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Abstract

The contribution of inflammation to hypertension and target organ damage is under investigation.
The matrix metalloproteinase (MMP) enzymes are inflammatory mediators that may contribute to
hypertension and its target organ consequences. Here we probe MMPs as inflammatory mediators
in hypertension, by studying all three MMP classes in uncomplicated hypertension as well
hypertension with profound renal damage, such as hypertensive end-stage renal disease (ESRD). We
assayed plasma levels of five MMPs: one collagenase (MMP-1), two gelatinases (MMP-2, MMP-9),
and two stromelysins (MMP-3, MMP-10). In hypertension, MMP-9 was elevated versus
normotensive controls. Systolic blood pressure (SBP) in all three subject groups positively correlated
with MMP-9. In hypertensive-ESRD, MMP-2 and MMP-10 were elevated compared to both
hypertensive and normotensive subjects. Several correlations occurred across MMPs, suggesting
coordinate biosynthetic control. Our results suggest discrete patterns of MMP overexpression in
hypertension, with MMP-9 elevated early, and MMP-2 and MMP-10 linked to target organ damage.
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Introduction

There is a growing body of evidence suggesting that chronic vascular inflammation plays a
role in the development of essential hypertension, either as a pathogenic or secondary event
(1). Inflammatory mediators, such as C-reactive protein (CRP), interleukin 15 (IL-1p);
interleukin 6 (IL-6), tumor necrosis factor alpha (TNF-«), and reactive oxygen species (ROS),
have been proposed to contribute to essential hypertension through several mechanisms,
including enhancement of arterial stiffness and/or endothelial dysfunction (1). Long-term
complications of hypertension include target organ damage, especially in the kidney. The
mechanism whereby hypertension leads to chronic kidney disease and progression to end-stage
renal disease (ESRD) remains poorly understood, and the extent to which inflammation
contributes to this process is unknown.

Increased interest in inflammation has led to the investigation of additional inflammatory
mediators, including the matrix metalloproteinase (MMP) family of enzymes. Matrix
metalloproteinases are proteolytic enzymes that degrade the extracellular matrix (ECM), the
basement membrane, and play a role in tissue repair and vascular remodeling (2,3). At this
point, 23 MMPs have been identified in humans, but substrate specificity for MMPs is not
completely characterized. Known substrates include most of the ECM components (e.g.,
fibronectin, laminin) and many types of collegen (3). Matrix metalloproteinases can also cleave
several classes of cell surface molecules, including adhesion molecules, receptors, chemokines,
cytokines, growth factors, proteases, intercellular junction proteins, and structural molecules
(4). Matrix metalloproteinase proteolysis of these cell surface molecules can result in
maturation, degradation, activation, or inactivation of the molecules, leading to complex
regulation of physiology by MMPs (4). For example, both MMP-2 and MMP-9 have pro-and
anti-inflammatory effects (2). Matrix metalloproteinase have recently been shown to be
associated with receptor cleavage of the insulin receptor leading to insulin resistance (5), a
state typically associated with hypertension.

Matrix metalloproteinases have been implicated in the development and progression of many
cardiovascular diseases, including essential hypertension (3). Elevation of plasma MMP-9 has
been associated with increased arterial stiffness and elevated blood pressure in essential
hypertension (6), but much of the existing data on plasma MMP-levels in hypertension is
inconsistent. Other investigations have suggested that plasma MMP-9 is actually decreased in
hypertensive subjects compared to normotensive controls (7,8). In addition, a focused
investigation of plasma MMPs in ESRD subjects with kidney failure attributed to essential
hypertension (hypertensive-ESRD) has not been reported in the literature.

