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Abstract

Background—We evaluated whether aliskiren, valsartan, or the combination was protective
following myocardial infarction (MI) through effects on matrix metalloproteinase (MMP)-9.

Methods and Results—C57BL/6J wild type (WT, n=94) and MMP-9 null (null, n=85) mice
were divided into 4 groups at 3 h post-MI: saline (S), aliskiren (A; 50 mg/kg/d), valsartan (V; 40
mg/kg/d), or A+V and compared to no Ml controls at 28 d post-MI. All groups had similar infarct
areas, and survival rates were higher in the null mice. The treatments influenced systolic function
and hypertrophy index, as well as extracellular matrix (ECM) and inflammatory genes in the
remote region, indicating that primary effects were on the viable myocardium. Saline treated WT
mice showed increased end systolic and diastolic volumes and hypertrophy index, along with
reduced ejection fraction. MMP-9 deletion improved LV function post-MI. Aliskiren attenuated
the increase in end systolic volume and hypertrophy index, while valsartan improved end diastolic
volumes and aliskiren + valsartan improved the hypertrophy index only when MMP-9 was absent.
Extracellular matrix and inflammatory gene expression showed distinct patterns among the
treatment groups, indicating a divergence in mechanisms of remodeling.
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Conclusions—This study shows that MMP-9 regulates aliskiren and valsartan effects in mice.
These results in mice provide mechanistic insight to help translate these findings to post-Ml

patients.
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Introduction

Adverse remodeling of the left ventricle (LV) following myocardial infarction (Ml) is a
significant cause of congestive heart failure. While short-term post-MI survival has
dramatically improved over the past decades, there remains a need to develop therapeutic
strategies to limit or prevent the progression to heart failure. The outcome of LV remodeling
post-MI determines the extent of LV dysfunction that will develop, and the extent of LV
dysfunction predicts the development of heart failure and mortality [1]. Currently, there is a
need for more effective treatments to improve LV remodeling outcomes post-MI. In order to
develop optimal therapeutic strategies, a better understanding of the mechanisms that drive
LV remodeling is needed.

The extracellular matrix (ECM) is a key regulator of LV remodeling, and the matrix
metalloproteinases (MMPs) are a key family of proteases that modulate the ECM response.
A significant MMP involved in ECM degradation and LV remodeling is MMP-9. MMP-9
processes a very broad repertoire of both ECM and non-ECM substrates that have
implications for post-MI remodeling. For example, MMP-9 proteolyzes collagen, elastin,
fibronectin, galectin-3, laminin, pro-MMP-2, pro-MMP-13, and vitronectin [2]. Non-ECM
substrates of MMP-9 that have roles in post-MI remodeling include interleukin (IL)-1p,
IL-8, platelet factor 4, endothelin I, and a2-macroglobulin [2]. A detailed understanding of
substrate functions and the affinity of MMP-9 for this wide range of substrates is needed for
a better understanding of MMP-9 roles as a mediator of post-MI remodeling.

ECM degradation, mediated by MMP-9 and amplified by inflammation, is a major pathway
that stimulates post-MI remodeling. MMP-9 increases early post-MI [3], MMP inhibition
decreases MMP-9 levels and improves outcomes [4, 5], and MMP-9 gene deletion reduces
LV remodeling [6]. In humans, plasma MMP-9 levels predict cardiovascular mortality, as
coronary artery disease patients with the highest MMP-9 levels at baseline show the greatest
cardiovascular mortality rates at the 4 year follow-up [7]. Plasma MMP-9 and TIMP-1, but
not NTproBNP, correlate with increased end diastolic volumes, implicating MMP-9 as a
clinical biomarker of LV remodeling and adverse prognosis [8]. Further, we have previously
identified a role of MMP-9 in the pro-inflammatory response, suggesting a possible
regulating mechanism [9].

Aliskiren is a direct renin inhibitor and is the only member of a new class of anti-
hypertensive agents. Valsartan is an angiotensin 11 receptor blocker. Both have been shown
to exert mechanisms beyond blood pressure reduction, and these mechanisms also involve
MMP-9 [10, 11]. In multiple animal disease models, there is a robust induction of renin,
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angiotensin-converting enzyme (ACE), and angiotensin type | receptor (AT1R) during the
inflammatory response. Aliskiren reduces the levels of multiple genes in the renin-
angiotensin-aldosterone system pathway [12]. ACE inhibitors repress adverse LV
remodeling in post-MI patients and improve LV function [13]. Similar to aliskiren and
valsartan, ACE inhibitors target the renin-angiotensin-aldosterone pathway and have anti-
inflammatory effects. Fujiwara and colleagues showed that valsartan inhibits both
macrophage infiltration and MMP-9 levels in an abdominal aortic aneurysm model [14].

