 1 minute with PBS
using a pressured pump. The liver was then dissected away from the abdominal organs
and placed in PBS. Livers were dried and weighed immediately following excision. The
largest lobe was placed in 10% buffered formalin for histological analysis. The remainder
of the liver was flash frozen in liquid nitrogen for RNA, protein, and ELISAs. Blood was
allowed to coagulate at room temperature for 2 hours, after which time it was centrifuged
at 4000 rpm for 5 min to isolate serum.

Immunohistochemistry
Livers were fixed in 10% buffered formalin then embedded in paraffin blocks. Sequential
sections were cut and stained with H&E and or smooth muscle actin (SMA).
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Alanine aminotransferase assay
Alanine aminotransferase was assayed by EIA from mouse serum according to the
manufacturer’s instructions (Sigma). Briefly, 10- 20 µL of serum was used to measure
the generation of pyruvate through a coupled enzyme assay. Samples were performed
in duplicate at 37 °C with a standard curve, and absorbance was monitored over time at
570 nm. Total units/liter (U/L) were extrapolated from absorbance data. One unit of ALT
activity was defined as the amount of enzyme that generates 1.0 mmole of pyruvate per
minute at 37 °C.

Liver triglyceride assays
Flash frozen livers were weighed and crushed with a mortar and pestle. Liver
triglycerides were measured by EIA according to the manufacturer’s instructions
(Cayman Chemicals). Briefly, samples were lysed in Standard Diluent (1X) and diluted
1:5. Ten microliters of the 1:5 dilution were used to measure the generation of glycerol at
room temperature. Absorbance was monitored at 540 nm, and measured 15 min after
initiation of the assay. Milligrams of triglyceride were conveyed as mgs per gram of liver
tissue.

Cell Culture
LX-2 cells were a generous gift from Dr. Scott Friedman at the Mt. Sinai. School of
Medicine , New York, NY. LX-2 cells maintained in M199 supplemented with 5% FCS in
5% CO2 at 37 °C.

Intracellular Calcium flux
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LX-2 were lifted with 5 mM EDTA/PBS and labeled with Fura-2AM (1:4000) in Kreb’s
Ringers Bicarbonate (KRB) buffer. Cells were incubated at 37 °C on a horizontal rocker
for 30 min. Samples were then washed with KRB buffer and re-suspended in 4-5 mL of
KRB. Calcium flux was then measured following the addition of agonists (100 µM
SLIGRL, 1 nM trypsin) by the ratio of excitation intensity at 340/380 nm on a LS 50B
Luminescence Spectrometer. The antagonist PZ-235 (30 μM) was added 3 min prior to
the addition of agonist.

ERK phosphorylation
LX-2 cells were grown to confluency in 10 cm tissue culture plates in 5% FCS/M199
medium. PZ-235 (3 µM) was added to cells 15 min prior to agonist treatment. To
stimulate ERK phosphorylation, cells were treated with 30 µM SLIGRL or 1 nM trypsin
for 15 minutes at room temperature. Cells were then lysed as previously described.63
Briefly, plates were lysed in 300 µL of T-PER lysis buffer using a rubber spatula at 4 °C.
Lysates were spun at 14,000 rpm at 4 °C, and supernatant was removed. Lysates were
quantified for total protein content using Bradford reagent or a nanodrop. Thirty
micrograms of total protein was run on 10% polyacrylamide SDS-gels, after which point
protein was transferred to nitrocellulose membranes. Membranes were blocked for 1 h at
room temperature in 5% non-fat dry milk in TBST after which point they were probed for
phospho-ERK1/2 (p42/44) at a dilution of 1:1000 in TBST for 1 h at room temperature
with gentle agitation. Membranes were washed 3x5 min in TBST and HRP-conjugated
secondary antibody was used at a 1:5000 dilution for 1 h at room temperature.
Membranes were was 3x5 min in TBST and developed using ECL reagent (Pierce).
Membranes were then stripped with 62 mM Tris/2-β
β-mercaptoethanol (2-BME) for 1
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hour at 56 °C. Membranes were then re-probed with total ERK antibody (1:1000) and βtubulin (1:5000) at room temperature for 1 h.

MCP-1 ELISA
LX-2 cells were plated in 6-well plates with 1 mL of M199 medium supplemented with
5%FCS. The cells were then incubated with 100 µM SLIGRL or 1nM trypsin, with and
without 1 µM PZ-235, for 24 h. The conditioned media was then harvested and assayed
for MCP-1 protein levels by ELISA (Quantikine). MCP-1 ELISA was performed according
to manufacturer’s instructions. Briefly, a sandwich ELISA was performed using MCP-1
antibody coated plates. Fifty microliters of conditioned media (un-concentrated) was
bound to the plates. A second MCP-1 antibody was then used to detect the bound form.
Levels of MCP-1 are expressed as pg/mL.
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III.4

Results

III.4.1 PZ-235 reduces fatty liver in mouse models of NAFLD/NASH
NAFLD is the most common liver disease in the United States, with a prevalence
ranging between 10% and 46%.180, 227 It has previously been shown that excessive
activation of liver-associated PAR2 contributes to HSC activation and fibrosis..69, 70 To
determine whether pharmacologic inhibition of PAR2 could potentially benefit
NAFLD/NASH patients, we put 11 week old male C57BL/6 mice on a methionine-choline
deficient (MCD) diet for 2 weeks. MCD diets are a well accepted model for the
development of liver steatosis and progression to NASH in mice.190 Animals were given
daily sub-cutaneous injections of either vehicle (5% DMSO) or 10 mg/kg PZ-235 for the
duration of the experiment (14 d) (Figure 3.1a). At completion of the experiment we
observed a trend towards decreased gross liver size and serum alanine
aminotransferase (ALT) levels in the PZ-235 treated group despite comparable total
body weights (Figure 3.1b-e). Histological examination demonstrated roughly 50%
decreased vesicular fat deposits (Figure 3.2a,b). Analysis of liver triglyceride levels
trended towards an approximate 30% decrease in PZ-235 treated livers over vehicle
alone (Figure 3.2c).
The NASH Activity Score (NAS) is a histological assessment used to grade and
diagnose NASH in patients. The three histologic features include, steatosis, lobular
inflammation, and hepatocyte ballooning (Figure 3.3,top). Use of the NAS system to
score both the vehicle and PZ-235 treated livers showed decreases in all 3 categories
for pepducin treated mice. The largest reductions were seen on both steatosis and
lobular inflammation (Figure 3.3). NAS scores between 4-8 are considered positive,
while anything below 4 is not NASH. PZ-235 treatment reduced the overall NAS score
from 4.1 to 3 in two-weeks (Figure 3.3). These data suggest that PAR2 antagonism with

