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Abstract

Background—Biomarkers of extracellular matrix remodeling are associated with prevalent
hypertension in cross-sectional studies but their relations to longitudinal changes in blood pressure
(BP) and hypertension incidence are unknown.

Methods and Results—We evaluated 595 non-hypertensive Framingham Offspring Study
participants (mean age 55 years; 360 women) without prior heart failure and myocardial infarction,
and who underwent routine measurements of plasma tissue inhibitor of metalloproteinase-1
(TIMP-1), metalloproteinase-9 (MMP-9), and protocollagen Il N-terminal peptide (PIINP). We
related plasma TIMP-1, PIIINP, and MMP-9 to the incidence of hypertension and progression of BP
by >1 category (defined based on sixth report of the Joint National Committee on Prevention,
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Clinical Summary: The biomarkers of extracellular matrix remodeling include the matrix metalloproteinases (MMPs, which breakdown
collagen), the tissue inhibitors of metalloproteinases (TIMPs, which inhibit the activity of metalloproteinases), and the procollagen
peptides (which reflect the turnover of extracellular collagen). We evaluated 595 middle-aged non-hypertensive Framingham Offspring
Study participants without prior heart failure or myocardial infarction who had measured blood levels of TIMP-1, MMP-9, and
procollagen 111 N-terminal peptide (PIIINP). We related matrix biomarker levels prospectively to the incidence of hypertension and the
progression of blood pressure (BP) to a higher category (as defined by the sixth report of the Joint National Committee on Prevention,
Detection, Evaluation and Treatment of High Blood Pressure). On follow-up (4 years), 81 participants developed hypertension and 198
(114 women) progressed to a higher BP category. Adjusting for standard risk factors for hypertension, higher TIMP-1 levels and detectable
MMP-9 both were associated with longitudinal tracking of BP. Individuals in top TIMP-1 tertile had a 2.15-fold risk of hypertension
(relative to the lowest tertile) whereas those with detectable MMP-9 had a near two-fold risk of BP progression (compared to those with
undetectable levels). Plasma PIIINP was not associated with BP tracking. Overall, these data suggest that higher circulating levels of
select matrix remodeling biomarkers may antedate the onset of hypertension, perhaps because they reflect ongoing vascular remodeling
that accompanies the evolution of high BP.
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Detection, Evaluation and Treatment of High Blood Pressure). On follow-up (4 years), 81 participants
(51 women) developed hypertension and 198 (114 women) progressed to a higher BP category. In
multivariable models, one-standard deviation increment of log-TIMP-1 was associated with a 50%
higher incidence of hypertension (95% confidence intervals [CI] 1.08-2.08) and a 21% (95% ClI
1.00-1.47) higher risk of BP progression. Individuals in top TIMP-1 tertile had a 2.15-fold risk of
hypertension (95% CI 0.99-4.68) and 1.68-fold (95% CI 1.05-2.70) risk of BP progression relative
to the lowest tertile. Individuals with detectable MMP-9 had a 1.97-fold higher risk of BP progression
(95% CI 1.06-3.64) compared to those with undetectable levels. Plasma PIIINP was not associated
with hypertension incidence or BP progression.

Conclusions—In our community-based sample, higher TIMP-1 and MMP-9 concentrations were
associated with BP progression on follow-up. Additional studies are warranted to confirm our
findings.
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Introduction

The pathophysiological mechanisms underlying vascular remodeling include the processes
regulating the turnover of extra cellular matrix collagen.! In recent years, scientists have studied
many biomarkers of matrix remodeling that closely reflect the ongoing process of continuous
matrix breakdown and synthesis. Three such families of biomarkers that are associated with
regulation of the extracellular collagen matrix are: matrix metalloproteinases (MMPs), which
are associated with degradation of collagen; tissue inhibitors of metalloproteinases (TIMPS),
which inhibit the activity of metalloproteinases; and procollagen peptides, which reflect the
actual turnover of extracellular collagen.2-4 Of the numerous biomarkers belonging to these 3
families of matrix biomarkers, MMP-9, TIMP-1 proteins, and plasma procollagen 111 N-
terminal peptide (PIIINP) have been extensively studied in experimental investigations, and
have been widely implicated in the complex process of vascular remodeling.1

In clinical studies, high circulating concentrations of TIMP-1 have been associated with
presence of left ventricular (LV) hypertrophy,® prevalent hypertension,6-10 congestive heart
failure (CHF)! and with increased cardiac mortality.12 In comparison to studies that have
evaluated circulating TIMP-1, cross-sectional investigations relating plasma MMP-9 and
PIIINP to hypertension have yielded conflicting results. Some studies reported higher plasma
concentrations of MMP-9%:13.14 and higher plasma PIIINP15 in hypertensive individuals
(compared to their non-hypertensive counterparts), whereas others have noted lower MMP-9
concentrations,16:17 or observed no association of PIIINP1C with hypertension status. Of note,
a polymorphism in the MMP9 gene has been associated with systolic hypertension and with
arterial stiffness in one study,8 but the findings remain to be replicated. One challenge inherent
in the aforementioned cross-sectional studies is that it is impossible to determine if the altered
circulating concentrations of extracellular matrix markers are a consequence of hypertension
(and associated vascular remodeling), or if they antedate and participate in the
pathophysiological vascular changes that contribute to the development of high blood pressure
(BP); only prospective studies can clarify this issue. Accordingly, we examined prospectively
the relations of plasma concentrations of 3 biomarkers of extracellular matrix remodeling
(TIMP-1, MMP-9 and PIIINP) to the incidence of hypertension and to longitudinal tracking
of BP in a community-based sample.
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The Framingham Heart Study began in 1948 with the recruitment of 5209 white individuals
of European descent who were residents of Framingham, MA (referred to as the Original
cohort).19 In 1971, the offspring of the Original cohort and their spouses (n=5124) were
enrolled in the Framingham Offspring Study.20 Participants who attended the sixth
examination cycle of the Framingham Offspring Study (n=3532) were eligible for the present
investigation. At that examination, all attendees underwent routine physical examination,
laboratory assessment of cardiovascular disease risk factors, and transthoracic
echocardiography. The Framingham Heart Study protocol was approved by the Boston
University Medical Center Institutional Review Board, and all participants signed written
informed consent.

