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Abstract

Aim: To evaluate the role of matrix metalloproteinase (MMP)-9 deletion on citrate synthase (CS) activity
postmyocardial infarction (MI). Results: We fractionated left ventricle (LV) samples using a differential
solubility-based approach. The insoluble protein fraction was analyzed by mass spectrometry, and we identified
CS as a potential intracellular substrate of MMP-9 in the MI setting. CS protein levels increased in the insoluble
fraction at day 1 post-MI in both genotypes ( p < 0.05) but not in the noninfarcted remote region. The CS activity
decreased in the infarcted tissue of wild-type (WT) mice at day 1 post-MI ( p < 0.05), but this was not observed
in the MMP-9 null mice, suggesting that MMP-9 deletion helps to maintain the mitochondrial activity post-MI.
Additionally, inflammatory gene transcription was increased post-MI in the WT mice and attenuated in the
MMP-9 null mice. MMP-9 cleaved CS in vitro, generating an *20 kDa fragment. Innovation: By applying a
sample fractionation and proteomics approach, we were able to identify a novel MMP-9-related altered mi-
tochondrial metabolic activity early post-MI. Conclusion: Our data suggest that MMP-9 deletion improves
mitochondrial function post-MI. Antioxid. Redox Signal. 21, 1974–1985.

Introduction

Despite advances in therapeutic approaches for patients
with acute myocardial infarction (MI), MI remains the

main cause of death in Western countries and is the leading
cause of heart failure (43). MI results from the interruption of
blood supply to the cardiac tissue; this is commonly due to the
occlusion of a coronary artery. An MI leads to decreased
oxygen supply and ischemia of the downstream tissue.
Myocardial ischemia is characterized by tissue hypoxia that
generates acidosis and an altered homeostasis leading to
cardiac dysfunction (40). Cardiac tissue has the constant of

requiring a high demand for energy. Myocardial energy de-
mand and substrate supply are in continual flux. Thus, ATP-
generating pathways must respond to dynamic fluctuations in
physiological demands (23). Mitochondria are the energy-
generating organelles in cells, and reduced oxygen levels
quickly lead to mitochondrial dysfunction. Mitochondrial
dysfunction can threaten cellular integrity through the in-
creased generation of reactive oxygen species (ROS), in-
duction of apoptosis, and depletion of high-energy
triphosphates due to inhibition of the respiratory chain (6, 25,
46). Metabolic regulation is inextricably linked with cardiac
function. The degree of mitochondrial injury defines the
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cellular fate of the cardiac myocyte (5). Moreover, systolic
cardiac function is determined by the cardiomyocyte; there-
fore, cardiac function depends on mitochondrial function.

Several proteases, including matrix metalloproteinases
(MMPs), are activated in different types of cardiomyopa-
thies, such as MI, and can cause extracellular damage. Mul-
tiple MMPs have been shown to be altered post-MI in both
human and animal studies (59). Of the MMP family, MMP-9
has emerged as a candidate with direct effects on cardiac
remodeling post-MI. MMP-9 levels increase early post-MI
(31), and MMP-9 deletion reduces cardiac remodeling and
stimulates post-MI angiogenesis (32). In a clinical study, Hou
et al. assessed the efficacy of MMP-9 and myeloperoxidase
(MPO) as biomarkers to predict the presence of coronary
artery plaques (22). MMP-9 and MPO levels positively cor-
relate with the Framingham risk score, and the levels of
MMP-9 were significantly elevated in patients with non-
obstructive coronary artery disease compared with patients
with no coronary plaques. This demonstrates that MMP-9
levels are increased during cardiovascular disease, and
MMP-9 is a promising therapeutic target. MMP-9 degrades
numerous structural extracellular matrix (ECM) proteins,
including collagen, fibronectin, and proteoglycans (55, 60).
MMPs have been reported to play a role in the cleavage of
intracellular matrix proteins (9, 24, 39, 49). For example,
MMP-2, -3, -13, and -14 have all been reported to have in-
tracellular substrates (7, 11, 13, 15). Recently, Cauwe et al.
have identified 69 MMP-9 intracellular candidate substrates
in the cytosol of THP-1 cells (8). However, the intracellular
MMP-9 in vivo degradome remains relatively unexplored.
Uria and Lopez-Otin have shown that MMP-9 can be acti-
vated by MMP-26 (52). Similarly, Zhao et al. showed that
active MMP-9 and MMP-26 colocalized intracellularly in
ARCaP cells and in human prostate tissue samples (61).
These data suggest that active MMP-9 is available intracel-
lularly, but MMP-9 intracellular function has not been stud-
ied extensively.

