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Abstract

Objective—To relate circulating biomarkers of extracellular matrix (ECM) turnover to site-specific
measures of carotid artery atherosclerosis on duplex ultrasound.

Background—Matrix metalloproteinases (MMPs) and their inhibitors (TIMPs) regulate ECM
remodeling, a key feature of atherosclerosis, and their circulating concentrations can be assayed.
MMP-9, TIMP-1 and protocollagen-111 n-terminal propeptide (PIIINP) may relate differentially to
the severity of atherosclerosis at different carotid artery sites. However, data examining this premise
are sparse.

Design/Methods—We related circulating MMP-9, TIMP-1 and/or PIIINP concentrations to
carotid atherosclerosis on duplex ultrasound in1006 Framingham Offspring (mean age 58 years, 56%
women) who attended a routine examination from 1995-1998. We used multivariable regression to
relate MMP-9 (detectable versus undetectable), and TIMP-1 and PIHINP (age- and sex-specific
quartiles) to internal carotid artery stenosis (>25%), and log-transformed common and internal
carotid intima-media thickness (CC-IMT, IC-IMT, respectively).
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Results—Detectable MMP-9 was associated with carotid stenosis (OR 1.71, p=0.032) but not with
IMT. Higher TIMP-1 was associated with carotid stenosis (OR for Q4 versus Q1-3, 1.63, p=0.022)
and a higher IC-IMT (B 0.057 £0.025, Q4 versus Q1-3, p=0.023). Higher PIIINP (Q4 versus Q1-3)
showed a borderline association with carotid stenosis (OR 1.45 for Q4 versus Q1-3, p=0.095) but
not with IMT. TIMP-1 was not associated with CC-IMT.

Conclusions—In our community-based sample of middle-aged to older adults, higher circulating
biomarkers of matrix remodeling were associated with a greater prevalence of carotid stenosis, and
subclinical atherosclerosis in the IC artery. Our findings are consistent with regional differences in
matrix remodeling in the carotid artery.
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Introduction

Carotid artery stenosis and carotid intima-media thickness (IMT) are markers of
atherosclerosis, and have been associated with cardiovascular events including stroke and
myocardial infarction.(1) All phases of atherosclerosis in humans are characterized by
remodeling of the extracellular matrix (ECM), a complex process in which the matrix
metalloproteinases (MMPSs) play a pivotal role.(2—7) The MMPs are a group of more than 20
endopeptidases capable of modifying most components of the ECM.(8) Most of the cells that
have been implicated in the development of atherosclerosis have been shown to produce MMPs
in carotid arteries, including macrophages,(9) mastocytes,(3) endothelial and smooth muscle
cells.(9) The recent availability of high-sensitivity assays permits evaluation of circulating
concentrations of MMPs and their inhibitors, the tissue inhibitors of matrix metalloproteinases
(TIMPs).

The carotid bifurcation and internal carotid artery are sites with a higher predilection for the
formation of atherosclerotic plaques. Thus, the initial atherosclerotic changes and the
progression of the process may be particularly evident at these vascular locations. For instance,
inthe Atherosclerosis Risk in Communities (ARIC) Study, mean IMT varied across the internal
carotid artery, the carotid bifurcation, and the common carotid artery.(10) In addition, prior
studies have shown that rates of IMT progression are greatest at the internal carotid artery,
followed by the bifurcation, and then the common carotid artery.(11-13) Indeed, the IMT
progression rate was more than 30 times greater at the internal carotid compared to the common
carotid artery in a prior report.(11) These site-specific differences are important because they
may explain why relations of cardiovascular risk factors to carotid atherosclerosis vary at
different carotid segments. In the Cardiovascular Health Study (CHS), baseline vascular risk
factors were not related to progression of common carotid artery-IMT.(14) Another study
showed an association of elevated LDL cholesterol and cigarette smoking with plaques at the
carotid bifurcation, whereas higher systolic blood pressure and body mass index (BMI) were
associated with common carotid artery plaques. (15) In addition, the predictive value of
measures of atherosclerosis may vary according to the site of measurement. For instance,
internal carotid IMT has been shown to be a better predictor of myocardial infarction compared
to measures in the common carotid artery, whereas the combined measurement (common and
internal carotid IMT) was better predictor of stroke in a prior study.(1)