At the sixth examination cycle, plasma concentrations of TIMP-1, MMP-9 and PIIINP were
measured in a subsample, chosen to maximize scientific yield and to permit the judicious use
of precious and scarce non-renewable serological resources (given the relative novelty of these
biomarkers from the perspective of an epidemiological cohort). Previously, investigators have
reported associations of extracellular matrix biomarkers to hypertension and related traits (LV
remodeling, hypertrophy, and heart failure)”-10:11.15 in high-risk samples. So, first we
examined the sex-specific distributions of echocardiographic LV internal dimensions (LVID)
and LV wall thickness (LVWT) of attendees. Next, we sampled participants with both LVID
and LVWT measurements below the 50t sex-specific percentile (the “referent” LV group;
n=605), and individuals with either the LVID or LVWT at or above the 90t sex-specific
percentile (referred to as ‘remodeled LV group’; n=439), as detailed elsewhere.2122 We
measured plasma concentrations of the matrix biomarkers in the referent and remodeled LV
group, and participants with available biomarkers were eligible for the present investigation
(n=1026 for TIMP-1, 943 for PIIINP, 700 for MMP-9). A smaller proportion of individuals
had MMP-9 measurements because plasma concentrations were not detectable in a majority
of persons, as detailed elsewhere.> We excluded participants for the following reasons:
prevalent hypertension?? including the use of antihypertensive medications (n=365); prevalent
heart failure (n=3) or myocardial infarction (n=17); serum creatinine >2.0 mg/dl (n=6) or
missing covariates (n=4); and non-attendance at the follow up examination (n=36). Thus, after
exclusions we had 595 non-hypertensive participants (360 women) in our final sample, all of
whom had available plasma concentrations of TIMP-1; of these, 545 individuals had available
plasma PHINP concentrations and 351 had available plasma MMP-9 measurements.

Measurement of risk factors and blood pressure

At the sixth Heart Study examination, attendees underwent physical examination including
anthropometry and BP measurements. Body mass index (BMI) was calculated by dividing
weight in kilograms by height in meter square. Blood pressure readings were obtained using
a mercury column sphygmomanometer and a cuff of appropriate size. The examination BP
was the average of two physician-obtained measurements obtained on the left arm of
participants after they had rested for 5 minutes in a sitting position. The BP of participants was
grouped based on the categories defined by the sixth report of Joint National Committee on
Prevention, Detection, Evaluation and Treatment of High Blood Pressure:24 systolic BP<120
mm Hg and diastolic BP <80 mm Hg; systolic BP 120 to 129 mm Hg or diastolic BP 80 to 84
mm Hg; or systolic BP 130 to 139 mm Hg or diastolic BP 85 to 89 mm Hg.

Measurement of biomarkers

Blood samples were obtained from attendees after an overnight fast (typically between 7.30
AM and 9 AM in the morning), centrifuged and the plasma was frozen at -80 degrees C until
assay. All three matrix biomarkers were measured in duplicate, using two-site sandwich ELISA
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assays for TIMP-1 and MMP-9, and a radioimmunoassay for PIIINP (Amersham Pharmacia
Biotech). Plasma total TIMP-1 assays measured free TIMP-1 and complexes of TIMP-1 with
MMPs, whereas the total MMP-9 assay measures MMP-9, ProMMP-9/TIMP-1 and MMP-9
complexed with various TIMPs. Intra-assay coefficients of variation were: <5% for TIMP-1,
<18% for MMP-9 and 6% for PII1NP.

Echocardiographic measurements

As noted above, all attendees at the sixth examination cycle underwent routine transthoracic
M-mode two-dimensional and Doppler color flow echocardiography using a Sonos 1000
Hewlett-Packard machine. The internal dimensions of the left ventricle (LVIDD), the
thicknesses of the posterior wall (PW) and interventricular septum (1VS) at end-diastole, and
left atrial size at end-systole were obtained by averaging digital M-mode measurements in 3
cardiac cycles, using a leading edge technique and according to the American Society of
Echocardiography guidelines.?® Left ventricular wall thickness (L\VWT) was derived by
adding the diastolic thicknesses of the 1S and the PW. LV mass was calculated by using the
formula2%: 0.8[1.04(LVID+LVWT)3 — (LVIDD)?3] +0.6. The reproducibility of
echocardiographic measurements was good as has been reported previously.2

Blood Pressure Outcomes on Follow-up

At follow-up, approximately 3 years after the sixth examination, participants attended the
seventh examination cycle, at which time they underwent a routine examination including
measurement of their BP. Three BP outcomes on follow-up were evaluated: i. progression in
BP by one or more categories (as defined by the INC V1)24; ii. development of hypertension,
defined as a systolic BP >140 mm Hg or a diastolic BP>90 mm Hg, or use of antihypertensive
medications;22 iii. continuous changes in systolic and diastolic BP.