102

PZ-235 protects against liver steatosis, inflammatory infiltrates, and hepatocyte injury in
diet-induced models of NASH.
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Figure 3.1. Two-week PZ-235 treatment reduces serum ALT levels of mice on MCD
diet. (a) Schematic of 14 d animal experiment.(b) Average liver weights of vehicle (5%
DMSO) and 10 mg/kg PZ-235 treated mice after 14 d on MCD diet. (n=10) (c) Average
body weights of vehicle and PZ-235 (10 mg/kg) treated mice after 14 d on MCD diet.
(n=10) (d) Average starting and ending body weights for animals on normal chow and
MCD diet over 14 d. Average liver weights and body weight-adjusted liver weights for
animals on normal chow and MCD diet over 14 d.(n=10) (e) Serum ALT levels in
untreated mice on normal chow and vehicle or PZ-235 treated animals on MCD diet for
14 d. (n=5) * p<0.05 by Student’s t-test.
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Figure 3.2. Two-week PZ-235 treatment reduces fatty liver NASH models. (a)
Representative pictures of livers from normal and 2 week treated vehicle (5% DMSO)
and 10 mg/kg PZ-235 mice. 20x magnification. (b) Quantification of vesicular fat in livers
from vehicle and PZ-235 (10 mg/kg) mice after 14 d on MCD diet. (n=10) (c) Liver
triglyceride levels per mg of liver in vehicle and PZ-235 (10 mg/kg) treated mice after 14
d on MCD diet. (n=5)
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Figure 3.3. PZ-235 reduces steatosis and lobular inflammation in mouse models of
NAFLD/NASH. (Top) Representative pictures illustrating the 3 criteria for NAS. Inset
picture is 40x magnification of inflammatory cells surrounding a central lobule. Arrowhead: inflammatory cluster and examples of hepatocyte ballooning. (Lower) Breakdown
of the average score ± standard deviation for each NAS category and the cumulative
NAS score for mice on MCD diet for 2 weeks with concomitant treatment with either
vehicle (5% DMSO) or PZ-235 (10 mg/kg).(n=10) #: p=0.057
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III.4.2 PZ-235 partially corrects the histological features of NAFLD/NASH
The overwhelming majority of NAFLD/NASH patients suffer from long-term, pre-existing
obesity and type 2 diabetes.227 Furthermore, the two-hit hypothesis of NASHdevelopment suggests a slow-progression over time (see Section I.5.1; Figure 1.6), with
patients developing the disease in stages. Given that PZ-235 decreased fat deposition
when given simultaneously with the MCD diet, we interrogated whether delayed
treatment could reverse the pre-existing liver disease. We performed a similar
experiment to Figure 3.1, except mice were placed on MCD diet for 1 week, followed by
two weeks of treatment with either vehicle or 10 mg/kg PZ-235 (Figure 3.4a). To
determine if our effects were truly PAR2-dependent, we also placed Par2-/- mice on MCD
diet for the extent of the experiment (3 weeks). Delayed treatment resulted in a
statistically significant decrease in liver weight, while total body weight remained
constant (Figure 3.4b-d). Serum ALT levels were roughly 50% higher in vehicle treated
animals on 3 weeks of MCD diet compared to those on 2 weeks of diet. Both PZ-235
and Par2-deficiency markedly reduced ALT levels after 2 weeks of delayed treatment
compared to vehicle control (Figure 3.4e). Surprisingly, there was no significant
difference between vehicle and PZ-235 treated animals in vesicular fat deposition or liver
triglyceride levels (Figure 3.5a-c). Par2-/- mice are currently being analyzed for fat
deposits and liver triglycerides.
Consistent with the observation that PZ-235 had little effect on liver steatosis, 3week NAS scores showed modest histological improvement with PZ-235 treatment (4 to
3.9) (Figure 3.6). The largest effect was seen on hepatocyte ballooning, which is in stark
contrast to the initial 2-week experiment showing effects mainly on steatosis and
inflammation. Par2-/- mice exhibited marginal improvements in overall NAS score over
PZ-235 (3.9 to 3.4) (Figure 3.6). These data predict that PZ-235 is unable to correct pre-
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existing steatosis, but may prove beneficial in reversing hepatocyte injury as evidenced
by reduced serum ALT levels (Figure 3.4e) and histological hepatocyte ballooning
(Figure 3.6).
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Figure 3.4. PAR2 inhibition or genetic deletion reduces liver weights in mice on
MCD diet. (a) Schematic of 21 d (3 week) animal experiment. (b) Average liver weights
of animals MCD diet for 21 d with 14 d of treatment (vehicle, 10 mg/kg PZ-235) or no
treatment (Par2-/-: PAR2 KO). (n=10) (c) Average body weights of animals on MCD diet
for 21 d with 14 d of treatment (vehicle, PZ-235) or no treatment. (d) Average starting
and ending body weights of mice on normal chow and mice on MCD diet for 21 d.
Average liver weights and body weight adjusted liver weights.(n=10) (e) Serum ALT
levels from untreated animals on normal chow or mice on MCD diet for 3 weeks. (n=5) **
p<0.01 by Student’s t-test.
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Figure 3.5. Delayed PZ-235 treatment does not reverse steatosis. (a) Representative
pictures from vehicle treated (5% DMSO) and PZ-235 treated (10 mg/kg) livers after 3
weeks on MCD diet with 2 weeks of treatment. (n=10). (b) Percent of vesicular fat in the
liver from vehicle (5% DMSO) and PZ-235 (10 mg/kg) treated animals from (a). (c) Liver
triglyceride levels in vehicle (5% DMSO) and PZ-235 (10 mg/kg) treated animals from
(a).
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Figure 3.6. NAS for PZ-235 versus vehicle treated livers after 3 weeks on MCD
diet. Mice were fed MCD diet for 3 weeks, with treatment (vehicle or 10 mg/kg PZ-235)
during the last 2 weeks. (Top) Representative micrographs of the 3 criteria for the NASH
activity score (NAS). Inset picture is 40x magnification of inflammatory cells surrounding
a central lobule. Arrow-head: inflammatory cluster and examples of hepatocyte
ballooning. (Bottom) Average NAS scores ± standard deviation for each category and
the average total NAS are listed. (n=10) * : p<0.05