After acute tissue necrosis, the degradation of intracellular
proteins may be critical to evade systemic toxicity and im-
munogenicity. Citrate synthase (CS) is the rate-limiting en-
zyme of the tricarboxylic acid (TCA) cycle and a commonly
used marker of mitochondrial oxidative capacity (38). CS
was previously reported to be an in vitro substrate of MMP-9

(8), but whether CS proteolysis also occurs in vivo and in the
setting of MI has not been explored. In this study, we com-
pared CS levels and activity in wild-type (WT) and MMP-9
null mice post-MI to assess possible interactions between CS
and MMP-9. We hypothesized that MMP-9 cleaves CS in-
tracellularly post-MI as part of the cellular clearing process
after extensive necrosis.

Results and Discussion

CS was elevated in the infarcted myocardium
of MMP-9 null mice at day 5 post-MI

Mitochondrial CS mediates the first step of the TCA cycle
by catalyzing the condensation of acetyl coenzyme A and
oxaloacetate to form citrate and coenzyme A. Initially, we
compared the infarcted proteome of WT and MMP-9 null
mice at day 5 post-MI and of day 0 control animals. Total
tissue protein was extracted and fractionated using a differ-
ential solubility-based protocol that yields three protein
fractions per sample: soluble fraction (step 1), cellular fraction
(step 2), and insoluble fraction (step 3). The insoluble proteins
(step 3) from the left ventricle infarcted area (LVI) of day 5
post-MI mice (n = 4/genotype/time-point) were run in a gel,
trypsin digested, analyzed by capillary HPLC-electrospray
ionization tandem mass spectrometry (HPLC-ESI-MS/MS),
and compared to the left ventricle (LV) of day 0 control an-
imals. CS was observed only in the day 5 post-MI LVI sam-
ples, and spectrum counts showed CS numbers elevated in the
MMP-9 null group compared to the WT group (Fig. 1), sug-
gesting that processing of CS by MMP-9 may be a mechanism
to control the CS activity and oxidative metabolism post-MI.
Interestingly, CS was not observed in control tissue (day 0
control animals). This was likely due to the fact that only the
insoluble protein fraction was analyzed. Cardiac myocytes are
one of the main cell types present in the healthy heart, and
myocytes are rich in mitochondria and CS (21). Protein
translocation to a membrane fraction often results from post-
translational modifications; this may explain the presence of
CS in the insoluble fraction only in the post-MI samples.

CS increased twofold in the LVI at day 1 post-MI

Although the three-step protein extraction protocol al-
lowed us to visualize group differences that otherwise may
had be masked by high abundance cellular proteins, a low
protein yield was generated in the insoluble fraction.
Therefore, we used a two-step protein extraction protocol for
immunoblot confirmation of protein differences among the
groups. Post-MI, we separated the LV into LVI and non-
infarcted remote control (LVC) tissues. Protein samples were
fractionated into soluble and insoluble fractions. Tissues
were homogenized in phosphate-buffered saline (PBS) so-
lution at a neutral pH with 1 · protease inhibitor cocktail (PI)
to extract the most water-soluble components, including
newly synthesized ECM proteins and degradation products.
The insoluble pellet was then treated with a cellular and or-
ganelle membrane solubilizing reagent (Sigma Reagent 4).
We used immunoblotting to compare the CS protein levels of
LVI and LVC to the LV of day 0 control animals. LVI and
LVC tissues were harvested and separated under a micro-
scope, after the viable tissue was stained, at days 1, 3, 5, and 7
post-MI. Since the largest statistical differences were

Innovation

By applying a novel differential solubility-based sam-
ple fractionation and proteomics approach, we were able
to identify genotype-related differences in the mitochon-
drial metabolic activity early post-myocardial infarction
(MI). Post-MI, loss of myocytes translates into loss of
mitochondria and low ATP-generating substrate supply.
We studied the levels and activity of a step-limiting mi-
tochondrial enzyme post-MI, citrate synthase (CS), which
is involved in the cardiac metabolic pathway. CS was
identified as a novel in vivo substrate of matrix metallo-
proteinase (MMP)-9, a protease highly expressed post-MI
that modulates myocardial remodeling. In addition to the
effects on the early inflammatory response, our study is
the first to demonstrate an intracellular role for MMP-9 in
the post-MI left ventricle.
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observed at day 1 post-MI, we used day 1 samples for our
subsequent studies; however the full time-course analysis is
presented in the supplemental data (Supplementary Fig. S1;
Supplementary Data are available online at www.liebertpub
.com/ars). There were no differences within the groups based on
sex. Male and female results, therefore, were combined. CS
protein levels increased approximately twofold in the LVI in-
soluble fraction 1 day post-MI for both genotypes ( p < 0.05,
Fig. 2). Post-MI, cell death leads to a decrease in mitochondrial
function and energy availability. The increase in CS levels in the
infarcted region might indicate that CS induction is necessary to
respond to new energy demands. In contrast, CS levels were not
increased in the soluble and insoluble protein fractions of the
remote LVC at day 1 post-MI compared to day 0. To confirm
that our results are due to MMP-9 deletion, we also evaluated
CS levels after treatment with an MMP-9 inhibitor (MMP-9i).
Inhibition of MMP-9 post-MI in WT mice abolished the in-
crease observed in the WT LVI post-MI ( p < 0.05), providing
evidence that MMP-9 is directly or indirectly involved in CS
expression post-MI.