Both compounds have anti-inflammatory roles, but whether they affect LV remodeling post-
MI and if MMP-9 regulates this response have not been explored. We hypothesized that the
two agents may have effects on post-MI remodeling by modulating inflammation and
fibrosis through direct and indirect effects on MMP-9. Accordingly, we examined the ability
of aliskiren and valsartan, alone or in combination and through MMP-9, to influence post-
MI remodeling in a mouse model of permanent artery occlusion.

A more complete description of the methods is included in the supplementary methods file.

All animal procedures were conducted according to the “Guide for the Care and Use of
Laboratory Animals” (Eighth edition, revised 2011) and were approved by the institutional
animal care and use committee at the University of Texas Health Science Center at San
Antonio. Young C57BL/6J WT (4.5+1.5 months, n=94) and MMP-9 null (4.5£1.5 months,
n=85) male and female mice were used in this study. The MMP-9 null mice were generated
in the laboratory of Dr. Zena Werb and were backcrossed into the C57BL/6J background in
the laboratory of Dr. Lynn Matrisian [15, 16].

WT and MMP-9 null mice were randomly divided into five groups, and each group had a
minimum of n=6 (n=3 male and n=3 female) surviving mice. The five groups were: day (d)
0 naive no MI controls, M1 with saline, M1 with aliskiren (A, 50 mg/kg/d), Ml with
valsartan (V, 40 mg/kg/d), and MI with aliskiren and valsartan (A+V). Ml was induced by
permanently ligating the left anterior descending coronary artery as previously described
[17]. At 3 h post-Ml, the drugs were administered by osmotic pump (Alzet; 2004; Cupertino,
CA). Animals were all sacrificed at 28 d post-Ml.

Blood Pressure and Echocardiography

Blood pressure was noninvasively acquired with the MC4000 Blood Pressure Analysis
System (Hatteras Instruments, Cary, NC). Transthoracic echocardiography was performed
using the Visual Sonics Vevo 770 system (VisualSonics) with a 30-MHz image transducer.
Mice were anesthetized with 0.5-2% isoflurane in a 100% oxygen mix.

Tissue and Plasma Collection

Mice were sacrificed at 28 d post-MI under 2% isoflurane in a 100% oxygen mix [9].
Following heparin injection (4 units/ g BW), blood was collected from the carotid artery and
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plasma was isolated by centrifugation [18]. The heart was arrested in diastole by apical
injection of cardioplegic solution, and the heart was divided into LV and right ventricle [19].
The heart was stained with 1% 2,3,5 triphenyltetrazolium chloride, and the infarct area was
determined using Photoshop (Adobe).

Immunohistochemistry

The mid-section of the LV was fixed in zinc-formalin and paraffin embedded. Sections (5
pum) were cut, and the sections were stained for collagen by picrosirius red staining or for
macrophages by immunohistochemistry.

Real Time PCR

The apex and base sections of the LV were separated into infarcted (LV1) and non-infarcted
remote (LVC) regions and snap frozen in liquid nitrogen for gene array analysis.
Inflammatory, ECM, and adhesion molecule genes were evaluated for mRNA levels using
the Inflammatory Cytokines and Receptors and the Extracellular Matrix and Adhesion
Molecules arrays (Qiagen PAMM-011A and PAMM-013A, Valencia, CA). Total RNA was
extracted by homogenization in TRIzol reagent (Invitrogen, 15596-026, Grand Island, NY)
according to the manufacturer protocol, and cDNA was synthesized with RT? First Strand
Kit (Qiagen 330401). Results were normalized to 5 housekeeping genes (actinb, gapdh,
hprt1, gusb, and Hsp90ab1) and the results were reported as 272Ct values x1000 for
inflammatory genes and x100 for ECM genes.

Plasma Proteomic Profiling

Plasma samples (100 pl) were analyzed for rodent multi-analyte proteomic profiling by
Myriad RBM (Austin, TX).