The most commonly studied MMPs in essential hypertension are MMP-2 and MMP-9. The
purpose of this study is to broaden the scope of our understanding of MMP involvement in
hypertension, by studying all three classes of soluble MMPs (collagenases, gelatinases, and
stromelysins) in not only uncomplicated hypertension, but also in hypertension with severe
target organ damage. To that end, we determined the levels of five MMPs (MMP-1, MMP-2,
MMP-3, MMP-9, MMP-10) in three populations of human subjects: 1) normotensive controls;
2) essential hypertensive subjects; and 3) ESRD subjects with kidney failure attributed to
essential hypertension. Levels of plasma MMP-3 and MMP-10 have not previously been
reported in essential hypertension, and no plasma MMP data has been reported in a population
of hypertensive-ESRD subjects.
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Human Subjects

All participants gave written, informed consent. Plasma was isolated from antecubital venous
blood collected onto heparin, and then frozen at —80°C prior to immunoassays in batches.
Blood pressure was measured in seated subjects by an aneroid cuff sphygmomanometer. The
normotensive control group consisted of 18 healthy volunteers with no history of hypertension.
The hypertensive group consisted of 20 volunteers diagnosed with essential hypertension with
initial criteria of SBP > 140 mmHg or DBP > 90 mmHg, or both; subsequently, each individual
was treated with anti-hypertensive medications (ACEI in n = 9, alpha adrenergic antagonists
in n = 6, angiotensin receptor blockers in n = 3, beta adrenergic antagonists in n = 11, calcium
channel blockers in n = 4, and diuretics in n = 7, alone or in combination). The ESRD group
consisted of 30 African-Americans on dialysis with kidney failure attributed to essential
hypertension (severe hypertension with renal failure in the absence of diabetes or excessive
proteinuria). Each ESRD subject was treated with anti-hypertensive medications (ACEl in n
=9, alpha adrenergic antagonists in n = 1, alpha adrenergic agonists in n = 6, angiotensin
receptor blockers in n = 5, beta adrenergic antagonists in n = 20, calcium channel blockers in
n = 15, and diuretics in n = 8, alone or in combination).

Matrix Metalloproteinase Immunoassays

The plasma concentrations of MMP-1, MMP-2, MMP-3, and MMP-10 were measured using
the MS2400 Human MMP 2-Plex and 3-Plex Ultra-Sensitive Kits and the Sector Imager 2400
(Meso Scale Discovery, Gaithersburg, MD) based on electrochemiluminescence detection
technology. Data reduction and calculation were performed with MSD Discovery workbench
software (v 3.0.17.3). The concentration of MMP-9 was measured using R&D System’s ELISA
Kit (Minneapolis, MN) on a Spectramax M5 plate reader equipped with SoftmaxPro v5.2
software for data reduction (Molecular Devices, Sunnyvale, CA). The intraassay coefficient
of variation (CV) ranges were as follows: MMP-1: 2.1-12.9%; MMP-2: 1.1-10.8%; MMP-3:
2.5-11.6%; MMP-9: 0.9-7.4%; and MMP-10: 1.6-12.3%. The inter-assay CV ranges were as
follows: MMP-1: 2.3-10.1%; MMP-2: 1.2-10.4%; MMP-3: 1.0-10.9%; MMP-9: 2.4-12.3%;
and MMP-10: 0.9-9.5%.

Statistical Analysis

Results

Data are presented as mean + standard error of the mean (SEM). All statistical analyses,
including univariate analysis of variance (ANOVA) with sex, age, and biogeographical
ancestry as covariates, pairwise comparison of subject groups corrected for multiple
comparisons, chi-square tests, and computation of partial correlation coefficients, were
performed with SPSS version 11.5.0 for Windows (SPSS Inc., Chicago, IL).

Subject Population Demographics and Clinical Characteristics

The mean age of the normotensive control group (34.7 + 4.3 years) is significantly less than
the mean age of the hypertensive (60.5 + 2.7 years, p < 0.001) and ESRD groups (53.9 + 2.3
years, p < 0.001) (Table 1). The normotensive group displayed a reduced body-mass index
(BMI) (24.4 + 1.4 kg/m?), systolic blood pressure (SBP) (122 + 6 mm Hg), and diastolic blood
pressure (DBP) (66 + 3 mm Hg) compared to the hypertensive group (BMI: 30.1 + 1.3 kg/
m?2, p = 0.008; SBP: 143 + 5 mm Hg, p = 0.016; DBP: 81 + 3 mm Hg, p = 0.006) (Table 1).
The normotensive group displayed a reduced SBP, DBP, and HR compared to the ESRD group
(SBP: 150 + 4 mm Hg, p < 0.001; DBP: 81 + 2 mm Hg, p = 0.001; heart rate (HR): 87 + 2
beats/minute, p < 0.001) (Table 1). The distribution of biogeographical ancestry (chi-square
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test, p < 0.001) and sex (chi-square test, p < 0.001) differed significantly among the
normotensive, hypertensive, and ESRD groups (Table 1). Age, sex, and biogeographical
ancestry were therefore treated as co-variates in the statistical model and MMP levels were
adjusted accordingly.