In its free state (CSfree), CS exists in open form with its two
domains forming a cleft containing the binding site for oxalo-
acetate (42). When an oxaloacetate molecule binds, the smaller
domain rotates, sealing the oxaloacetate binding site (2). This
conformational change generates the acetyl-CoA binding site
(CSlatent), which results in the acetyl-CoA and oxaloacetate

becoming covalently linked and forming citryl-CoA, while still
bound to CS (CSactive). Finally, citryl-CoA is hydrolyzed to
citrate and CoA (42). Our results indicated that there is differ-
ential subcellular localization of CS post-MI compared to day 0
and, probably, different states of CS in the soluble and insoluble
protein fractions. We therefore used the CS activity assay to
further investigate this observation, as discussed below.

MMP-9 cleaves CS in vitro and in vivo

As can be seen in Figure 3, in vitro exposure of recombi-
nant CS to active MMP-9 resulted in two CS fragments of
*32 and 20 kDa. The 32 kDa fragment appears to be further
cleaved by MMP-9, as evidenced by the much lower protein
stain intensity compared to the 20 kDa fragment. A CS
fragment with the same apparent molecular weight of 20 kDa
has been previously reported by Cauwe et al., implicating
MMP-9 in the cleavage of this intracellular protein (8). We
performed an immunoblot using the same CS antibody we
used for the LV samples. The antibody recognized the re-
combinant CS full-length protein, but it did not recognize the
MMP-9-derived CS fragment. The antibody used was gen-
erated against recombinant fragment containing a sequence
corresponding to amino acids 44 to 316 of human CS. If
MMP-9 cleaves close to the C-terminus region of CS, the
antibody will not recognize the C-terminus fragment. This

FIG. 1. CS is identified by MS as a possible MMP-9 substrate. The insoluble proteins from day 5 infarcted decel-
lularized LV were analyzed by capillary HPLC-ESI-MS/MS and compared to day 0 controls. CS was present only at day 5
post-MI, and the spectrum analysis showed CS numbers elevated in the MMP-9 null group. (A) CS spectrum. (B) CS
sequence coverage. (C) Table showing the observed proteomic differences between the WT and MMP-9 null groups. The
thresholds for acceptance of peptide and protein assignments in a scaffold were 90% and 99%, respectively, and minimum
of two unique peptides. LV, left ventricle; HPLC-ESI-MS/MS, HPLC-electrospray ionization tandem mass spectrometry;
CS, citrate synthase; MI, myocardial infarction; MMP, matrix metalloproteinase; WT, wild type.
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could explain why this MMP-9-derived CS fragment was not
observed in the in vivo samples. To investigate CS cleavage
by MMP-9 in vivo, we performed dual immunohistochem-
istry staining in the LV at day 1 post-MI of WT and MMP-9
null animals. The results show that MMP-9 expression was
elevated in WT mice in the regions where CS expression was
dramatically low, conversely CS expression was observed in
the infarcted LV of MMP-9 null mice where MMP-9 is not
available. These results suggest that MMP-9 directly affects
the levels of CS in the infarcted LV (Fig. 4).

CS activity was preserved in the MMP-9 null mice

CS activity was assessed in the soluble protein fraction
according to the Srere’s method at pH 8.0, which is the pH