111

III.4.3 PZ-235 inhibits hepatic stellate cell signaling

HSCs are one of the major orchestrating cells in the progression of NAFLD/NASH.
Following activation in response to liver injury (e.g. steatosis), HSCs dysregulate their
matrix production and MMP/TIMP secretion.181, 194 They also up-regulate smooth muscle
actin (SMA) and secrete a number of pro-inflammatory cytokines that enhance the
inflammatory response and result in further liver damage. 181 To determine whether PZ235 affected HSC activation, we first verified that PZ-235 could inhibit PAR2-dependent
signaling in HSCs.
Immortalized human HSC cells, LX-2, were used to monitor intracellular calcium
flux in response to PAR2 agonists and PZ-235. Cells treated with 100 µM of the PAR2
peptide agonist, SLIGRL, showed increased intracellular calcium mobilization (Figure
3.7a). Furthermore, the negative control peptide, in which the first two residues are
reversed (LS-IGRL), had no effect on calcium flux (Figure 3.7a). Pre-treatment with the
PZ-235 completely inhibited the SLIGRL calcium signal (Figure 3.7a). PZ-235 inhibition
was specific to PAR2, since cells still responded to the PAR1 agonist, thrombin,
following PZ-235 pre-treatment (Figure 3.7a). These results suggest that PZ-235 is a
direct and specific PAR2 antagonist in HSCs.
Since HSC activation results in broad changes to gene transcription and
proliferation, we wanted to investigate upstream pathways that are closely linked to
these functions, such as MAP-kinase signaling. LX-2 cells were treated with the PAR2
peptide agonist, SLIGRL, or the PAR2 protease agonist, trypsin, with and without PZ235 and assayed for ERK1/2 phosphorylation (Figure 3.7b). Both SLIGRL and trypsin
resulted in robust activation of ERK1/2 after 15 min, whereas PZ-235 treatment
completely antagonized this effect by both agonists (Figure 3.7b). These results suggest
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that PZ-235 actively inhibits PAR2-ERK-dependent gene transcription events in LX-2
cells.
Our in vivo results suggest that early treatment with PZ-235 reduces lobular
infiltrates in the liver (Figure 3.3). Since HSCs are known to secrete a number of proinflammatory factors following activation, we tested the hypothesis that PZ-235 could
inhibit HSC cytokine production. We assayed levels of monocyte chemo-attractant
protein-1 (MCP-1/CCL2) in the conditioned media 24 h after PAR2 stimulation on LX-2
cells (Figure 3.7c). Both PAR2 agonists (SLIGRL and trypsin) increased MCP-1
production, which was reduced by co-treatment with PZ-235 (Figure 3.7c).
Based on previous studies indicating a role for PAR2 in HSC activation, and our
results showing that PZ-235 blocked PAR2-dependent HSC signaling, we hypothesized
that our in vivo effects were a result of decreased stellate cell activation in the PZ-235
treated livers. We analyzed SMA-positive cells per high-powered field in 2-week treated
livers from both the vehicle and PZ-235 cohorts (Figure 3.1a). Surprisingly, pepducintreated livers only showed a slight trend towards decreased HSC activation (Figure 3.8).
Given that HSCs represent up to 20% of the total cell volume of the liver, it is possible
that histological characterization is not sensitive enough to detect overall differences
between treatment groups. Additional studies in established HSC cell lines or isolation of
primary HSCs are needed for future functional and biochemical analysis. These results
suggest that although PZ-235 inhibits PAR2 signaling in HSCs and reduces MCP-1
secretion, it does not appear to affect the absolute number of activated stellate cells.
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Figure 3.7. PZ-235 inhibits LX-2 stellate cell signaling. (a) Intracellular calcium
mobilization in LX-2 cells after the addition of 100 µM SLIGRL (small arrow) with and
without 30 µM PZ-235 pretreatment (arrow-head). Subsequent PAR1 activation was
shown by the addition of 1 nM thrombin (large arrow). The LS-IGRL control peptide was
used at 100 µM. (b) ERK1/2 phosphorylation 15 min following stimulation with 100 µM
SLIGRL or 1 nM trypsin, with and without 1 µM PZ-235 pre-treatment. Total ERK and
tubulin were used as loading controls. (c) Levels of MCP-1 in the conditioned media of
LX-2 cells following 24 h treatment with 100 µM SLIGRL or 1 nM trypsin, with and
without 1 µM PZ-235. *p<0.05 by Student’s t-test.
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Figure 3.8. Smooth muscle actin (SMA) positive HSCs in vehicle and PZ-235
treated livers. (left) Representative pictures of SMA+ cells in vehicle and PZ-235 (10
mg/kg) treated animals after 2 weeks on MCD diet. (right) Quantitation of the number of
SMA+ cells per high powered field (HPF: 40X magnification).(n=10)
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III.5 Discussion
Non-alcoholic fatty liver disease and its successor, steatohepatitis, impact up to ~40% of
the population in the United States.227 Current therapeutic guidelines recommend weight
loss accompanied by diabetes management. Despite overwhelming evidence that
weight loss can both halt and reverse the effects of NAFLD, patients often struggle to
abide by dietary restrictions.229, 230
Here, we report that concomitant treatment with a PAR2 antagonist pepducin,
PZ-235, reduces steatosis and inflammation in mouse models of NAFLD/NASH.
Additionally, PZ-235 inhibits PAR2-dependent MCP-1 secretion from HSCs. MCP-1 is a
potent pro-inflammatory cytokine that recruits leukocytes to areas of injury and is
increased in the serum of patients with NASH.231 Inhibition of MCP-1 secretion by PZ235 provides a possible mechanism for the decreased lobular inflammation observed in
vivo. Future studies will look at macrophage infiltration (F4/80 staining) in treated livers
and levels of MCP-1, among other inflammatory markers.
Delayed PZ-235 treatment did not significantly affect vesicular fat deposition or
liver triglyceride levels, but did show improvements in serum ALT and hepatocyte injury.
Based on these results, we propose that PAR2 contributes separately to the two phases
of NAFLD/NASH progression. The first phase is the initiation of steatosis and
inflammation. If addressed early, these features are reversed with a PZ-235, possibly
through reduced HSC cytokine secretion. After the establishment of steatosis, additional
liver insults perpetuate hepatocyte injury as the second phase. Treatment with PZ-235 at
this juncture only ameliorates the damage done to the hepatocytes and has little effect
on fatty deposits and surrounding inflammatory infiltrates.
These data indicate that in addition to its function on HSCs, PAR2 may be
playing a distinct role on an alternative cell type (e.g. Kuppfer cells [resident hepatic
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macrophages], oval cells [hepatic progenitor cells]). Additional studies looking at the
effects of PAR2 activation and inhibition on these cell types will provide critical evidence
as to the mechanism of PZ-235’s effects. Special interest will be paid to the contribution
of Kuppfer cells, considering PAR2’s role in MCP-1 production. Kuppfer cells are the first
responding-cell to hepatocyte injury, and thus represent early stages of liver injury.
Recent evidence suggests that TNF-α-producing Kuppfer cells are critical for NASH
initiation in animal models.232 Future studies aimed at understanding the role of PAR2 in
this subpopulation of injury-responsive liver cells are warranted.
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IV. Chapter 4. Thesis Discussion
IV.1 General Discussion
SMC de-differentiation
Protease-activated receptors have proven critical contributors to numerous disease
processes in which aberrant protease signaling drives cellular changes that propagate
disease progression. It is clear that PAR1 remains a critical player in the diseased
vasculature. We show that despite PAR1’s penchant for thrombin-triggered signaling,
non-canonical activation by MMP-1 has an unforeseen role in SMC de-differentiation.
PAR1 exhibits biased signaling, in that thrombin promotes a differentiated, contractile
phenotype, whereas MMP-1 stimulates de-differentiation into a synthetic, pathologic
phenotype. Others have shown PAR1 biased agonism in the endothelium.116, 233 In both
cases, cleavage of PAR1 by either MMP-1 or APC at non-canonical sites led to distinct
gene expression profiles and cytoprotective effects, respectively. 116, 233 To our
knowledge, we are the first to describe PAR1 biased agonism in smooth muscle cells.
The exact mechanism behind PAR1 biased agonism has yet to be elucidated.
We have shown that differential G-protein coupling accounts for differences in
proliferation, but this may not explain all aspects of the divergent signaling. Alternatively,
differences in functional signaling can be grouped into divergence occurring either
“outside” or “inside” the cell. Outside effects would include differences in enzyme
kinetics between thrombin and MMP-1 or environmental factors that might affect
proteolytic cleavage. For example, APC has been shown to have a preference for
cleavage of PAR1 associated with lipid rafts,131 suggesting that the contextual
environment of PAR1 influences receptor cleavage. Likewise, receptor dimerization has
been known to affect GPCR signaling, particularly PAR signaling.128 Additionally, the
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original dual-conformation theory of GPCR activation has been challenged, and a new