Statistical and Data Analyses

Results

All results were reported as mean+SEM. Statistical analyses were performed using statistical
software JMP (Cary, NC), SAS (Cary, NC), or Graphpad’s Instat (La Jolla, CA). For the
biclustering analysis, expression levels of ECM and inflammatory genes from the three drug
treatment groups were normalized to the average expression levels of each gene from the
saline treated MI group and expressed as a fold change. A Sparse Singular Value
Decomposition (SSVD) biclustering algorithm was applied to microarray data collected
from ECM and inflammatory panels [20]. Biclustering categorized genes and treatments
with respect to similarity scores on fold change of each gene. Groups of genes were assigned
based on their patterns of change. All other statistical comparisons were analyzed by
ANOVA with Student-Newman Keuls post-test. A p<0.05 was considered significant.

MMP-9 null had improved survival post-MI, compared to WT mice

There was a significant difference in survival probabilities between the two genotypes. Null
mice had higher survival rates than WT mice, for all groups (Figure 1). The WT A+V mice
had the lowest survival rate, while the null V mice had the highest survival rates.
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Blood Pressure did not change with treatment groups

Blood pressure was not lowered by any of the treatments, indicating that the effects seen
were not directly due to a blood pressure-lowering mechanism (Table 1). This result was
expected, as the doses given were below those needed to decrease blood pressure [10, 21].

Echocardiography reveals MMP-9 deletion or aliskiren treatment improved systolic
function and hypertrophy index

No significant changes were found in the infarct areas among the groups (p=0.24). This
indicates that all mice were given consistent initial ischemic injuries at baseline and is
consistent with starting therapy at 3h post-MI.

By echocardiography, end systolic volume (ESV) increased in WT saline, V, and A+V
groups compared to day 0 controls, and this effect was attenuated in the WT A group
(Figure 2A). MMP-9 deletion improved ESV for all groups except A+V. Aliskiren treatment
attenuated the dilation at the end systolic stage in both WT and MMP-9 null mice, indicating
this effect was MMP-9 independent. Overall, the prominent MMP-9 and drug effects were
to improve systolic function.

For end diastolic volume (EDV), all groups showed increased volumes compared to the day
0 controls, regardless of the drug treatment or MMP-9 deletion (Figure 2B). The MMP-9
null V group was the only one with attenuated EDV compared to WT V, indicating that a
valsartan effect on EDV was MMP-9 dependent.

EF was reduced equally among the drug treatments and genotype; the improvement in ESV
seen with A treatment or MMP-9 deletion was not sufficient to improve EF (Figure 2C). The
hypertrophy index revealed differences among genotypes and drug treatments (Figure 2D).
This index was elevated in the WT saline group, and attenuated by A and A+V treatments,
but not V. Aliskiren attenuated the hypertrophy index in both wild type and MMP-9 null
mice, independent of MMP-9. Treatment with valsartan did not show any effect on
hypertrophy index whether in wild type or with MMP-9 deletion. A+V, in the setting of
MMP-9 deletion, increased the hypertrophy index. This demonstrates that the hypertrophy
index response to A+V treatment, but not aliskiren or valsartan, was MMP-9 dependent.

Overall, the echocardiography results revealed that the dilation and hypertrophy responses,
but not EF, were altered by MMP-9 deletion or treatment (Figure 2E). The majority of
effects were seen in systolic function, rather than diastolic function. This indicates that long-
term effects were likely through action on the remote region rather than the infarct region.

Macrophage numbers and collagen levels were similar among d 28 post-MI groups

Mac 3 staining was performed on all groups to determine the macrophage numbers at d 28
post-Ml, a time when macrophage infiltration has normally returned towards baseline. Wild
type A, V, and A/V, as well as null V and A/V groups in comparison to respective saline
groups showed no significant difference in macrophage numbers. The null A group showed
significantly elevated macrophage numbers compared to d0 controls, indicating a prolonged
inflammatory response in comparison to other null groups (p<0.05; Figure 3A).

J Mol Cell Cardiol. Author manuscript; available in PMC 2015 July 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Page 6

Picrosirius red staining demonstrated that collagen deposition of all post-MI groups was
elevated compared to dO controls (Figure 3B). The null V group showed a lower amount of
total collagen deposition compared to the null saline group (p<0.05).