The pathophysiology of site-specific changes is not entirely clear, but may involve segment-
specific arterial remodeling, including that of the vascular extracellular matrix. Therefore, we
evaluated the relation of plasma concentrations of select matrix biomarkers (including MMP-9,
its inhibitor TIMP-1, and PIIINP, the N-terminal propeptide of protocollagen Il that is a
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product of degradation of Type Il collagen) and site-specific measures of carotid
atherosclerosis assessed via carotid ultrasound in a community-based sample.

Methods

Study Cohort

The Framingham Offspring Cohort was recruited in 1971, and includes subjects who are either
children or the spouses of the children of the participants in the Original Framingham Heart
Study. The members of the Offspring Cohort have been examined approximately every four
to eight years since 1971. At the 61 examination cycle, 3377 attendees underwent carotid
duplex ultrasound. Participants with available carotid ultrasound measurements and plasma
biomarkers of ECM matrix turnover (MMP-9, TIMP-1 and/or PIIINP) constituted the sample
for the present study; we excluded individuals with clinically evident stroke or dementia.

Sampling scheme—Only a subsample of attendees had plasma concentrations of matrix
biomarkers measured because such assessment was performed to assess the biochemical
correlates of left ventricular remodeling; therefore, the sampling scheme for the present
investigation was based on the design of the echocardiographic study.(16) Briefly, participants
were categorized into three groups based on their echocardiographic left ventricular (LV)
measures: (1) participants with values of LV end-diastolic diameter (LVEDD) and wall
thickness (LVWT) below the sex-specific medians; (2) group with increased LVEDD values
greater than or equal to the sex-specific 901 percentile; and (3) group with LVWT greater than
or equal to the sex-specific 90t percentile. A total of 77 participants were excluded because
of prevalent congestive heart failure (n=13), prior myocardial infarction (n=27), serum
creatinine >2 mg/dL or missing values (n=17), or missing other covariates (n=20). Another 51
individuals with clinically apparent cardiovascular disease were excluded.

Our study sample included 1006 Framingham Offspring participants with available carotid
ultrasound measures, and any of the circulating biomarkers, TIMP-1 (n=999), PIIINP (n=915)
and/or MMP-9 (n=680).

The Institutional Review Board of Boston University Medical Center approved the study
protocol and all participants provided written informed consent.

Plasma MMP-9 and TIMP-1 Measurements

Plasma concentrations of MMP-9, TIMP-1 and/or PIIINP were measured on a subsample of
attendees at the sixth examination of the Framingham Offspring (1995-1998), as noted above.
Blood samples were drawn from participants who were in a fasting state, and then centrifuged,
and the plasma was frozen at =70 °C until assay. Plasma total MMP-9 was measured in
duplicate with the use of a 2-site sandwich ELISA assay (Amersham Pharmacia Biotech; assay
range of 4 to 128 ng/mL), which measures MMP-9, ProMMP-9, and the ProMMP-9/TIMP-1
complex.(16) Plasma total TIMP-1 was measured similarly with a 2-site sandwich ELISA
assay (Amersham Pharmacia Biotech), which measures free TIMP-1 and TIMP-1 complexed
with various MMPs.(17) The intra-assay coefficient of variation was <18% for MMP-9 and
<5% for TIMP-1 measurements.(16) Plasma PI1INP was measured in duplicate using a
radioimmunoassay (Amersham Pharmacia Biotech), and the mean intra-assay coefficient of
variation was 6%.