Statistical Analyses

The baseline characteristics of the participants were assessed by sex, and according to tertiles
of plasma TIMP-1 and PIHINP concentrations. Our primary outcome of interest was new-onset
of hypertension and progression of BP category at the follow up examination (seventh
examination cycle). First, we estimated the unadjusted and the age- and sex-adjusted
proportions of individuals developing hypertension and BP progression on follow-up for the
overall sample according to tertiles of TIMP-1 and PIIINP, and detectability of MMP-9.
Second, multivariable logistic regression models were constructed to analyze the association
of plasma TIMP-1, PIIINP and MMP-9 concentrations to the incidence of hypertension and
to BP progression. Plasma TIMP-1 and PIHINP levels were assessed both as categorical
(tertiles, with the lowest tertile serving as referent) and as continuous variables (natural
logarithmically-transformed to normalize the skewed distributions), whereas plasma MMP-9
concentration was modeled as a binary variable (detectable versus undetectable levels). Two
sets of models were constructed:

. Adjusting for age, sex and LV sampling group (referent group versus LV remodeled
group)

1. Adjusting for age, sex, baseline systolic and diastolic BP, BMI, percentage weight
change on follow-up, smoking, diabetes and LV sampling group (as defined above).

In models incorporating tertiles of TIMP-1 and PIIINP, we compared the incidences of
hypertension and BP progression in the second and top tertiles with that in the first tertile that
served as referent. We also tested for a trend of rising incidence of hypertension and BP
progression across tertiles of these markers.
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We performed additional analyses examining the relations of matrix biomarkers to longitudinal
changes in systolic and diastolic BP analyzed as continuous variables; censored normal
regression?® was used to account for treatment for high BP at the follow-up examination. These
models were adjusted for the covariates noted above (model I1).

Secondary Analyses

Results

We repeated all analyses adjusting for LV mass (a composite variable derived from LVID and
LVWT, the two variables used to define the sampling scheme) in addition to LV group to
reduce the possibility of any residual confounding due to the sampling scheme because higher
LV mass has been associated with incident hypertension.2° To further clarify differences based
on sampling group and to analyze if the relations of matrix biomarkers to incidence of
hypertension and to progression to a higher BP category are influenced by presence of LV
remodeling, we repeated all analyses restricting the sample to the referent group, i.e., those
with <50t sex-specific percentile of LVID and LVWT.

All analyses were performed using PROC LOGISTIC procedure in SAS and CNREG routine
in STATA.30 A two sided p-value of 0.05 was considered statistically significant.

The authors had full access to and take full responsibility for the integrity of the data. All
authors have read and agree to the manuscript as written.

The baseline characteristics of participants are displayed in Table 1. Concentrations of
extracellular matrix biomarkers were similar in men and women. The clinical characteristics
of our sample according to tertiles of TIMP-1 and PI1INP levels are displayed in Appendix
Table 1. Individuals in the highest tertile of TIMP-1 and PIIINP were older, more likely to be
men, and had higher mean BMI and systolic BP and a higher prevalence of diabetes. Sample
sizes for individuals with availability of each of the 3 matrix biomarkers varied, but an
assessment of the clinical characteristics for the samples did not reveal any major differences
(Appendix Table 2). Additionally, there were no significant differences in clinical
characteristics of participants with measured biomarkers compared to rest of the attendees at
the same examination cycle, as previously reported.?!

On follow up (mean 4 years), 81 participants (51 women) developed hypertension and 198
(114 women) progressed to a higher BP category. We observed modest longitudinal changes
in systolic (mean 1.85 mm Hg, SD 11.90) and diastolic BP (mean 0.15 mm Hg, SD 7.63)
disregarding the effect of treatment on follow-up.

The proportion of individuals developing hypertension and the proportion progressing to a
higher BP category rose (Table 2) with increasing tertiles of plasma TIMP-1 and PIIINP
concentrations, and with detectable MMP-9 concentrations (compared to those with
undetectable MMP-9).

Association of Plasma TIMP-1 concentrations to blood pressure progression and
hypertension

We observed a 31-50% higher incidence of hypertension and a 21% increased risk of
progression to higher BP category with increase in one-standard deviation (SD) of log-TIMP-1
(0.15ng/ml; Table 3). These results remained unchanged after excluding participants with atrial
fibrillation (n=5). Individuals in the top tertile of TIMP-1 had an over 2-fold higher incidence
of hypertension and a 68-74% higher likelihood of progression to a higher BP category (Table
3). We also observed a statistically significant trend of higher incidence of hypertension and
progression to higher BP category with increasing TIMP-1 tertiles. These results remained
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unchanged in analyses adjusting for LV mass (data not shown). In censored normal regression
analyses evaluating change in BP as a continuous variable, plasma TIMP-1 concentration was
positively associated with systolic and diastolic BP change, but the results did not reach
statistical significance (p =0.082 and 0.317, respectively).