Extracellular Matrix Gene Array reveals MMP-9 and treatment dependent effects occur only
in the remote region (Figure 4, Tables 2 and 3 and Supplementary Tables 1, 2, and 5)

Figure 4 summarizes the biclustering analysis for the ECM genes, which was based on fold-
change similarity patterns. For ECM genes in WT LVC (Figure 4, upper left panel), 18
genes contributed 80% of the overall ECM response in A (red background), 12 in V (yellow
background), and 15 in A+V (blue background). The intersection of the three groups (black
background) contained 8 genes (Adamts8, Col2al, Col3al, Ctgf, Postn, Selp, Sppl, and
Thbsl) in common across treatments. Fbinl, MMP-1a, and Timp1l were affected by A only;
Ecm1 and Mmp-2 by V only; and Sparc and Haplnl by A+V only. Two genes in the orange
background (Mmp-3 and Hc) were affected by both A and V as individual treatments, while
5 genes were altered by both A and A+V.

For ECM genes in WT LVI (Figure 4, lower left panel), 15 genes contributed 80% of the
overall ECM response in A (red background), 8 in V (yellow background), and 11 in A+V
(blue background). Interestingly, 8 genes affected by V were also affected by A treatment,
and 6 out of these 8 genes (Collal, Col2al, Cdhl, Mmp-3, Thbsl, and Sppl) were in
common to all 3 treatments (black background). Three genes (Adamts2, Ncam2, and Timp1)
were affected by A+V treatment only. Our analysis suggests that drug effects in WT were
more active in the LVC remote region than the LVI infarct region at day 28 post-MI.

For ECM genes in MMP-9 null LVC (Figure 4, upper right panel), 10 genes contributed
80% of the overall ECM response in A (red background), 6 in V (yellow background), and
11 in A+V (blue background). The intersection of the three groups (black background)
contained 5 genes (Adamts8, Col2al, Postn, Sppl, and Thbsl) in common across
treatments. FbInl was affected only in A, which was similar to WT LVC and indicates this
effect is MMP-9 independent. Mmp-8 was affected by V only, while Ecm1 and Fn1 were
affected by A+ V only. There were 4 genes (purple background; Adamts2, Ctgf, Collal, and
Mmp-3) affected by A and A+V.

For ECM genes in MMP-9 null LVI (Figure 4, lower right panel), 22 genes explained 80%
of the A response (red background). Out of the 22 genes affected by A, 3 genes (Adamts8,
Collal, and Sppl) were also affected by A+V. The intersection of the three groups (black
background) contained 1 gene (Adamts8) in common across treatments. In WT LVI, only A
affected Adamsts8 expression, indicating that the effect of A treatment on Adamts8 was
MMP-9 regulated, but was MMP-9 independent in the V or A+V treatment groups.

Tables 2 and 3 list only the up- and down-regulated ECM genes in the WT. Among the 44
genes altered, 26 genes were up-regulated and 5 genes down-regulated in all WT groups at
day 28 (first 2 lines). These indicate gene changes that are MI-dependent and not treatment
influenced. Our results demonstrate that the individual treatments followed different
downstream mechanisms to regulate specific genes in the remote region of WT mice. For
example, Colal and Lamb2 increased post-MI in the saline group, and these increases were
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attenuated by all 3 treatments. Aliskiren treatment increased Haplnl expression significantly
compared to saline, V, and A+V groups. Overall, all 3 treatment groups stimulated ECM
production in the remote region. MMP-9 deletion increased ECM production in the A group
and decreased ECM in the V and A+V groups; and these effects were seen in the remote
region. Overall, this data suggests strong MMP-9 dependence.

Inflammatory Gene Array reveals that changes are predominantly in the remote region
(Figure 5, Tables 4 and 5 and Supplementary Tables 3, 4, and 6)

Figure 5 summarizes the biclustering analysis for the inflammatory genes, which was based
on fold-change similarity patterns. For inflammatory genes in WT LVC (Figure 5, upper left
panel), 5 genes contributed 80% of the overall inflammatory response in A (red
background), 5 in V (yellow background), and 6 in A+V (blue background). The
intersection of the three groups (black background) contained 2 genes (Ccl17 and Sppl) in
common across treatments. Two genes (Cxcl13 and Xcrl) were affected only by A, two
genes (Ccr4 and 111f8) were affected only by V, and 4 genes (Ccr7, Cx3cll, 114, and 1113)
were affected only by A+V. Only 1 gene (orange background; 111r2) was affected by both A
or V individually but not by A+V.

For inflammatory genes in WT LVI (Figure 5, lower left panel), 42 genes contributed 80%
of the overall inflammatory response in A (red background) and 40 in V. The intersection of
the three groups (black background) contained two genes (Cxcl13 and Sppl) in common
across treatments. Because this was the same effect observed in the MMP-9 null LVI
(Figure 5, lower right panel), this indicates that all of the effects on inflammation in the LVI
were MMP-9 independent and that by day 28 post-MlI the infarct is more stable than the
remote region.