multi-conformation theory has emerged which suggests that individual ligands help
stabilize distinct active GPCR conformations, leading to distinct pathway activation.234
“Inside” effects include pre-assembly with particular G-proteins as well as
association with beta-arrestins. Fluorescence resonance energy transfer (FRET) studies
have shown the pre-association of PARs with certain G-proteins, prior to proteolytic
activation. The implication of these studies warrants the consideration that pre-assembly
may be an important contributor to the activation of protease-activated receptors. 235 236
Additionally, beta-arrestins have been known to act as scaffolding proteins linking the
GPCR to effector proteins to influence the down-stream signaling. 237 This function is
separate from its role in receptor desensitization, which illustrates the complicated
network of signaling cascades that contribute to functional outputs.
Recent evidence suggests that MMP-13 is also capable of cleaving PAR1 at a
cryptic site one residue towards the C-terminus of the thrombin cleavage site, which
promotes overstimulation of beta-adrenergic receptors. Whether PAR1 also exhibits an
activating bias towards MMP-13 is currently unclear, but it emphasizes the importance of
non-canonical PAR1 cleavages in disease. Whether or not MMP-13-driven cleavage of
PAR1 performs important functions in normal physiology is yet to be determined. It is
possible that aberrant expression and exposure to proteases (e.g. MMP-13) in the
pathological setting pre-disposes to cryptic cleavages. Additional studies are needed to
fully understand the normal role of these signaling pathways, if any.
The therapeutic implications of our results suggest that direct PAR1 inhibitors in
the treatment of in-stent restenosis are likely to result in net outcomes that are
detrimental to the remodeling process. Furthermore, development of specific MMP
inhibitors is expected to have an important therapeutic impact on the restenosis field.
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Hepatic Steatosis
We have shown that PAR1 signaling influences cellular differentiation and
phenotype in the cardiovascular system. Additionally, PAR2 activation also appears to
induce differentiation and activation of hepatic stellate cells (HSCs).70 HSCs are the
major producers of collagen in the injured liver. Furthermore, activation also results in
production of an array of cytokines that promote a hyper-inflammatory environment that
recruits macrophages, neutrophils, and other inflammatory mediators. Using a specific
cell penetrating PAR2 antagonist pepducin, PZ-235, we showed a reduction in hepatic
fat accumulation, serum ALT levels, and overall NASH activity scores. Furthermore, PZ235 inhibited PAR2-dependent signaling and MCP-1 secretion immortalized HSCs.
Our results indicate that PAR2 inhibition may protect against the development of
steatosis and inflammation of the liver. But, a lingering question remains: what is the
PAR2-activating protease in the liver? Studies have shown mast cell influx into the liver
following injury, suggesting that mast-cell tryptase is one possibility. Interestingly, a
recent report revealed that a broad-spectrum serine protease inhibitor, bovine pancreatic
trypsin inhibitor (aprotinin), protected against acute liver injury in carbon tetrachlorideinduced models of liver fibrosis, suggesting that perhaps serine proteases are more
prevalent throughout the injured liver than previously thought.238 Furthermore, protease
profiling of the liver showed that a disintegrin and metalloprotease with thrombospondin
type-1 motif-1 (ADAM TS-1) was up-regulated in human liver fibrosis samples,239
although ADAM TS-1 cleavage of PAR2 has not been reported.
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IV.2 Strengths and Weaknesses
IV.2.1 Chapter 2.
Given the prevalence of cardiovascular disease and percutaneous interventions in
Western populations, every effort was taken to incorporate translational approaches in
order to recapitulate human disease. Additionally, results were often confirmed in
numerous cell lines to avoid cell-line specific results. On that same note, primary cells
were used, when available, to closely mimic SMCs from the blood vessel wall.
MMP inhibitors are notorious for cross-reactivity with other metalloprotease
family members. To determine that the majority of the effects seen in vivo with FN-439
were due to MMP-1 inhibition, we performed DQ-collagenase assays to define the
percent inhibition of the other two collagenase family members, MMP-8 and MMP-13.
FN-439 had no appreciable effect on MMP-8 activity, and only partially blocked (~36%)
MMP-13 activity. We therefore feel confident that our results represent MMP1-PAR1
signaling in the injured vasculature.
The use of animal models can often be a shortcoming when modeling human
disease; we utilized the most widely accepted methods currently available. With that
said, in-stent restenosis occurs in the context of diseased arteries. Our mouse model
injures previously normal carotid arteries, and thus may no represent the full extent of
the pre-existing inflammatory state that is present in atherosclerotic vasculature. It is
possible that to completely mirror the human disease animals with previously diseased
blood vessels (ApoE-/-) should be employed.
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IV.2.2 Chapter 3.
NAFLD/NASH represent a complex spectrum of disease that is difficult to model in vivo.
Use of the MCD diet has been shown to closely mimic the human disease, and thus was
used for our studies. Despite MCD’s ability to recreate NAFLD/NASH in mice, it does
not fully recapitulate a number of the metabolic and chemokine changes observed in
humans.190 Furthermore, the mice lose up to 30% of their total bodyweight while on the
diet, which is in stark contrast to the human NAFLD/NASH population, which is
undoubtedly obese. Recent studies have suggested that leptin-deficient mice (ob/ob) on
MCD show the histological features of NASH while maintaining an overweight phenotype
and future studies should consider the use of these animals.190
Surprisingly, PAR2 inhibition, both by PZ-235 and genetic deletion, resulted in
smaller liver-size following 3 weeks on MCD diet. Methionine-choline deficient diets lead
to free fatty acid accumulation and decreased VLDL production and secretion. The MCD
diet also leads to cachexia; we observed a 20% decrease in body weight over 3 weeks
in all groups. In addition to decreased body weight, we found that the PZ-235 and Par2-/animals had a statistically significant decrease in liver weight compared to body weight,
suggesting that they were disproportionately losing more liver mass than vehicle treated
animals. It has been reported that MCD diet inhibits ERK1/2 activation in hepatocytes,
which sensitizes them to TGF-β induced apoptosis. 240 Given that PZ-235 and Par2
knockout animals showed decreased liver weights at 3 weeks, it is possible that PAR2
signaling works to antagonize this pathway in hepatocytes and that pharmacologic
inhibition or genetic deletion can encourage hepatocyte apoptosis, leading to
disproportionate decreases in liver size.
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IV.3 Future Directions
We determined that MMP1-PAR1 signaling results in de-differentiation of SMCs and
maladaptive vascular remodeling. Additionally, we found that thrombin-PAR1 activation
couples to Gi dependent pathways in SMCs. Future studies should focus on the G
protein pathways associated with MMP1-PAR1 signaling. Utilization of dominantnegative G protein constructs and blocking antibodies would be useful reagents for
these studies. The observation that MMP-13 is capable of cleaving PAR1 on
cardiomyocytes provokes the idea that a similar pathway could exist in SMCs. Since FN439 inhibits approximately 36% of MMP-13 collagenase activity, it is possible that a
component of FN-439’s effect on neointima formation is due to MMP-13 inhibition.
Additional studies should investigate the contribution of MMP13-PAR1 signaling to SMC
phenotypic switching and neointima formation.
NAFLD studies are still in progress. Because the effect of PZ-235 on liver
steatosis was more pronounced with early treatment, there has been renewed focus to
understanding the mechanism of this effect. First, we will be investigating the effect of
Par2-deficiency in 2-week models of MCD. To investigate the role of PAR2 and PZ-235
treatment in liver fibrosis, we have initiated a carbon tetrachloride-induced fibrosis model
in which mice will be treated daily for 8 weeks with either vehicle or PZ-235 (10 mg/kg).
Additional studies will attempt to mimic clinical recommendations for dietary modification;
mice will be placed on MCD diet for 3 weeks, followed by 2 weeks of regular chow with
concurrent treatment with either vehicle or PZ-235 (10 mg/kg).
PZ-235 treatment did not appear to affect hepatic stellate cell activation in vivo,
despite previous studies suggesting PAR2 activation on HSCs is a contributing factor to
disease progression. It is possible that PZ-235 affects PAR2 activation on alternate cell
types, including Kuppfer cells (liver macrophages) or oval cells (hepatic progenitor cells).
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To understand the mechanism of PZ-235’s effect on steatosis, we will be interrogating
PAR2 activation on these cell types.