MMP in Essential Hypertension

Elevated plasma levels of MMP-9 were observed in hypertensive subjects (146.4 + 18.4 ng/
mL) compared to normotensive subjects (80.1 + 20.3 ng/mL; p = 0.030). (Table 1 and Figure
1). No differences in MMP-1, MMP-2, MMP-3, and MMP-10 were detected in the plasma of
hypertensive subjects versus normotensive subjects.

MMP in Hypertensive ESRD

MMPC

Plasma MMP-9 was elevated in ESRD subjects (157.9 + 13.6 ng/mL) compared to the
normotensive subjects (80.1 + 20.3 ng/mL; p = 0.003) (Table 1 and Figure 1). Plasma MMP-2
was elevated in ESRD subjects (244.0 £ 15.6 ng/mL) compared to both the hypertensive (165.5
+20.6 ng/mL; p = 0.003) and normotensive (186.0 + 22.9 ng/mL; p = 0.049) subjects (Table
1 and Figure 1). Elevated plasma levels of MMP-10 were also observed in ESRD subjects (6.6
+0.7 ng/mL) compared to both the hypertensive (1.9 £ 1.0 ng/mL; p <0.001) and normotensive
(2.4 £ 1.1 ng/mL; p = 0.003) groups (Table 1 and Figure 1). No differences in plasma MMP-1
or MMP-3 were detected in the ESRD group compared to the hypertensive or normotensive
groups.

MMP-on-MMP partial correlation coefficients computed in the set of all three subject groups
combined (i.e., normotensive, hypertensive, and ESRD) were controlled for age, sex, and
biogeographical ancestry. Statistically significant (p < 0.05) positive correlations were found
between MMP-1 and MMP-2 (R = 0.2786, p = 0.027), MMP-1 and MMP-9 (R =0.3898, p =
0.002), MMP-1 and MMP-10 (R = 0.3480, p = 0.005), MMP-2 and MMP-3 (R = 0.2651, p =
0.036), and MMP-2 and MMP-10 (R = 0.7422, p < 0.001) (Table 2 and Figure 2).

MMP trait-on-trait (i.e., MMP on SBP, DBP, HR, and BMI) partial correlation coefficients
computed in the set of all three subject groups combined (i.e., normotensive, hypertensive, and
ESRD) were also controlled for age, sex, and biogeographical ancestry. Statistically significant
(p < 0.05) correlations were found between MMP-9 and SBP (R = 0.2576, p = 0.042), and
between MMP-2 and BMI (R =—-0.3517, p = 0.005) (Table 3).

Discussion

Matrix metalloproteinases are implicated in the pathology of vascular diseases and several
studies suggest that MMPs also play pathogenic roles in these disorders (3). For example,
identification of a functional polymorphism in the promoter of the MMP-9 gene (9), which is
associated with severity of arterial stiffness and hypertension (6), indicates that contributions
of MMPs towards hypertension originate at the genetic level. In addition, the observation that
plasma MMP-9 is elevated in healthy, normotensive subjects with high-normal blood pressure
(10) (a pathological stage in the progression towards complete expression of essential
hypertension) further supports a pathogenic role for MMP dysfunction in essential
hypertension (10). However, the specific MMPs that are abnormal in essential hypertension
and their relative expression levels in hypertensives and normotensive controls remains
unclear. Here we explored the expression of a spectrum of MMPs in not only uncomplicated
hypertension but also hypertension resulting in severe target organ (renal) damage.
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MMPs and Essential Hypertension