For inflammatory genes in null LVC (Figure 5, upper right panel), 10 genes contributed
80% of overall inflammatory response in A (red background), 2 in V (yellow background),
and 6 in A+V (blue background). The intersection of the three groups (black background)
contained only 1 gene (Sppl) in common across treatments. Similar to WT LVC, null LVC
11118 was regulated by V treatment in an MMP-9 independent manner. Aliskiren treatment
regulated 7 genes (Ccl3, Ccl4, Cxcr3, Cxcr5, 1111, Itgam, and Lta) in null LVC that were
different from those regulated by Aliskiren in WT (Cxcl13 and Xcrl), suggesting that
Aliskiren has different effects depending on the presence or absence of MMP-9. This is
consistent with A+V combination treatment, which also regulates a separate set of genes in
null LVC (Ccl19, Cxcl13, and 118rb) compared to WT LVC (Ccr7, Cx3cl1, 114, and 1113).

Tables 4 and 5 lists only the up- and down-regulated inflammatory genes in the WT. Ccl11
was the only gene that was MI-dependent (it decreased post-MI) and not treatment
influenced. Further, the mechanisms of action of the treatments were different depending
upon whether the drug was given alone or in combination. For example, in the WT the
decrease in 1115 was attenuated by A or A+V; the increase in Ccl4 was attenuated by A; and
the increase in Ccrb was attenuated in A but exacerbated in A+V. In general, A and V
reduced inflammation, albeit through effect on different genes, while A+V amplified the
inflammatory response. Overall, the inflammatory response to drug treatments showed
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significant diversity at day 28 post-MI for both WT and null groups, indicating
inflammatory responses were MMP-9 dependent and drug specific.

Plasma proteomic profiling revealed TIMP-1 differences (Supplementary Table 7)

At d 28 post-MlI, 3 plasma analytes were different among the groups (Figure 6). CD40 and
FGFB levels were both lower in the null saline M1 mice compared to the WT saline MI mice.
CDA40 levels were decreased in all null groups compared to their respective WT groups and
WT S group. TIMP-1 levels showed a step-wise increase in the WT MI mice, but not the
null groups. The A+V WT group showed significantly increased levels compared to the
saline MI WT group. A regression analysis showed a linear correlation between treatment
groups and TIMP-1 levels (R=0.91, p=0.01); this correlation was not seen in the null mice.

Discussion

The objective of this study was to evaluate whether aliskiren or valsartan, alone or in
combination, had effects on LV remodeling through MMP-9 dependent mechanisms when
provided 3 hours post-MI. The significant findings of this study were: (1) MMP-9 deletion
improved survival post-Ml; (2) Dilation and hypertrophy responses, but not EF, were altered
by MMP-9 deletion or treatment, and all 3 treatments showed some beneficial responses;
and (3) effects of treatments on extracellular matrix and inflammatory responses were
primarily in the LV remote regions, and MMP-9 deletion altered the patterns of response.

MMP-9 deletion, but not drug treatments, increased post-MI survival. This effect on survival
was not due to blood pressure differences, as systolic and diastolic blood pressures were not
different among any of the groups. A number of large outcome trials, including the
Valsartan in Acute Myocardial Infarction (VALIANT) Trial, showed that treatment with
valsartan reduces all-cause mortality and morbidity in patients with Ml [22, 23]. Part of this
protection occurred through lowering the incidence of atrial fibrillation and reducing
circulating levels of endothelial dysfunction markers [23]. The dose used in the VALIANT
trial (80 mg/kg/day) was twice the dose used in the current study (40 mg/kg/day). Studies
performed in rodents have shown varying effects of valsartan in post-MI remodeling,
depending on the time when the treatment began post-Ml, the dosage of the drug given, and
duration of the treatment. Gervais and colleagues showed that treatment with valsartan at 50
mg/kg/day, given from day 7 post-MI for 6 weeks, limited the development of cardiac
hypertrophy in Wistar rats [24]. Higashikuni et al showed that, in mice, valsartan at 25
mg/kg/day, given from 3-28 days post MI, ameliorated ventricular remodeling [25]. The
previous studies and our own data suggest that the dosage and the timing of treatment have
significant and differential effect on LV remodeling. These studies and a review by Cho and
colleagues underscore that the appropriate dose for valsartan remains to be determined [26].
Our survival results showed improvement with MMP-9 deletion but not with the drug
treatments. The echocardiography results, however, differentiate the groups. One note to
make is that it is possible there is a survivor effect in this study; since more WT mice died
post-MI than the nulls, the echo changes we see at day 28 may not be as dramatic as what
we might see at day 3 or day 7 post-MI. Whether the change in remodeling seen through the
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differences in extracellular matrix and inflammatory gene responses translates to a different
template for future events was not examined.