Association of Plasma MMP-9 concentrations to progression of blood pressure and
hypertension

In our sample, a majority of individuals did not have a detectable concentrations of MMP-9
(n=293). Individuals with detectable levels of MMP-9 (n=60) had a 2-fold risk of progression
to a higher BP category as compared to those with undetectable MMP-9 (Table 3). These results
remained unchanged in analyses adjusting for LV mass (data not shown). Individuals with
detectable MMP-9 did not have a statistically significant higher risk of developing hypertension
in these analyses, although the point estimate of the odds ratios exceeded 1 (Table 3). Plasma
MMP-9 was associated with changes in systolic and diastolic BP analyzed as continuous
variables (p=0.024 and 0.076, respectively).

Association of PIIINP levels to progression of blood pressure and hypertension

Plasma PIIINP levels were neither related to incident hypertension nor to progression of BP
category in any of the models evaluated (Table 3). Analyses of change in systolic and diastolic
BP as continuous variables confirmed these findings (p =0.847 and 0.584, respectively).

Because there was no association of plasma PIIINP to BP outcomes, we calculated our
statistical power to detect associations. We estimated that we have 80% power (at o =0.05) to
detect an association of a magnitude of HR 1.83 and 1.31 for incident hypertension and for
progression of BP category, respectively, per SD increment in log-PHINP (SD=0.62ng/ml).

Secondary Analyses—In the referent LV sub-sample (n=433), 130 participants progressed
to a higher BP category and 45 developed hypertension on follow-up. In this sample, one SD
increase in log TIMP-1 concentrations was associated with a 28-31% higher risk of progression
of BP category (Table 4). Participants in the uppermost tertile of TIMP-1 had about twice the
risk of advancing to a higher BP category as compared to those in first tertile (P value for trend
<0.02 in both models; Table 4). These relations remained unchanged after additional
adjustment for LV mass (data not shown). However, TIMP-1 was not associated with
hypertension in this sample, although the point estimate of the odds ratios exceeded 1 (Table
4). The positive association of detectable MMP-9 concentrations with progression of BP
category was slightly attenuated (Table 4). Detectable MMP-9 was not related to incident
hypertension and plasma PIIINP levels were not associated with incident hypertension or with
progression of BP in this subgroup of individuals (Table 4).

Discussion

Principal findings

Our principal findings are two-fold. First, higher plasma TIMP-1 was associated with greater
risk of progression of BP and incidence of hypertension. Analyses of plasma MMP-9 were
hampered by low rates of detectability. Nonetheless, detectable plasma MMP-9 was associated
with higher likelihood of BP progression. The associations of TIMP-1 and detectable MMP-9
with BP progression were maintained in analyses restricted to a healthier subsample (referent
group), and upon adjustment for LV mass. Analyses of BP change as a continuous variable
corroborated these findings. Second, plasma PIIINP was not associated with either BP outcome
in multivariable analyses, even though unadjusted analyses demonstrated a trend for increase
in rates of BP progression and hypertension incidence; these findings suggest likely
confounding of the relations of PIIINP and BP outcomes by covariates such as BMI that are
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related both to the biomarker and to BP.22 Our results may also reflect limited statistical power
to detect modest associations of this biomarker with BP tracking.

Mechanisms underlying the observed association of matrix biomarkers and BP outcomes

Experimental and clinical studies have suggested that an increase in vascular collagen volume
density occurs in essential hypertension.31:32 Plasma TIMP-1 blocks the activation of several
MMPs and prevents their catalytic activity.33 Hence, higher plasma TIMP-1 levels likely reflect
lesser activity of MMPs and greater accrual of collagen matrix, including within the vascular
wall.#34 Prior clinical data suggest associations of higher TIMP-1 concentrations with
prevalent hypertension.5-10 Researchers have also observed decreases in plasma TIMP-1
concentrations in patients with hypertension after treatment with antihypertensive drugs.” Our
prospective observations are consistent with these prior findings.

In contrast, results of investigations relating plasma MMP-9 levels to prevalent hypertension
have been inconsistent.8:13:14,16,17 Hyman vascular endothelium contains several types of
collagen. Plasma MMP-9 is a type of gelatinases B that digests gelatin and type IV & V
collagen, which is found in subendothelial basement membrane. Hence, it has been proposed
that diminished activity of MMP-9 is associated with accumulation of extracellular matrix in
the resistance arteries, thereby contributing to hypertension. However, in our study we
observed a positive association of detectable MMP-9 and BP progression, which would seem
to be the opposite of what would be expected (based on its biological actions) and warrants
explanation. One possibility is that we measured total MMP-9, which includes MMP-9
complexed with TIMPs; so it is conceivable that the association of total MMP-9 may reflect
the effects of TIMPs. Such an explanation is rendered less likely because the proportion of
individuals with detectable MMP-9 decreased across tertiles of TIMP-1 (Appendix 1). A more
likely possibility is that MMP-9 may reflect the increased matrix breakdown and vascular
inflammation that characteristic of the early stages of vascular remodeling in experimental
models of hypertension.3°:36 As hypertension progresses, increased matrix turnover transitions
to greater fibrosis as reflected by increases in TIMP-1 levels.11:37 Consistent with this proposed
temporal course of MMP/TIMP activation in early hypertension is the observation that levels
of both TIMP-1 and MMP-9 are higher in patients with hypertension in some reports,:9:13
possibly indicating a case mix of individuals at different points along the spectrum of
hypertension, vascular remodeling and LV hypertrophy.