We assayed a total of five MMP isoforms (MMP-1, MMP-2, MMP-3, MMP-9, and MMP-10),
designed to span the major categories of soluble MMPs: collagenases (MMP-1), gelatinases

(MMP-2, MMP-9), and stromelysins (MMP-10). We detected all five enzymes in the plasma
of hypertensives and normotensive controls (Table 1). The most commonly studied MMPs in
human essential hypertension are MMP-2 and MMP-9; to the best of our knowledge, we are
the first to report MMP-3 and MMP-10 measurements in human essential hypertension. We

observed that MMP-9 is present in significantly higher levels in essential hypertension than in
normotensive controls (Figure 1), which is consistent with previous studies (11,12). Elevation
of MMP-9 is important because abnormal MMP levels can stimulate vascular inflammation,

a potential contributor in the pathogenesis and progression of essential hypertension (1,3). The
pathogenic role of MMP-9 and inflammation in essential hypertension is further supported by
the positive correlation of plasma MMP-9 levels with SBP (R = 0.2576, p = 0.042) (Table 3).

Previous studies, however, have also reported decreased MMP-9 levels in hypertension (7,8)
as well as no difference in MMP-9 between hypertensives and normotensive controls (13). We
also observed no difference in plasma levels of MMP-1 or MMP-2, but previous studies have
reported decreased levels of MMP-1 (14), decreased levels of MMP-2 (8), or increased levels
of MMP-2 (12) in hypertensive cases versus normotensive controls. It is likely that
inconsistencies in reported plasma MMP levels reflect the complex regulation of inflammation
by MMPs, as well as differences in study design, subject populations, or statistical power.
Indeed, MMP-2 and MMP-9 are known to have both pro- and anti-inflammatory effects (2),
and several physiological parameters have been reported to affect plasma MMP levels: the
presence and type of anti-hypertensive drug treatment (3,8,13), and the presence and severity
of co-morbidities such as left-ventricular hypertrophy (3,13) or end-organ damage (8). Of note,
all hypertensive subjects were treated with angiotensin-converting enzyme (ACE) inhibitors
(n =9), alpha adrenergic antagonists (n = 6), angiotensin receptor blockers (n = 3), beta
adrenergic antagonists (n = 11), calcium channel blockers (n = 4), and diuretics (n = 7), alone
or in combination. ACE inhibitors have been demonstrated to inhibit MMP activity (15) and
calcium channel blockers have been shown to increase (felodipine (8), amlodipine (16)) or
have no effect on plasma MMP levels (diltiazem (8), amlodipine (16)). Common over-the-
counter cycloxygenase inhibitors (e.g., aspirin) have also been shown to inhibit MMP activity
(17,18). Nine of the 20 hypertensive subjects reported use of cycloxygenase inhibitors (aspirin
in n = 5; ibuprofen in n = 1; acetaminophen in n = 3). The effects of anti-inflammatory and
anti-hypertensive medications are important in studies of MMPs, and even with a heterogenous
medication profile in the hypertensive subjects, differences in plasma MMPs were detected.

Since essential hypertension is seldom an isolated disease, MMP levels reported by
investigators could also differ if subject groups unknowingly exhibit proinflammatory or
prothrombotic components of the metabolic syndrome (e.g., hyperglycemia, atherogenic
dyslipidemia, elevated plasma fibrinogen). Indeed, mean BMI was elevated in our hypertensive
subjects (Table 1). It has also been reported that plasma MMP levels vary in subtypes of
essential hypertension;: MMP-9 was found to be decreased in the plasma of salt-sensitive
essential hypertension compared to salt-resistant essential hypertension (19). It is also possible
that MMP inconsistencies in the literature stem from differences in sample size (i.e., statistical
power), or the distribution of age, sex, or biogeographical ancestry of the subjects. In our subject
population, age, sex, and biogeographical ancestry were unbalanced, though we accounted for
such differences by co-variates in the statistical model; after such age-adjustment, BP status
still had a significant effect upon plasma MMP-9 (Table 1 and Figure 1), nor did age alone
predict plasma MMP concentrations (data not shown). It is well documented that age, sex, and
biogeographical ancestry play a large role in hypertension susceptibility, but their influence
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on MMPs in health and essential hypertension is unclear. A hidden, systematic effect of age,
sex, or biogeographical ancestry cannot be completely overlooked.