Carotid Ultrasound

Carotid ultrasound was acquired by a trained sonographer, following a standardized protocol.
(18) Ultrasound studies were conducted on 3377 of 3532 (96%) of examination cycle 6
participants (1995 —-1998). A scan sequence was recorded with a high-resolution linear-array
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transducer equipped with a pulsed Doppler spectral analyzer (Model SSA-270A; Toshiba
America Medical Systems, Tustin, CA). Scanner settings (four real-time images, carrier
frequency, 6.7 MHz; -3 db point) were set at the beginning of the examination and were not
altered during the procedure.

Determination of carotid stenosis—Images were analyzed by one operator and over-
read by one of the investigators (J.F.P.). Two images were obtained at the level of the distal
common carotid artery, 2 at the carotid artery bulb, and 2 at the proximal 2 cm of the internal
carotid artery. Internal carotid artery stenosis was graded by the sonographer as 0, 1-24, 25—
49% when Doppler derived peak-systolic velocities in the internal carotid artery were <150
cm/s. Hemodynamically significant stenosis (=50%) was defined by peak-systolic velocities
>150 cm/s. The degree of stenosis was based on the maximum stenosis in either internal carotid
artery. Good intra-reader reproducibility of carotid stenosis assessment (>25%) in the
Framingham Heart Study has been reported elsewhere (Kappa value = 0.69).(19)

Measurements of IMT—IMT was measured at 3 sites of both carotid arteries with all images
gated to diastole. The maximal IMT at each site, defined as the mean of the maximal IMT
measurements of the near and far walls, correlates well with cardiovascular risk in prior studies.
(1) The internal carotid/bulb IMT was defined as the mean of the 4 maximal IMT measurements
for the carotid artery bulb and the internal carotid artery on both sides. The common carotid
IMT was defined as the mean of the maximal IMT measurements for the right and left common
carotid arteries.

Risk factors data

Systolic blood pressures were recorded as the average of two physician measurements.
Participants were categorized as current smokers or non smokers based on reported smoking
during the year preceding the sixth examination cycle; diabetes mellitus was defined as fasting
blood glucose of >126mg/dl, a previous diagnosis of diabetes or being on hypoglycemic
medication or insulin; prior cardiovascular disease included coronary artery disease, congestive
heart failure and peripheral vascular disease.(20)

Statistical Analysis

Multivariable linear and logistic regression analyses were used to determine the associations
of matrix biomarkers with IMT and carotid stenosis (>25%), respectively. Separate analyses
were performed for internal carotid IMT and common carotid IMT, both of which were
logarithmically-transformed to normalize their distributions. The cut point of 25% for carotid
stenosis has been used in previous carotid ultrasound studies in Framingham and other cohorts.
(21)

Plasma MMP-9 was modeled as a binary variable (detectable versus undetectable) in all
analyses because it was detectable (lower detection limit of 4 ng/mL) in only 20% of
individuals. TIMP-1 and PIHINP were both logarithmically-transformed to normalize their
skewed distributions. We analyzed age- and sex-specific quartiles of TIMP-1 and PIIINP levels
to investigate possible non-linear associations with carotid stenosis and IMT.

All analyses were adjusted for the following covariates: age, sex, stroke risk factors: history
of cardiovascular disease, atrial fibrillation, left ventricular mass; current smoking; systolic
blood pressure, use of antihypertensive therapy, and diabetes. In order to account for the
sampling scheme we additionally adjusted for left ventricular mass.
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All analyses were specified a priori and performed using Statistical Analyses System software
version 9.1 (SAS Institute, Cary, NC). For these analyses we considered a two-sided p-value
<0.05 statistically significant.

Clinical characteristics for the study participants are shown in Table 1. Carotid artery stenosis
>25% was observed in 168 participants (17%).

MMP-9 was detectable in 680 participants (20%). The median plasma concentration was 31
ng/dl in men and 34 ng/ml in women (range 20-248 ng/ml).