Strengths and Limitations

The moderate-sized community based sample, adjustment for multiple covariates, and
comprehensive analyses of multiple BP outcomes are strengths of our investigation. However,
several limitations must be emphasized. We did not measure matrix markers in individuals
with their LVDD and LVWT in an intermediate range (501-90t" percentiles). We also did not
adjust for left atrial size or LV diastolic function in our analyses. However, we adjusted for
LV group and LV mass (which indirectly accounts for LVDD) in all our analyses. Also, we
did not measure the circulating concentrations of other biomarkers such as MMP-1, -2 or other
types of TIMP levels (e.g. TIMP-2, -4) to examine their associations with BP tracking and
hypertension incidence. In addition, although we did not find any association of PIIINP with
BP outcomes, it is possible that other biomarkers of the same family such as carboxy terminal
propeptide of procollagen type-I or the N-terminal propeptide of type I collagen may be
associated with incident hypertension.38-40 Additional prospective studies with larger sample
sizes and longer follow up durations and which measure other TIMPs, MMPs and markers of
collagen turnover are required to confirm our findings and better characterize the contributions
of extracellular matrix turnover to BP progression in the community.
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We used a single measurement of the biomarkers and their levels may vary over time.*1 Such
analyses using single-occasion measurements would result in an underestimation of the true
strength of the association of biomarkers with the outcomes studied. It is also noteworthy that
prior investigators have reported minimal short-term11 and long-term#2:43 variability over time
for the matrix biomarkers studied in the present investigation in individuals without
cardiovascular diseases!! and in some referral samples with disease.#243 A majority of
participants in our study were white individuals of European ancestry, which limits the
generalizability of our findings to other ethnicities.

Conclusions

In our community-based sample, higher plasma TIMP-1 and MMP-9 concentrations were
associated with greater risk of experiencing progression to a higher BP progression and
developing hypertension on follow up. Overall, these data support the concept that higher
circulating levels of matrix remodeling biomarkers may antedate the onset of hypertension,
perhaps because these markers reflect vascular remodeling that accompanies the evolution of
high BP. PIIINP levels were neither associated with BP progression nor with incident
hypertension.

Acknowledgments

Funding Information: This work was supported through National Heart, Lung & Blood Institute Contract RO1
HL67288, HL080124 and 2K24HL 04334 (Dr Vasan); 1R01AG028321; RO1HL076784 (Dr. Benjamin).

References

1. Intengan HD, Schiffrin EL. Vascular remodeling in hypertension: roles of apoptosis, inflammation,
and fibrosis. Hypertension 2001;38:581—7. [PubMed: 11566935]

2. Brew K, Dinakarpandian D, Nagase H. Tissue inhibitors of metalloproteinases: evolution, structure
and function. Biochim Biophys Acta 2000;1477:267-83. [PubMed: 10708863]

3. Fassina G, Ferrari N, Brigati C, Benelli R, Santi L, Noonan DM, Albini A. Tissue inhibitors of
metalloproteases: regulation and biological activities. Clin Exp Metastasis 2000;18:111-20. [PubMed:
11235986]

4. Galis ZS, Khatri JJ. Matrix metalloproteinases in vascular remodeling and atherogenesis: the good,
the bad, and the ugly. Circ Res 2002;90:251-62. [PubMed: 11861412]

5. Sundstrom J, Evans JC, Benjamin EJ, Levy D, Larson MG, Sawyer DB, Siwik DA, Colucci WS,
Sutherland P, Wilson PW, Vasan RS. Relations of plasma matrix metalloproteinase-9 to clinical
cardiovascular risk factors and echocardiographic left ventricular measures: the Framingham Heart
Study. Circulation 2004;109:2850-6. [PubMed: 15173025]

6. Derosa G, D'Angelo A, Ciccarelli L, Piccinni MN, Pricolo F, Salvadeo S, Montagna L, Gravina A,
Ferrari I, Galli S, Paniga S, Tinelli C, Cicero AF. Matrix metalloproteinase-2, -9, and tissue inhibitor
of metalloproteinase-1 in patients with hypertension. Endothelium 2006;13:227-31. [PubMed:
16840178]

7. Laviades C, Varo N, Fernandez J, Mayor G, Gil MJ, Monreal |, Diez J. Abnormalities of the
extracellular degradation of collagen type I in essential hypertension. Circulation 1998;98:535-40.
[PubMed: 9714110]

8. Lindsay MM, Maxwell P, Dunn FG. TIMP-1: a marker of left ventricular diastolic dysfunction and
fibrosis in hypertension. Hypertension 2002;40:136-41. [PubMed: 12154103]

9. Tayebjee MH, Nadar S, Blann AD, Gareth Beevers D, MacFadyen RJ, Lip GYH. Matrix
metalloproteinase-9 and tissue inhibitor of metalloproteinase-1 in hypertension and their relationship
to cardiovascular risk and treatment: A substudy of the Anglo-Scandinavian Cardiac Outcomes Trial
(ASCOT). Am J of Hypertens 2004;17:764-9. [PubMed: 15363817]

Circulation. Author manuscript; available in PMC 2010 March 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dhingra et al.

10.