MMPs and End-Stage Renal Disease

Alteration of plasma MMPs in hypertensive ESRD has not previously been reported in the
literature. All subjects in our ESRD sample population developed kidney failure as a
complication of severe essential hypertension. For reasons that remain incompletely
understood, hypertensive ESRD occurs most frequently in African-Americans, and this skewed
distribution among biogeographical ancestries is reflected in our ESRD subject sample, i.e.,
the ESRD group is 100% African-American. Comparison of the ESRD group with the
hypertensive group will help determine if MMPs contribute to hypertensive kidney failure in
African-Americans.

We observed that both MMP-2 and MMP-10 are elevated in ESRD compared to both the
normotensive and hypertensive groups, but that MMP-2 and MMP-10 do not differ between
the normotensive and hypertensive groups (Table 1 and Figure 1). This suggests that MMP-2
and MMP-10 do not play a major role in essential hypertension but instead may be involved
in the development of renal injury once essential hypertension has been established.
Interestingly, MMP-2 and MMP-10 have a strong positive correlation (R = 0.7422, p < 0.001)
(Figure 2), which suggests co-regulation of MMPs in effecting end-organ damage in
hypertension. Elevation of MMP-2 and MMP-10 could also result from impaired filtration in
the damaged kidneys, but this seems unlikely since the relatively large size of MMPs (~60
kDa) would apparently preclude their excretion from the kidneys in either health or disease;
furthermore, simple attribution of elevated MMP-2 and -10 concentrations to diminished
glomerular filtration in ESRD would not account for the unremarkable levels of the other
MMPs (MMP-1, MMP-3) in ESRD.

We also determined that MMP-9 is elevated in both hypertensive and ESRD groups compared
to the normotensive group (Table 1 and Figure 1), but that MMP-9 does not differ between

hypertensive and ESRD groups (Table 1 and Figure 1). This suggests that MMP-9 is involved
in essential hypertension, but it is unclear as to whether MMP-9 contributes to ESRD in addition
to hypertension or if elevated MMP-9 simply reflects the hypertensive status of ESRD subjects.

It is also possible that elevations of MMP-2, MMP-9, and MMP-10 in ESRD result, in part,
from complications of hemodialysis, including inflammation. However, a previous study
compared plasma MMP levels in subjects (with diabetes mellitus or chronic
glomerulonephritis) before and after dialysis and found that MMP-2 and MMP-9 were actually
reduced after dialysis (20). While interesting, this result only addresses the effect of acute
dialysis on plasma MMP levels. Further research is required to understand the effect of long-
term dialysis on plasma MMPs. Another study examined plasma MMP levels in hemodialysis
subjects (with ESRD attributed to glomerulonephritis, interstitial nephritis, polycystic kidney
disease, and unknown causes in several cases) with and without cardiovascular disease
(hypertension, ischemic heart disease, and/or peripheral vascular disease); it was determined
that plasma MMP-2 was increased in hemodialysis subjects with or without cardiovascular
disease, as compared to healthy controls (21). No change was reported in plasma MMP-9 levels
in hemodialysis subjects with or without cardiovascular disease compared to the healthy control
population (21). While the above evidence suggests that dialysis per se can modulate plasma
MMP levels, additional studies are needed to isolate and identify the individual effects of
dialysis, ESRD, and the underlying causal diseases. In our study, we have two variables that
can affect plasma MMP levels: hypertension (disease) and hypertensive-ESRD (kidney
failure). We cannot completely isolate the individual effects of hypertension and hypertensive-
ESRD on plasma MMP levels. A normotensive ESRD group could provide additional
information about the individual contributions of hypertension and ESRD; however, the
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underlying causal diseases of kidney failure in a normotensive ESRD group can vary widely,
and might add additional complexity to the interpretation.