Post-Ml, the fibroblast is the primary cell type that secretes collagen and other ECM
components to form the infarct scar. Activated myofibroblasts are first seen at d 3 and are
abundant by 1 wk post-MI in mice and humans [27-31]. Fibroblasts regulate remodeling by
secreting ECM to influence myocardial scar structural properties. The Lijnen laboratory has
shown that angiotensin Il infusion increases cardiac fibroblast mediated collagen | and
collagen 11l mMRNA synthesis, and this increase was prevented by treatment with the
angiotensin type | receptor inhibitor losartan [32]. Similar to this past report, Collal and
Col3al were upregulated in the WT saline group compared to day 0, and these increases
were attenuated by MMP-9 deletion. The lower collagen deposition observed in the scar in
the valsartan treated null group indicates that temporal and spatial collagen responses varied
by genotype and treatment.

In the WT aliskiren treated remote region, Itga5 was higher and Itgax was lower compared
to the saline MI group. These genes have previously been shown to be altered by AT1R and
ACE inhibitors, which may help to explain the change in cardiac fibroblast ECM response
[12, 33, 34]. These genes (Itga5 and Itgax) were not changed in the null mice treated with
aliskiren compared to the saline Ml control. This suggests that downstream regulation of
ECM genes varies across drug treatments to produce quantitatively and qualitatively
different infarct scars, which translates to different LV remodeling phenotypes.

Osteopontin (Sppl), connective tissue growth factor (Ctgf), and intercellular adhesion
molecule 1 (Icam1l) all increased in WT mice treated with valsartan. None of these increases
were seen in the MMP-9 null mice treated with valsartan. These three proteins, interacting
with MMP-9, could be the reason for worsened LV dysfunction in valsartan treated wild
type group compared to valsartan treated null group. Sppl (osteopontin) is a known MMP-9
substrate, although the consequence of osteopontin cleavage has not been explored [35].

Ctgf is upstream of transforming growth factor f signaling and could explain the increase in
collagen 111 seen with valsartan treatment. We have previously shown that the expression of
pro-fibrotic CTGF increases with age, and this increase was also diminished by MMP-9
deletion [36]. The increase in Icam1 suggests that valsartan may alter macrophage
phenotype [14]. Meanwhile, the null valsartan group also showed the least accumulation of
collagen, which may suggest differences in collagen organization or cell-matrix adhesion
properties.

The inflammatory array results reveal both genotype and drug shifts during the remodeling
landscape. Out of 84 inflammatory genes analyzed, none were significantly different in the
WT infarct region. This is in contrast to the 5 genes (3 increased and 2 decreased) in the
remote region, which suggests that by day 28 post-Ml, the infarct region is becoming
quiescent while the remote region is becoming active. Treatment effects may primarily be
through influencing still viable myocytes in the remote region. This is consistent with the
echocardiography data, where systolic function and hypertrophy were affected by treatment.
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Of note, single drug treatment strategies were more effective in further downregulating
genes compared to the combination therapy strategy.

The macrophage is the primary cell type that regulates the chronic inflammatory phase post-
MI [37]. Macrophages facilitate wound healing by engulfing necrotic myocytes and
apoptotic neutrophils and secreting angiogenic molecules and growth factors to stimulate
endothelial cells and activate fibroblasts. Chemoattractants locally produce, recruit, and
confine macrophages to the injury site [38]. Activated macrophages, in turn, produce
cytokines, chemokines, and proteases- including MMP-9 [39, 40]. Macrophage migration
inhibitory factor (Mif) was not significantly changed in wild type compared to day 0 and its
expression was upregulated in the saline and aliskiren treated null groups. This suggests that
Mif is regulated both by MMP-9 as well as aliskiren treatment. The increased levels of Mif
may cause delayed clearance of macrophages at day 28 post-MI which is consistent with
higher expression of macrophages observed in aliskiren treated null group.

