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Collagenases and cracks in the plaque
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The core of an atheromatous plaque contains lipids, macrophages, and cel-
lular debris, typically covered by a fibrous cap that separates the thrombo-
genic core from the blood. Rupture of the fibrous cap causes most fatal myo-
cardial infarctions. Interstitial collagen confers tensile strength on the cap,
as it does in skin and tendons. In 1994, Peter Libby and colleagues demon-
strated overexpression of collagenolytic enzymes in atheromatous plaques
and implicated MMPs in the destabilization of these lesions.

The formation of plaques within the arte-
rial intima characterizes atherosclerosis.
Plaques typically consist of a lipid core cov-
ered by a fibrous cap rich in extracellular
matrix, produced largely by arterial smooth
muscle cells (Figure 1A). Most fatal myo-
cardial infarctions result from a fracture
in the plaque’s fibrous cap (1). The fibrous
cap derives tensile strength from intersti-
tial collagen, as do skin and sinew. Twenty
years ago, my colleagues and I proposed
the hypothesis that excessive collagen cat-
abolism could weaken the fibrous cap and
thus render plaques prone to rupture (2).
Our laboratory, focused on inflammatory
signaling in vascular biology and athero-
genesis, tested whether inflammatory
mediators could elicit overexpression of
interstitial collagenases — enzymes that
catalyze the first step in collagen catabo-
lism (Figure 1B).

The collagenase quest

My colleagues and I demonstrated the
induction of interstitial collagenase in
human vascular smooth muscle cells by
IL-1, a cytokine that we had linked previ-
ously to vascular inflammation (3, 4). Our
1994 article in the JCI extended these in
vitro observations to human atherosclero-
sis, demonstrating overexpression of the
interstitial collagenase MMP-1, among
other MMPs, in human atherosclerotic
lesions (4). These studies found that foam
cells bearing markers of smooth mus-
cle or macrophage origin overexpressed
MMP-1, without raising the levels of the
endogenous inhibitors (tissue inhib-
itors of MMPs, e.g., TIMP-1). Further
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studies identified elevated levels of two
other interstitial collagenases (MMP-8
and MMP-13) and localized a neoepitope
uncovered by collagenase cleavage in situ
in human plaques (Figure 1B and refs. 5,
6). Other groups also implicated MMPs in
arterial biology (7, 8).

Our subsequent studies tested whether
lipid loading of mononuclear phagocytes
would lead to collagenase overexpression
(Figure 1B). To sidestep laboratory arti-
fice, my colleagues and I used rabbits as
in vivo “incubators.” Foam cells in athero-
sclerotic plaques of hypercholesterolemic
rabbits contained abundant MMP-1,
while alveolar macrophages in the same
animals showed negligible MMP-1 expres-
sion (9). This ensemble of experiments
presented a coherent but circumstantial
set of observations that supported a role
for MMP interstitial collagenase action in
determining the collagen content of ath-
erosclerotic plaques.

Closing the loop of causality

To determine directly whether MMPs reg-
ulated the collagen content of atheroscle-
rotic plaques, we used genetic and pharma-
cologic approaches to induce gain or loss
of collagenase function in atherosclerotic
mice. Mice with a “knockin” mutation that
rendered interstitial collagen resistant to
MMP collagenases showed accentuated
collagen accumulation in plaques (10).
Conversely, mice lacking MMP-13, a prin-
cipal interstitial collagenase in mice, or
receiving a selective inhibitor of MMP-13
showed similar collagen accumulation
(11). Ex vivo biomechanical analysis
showed that collagen accumulation actu-
ally increased the tensile strength of an
atherosclerotic aorta (12). All of these
pieces pointed to a key role of collagen
breakdown in controlling the content of
this critical component of the plaque’s
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fibrous cap — all that stands between many
patients and the acute thrombotic compli-
cations of atherosclerosis.

Lipid lowering calms collagenolysis
Another avenue of research tested the
hypothesis that therapeutic interventions
that reduced atherosclerotic events in
humans would limit collagenase expres-
sion and increase collagen content of
experimental atherosclerotic plaques.
Rabbit experiments showed that dietary
lipid lowering reduced MMP-1 expres-
sion and increased plaque collagen
content (13). Other experiments tested
whether statin treatment could achieve
similar alterations in collagen economy.
These experiments used Watanabe heri-
table hyperlipidemic (WHHL) rabbits, a
strain with reduced LDL receptor func-
tion. Although WHHL rabbits showed
only modestly decreased serum choles-
terol when treated with statins, these
agents decreased lesional collagenase
activity and increased collagen content
(14). Lipid lowering through diet or sta-
tins decreased plaque thrombogenicity
by reducing tissue factor expression and
limited other manifestations of inflam-
matory activation (15, 16). This body of
observations provided insight into the
cellular and molecular mechanisms by
which lipid-lowering therapy reduced
clinical atherothrombortic events. Obser-
vations in human atherosclerotic plaques
using histopathology and various imaging
modalities similarly showed an increase in
the estimated fibrous character of plaques
from humans treated with statins (17, 18).
Despite the limitations of these observa-
tions in humans, they support the patho-
biologic principles demonstrated by our
animal experiments.