Relation of biomarkers and carotid ultrasound measures (Table 2)

Detectable MMP-9 concentrations were significantly associated with carotid stenosis (Odds
Ratio [OR] 1.71, 95% Confidence interval [CI] 1.05 — 2.80, p=0.032). There was no significant
association of MMP-9 with internal or common carotid artery IMT.

The associations of TIMP-1 with carotid stenosis and with carotid IMT were non linear. Higher
TIMP-1 (Q4 versus Q1-3) was associated with both carotid stenosis (OR: 1.63, 95% CI 1.07
—2.48, p=0.022) and with higher internal carotid IMT (B 0.057 £ 0.025 Q4 versus Q1-3,
p=0.023), but not with common carotid IMT.

To evaluate further site-specific differences in the associations of TIMP-1 and IMT, we
analyzed the effect of higher TIMP-1 (Q4) on IMT, with site of IMT measurement (internal
versus common carotid artery) as a factor. There was a significant interaction between higher
TIMP-1 and site, even after adjusting for vascular risk factors (p=0.04).

Higher PIIINP (Q4 versus Q1-3) showed a trend towards an association with carotid stenosis
(OR 1.45, 95% CI 0.94-2.25, p=0.095) but not with either common or internal carotid IMT.

Discussion

Principal Findings

The present study demonstrates site-specific relations of circulating biomarkers of extracellular
matrix remodeling (ECM) and the carotid artery atherosclerosis measures assessed using
duplex ultrasound. First, we noted significant associations of higher levels of TIMP-1 with
internal carotid IMT, but not with common carotid IMT. The associations with internal carotid
IMT remained statistically significant after adjustment for traditional vascular risk factors.
Second, higher concentrations of TIMP-1 and detectable MMP-9 were associated with internal
carotid artery stenosis, with a trend observed for higher PIIINP. Third, detectable MMP-9 was
not associated with internal or common carotid IMT.

Potential mechanisms underlying the observed associations

Tissue inhibitors of metalloproteinases (TIMPs) regulate strictly the activity of MMPs; TIMP-1
in particular is an inhibitor of MMP-9.(22) Both TIMPs and MMPs have been implicated in
the process of atherosclerosis.(3,4) The atherosclerotic process affects predominantly vessel
bifurcations, such as the carotid artery bifurcation and proximal segment of the internal carotid
artery. This finding is likely related to the fact that individual segments of the carotid artery
are differentially exposed to turbulent flow, with higher shear forces acting at the internal
carotid artery and carotid bifurcation.(23) Adaptive remodeling of the vessel wall in adjusting
to altered local mechanical stresses takes place to maintain normal values of tensile stress. This
remodeling involves intimal thickening, which may strengthen the arterial wall.(24) Carotid
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IMT and carotid stenosis reflect different degrees of severity of atherosclerosis; whereas IMT
is an intermediate marker of atherosclerosis and a subclinical marker, stenosis of an artery
develops when the vessel in no longer capable of compensating by eccentric remodeling, and
intrusion of the atherosclerotic lesion into the vessel lumen occurs, resulting in stenosis.

The findings in our study are supportive of these observations, and consistent with differences
in ECM remodeling of different carotid artery segments. Although detectable MMP-9 was not
significantly associated with carotid IMT in either the internal or common carotid arteries in
this study, higher TIMP-1 showed a significant association. Imbalance of MMPs and TIMPs
has been related to the development of atherosclerotic plaques, as shown by pathological
studies.(4,25) Upregulation of TIMP-1 has been suggested to counteract over expression of
MMPs; however, this may not be sufficient to arrest the process of atherosclerosis, as suggested
by prior studies showing that the ratio of MMP-9/TIMP-1 was significantly higher in plaques
with plaque disruption,(2) in plaques compared to adjacent carotid regions(25) and lower
plasma concentrations of TIMP-1 in patients with unstable plagues compared to those with
stable plaques and to healthy volunteers.(2)

In our study both biomarkers, MMP-9 and TIMP-1, were significantly associated with carotid
stenosis, supporting the notion that ECM remodeling takes place in different degrees / phases
of atherosclerosis. The lack of association of MMP-9 with IMT but the significant association
with carotid stenosis suggests that the relation of MMP-9 is stronger with more severe changes
of atherosclerosis.