Our results highlight the role of MMP-9 in mediating drug effects on LV function,
inflammation, and fibrosis. Aliskiren treatment yielded positive effects on cardiac function
of both wild type and MMP-9 null mice post-MI and valsartan treatment had beneficial
effects on cardiac function of MMP-9 null mice post-MI. Since aliskiren has been
withdrawn from clinic use, renin intervention to treat MI may not be therapeutically useful.
However, our results in mice provide mechanistic insight that the therapeutic effect of renin-
angiotensin system inhibitors aliskiren and valsartan may be dependent, at least in part, on
MMP-9.
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Figure 1.

(A) Survival probability of each treatment group indicated higher survival rates in all null

groups compared to WT. (B) Risk ratio (group 1/group 2 risk
risk for death in all WT groups. * p<0.05 null compared to re
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Figure 2.
Dilation and hypertrophy responses, but not EF, were altered by drug or MMP-9 deletion.

(A) End systolic volume (ESV), normalized to body weight. (B) End diastolic volume
(EDV), normalized to body weight. (C) Ejection fraction (EF). (D) Hypertrophy index (HI).
Volume data were normalized to body weight and multiplied by 100, and data are mean
+SEM. Individual data points are shown in blue for males and red for females. n=6-16/
group; 1 p<0.05 compared to d0 no Ml control, 2 p<0.05 null compared to respective WT.
(E) Summary table illustrates effects on ESV, EDV, EF, and HI is due to MMP-9 or
treatments.
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Figure 3.
(A) At day 28 post-MI, macrophage numbers were not significantly elevated in any of the

WT groups, indicating a return of macrophage numbers to pre-Ml levels. Macrophage
infiltration in the null aliskiren treated LV was significantly increased compared to null dO,
suggesting a prolonged inflammatory response compared to the other null groups.
Macrophage count is represented by the percentage area stained with Mac-3. Images were
taken at 60x magnification and the scale bar is 100 um. (B) By PSR staining, collagen
deposition in the infarct region was increased in all MI groups compared to respective d0
controls, and collagen levels were lower in the null valsartan-treated group compared to
saline treated post-MI LV, indicating differences in collagen organization. n=6-14/group; *
p<0.05 compared to dO no Ml control, T p<0.05 compared to the saline MI control. Images
were taken at 60x magnification and the scale bar is 100 pm.
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Figure 4.
Extracellular matrix (ECM) genes are influenced by the individual drug treatments in both

the remote and infarct regions. Venn diagrams of the dominant ECM genes determined by
biclustering analysis (with all drug treatment groups compared as the fold change over the
saline treated MI group). The groups are shown by red (for aliskiren, A), yellow (for
valsartan, V), or blue (for the combination A+V). Genes in common between two groups are
represented by orange (A group and V group, red + yellow), purple (A group and A/V
group, orange + yellow), or green (V group and A+V group, yellow + blue). The genes in
common to all three treatment groups are shown in the black circle. The Venn diagrams
illustrate the effects of the three drug treatments compared to the untreated M1, both in the
presence and absence of MMP-9. The diagrams illustrate that each drug treatment
differentially affects the ECM response. n=6-8/group
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Figure 5.
Inflammatory genes are influenced by drug treatments in both the remote and infarct

regions. Venn diagrams of the dominant inflammatory genes determined by biclustering
analysis (with all drug treatment groups compared as the fold change over the saline treated
MI group). The groups are shown by red (for aliskiren, A), yellow (for valsartan, V), or blue
(for the combination A+V). Genes in common between two groups are represented by
orange (A group and V group, red + yellow), purple (A group and A/V group, orange +
yellow), or green (V group and A+V group, yellow + blue). The genes in common to all
three treatment groups are shown in the black circle. The Venn diagrams illustrate the
effects of the three groups compared to the untreated Ml, both in the presence and absence
of MMP-9. n=6-8/group
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Figure 6.
Plasma proteomic profiling performed at day 28 revealed 3 genes (CD40, FGF-f and