IV.4 Final Remarks
This thesis highlights the important role of protease-activated receptor signaling
following vascular and hepatic injury. Emerging evidence suggests that this class of
receptors participates in a plethora of disease and physiologic states, and continued
research is needed to understand the intricate mechanistic nuances between receptors.
Here, we have provided critical evidence to suggest that direct PAR1 inhibitors are
unlikely to produce predictable and beneficial effects in patients with in-stent restenosis.
Instead, revitalization of research into MMP-specific inhibitor drug development may
prove more beneficial.
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V. Appendix

V.1 Genetic deletion of Mmp-1a reduces atherosclerotic plaque burden in
ApoE-/- mice on high-fat diet
V.1.1 Rationale
Studies have suggested that the mouse homologue of MMP-1, Mmp-1a, has reduced
expression in normal tissues but is up-regulated in overt pathological disease.241
Previous work from our lab has shown that systemic inhibition of Mmp-1a with FN-439
reduces plaque burden in mouse models of atherosclerosis (G.Koukos; unpublished
data). To further investigate the role of Mmp-1a in plaque formation, we obtained Mmp1a-/- mice from the laboratory of Dr. Lopez-Otin and bred them onto an ApoE-/background, which is a well-established model for atherosclerotic plaque formation in
animals fed a high fat diet. Mmp-1a-/- ,ApoE-/- double knock-out and ApoE-/- knockout
animals were placed on a high fat diet for 16 weeks, and the thoracic and abdominal
aortas were analyzed for atherosclerotic plaque burden.

V.1.2 Methods
Atherosclerosis mouse model
Both wild-type and Mmp1a -/- four-week old male C57BL/6 mice (n=7-8) were placed on
high fat (21%) Western diet (HFD:Opensource, #D12079B) for 16 weeks. Animal
weights and serum samples were taken weekly while on HFD. At the end of 16 weeks,
animals were anesthetized using isoflurane and the chest was opened and retracted.
The animal was perfused with PBS through insertion of a 25 gauge needle attached to a
pressurized perfusion bag into the left ventricle of the heart. The animal was perfused for
approximately 1 minute at which point the aorta was dissected out and fixed in 10%
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buffered formalin followed by separation into the thoracic arch and abdominal iliac
regions. The arteries were then mounted and splayed for en face Oil-red-O staining.
Percent lesion area was calculated using ImageJ software.

Oil-red-O en face staining
Formalin fixed aortas were cleaned to removed fat and adventitia. The aorta was then
cut open on the ventral side and pinned into place. The aortas were stained for 30 min at
room temperature with a 6:4 dilution of oil-red-O (0.2% w/v 2-propanol stock) to water.
The samples were then de-stained with 70% ethanol and gentle agitation. Aortas were
rinsed with water and images were taken. Images were analyzed using ImageJ
software.