Unanswered questions

Although satisfying, this body of research
leaves many important questions unan-
swered. First, plaques contain many
non-metalloproteinases, and proteolytic
enzymes have functions beyond matrix
breakdown. Cysteinyl proteinases, for exam-
ple, also alter arterial biology during athero-
genesis (19). MMPs process non-matrix
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substrates — among them, cytokines and
chemokines — sometimes activating them
and other times inactivating them (20).
Unraveling the roles for different classes of
these enzymes in various aspects of arterial
remodeling will require further experiments.

My group’s observations in 1994 fueled
the trend of using “vulnerable plaques”
or “thin-capped fibroatheroma” — terms
that have gained daily clinical currency —
as well as the concept that inflammation
begets proteolysis that renders plaques
“vulnerable.” Yet, these simple schemata
don’t suffice to explain the clinical biol-
ogy of plaque disruption. Most protein-
ase-rich plaques probably evade rupture.
The number of such plaques by far exceeds
clinical events, challenging the “vulnerable
plaque” concept. Even when inflamed and
collagenase-packed plaques do rupture,
the vast majority of these disruption events
pass unnoticed. Instead, cycles of subclin-
ical disruption and healing may promote
the progression of plaques from lipid-rich
atheromatous lesions to those with more
fibrous and calcified character that may
cause flow-limiting stenosis but have less
tendency to rupture.
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So-called “vulnerable plaques” can persist
for decades, yet an acute event can develop
in an instant. What determines when a par-
ticular plaque will rupture and provoke a
clinical event? Plaque disruption requires
not only a suitable anatomic substrate, but
also a triggering event. Candidate triggers
include catecholamines, vasospasm, and
increased circumferential strain. The con-
sequence of a given plaque disruption also
depends on the “fluid phase” of blood (21).
High levels of fibrinogen and plasminogen
activator inhibitor-1 in plasma promote per-
sistence and propagation of thrombus. The
susceptibility of a plaque to rupture likely
reflects the systemic milieu. For example,
after acute tissue injury, such as that caused
by a myocardial infarction or stroke, a sys-
temic inflammatory response can enhance
the inflammatory activation and protease
activity in atherosclerotic plaques, poten-
tially increasing their propensity to rupture
and provoke thrombosis (22). Additionally,
the biomechanical lability of the fibrous
cap likely depends on more than its col-
lagen content. Recent computational stud-
ies indicate that microcalcification can lead
to inhomogeneities of material properties
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Figure 1

Regulation of collagen metabolism and the
thrombotic complications of atherosclerosis.
(A) A cross section of an artery containing
a thin-capped atheroma with low collagen
content due to decreased synthesis and
increased breakdown of collagen is shown.
A thin and weakened fibrous cap overlies
a lipid-rich core in the center of the plaque
(left). A plaque in which the fibrous cap has
ruptured, exposing the blood coagulation
components to thrombogenic material in
the lipid core, triggering thrombosis, is also
shown (right). (B) Lipid-laden macrophages
in atherosclerotic plaques express MMPs.
Various extracellular stimuli, including reac-
tive oxygen species, plasmin, and thrombin,
contribute to enzymatic activation of these
enzymes that is required for their proteolytic
activity. Macrophages in human plaques
overexpress the three known MMP interstitial
collagenases, MMP-1, MMP-8, and MMP-
13. The endogenous inhibitors of this family
of enzymes, the tissue inhibitors of MMPs
(TIMPs), do not change markedly between
unaffected and atherosclerotic arteries. The
MMP interstitial collagenases catalyze the
initial proteolytic cleavage of intact triple heli-
cal fibrillar collagen.

that greatly enhance the propensity of a
plaque to rupture under strain (23). Clinical
observations associating spotty calcification
within plaques with clinical events support
these computational exercises (24).

Rupture of the fibrous cap does not
account for all fatal coronary artery thrombi
in humans. Superficial erosion of the intima
without frank plaque rupture accounts for
more than one-fifth of fatal coronary throm-
boses (25). Given the effects of statins and
lipid lowering on the structure of plaques
described above, in the current era, rupture
of the fibrous cap as a mechanism of coro-
nary thrombosis might wane as superficial
erosion increases. The proportion of acute
coronary syndromes due to ST-segment ele-
vation myocardial infarction (STEMI) has
dropped, while the contribution of non-ST
segment elevation myocardial infarction
(NSTEMI) has risen (26). Could statins
have altered the biology of acute coronary
syndromes such that plaque rupture has
become less important as a cause?

In scientific stories, as in good novels, as
one chapter closes, the narrative often raises
unresolved conflicts to explore in coming
pages. In medicine, we never reach the final
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chapter — the denouement seems eternally
beyond reach. We must relentlessly strive
to solve the next layer of complexity uncov-
ered in our Sisyphean quest to understand
nature and to advance our art.
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