TIMP-1) out of 59 that were significantly altered by drug treatment. (A) CD40 levels were
lower in V and A+V null mice post-MI, compared to their respective WT MI. (B) FGF-3
was significantly lower in the null saline group compared to the WT saline group. (C and D)
TIMP-1 showed a positive linear correlation between drug treatments in the WT mice, but
not the null mice. n=6-17/group, * p<0.05 compared to the saline control, T p<0.05
compared to the respective WT counterpart.
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Table 2
List of ECM genes altered in the remote and infarct region of wild type mice, grouped by patterns of change.
% Note that all genes changes were in the remote region.
1
E LvC
(1_> Gene WT Saline | WT Aliskiren | WT Valsartan | WT A+V
5—" Adamts2, Adamts5, Cd44, Collal, Col4al, Col4a2, Col4a3, Col5al,
(@] Ecm1, Emilinl, Fbinl, Fnl, Mmp14, Mmp3, Ncam1, Postn, Selp, Sgce,
% Sparc, Tgfbi, Thbsl, Thbs3, Timpl, Timp2, Tnc, Vcan
) Cdh2, Cdh4, Lamb3, Mmp9, Mmp15
>
§ Col6al, Lamb2 t* ns ns ns
e
= Col3al, Itgax t* ns f* 1*
—
Itga5 ns f* ns ns
Haplnl ns 1 38 38
Itgal ns ¥ ns I
Entpdl, Itgh3 ns ' 1 1
=z Ctgf ns ns ' ns
.I Icaml, Sppl ns ns f* 1*
o
> Cdhl, Col2al ns ns ns *
t
>
(e LVI
=
o Gene WT Saline | WT Aliskiren | WT Valsartan | WT A+V
=
Z No changes
QO
E’ Arrows depict direction of change; black boxes show MI effects and white boxes show drug effects. n=6/group. A= aliskiren, V= valsartan.
2 *
g_ p<0.05 vs. day 0;
= t
p<0.05 vs. saline;
§p<0.05 vs. Aliskiren
=
o
o
>
>
=
—+
>
o
=
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QO
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Table 3

List of ECM genes altered in the remote and infarct region of MMP-9 null mice, grouped by patterns of
change. Note that all changes were in the remote region.

LvC

Gene Null Saline | Null Aliskiren | Null Valsartan | Null A+V

Adamts2, Col4a3, Col5al, Ecm1, Fnl, Itgh3, Mmp2, Mmp3, Postn,
Sparc, Thbs3, Timp3, Tnc, Vcan

Cdh2, Cdh4, Mmp15

Ctgf ' ns ns ns
Fbin1, Itgb4, Timp2 ns f* ns ns
Cd44 'S 1 ns ns
Tgfbi 1+ + ns +
Mmp13 I ¥ ns I
Itgav ns t* ns ns
Itgam, Mmp14, Ncam1 ns 1* 1* ns
Collal ns 1 1 ns
Itga5, Timpl ns ns ' ns
Colda2 ns ns ns 1
LVI

Gene WT Saline | WT Aliskiren | WT Valsartan | WT A+V
No changes

Arrows depict direction of change; black boxes show MI effects and white boxes show drug effects. n=6/group. A= aliskiren, V= valsartan.

p<0.05 vs. day 0
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List of inflammatory genes altered in the remote and infarct region of WT mice, grouped by patterns of
change. Note that the majority of changes were in the remote region.

Table 4

LvC

Gene

WT Saline

WT Aliskiren

WT Valsartan

WT A+V

1115 #* ns 1* ns
Ccl4 1* lT ns t*§
Ccrbs t* ns f* t*T§¢
11 1" ns ns 1718+
Ccl7 ns l* ns ns
Cxcl9 ns v Vv ns
Abcfl, Sppl ns 1t " t
Cxcl5 ns ns l,* ns
Cer3, Itgam ns ns ns 1f
Caspl, Cx3cl1, ll1r1 ns ns ns t*
LVI
Gene WT Saline | WT Aliskiren | WT Valsartan | WT A+V
Ccl25, Ccri0 ns ns ns 1T§*

Page 23

Arrows depict direction of change; black boxes show MI effects and white boxes show drug effects. n=6/group. A= aliskiren, V= valsartan.

*

p<0.05 vs. day 0;
Tp<0.05 vs. saline;
§p<0.05 vs. aliskiren,

1p<0.05 vs. valsartan
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Table 5

List of inflammatory genes altered in the remote and infarct region of MMP-9 null mice, grouped by patterns
of change. Note that all changes were in the remote region.

LvC
Gene Null Saline | Null Aliskiren | Null Valsartan | Null A+V
Ccl9, Ccl19
Ccl7, Ccll1, Cxcl9, 1115, Pf4 4
Mif 1 ns ns ns
Cx3cll t* 'y ns ns
Tnfrsfib 1" ' 1" ns
Caspl 1" ns 1" ns
Ccl8 t* ns ns t*
LVI
Gene WT Saline | WT Aliskiren | WT Valsartan | WT A+V
No changes

Arrows depict direction of change; black boxes show MI effect and white boxes show drug effect. n=6/group. A= aliskiren, V= valsartan.

*
p<0.05 vs. day 0
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