Immunofluorescence
Carotid arteries were embedded in OTC medium and flash frozen. Eight-micron sections
were cut using a cryostat, and 3 sequential sections were placed on each slide.
Slides were subsequently blocked for 1 hour at room temperature with 2% bovine serum
albumin (BSA)/0.5% Triton X-100 in PBS. Slides were washed with 2% BSA/PBS and
incubated overnight at 4° C with primary antibody (PECAM 1:400; Mmp-1a 1:100). A
Mmp-1a blocking peptide was used as a control for specificity. Slides were washed 3
times with Tris buffered saline with 1% Tween (TBST) x 5 min and then incubated with a
fluorescent-conjugated secondary antibody (1:400) for 1 h at room temperature in the
dark, followed by washing with TBST. Samples were stained with DAPI (1:5000) for 5
min at room temperature. Slides were mounted using vectashield (Vector Labs).
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V.1.3 Results
Human atherosclerotic plaques express a variety of MMPs, although MMP-1 expression
is prominent in the plaque body and fibrous cap region.141, 207 To determine if the mouse
homologue of MMP-1, Mmp-1a, was also a important feature of murine plaques, we
performed immunofluorescence on carotid artery plaques from ApoE -/- male mice fed a
high-fat diet (HFD) for 16 weeks. Carotid arteries were removed and sectioned for
histology. H&E staining showed large occlusive plaques with regions of necrosis and
recanalization (Figure 5.1). Immunofluorescence staining for Mmp-1a and PECAM
(CD31) revealed robust Mmp-1a expression, present in both the plaque body and
endothelium (Figure 5.1). Wild-type vessels had little Mmp-1a, consistent with reports
that it is critically up-regulated primarily in diseased states.
To determine whether Mmp-1a promoted plaque progression, as has been
suggested for human plaques, four-week old male C57BL/6 mice on either a ApoE -/- or
ApoE-/- Mmp1a-/- were fed a HFD for 16 weeks and plaque burden was scored based on
Oil-red-O staining. Oil-red-O staining of both the arch and iliac regions of the aorta
showed decreased fat accumulation in the ApoE-/-;Mmp1a-/- animals that approached
significance for the iliac region (Figure 5.2). Additionally, at the end of 16 weeks we
observed no statistical difference in body weight between the two cohorts (Figure 5.2).
These data suggest a role for Mmp-1a in plaque incidence and progression in mouse
models of atherosclerosis. Unpublished work from our lab has also shown that Mmp-1a
inhibition with FN-439 reduces plaque burden, and that Mmp-1a is likely working through
PAR1 to propagate a number of its effects (G. Koukos, unpublished data).
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Figure 5.1. Mmp-1a expression in murine atherosclerotic plaques. (Top)
Representative H&E stain of a carotid artery from ApoE-/- mice placed on HFD for 16
weeks. (Bottom) Immunofluorescence of Mmp-1a and PECAM (CD31) in a normal
blood vessel (left) and atherosclerotic plaque (right) from ApoE-/- mice placed on HFD for
16 weeks. Mmp-1a staining was prominent in the plaque body and endothelium
(colocalization with CD31). Lumen: L; media: M; plaque: P. (Done in collaboration with
G. Koukos, PhD)
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Figure 5.2. ApoE-/-;Mmp-1a-/-/ mice show a trend towards decreased atherosclerotic
plaque burden in mouse models. (A) (Top): Schematic of animal model. (Bottom):
Body weights of individual mice on high-fat diet over 16 weeks. (B) (Top): Oil-red-O
staining from the iliac and arch regions of the aorta. (Bottom): Quantification of plaque
burden by percent lesion area over the entire aorta. (n=8) (Done in collaboration with
George Koukos, PhD)
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V.1.4 Conclusions
Our data suggest that Mmp-1a, the mouse homologue of MMP-1 may play an important
role in the development of atherosclerosis. Currently, our data are trending towards
significance, especially in regards to the iliac bifurcation, therefore additional animals are
needed to fully determine the importance of Mmp-1a in this process. Subsequent
mechanistic studies will be performed to understand how genetic deletion of Mmp-1
ameliorates disease progression in mouse models of atherosclerosis.
Murine atherosclerotic plaques are notorious for their failure to rupture without
physical disruption.242 In humans, plaque rupture is often associated with an imbalance
of matrix degradation compared to matrix deposition. 242 Furthermore, rupture in humans
can lead to myocardial infarction and death, and therefore is the most worrisome feature
of atherosclerosis. Our data suggest that murine MMPs, and in this case Mmp-1a, may
play an alternate role in plaque development that is independent of its proteolytic
function.
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V.2 Par2, but not Par1, knock-out mice have defective collateral formation
in models of critical limb ischemia
V.2.1 Rationale
Arteriogenesis, or collateral artery formation, represents a complex network events that
results in the formation of new collateral vessels and restoration of perfusion to a
previously ischemic area. Two areas of unmet need regarding arteriogenesis are
peripheral artery disease (PAD) and extremity combat injury. 243 PAD refers to
progressive vessel occlusion as a result of atherosclerotic lesion development. In the
United States nearly 5% of people over the age of 40 suffer from PAD, with that number
rising to between 15-20% in patients over 70.244 Roughly 10% of patients present with
intermittent claudication, while nearly one third have complete occlusion of a major
lower-extremity artery as their presenting symptom.245 Furthermore, critical limb injuries
account for the majority of combat-related casualties, highlighting the importance of
mechanistic studies aimed at understanding collateral formation. 243
We sought to determine whether PAR1 and PAR2 contribute to arteriogenesis
and limb reperfusion. We utilized a mouse model of hind limb ischemia (HLI) whereby
the femoral artery was severed in the upper thigh to cause an immediate ischemic crisis.
We then interrogated perfusion to the injured limb in wild-type, Par1-/-, and Par2-/- mice
over time. Our data indicate that Par2, but not Par1, plays a role in collateral formation
following critical limb ischemia.
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V.2.2 Methods
Cell Culture
An endothelial cell line hybridized to the lung cancer cell line A549 (EAhy549) and two
SMC lines (CD314 and RAD542) were maintained in DMEM supplemented with 10%
FBS and 1% penicillin/streptomycin in 5% CO2 (normoxia: 20% O2 ) at 37 °C or in a
hypoxia chamber 5% CO2 0.2% O2 at 37 °C for either 8 or 24 h.

Hind limb ischemia model
Six to eight week old C57BL/6 mice were anesthetized with an isoflurane nebulizer and
nose-cone. The left thigh region of the animal was shaved with electric clippers and the
area was sterilized using 3 alternating passes of iodine and ethanol swabs. Using
sterilized instruments an incision was made in the upper left thigh and the femoral vein,
artery and nerve were exposed. Through careful blunt dissection, the femoral sheath
was dissected and the artery was isolated. Two 6-0 silk sutures were used to tie off the
femoral artery approximately a quarter centimeter apart. The femoral artery was then
severed between the sutures. The animal was closed and sutured using 6-0 nylon
sutures, and given 0.05 mg/kg buprenorphine for pain management. Animals were
allowed to recover from anesthesia in individual cages placed on warmed heating pads.
Once animals were recovered they were monitored every few hours for the first day, and
daily from that point on. Hind limb perfusion was monitored using a Moor Instruments
laser Doppler imager (physically located at St. Elizabeth’s Hospital, Brighton, MA).
Perfusion was reported as the mean perfusion in the injured versus non-injured paw.