Page 9

Timms PM, Wright A, Maxwell P, Campbell S, Dawnay AB, Srikanthan V. Plasma tissue inhibitor
of metalloproteinase-1 levels are elevated in essential hypertension and related to left ventricular
hypertrophy. Am J Hypertens 2002;15:269-72. [PubMed: 11939619]

11. Ahmed SH, Clark LL, Pennington WR, Webb CS, Bonnema DD, Leonardi AH, McClure CD, Spinale

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

FG, Zile MR. Matrix metalloproteinases/tissue inhibitors of metalloproteinases: relationship between
changes in proteolytic determinants of matrix composition and structural, functional, and clinical
manifestations of hypertensive heart disease. Circulation 2006;113:2089-96. [PubMed: 16636176]

Cavusoglu E, Ruwende C, Chopra V, Yanamadala S, Eng C, Clark LT, Pinsky DJ, Marmur JD. Tissue
inhibitor of metalloproteinase-1 (TIMP-1) is an independent predictor of all-cause mortality, cardiac
mortality, and myocardial infarction. Am Heart J 2006;151:1101-8. [PubMed: 16644343]
Tayebjee MH, Nadar SK, MacFadyen RJ, Lip GYH. Tissue inhibitor of metalloproteinase-1 and
matrix metalloproteinase-9 levels in patients with hypertension: Relationship to tissue Doppler
indices of diastolic relaxation. Am J of Hypertens 2004;17:770-4. [PubMed: 15363818]

Yasmin, Wallace S, McEniery CM, Dakham Z, Pusalkar P, Maki-Petaja K, Ashby MJ, Cockcroft JR,
Wilkinson 1B. Matrix Metalloproteinase-9 (MMP-9), MMP-2, and Serum Elastase Activity Are
Associated With Systolic Hypertension and Arterial Stiffness. Arterioscler Thromb Vasc Biol
2005;25:372-8. [PubMed: 15556929]

Diez J, Laviades C, Mayor G, Gil MJ, Monreal I. Increased Serum Concentrations of Procollagen
Peptides in Essential Hypertension : Relation to Cardiac Alterations. Circulation 1995;91:1450-6.
[PubMed: 7867186]

Li-Saw-Hee FL, Edmunds E, Blann AD, Beevers DG, Lip GY. Matrix metalloproteinase-9 and tissue
inhibitor metalloproteinase-1 levels in essential hypertension. Relationship to left ventricular mass
and anti-hypertensive therapy. Int J Cardiol 2000;75:43-7. [PubMed: 11054505]

Zervoudaki A, Economou E, Stefanadis C, Pitsavos C, Tsioufis K, Aggeli C, Vasiliadou K, Toutouza
M, Toutouzas P. Plasma levels of active extracellular matrix metalloproteinases 2 and 9 in patients
with essential hypertension before and after antihypertensive treatment. J Hum Hypertens
2003;17:119-24. [PubMed: 12574790]

Yasmin, McEniery CM, O'Shaughnessy KM, Harnett P, Arshad A, Wallace S, Maki-Petaja K,
McDonnell B, Ashby MJ, Brown J, Cockcroft JR, Wilkinson IB. Variation in the Human Matrix
Metalloproteinase-9 Gene Is Associated With Arterial Stiffness in Healthy Individuals. Arterioscler
Thromb Vasc Biol 2006;26:1799-805. [PubMed: 16709939]

Dawber TR, Meadors GF, Moore FE Jr. Epidemiological approaches to heart disease: the Framingham
Study. Am J Public Health 1951;41:279-81.

Kannel WB, Feinleib M, McNamara PM, Garrison RJ, Castelli WP. An investigation of coronary
heart disease in families. The Framingham offspring study. Am J Epidemiol 1979;110:281-90.
[PubMed: 474565]

Sundstrom J, Evans JC, Benjamin EJ, Levy D, Larson MG, Sawyer DB, Siwik DA, Colucci WS,
Wilson PW, Vasan RS. Relations of plasma total TIMP-1 levels to cardiovascular risk factors and
echocardiographic measures: the Framingham heart study. Eur Heart J 2004;25:1509-16. [PubMed:
15342170]

Wang TJ, Larson MG, Benjamin EJ, Siwik DA, Safa R, Guo CY, Corey D, Sundstrom J, Sawyer DB,
Colucci WS, Vasan RS. Clinical and echocardiographic correlates of plasma procollagen type 111
amino-terminal peptide levels in the community. Am Heart J 2007;154:291-7. [PubMed: 17643579]
Chobanian AV, Bakris GL, Black HR, Cushman WC, Green LA, Izzo JL Jr, Jones DW, Materson
BJ, Oparil S, Wright JT Jr, Roccella EJ. The Seventh Report of the Joint National Committee on
Prevention, Detection, Evaluation, and Treatment of High Blood Pressure: The JNC 7 Report. JAMA
2003;289

The sixth report of the Joint National Committee on prevention, detection evaluation, and treatment
of high blood pressure. Arch Intern Med 1997;157:2413-46. [PubMed: 9385294]

Sahn DJ, DeMaria A, Kisslo J, Weyman A. Recommendations regarding quantitation in M-mode
echocardiography: results of a survey of echocardiographic measurements. Circulation
1978;58:1072-83. [PubMed: 709763]

Devereux RB, Reichek N. Echocardiographic determination of left ventricular mass in man. Anatomic
validation of the method. Circulation 1977;55:613-8. [PubMed: 138494]

Circulation. Author manuscript; available in PMC 2010 March 3.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Dhingra et al.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 10