Increased MMP-9 activity,(26) upregulation of the MMP-9 gene and protein(2) have been
demonstrated in carotid endarterectomy specimens from patients with severe symptomatic
carotid stenosis; in addition increased expression of other MMPs capable of activating MMP-9
such as MMP-3 has been found in carotid atherosclerotic lesions.(9)

MMP-9 has a broad range of substrates among which collagen type 111 is included. Collagen
I11 is one of the main components of the plaque cap,(27,28) and its turnover may be assessed
by measuring the amino-terminal propeptide of type 111 procollagen (PIHINP). This peptide is
an extension of the procollagen type 111 that is liberated into serum after cleavage during the
conversion of type 111 procollagen to type 1l collagen. Elevated serum PIHINP is believed to
reflect enhanced collagen turnover.(29) The borderline association of higher PIIINP
concentrations with carotid stenosis is in agreement with ECM remodeling participating in the
process of carotid atherosclerosis.

Strengths and Limitations

The strengths of our study include the community-based sample, use of reproducible
quantitative carotid ultrasound techniques, interpretation of biomarkers and ultrasound
imaging data independent of each other and blinded to clinical data.

One of the limitations of our study is the sampling design for the ECM biomarkers based on

the distribution of left ventricular remodeling phenotypes. However, we adjusted for measures
of left ventricular mass in our analyses and the association between elevated biomarkers and
carotid ultrasound markers was maintained.

Although blood concentration of the biomarkers evaluated may be affected by systemic
processes, all samples were collected following a standard protocol, under resting conditions;
participants were excluded if they had congestive heart failure, a history of myocardial
infarction and none of the participants were known to have cancer within the 6 months
preceding the 6™ cycle examination.(17) In addition, evaluation of the TIMP/MMP pathway
was limited in this study, and future studies could include measurements of enzyme activity
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and other MMPs. Lastly, the Framingham Heart Study participants are of white of European
descent; further studies are required to confirm our findings in other ethnic and racial groups
and expand the results to larger populations.

Conclusions

Higher circulating concentrations of ECM turnover markers, TIMP-1, MMP-9 and PIIINP, are
associated with measures of carotid artery atherosclerosis after adjusting for standard risk
factors in a community-based sample of middle-aged adults, free of clinical stroke and
dementia. Our findings are consistent with site-specific carotid artery extracellular matrix
remodeling and support a pathophysiological role for the MMP/TIMP pathway in
atherosclerosis of the carotid artery.
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Characteristics of study sample

Men (n=439) Women (n=567)
Clinical Characteristics
Age, yrs, mean [SD] 58 [10] 58 [10]
Systolic blood pressure, mm Hg, mean [SD] 128 [18] 125 [21]
Anti-hypertensive medication, % 27 23
Current smokers, % 17 12
Diabetes mellitus, % 12 6
Prevalent cardiovascular disease, % 13 7
Atrial fibrillation, % 5.9 16
Electrocardiographic LVH, % 25 0.0
Biochemical Characteristics
MMP-9 detectable [n=680] 22% 19%

TIMP-1 median (range) [n=999], ng/ml
PIIINP median (range) [n=915], ng/ml

802 (412-3146)
3.38 (0.54-36.52)

754 ([430-1760)
3.03 (0.02-28.42)

Carotid Ultrasound Measures

Common Carotid IMT median (range) mm [n=1005]
Internal Carotid IMT median (range) mm [n=1001]
Carotid Stenosis >25% [n=1006]

0.70 (0.46-1.83)
0.88 (0.44-5.02)
23%

0.67 (0.46-1.45)
0.72 (0.40-3.06)
12%
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