Reverse transcriptase quantitative PCR (RT-qPCR)
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Total RNA was extracted using the RNeasy mini kit (Qiagen) and 1-2 µg of RNA was
reverse transcribed into cDNA using Moloney murine leukemia virus (MMLV) reverse
transcriptase as described below. Random oligomers (10-15 bases) (Oligo dT;
Invitrogen) were annealed at 72 °C for 10 min, followed by 40 cycles of: 25 °C for 15
min, 37 °C for 60 min, 95 °C for 5 min, 4 °C for 5 min. Quantitative PCR was conducted
in 25 µL volumes with 12.5 µL SYBR Green master mix (Invitrogen) and 1.25 µL of both
forward and reverse primers (5 μM). All reactions were performed in triplicate and run
on a DNA Engine Opticon 2, Continuous Fluorescence Detector (MJ Research). qPCR
program consisted for 40 cycles of the following: 95 °C for 15 s, 55 °C for 20 s, and 72
°C for 15 s. Primers are listed in Table 5.1

Table 5.1 Primers for RT-qPCR

Gene

Gene
ID

Accession
No.

VEGF-A(5)

VEGFA

NM_001171627.1

PAR1

F2R

NM_001992.3

PAR2

F2RL

NM_005242.4

MMP-1

MMP1

NM_002421.3
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Primer Pairs (5’

3’)

F- AGAGCAAGACAAGAAAATCCC
R- AACGCGAGTCTGTGTTTTTG
F- GTTTGGGTCTGAATTGTGTCGC
R- GGACTGCATGGGATACACCA
F- GCACCATCCAAGGAACCAATAG
R- TTTCCAGTGACGTGGGATGTG
F-TGTCAGGGGAGATCATCGGGACA
R- CCCCTCCAATACCTGGGCCTGG

V.2.3 Results
V.2.3.1

Par2, not Par1, knock-out mice have impaired collateral formation

Six to eight-week old female wild-type, Par1-/-, or Par2 -/- C57BL/6 mice were observed
for collateral formation and reperfusion in models of HLI. Left femoral arteries were
ligated and severed as described above. Animals were monitored by laser Doppler flow
of the lower limbs starting 24 h following surgery and up to 16 d after. Par2 -/- animals
showed delayed perfusion to the injured limb, compared to the contralateral control paw,
which became significant at 16 days (Figure 5.3a,b). In contrast, Par1-/- mice did not
exhibit significant delays in reperfusion, and tracked with their wild-type counterparts for
the extent of the experiment (Figure 5.4a,b).

V.2.3.2

Increased PAR2 expression under hypoxic conditions

We then investigated whether PAR expression levels were changed under hypoxic
conditions in endothelial-derived cells and SMCs. RT-qPCR was performed on cells
incubated for either 8 or 24 h in hypoxic conditions. In endothelial-derived EAhy926
cells, expression of the pro-angiogenic factor, VEGF-A was increased, as would be
expected, but we also saw significant decreases in both PAR1 and PAR2 expression 24
h (Figure 5.5). In contrast, SMCs (RAD542 and CD314) showed up-regulation of PAR2
expression after exposure to hypoxic conditions (Figure 5.5). These data indicate that
perhaps PAR2 on SMCs is an important factor following ischemic injury.
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Figure 5.3. Par2 knock-out mice show significant delays in collateral formation in
models of HLI. (a) Ratio of mean blood flow in the injured versus non-injured limb in
wild-type (WT) and Par2-/- (PAR2 KO) mice (n=10) up to 16 d following femoral artery
ligation. (b) Representative photographs of hind limb perfusion in wild-type (WT) and
Par2-/- (PAR2 KO) mice over the course of the experiment from (a). * p<0.05 by ANOVA
followed by Student-Newman-Keuls post-test.
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Figure 5.4. Par1-deficiency has no effect on collateral formation in models of HLI.
a) Ratio of mean blood flow in the injured versus non-injured limb in wild-type (WT) and
Par1-/- (PAR1 KO) mice (n=4-5) up to 15 d following femoral artery ligation. (b)
Representative photographs of hind limb perfusion in wild-type (WT) and Par1-/- (PAR1
KO) mice over the course of the experiment from (a).
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Figure 5.5. RT-qPCR of PAR1 and PAR2 under hypoxic conditions. Relative fold
mRNA levels of MMP-1, PAR1, PAR2, and VEGF-A in endothelial (EA) or smooth
muscle (RAD542 and CD314) cells grown for either 8 or 24 h in normoxia (20% O2) or a
hypoxia chamber (0.2% O2). Statistical analysis was performed using ANOVA followed
by Student-Newman-Keuls post-test. (Done in collaboration with Andrew Shearer).
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V.2.4 Conclusions
Here, we show that Par2, but not Par1, is important for collateral formation following hind
limb ischemia in mice. Additionally, increased PAR2 expression on SMCs following
hypoxia suggests that SMC-derived PAR2 may contribute to collateral formation in vivo.
Conversely, PAR1 expression was reduced in all cells following hypoxia, consistent with
our observation that Par1 knock-out mice showed not discernable defect in limb
reperfusion out to 15 d. This result is somewhat surprising since Par1-/- mice show
approximately 50% embryonic lethality, which is corrected by re-expression in
endothelial cells, suggesting that loss of Par1 affects endothelial and vascular
development.14 It is possible that surviving Par1-/- mice have compensated for this
vascular defect and do not accurately represent true Par1-deletion in the vasculature. In
contrast, Par2-deficiency showed a marked reduction in limb reperfusion by day 16.
Previous studies have shown that treatment with a PAR2 activating peptide increased
capillarity and restored reparative hemodynamics in models of critical limb ischemia.246
Our results confirm these studies and provide additional evidence to support the critical
role of PAR2 in collateral formation.
Future experiments will be aimed at understanding the mechanism of PAR2’s
effect on collateral formation. Additionally, studies should be undertaken to identify the
PAR2-activating protease during critical limb ischemia and reperfusion.
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V.3

Thrombin-PAR1 signaling in vascular smooth muscle cells results in
increased MMP-1 expression and secretion.

V.3.1 Rationale
We have shown that non-canonical MMP1-PAR1 activation on SMCs is promotes
cellular de-differentiation and leads to arterial restenosis (see Chapter 1). Studies have
shown that thrombin-PAR1 signaling results in increased MMP expression. Specifically,
PAR1 activation in human chondrosarcoma cells increases expression of both MMP-2
and MMP-13.247 Additionally, thrombin has been shown to induce MMP-9 expression in
osteosarcoma cells to promote tumor migration and invasion.248 To determine if a similar
pathway functioned in SMCs, we investigated whether MMP expression was upregulated following thrombin stimulation. We found that thrombin-triggered activation of
PAR1 resulted in increased MMP-1 expression and release from SMCs. Furthermore,
secreted MMP-1 functioned in a paracrine (and most likely autocrine) manner to promote
PAR1-driven SMC migration.

V.3.2 Methods
Coomassie Staining
CD314 SMCs were treated with 1 nM thrombin or vehicle and conditioned media was
harvested at the time points indicated. Forty microliters of conditioned media was run on
a 12% SDS-PAGE gel and stained with 0.25% Coomassie brilliant blue G-250 stain
(50% methanol/10% acetic acid) for 2 h at room temperature. The gel was then destained with 40% methanol/10% acetic acid.