Sundstrom J, Sullivan L, Selhub J, Benjamin EJ, D'Agostino RB, Jacques PF, Rosenberg IH, Levy
D, Wilson PWF, Vasan RS. Relations of plasma homocysteine to left ventricular structure and
function: the Framingham Heart Study. Eur Heart J 2004;25:523-30. [PubMed: 15039133]

Tobin MD, Sheehan NA, Scurrah KJ, Burton PR. Adjusting for treatment effects in studies of
quantitative traits: antihypertensive therapy and systolic blood pressure. Stat Med 2005;24:2911-35.
[PubMed: 16152135]

Post WS, Larson MG, Levy D. Impact of left ventricular structure on the incidence of hypertension.
The Framingham Heart Study. Circulation 1994;90:179-85. [PubMed: 8025994]

SAS Institute Inc. SAS/STAT User's Guide, Version 8.2. Cary, N.C: SAS Institute Inc.; 2002. p.
1476-1636.Reg. Procedure

Intengan HD, Deng LY, Li JS, Schiffrin EL. Mechanics and composition of human subcutaneous
resistance arteries in essential hypertension. Hypertension 1999;33:569-74. [PubMed: 9931167]

Iwatsuki K, Cardinale GJ, Spector S, Udenfriend S. Hypertension: increase of collagen biosynthesis
in arteries but not in veins. Science 1977;198:403-5. [PubMed: 198877]

Galis ZS, Muszynski M, Sukhova GK, Simon-Morrissey E, Unemori EN, Lark MW, Amento E,
Libby P. Cytokine-stimulated human vascular smooth muscle cells synthesize a complement of
enzymes required for extracellular matrix digestion. Circ Res 1994;75:181-9. [PubMed: 8013077]
Nagase H, Suzuki K, Itoh Y, Kan CC, Gehring MR, Huang W, Brew K. Involvement of tissue
inhibitors of metalloproteinases (TIMPS) during matrix metalloproteinase activation. Adv Exp Med
Biol 1996;389:23-31. [PubMed: 8860990]

Bouvet C, Moreau S, Blanchette J, de Blois D, Moreau P. Sequential Activation of Matrix
Metalloproteinase 9 and Transforming Growth Factor {beta} in Arterial Elastocalcinosis.
Avrterioscler Thromb Vasc Biol 2008;28:856—-62. [PubMed: 18292396]

Flamant M, Placier S, Dubroca C, Esposito B, Lopes I, Chatziantoniou C, Tedgui A, Dussaule JC,
Lehoux S. Role of Matrix Metalloproteinases in Early Hypertensive Vascular Remodeling.
Hypertension 2007;50:212-8. [PubMed: 17515450]

Janicki JS, Brower GL, Gardner JD, Chancey AL, Stewart JA Jr. The dynamic interaction between
matrix metalloproteinase activity and adverse myocardial remodeling. Heart Fail Rev 2004;9:33-42.
[PubMed: 14739766]

Diez J, Querejeta R, Lopez B, Gonzalez A, Larman M, Martinez Ubago JL. Losartan-dependent
regression of myocardial fibrosis is associated with reduction of left ventricular chamber stiffness in
hypertensive patients. Circulation 2002;105:2512-7. [PubMed: 12034658]

Lopez B, Querejeta R, Varo N, Gonzalez A, Larman M, Martinez Ubago JL, Diez J. Usefulness of
serum carboxy-terminal propeptide of procollagen type | in assessment of the cardioreparative ability
of antihypertensive treatment in hypertensive patients. Circulation 2001;104:286-91. [PubMed:
11457746]

Querejeta R, Varo N, Lopez B, Larman M, Artinano E, Etayo JC, Martinez Ubago JL, Gutierrez-
Stampa M, Emparanza JI, Gil MJ, Monreal I, Mindan JP, Diez J. Serum carboxy-terminal propeptide
of procollagen type | is a marker of myocardial fibrosis in hypertensive heart disease. Circulation
2000;101:1729-35. [PubMed: 10758057]

MacFadyen RJ. Intraindividual temporal variance of biomarkers and the definition of individualized
prognosis in cardiovascular patients. J Hum Hypertens 2006;20:383-6. [PubMed: 16543908]
Trocme C, Leroy V, Sturm N, Hilleret MN, Bottari S, Morel F, Zarski JP. Longitudinal evaluation
of a fibrosis index combining MMP-1 and PIHIINP compared with MMP-9, TIMP-1 and hyaluronic
acid in patients with chronic hepatitis C treated by interferon-alpha and ribavirin. J Viral Hepat
2006;13:643-51. [PubMed: 16970595]

Wilson EM, Gunasinghe HR, Coker ML, Sprunger P, Lee-Jackson D, Bozkurt B, Deswal A, Mann
DL, Spinale FG. Plasma matrix metalloproteinase and inhibitor profiles in patients with heart failure.
J Card Fail 2002;8:390-8. [PubMed: 12528092]

Circulation. Author manuscript; available in PMC 2010 March 3.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

Dhingra et al.