Since our ESRD population consisted of only African-Americans, further research may be
required to understand the effects of biogeographical ancestry on plasma MMPs. It is important
to note that biogeographical ancestry does, in fact, play a major role in susceptibility to
hypertension and hypertensive-ESRD. African-Americans have a higher prevalence of
essential hypertension than other racial and ethnic groups. African-Americans also have a
substantially higher rate of progression from essential hypertension to ESRD than other racial
and ethnic groups. It is possible that MMPs contribute to these effects, but racial and ethnic
differences in MMP expression are poorly understood.

MMP Correlations

Partial correlation coefficients (controlled for age, sex, and biogeographical ancestry) were
computed in the set of all three subject groups combined (normotensive, hypertensive, and
ESRD). Five statistically significant, positive correlations were identified between the MMPs
ranging from R = 0.2651 to R = 0.7422. These correlations suggest co-regulation of MMPs
and their involvement in common molecular mechanisms of inflammation. Interestingly, the
highest MMP-on-MMP correlation coefficient (R = 0.7422) was between MMP-2 and
MMP-10, the only two MMPs elevated solely in ESRD. Whether MMP-2 and MMP-10 act
coordinately to cause kidney damage in hypertension is currently unexplored.

Computation of MMP trait-on-trait (i.e., MMP on SBP, DBP, HR, and BMI) correlations
revealed two significant relationships. MMP-9 is positively correlated with SBP (R = 0.2576,
p = 0.042), which parallels our observation of elevated MMP-9 in hypertension (Table 1), and
further suggests that MMP-9 contributes to the trait. The other relationship found was a
negative correlation of MMP-2 with BMI (R = —0.3517, p = 0.005). End-stage renal disease
subjects frequently experience reductions in BMI, as a consequence of impaired appetite.
Indeed, the mean BMI is less in ESRD subjects than in hypertensive subjects, though the
difference does not reach statistical significance (p = 0.053). The negative correlation between
MMP-2 and BMl is likely driven by elevated plasma MMP-2 in ESRD subjects that exhibit
reductions in BMI in parallel with hypertensive disease progression. In fact, MMP-2 and BMI
lack a statistically significant correlation among only the normotensive and hypertensive
subjects (R = —-0.202, p = 0.251).

Conclusions

We observed elevation of plasma MMP-9 in essential hypertension and a positive correlation
between plasma MMP-9 and SBP. We also observed elevation of plasma MMP-2 and MMP-10
in subjects with hypertensive-ESRD and a positive correlation between plasma MMP-2 and
plasma MMP-10 levels. Matrix Metallo proteinases are candidates for pathological molecular
mechanisms in essential hypertension and hypertensive-ESRD, since the enzymes degrade the
extracellular-matrix, regulate tissue remodeling, and modulate vascular inflammation. At this
point, the cause of plasma MMP variation in hypertension and hypertension-ESRD remains
unknown and tissue MMP measurements in humans are clearly problematic. Thoughtful design
and analysis of experiments is crucial to interpreting plasma MMP studies since subject
population demographics, medications, and co-morbidities can influence circulating MMP
levels. Studies are also needed to assess the relationship between plasma MMP levels and
plasma MMP activity, since enzyme concentrations might change to compensate for
irregularities in enzyme activity and vice versa. Further investigation is required to understand
MMP abnormalities in essential hypertension and hypertensive-ESRD in distinct
subpopulations that vary by biogeographical ancestry, sex, co-morbidity, and underlying causal
disease.
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Figure 1.

MMPs elevated in hypertension and hypertensive-ESRD. The levels of plasma MMP-2 (A),
MMP-9 (B), and MMP-10 (C) are shown in normotensive, hypertensive, and hypertensive-
ESRD subjects. Data was analyzed with ANOVA followed by pairwise comparisons corrected
for multiple comparisons. P-values shown represent significance among the pairwise
comparisons.
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Figure 2.

Correlation of plasma MMP-2 and MMP-10. Correlation analysis controlled for age, sex, and
biogeographical ancestry revealed a statistically significant positive correlation (adjusted R =
0.7422, p < 0.001) between plasma MMP-2 and MMP-10 in the set of normotensive,
hypertensive, and hypertensive-ESRD subjects. The logyg transformed values for unadjusted
plasma MMP-2 and MMP-10 in each subject are displayed in the scatterplot.
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