MMP Zymography
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CD314 cells were treated with 5 nM thrombin with or without 5 µM RWJ-56110 and
conditioned media was harvested at the time points indicated. Forty microliters of
conditioned media was then run on a 10% SDS-PAGE gel with 1 mg/mL collagen
without the addition of 2-β mercaptoethanol to the sample buffer. The gel was then
incubated in re-naturation buffer for 30 min at room temperature. MMP digestion was
then allowed to proceed for 2 d at 37 °C in digestion buffer. The gel was then Coomassie
stained as described above.

RT-qPCR
Total RNA was extracted using the RNeasy mini kit (Qiagen) and 1-2 µg of RNA was
reverse transcribed into cDNA using Moloney murine leukemia virus (MMLV) reverse
transcriptase as described below. Random oligomers (10-15 bases) (Oligo dT;
Invitrogen) were annealed at 72 °C for 10 min, followed by 40 cycles of: 25 °C for 15
min, 37 °C for 60 min, 95 °C for 5 min, 4 °C for 5 min. Quantitative PCR was conducted
in 25 µL volumes with 12.5 µL SYBR Green master mix (Invitrogen) and 1.25 µL of both
forward and reverse primers (5 μM). All reactions were performed in triplicate and run
on a DNA Engine Opticon 2, Continuous Fluorescence Detector (MJ Research). qPCR
program consisted for 40 cycles of the following: 95 °C for 15 s, 55 °C for 20 s, and 72
°C for 15 s. MMP-1 primers: Forward-TGTCAGGGGAGATCATCGGGACA,
Reverse-CCCCTCCAATACCTGGGCCTGG.

Immunofluorescence
CD314 cells were plated on poly-L-lysine coated glass coverslips and allowed to adhere
overnight. Cells were then serum starved with 0.1%FBS/DMEM for 16 h. Cells were
then treated with 5 nM thrombin and incubated at room temperature for 30 min. The
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coverslips were then fixed and stained as described above. MMP-1 antibody (linker;
1:200); FITC secondary (1:400), DAPI (1:5000).

Migration
CD314 cells were treated with 5 nM thrombin with or without 5 µM RWJ-56110 for 60 h
at which point conditioned media was harvested and used as chemo-attractant. A
portion of conditioned media was used for Western blot analysis of secreted MMP-1. For
migration, CD314 cells were placed in Boyden chambers with the previously mentioned
conditioned media in the lower well. The cells were allowed to migrate for 16 h, when the
membranes were stained and counted.
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V.3.3 Results
V.3.3.1

Thrombin-stimulation influences SMC protein secretion.

Following initial vessel injury, thrombin is generated due to the exposure of subendothelial tissue factor, but is quickly inactivated by anti-thrombin III, although studies
have suggested that atherosclerotic plaques may be a reservoir for thrombin in the
diseased blood vessel.249 To understand the interaction between acute thrombin
exposure on SMCs we treated CD314 cells with 5 nM thrombin with and without 5 µM
RWJ-56110 and harvested conditioned media up to 60 h after treatment (Figure 5.6).
SMCs treated with thrombin for more than 48 h showed a marked increase in the
number of secreted products suggesting that acute thrombin stimulation modifies the
SMC secretome (Figure 5.6).

V.3.3.2

Thrombin-PAR1 signaling stimulates MMP-1 expression and secretion in
SMCs

To determine if thrombin treatment affected expression of MMPs, we performed collagen
zymography on conditioned media from SMCs treated with thrombin for 24 to 60 h.
SMCs constitutively express MMP-2, which was present at all time points tested (upper
bands; Figure 5.7a). Surprisingly, there was a dramatic increase in MMP-1 secretion (54
kD doublet), which was blocked by RWJ-56110 pre-treatment (Figure 5.7a). This effect
was seen at both 48 and 60 h.
We next confirmed increased MMP-1 gene expression in SMCs following
thrombin stimulation by RT-qPCR. Both immortalized and primary SMCs treated with
thrombin showed increased MMP-1 expression that was sensitive to PAR1 inhibition
(Figure 5.7b). We then postulated that SMCs treated with thrombin were both increasing
expression of MMP-1 and inducing MMP-1 secretion. Immunofluorescence analysis of
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intracellular MMP-1 showed a diffuse staining pattern 30 min following thrombin
stimulation compared to untreated cells, suggesting that MMP-1 vesicles are trafficked to
the cell surface upon PAR1 activation in SMCs (Figure 5.7c).
Finally, we determined the functional significance of MMP-1 secretion from
SMCs. CD314 cells were treated with 5 nM thrombin, with and without 5 µM RWJ56110, and conditioned media was harvested 60 h following treatment. The presence of
MMP-1 protein in the conditioned media was confirmed by Western blot analysis (Figure
5.7d). The conditioned media was then used in the lower well of Boyden chambers as a
chemo-attractant for SMCs in 16 h migration assays. As predicted from our results in
Chapter 1, SMCs migrated towards the conditioned media harboring the most MMP-1
(Figure 5.7d). Conditioned media that had been treated with RWJ-56110 produced less
MMP-1 and subsequently resulted in decreased migration.

V.3.4 Conclusions
We have shown that thrombin-PAR1 signaling stimulates MMP-1 expression and
secretion in SMCs. Furthermore, the released MMP-1 functions as a potent chemoattractant for SMCs through a PAR1 dependent pathway, suggesting that MMP1induced migration functions in both an autocrine and paracrine manner. These data
imply that initial vascular injury results in acute thrombin production, which can
subsequently lead to increased MMP-1 levels in the injured vessel. Based on our
previous work from Chapter 1, this would predict that continued thrombin generation
eventually becomes deleterious due to production of MMP-1 and its detrimental effects
on SMC phenotype.
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Figure 5.6. Coomassie gel of the SMC secretome following thrombin stimulation.
Conditioned media from CD314 cells treated with 1 nM thrombin for the time points
indicated run on a 12% SDS-PAGE gel and stained with Coomassie. HT1080
fibrosarcoma cell conditioned media was used as non-SMC control.
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Figure 5.7. Thrombin-PAR1 signaling results in increased MMP-1 expression and
secretion in SMCs. (a) Collagen zymography gel of CD314 conditioned media (CM) 24,
48, and 60 h after 5 nM thrombin treatment with and without 5 µM RWJ-56110
treatment. (b) RT-qPCR of MMP-1 in SMCs following 24 h treatment with 5 nM thrombin
with and without 5 µM RWJ-56110. (c) Immunofluorescence of intracellular MMP-1 in
SMCs treated with 5 nM thrombin for 30 min. (d) 16 h migration of CD314 towards
conditioned media from cells treated with agonists indicated (5 nM thrombin, 5 µM RWJ56110) for 60 h. * p<0.05; ** p<0.01 by ANOVA followed by Student-Newman-Keuls
post-test.
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