Table 1
Baseline Characteristics of Study Participants

Page 11

Characteristic (N’\ilggs) mgg‘;or;
Clinical Data
Age, yrs 54+9 55+9
Body mass index, kg/m? 27.1+38 25.5+4.9
Systolic blood pressure, mm Hg 119+10 115413
Diastolic blood pressure, mm Hg 757 7018
Optimal BP, % 48.9 59.7
Normal BP % 21.7 217
Diabetes, % 5.5 2.2
Current cigarette smoking, % 14.0 18.1
Weight change, % 0.745.3 1.1+6.5
Sex-specific LVID and LVWT distributions, %
LVID and LVWT <50" percentile 73.6 72.2
LVID or LVWT >90™ percentile 26.4 27.8
Matrix remodeling markers, ng/mL
TIMP-1, median IQR 776 (154) 734 (148)
PIIINP, median IQR 3.08 (1.47) 3.03 (1.55)
MMP-9, % detectable 175 17.3

All values are mean + standard deviation or otherwise indicated

Optimal blood pressure, systolic <120 mm Hg and diastolic <80 mm Hg; normal blood pressure, systolic 120-129 mm Hg or diastolic 80-84 mm Hg; high

normal blood pressure, systolic 130-139 mm Hg or diastolic 85-89 mm Hg.

TIMP-1: tissue inhibitor of metalloprotein-1; MMP-9: matrix metalloprotein-9; PIIINP: procollagen Il N terminal peptide; LVID: Left ventricular internal

dimension; LVWT: left ventricular wall thickness
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Appendix Table 1
Baseline Characteristics According to Tertiles of TIMP-1 and PIIINP
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Tertiles of TIMP-1 Tertiles of PIIINP

Characteristic Total

Tertile 1 Tertile 2 Tertile 3 Tertile 1 Tertile 2 Tertile 3
Clinical Data
Age, yrs 54.6+8.9 52.1+7.2 54.0+8.3 57.7+10.1 52.6+8.0 55.9+8.6 55.7+9.7
Women, % 60.5 68.2 62.3 51.0 61.0 62.4 50.3
Body mass index, kg/m2 26.1+4.6 25.1+3.9 26.1+4.4 27.2+5.2 25.3+x3.9 25.9+4.2 27.4%55
a‘gm"c blood pressure, mm 447,15 11412 118412 118411 115412 117412 118+12
aigas“’"c blood pressure, mm 4, 7148 73+8 7348 7248 7248 7348
Optimal BP, % 55.5 63.1 50.8 52,5 59.3 51.4 54.4
Normal BP % 24.0 22.7 25.6 23.7 20.9 30.4 20.3
Diabetes, % 35 25 3.0 5.1 1.7 3.3 55
Current cigarette smoking, % 16.5 15.7 17.1 16.7 225 12.2 13.7
Weight change, % 1.0 1.3£5.6 0.5+6.6 1.0£6.0 1.1+6.9 0.8+6.0 0.945.3
LVDD and LVWT, below
sex-specific 50™ percentile, % 728 83 724 67.7 8 729 67:6
LVDD or LVWT, above 90"
percentile, % 27.2 21.7 27.6 32.3 24.2 27.1 324
Matrix remodeling markers,
ng/mL
TIMP-1, ng/ml median (IQR) 752.5 (155.3)  652.6 (62.0) 752.5 (55.5) 870.0 (87.8) 714.2 (132.2) 756.9 (150.9) 775.7 (161.8)
PHINP, ng/ml median (IQR) 3.05 (1.49) 2.76 (1.45) 3.06 (1.46) 3.28 (1.54) 2.13(0.68) 3.05 (0.44) 4.56 (2.20)
MMP-9, % detectable 17.4 214 17.9 13.6 14.2 141 25.3

1duasnue Joyiny vd-HIN
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All values are mean + standard deviation or otherwise indicated

Optimal blood pressure, systolic <120 mm Hg and diastolic <80 mm Hg; normal blood pressure, systolic 120-129 mm Hg or diastolic 80-84 mm Hg; high
normal blood pressure, systolic 130-139 mm Hg or diastolic 85-89 mm Hg.

TIMP-1: tissue inhibitor of metalloproteinase-1; MMP-9: matrix metalloproteinase-9; PIIINP: procollagen I11 N-terminal peptide

LVDD: left ventricular internal diastolic dimension; LVWT: left ventricular wall thickness
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Appendix Table 2
Baseline Characteristics of the Study Participants According to Measured Biomarkers
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Measured Biomarkers

Characteristic P value
TIMP-1 MMP-9 PIINP
Clinical Data N=595 N=351 N=545
Age, yrs 55+9 55+9 55+9 0.40
Women, % 60.5 59.3 60.9 0.60
Body mass index, kg/m? 26.1+46 269+48 26.2+4.7 <0.0001
Systolic blood pressure, mm Hg 117+ 12 117+ 12 117+ 12 0.43
Diastolic blood pressure, mm Hg 72+8 72+8 72+8 0.56
Optimal BP, % 55.5 52.4 55.1 0.16
Normal BP % 24.0 24.8 239 0.82
Diabetes, % 35 4.0 35 0.76
Current cigarette smoking, % 16.5 14.3 16.2 0.20
Weight change, % 1.0+6.1 1.1+6.6 09+6.1 0.82
Matrix remodeling markers, ng/mL
TIMP-1, ng/ml median (IQR) 753 (155) 758 (154) 752 (157) 0.04
PHINP, ng/ml median (IQR) 3.05 (1.49) 3.02 (1.32) 3.05 (1.49) 0.11
MMP-9, % detectable 17.4 17.4 17.4 0.98
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