reported for the mitochondrial matrix (33, 48). MI leads to
lower pH both extracellularly and intracellularly (29).
Rehr et al. measured intracellular myocardial pH by
phosphorus-31 nuclear magnetic resonance spectroscopy
in ischemia/reperfusion (I/R) and permanent occlusion
(PO) MI models (41). Compared to no MI controls, 1 h
ischemia and 1 h reperfusion showed a similar pH, indi-
cating that reperfusion brings a quick return to normal
intracellular pH values, whereas the PO animals showed
reduced pH up to 6 h after occlusion (6.75 – 0.04 vs.
7.17 – 0.07 at baseline) (41). The optimal pH for the CS
activity has been reported as 8.5; however, this enzyme has
a broad pH optimum with decreased activity of only 30% at
pH of 6 or 10 (4). The activity assay kit was used at pH 8.0,
and the actual CS activities at day 1 post-MI may be dif-
ferent than what was measured in situ. To minimize this
limitation, we treated all tissues in the same way to detect
differences between the genotype groups. The CS activity
was not assessed in the insoluble protein fraction because
the presence of the zwitterionic detergent C7BzO inter-
fered with the enzyme activity. Post-MI, the myocardium
shows impaired mitochondrial function (44). We observed
a pronounced statistically significant decrease in the CS
activity 1 day post-MI in the LVI of WT mice, which was
expected due to the loss of cardiomyocytes. This decrease
in the CS activity was not observed in the MMP-9 null
mice (Fig. 5), indicating that the absence of MMP-9 results
in preserved CS activity. No significant differences were
found in the CS activity in the noninfarcted tissue, paral-
leling the results obtained for CS protein levels. At day 1
post-MI, MMP-9 levels have been found to increase in
LVI tissue but not in the LVC (58). These results are
consistent with an MI model in which MMP-9 cleaves
active CS contributing to mitochondrial dysfunction at
early time points. Here, we show that MMP-9 deletion
can improve mitochondrial function by preserving the CS
activity.

FIG. 2. CS protein levels by immunoblotting. (A) Protein
soluble fraction: no differences between genotypes were ob-
served in the soluble CS levels at day 1 post-MI. (B) Protein
insoluble fraction: CS levels increased in the infarcted tissue
at day 1 post-MI compared to control day 0 values. This
increase was abolished with the inhibition of MMP-9. d0, day
0 control; LVI d1, left ventricle infarct at day 1 post-MI; LVC
d1, left ventricle remote region at day 1 post-MI; MMP-9i,
MMP-9 inhibitor; Null, MMP-9 null; + , positive control hu-
man recombinant CS. n = 8 per group, mean – SEM; *p < 0.05
versus respective day 0; + p < 0.05 versus respective LVC day
1; #p < 0.05 versus WT LVC day 1, up < 0.05 versus WT LVI
day 1. Two loading controls were used, total protein stain and
recombinant CS (positive control, 300 ng). The signal inten-
sity of the positive control was used to normalize the data
between blots, whereas the protein levels were normalized to
the total protein in its respective lane.

FIG. 3. Recombinant CS was cleaved by MMP-9,
generating two fragments of *32 and 20 kDa. However,
the 32 kDa fragment is further cleaved by MMP-9. MMP-9
and CS were added at a ratio of 1:5.
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MMP-9 deletion improves mitochondrial
function post-MI

The goal of this study was to use proteomics approaches to
evaluate the role of MMP-9 deletion on the CS activity and
function post-MI. We prepared our samples for MS and im-
munoblot analysis. Therefore, mitochondria were not iso-
lated, and as such, the samples are not compatible for an
oxidation phosphorylation assay. To address the effect of
MMP-9 deletion on mitochondria function, we assessed
manganese superoxide dismutase (MnSOD), which is an
antioxidant enzyme that protects mitochondrial components
from superoxide. Increased levels of MnSOD are associated
with cardioprotective effects post-I/R (56), and over-
expression of MnSOD provides protection to diabetic mito-
chondria and overall protection to the diabetic heart (47). We
quantified protein levels of MnSOD (Fig. 6) in the solu-
ble fraction and found significantly increased values in the
MMP-9 null LVI compared to the respective controls (LVC
and day 0). This result suggests that MMP-9 deletion confers
better mitochondrial function to the myocardium post-MI.

MMP-9 deletion does not affect cardiac
function at day 1 post-MI

Echocardiographic measurements showed decreased
fractional shortening and increased end-diastolic volume
(EDV) and end-systolic volume (ESV) at day 1 post-MI
(Table 1). Of note, EDV (r2 = 0.80, p = 0.003) and ESV
(r2 = 0.84, p = 0.001) values correlated with the CS activity in
the MMP-9 null mice, but not in the WT mice (Fig. 7). Loss
of the CS activity in WT mice therefore removed the rela-
tionship between mitochondrial function and LV geometry.
No genotype differences were observed at day 1 post-MI.
However, we have previously shown that MMP-9 deletion
improves long-term cardiac function (16, 32).

MMP-9 deletion increases the levels of plasma
proteins associated with improved tissue repair

Quantitative analysis of 58 plasma analytes showed that 13
plasma proteins exhibited significant differences post-MI

FIG. 4. Serial sections of the LVI (area
within dotted lines) at day 1 post-MI show
that CS staining dramatically declines
when MMP-9 is present. The left panels
show representative pictures of WT animals,
with high MMP-9 and low CS expression
levels in the LVI. The right panels show
serial sections of MMP-9 null mice with CS
expression in the LVI area, suggestive of
in vivo MMP-9 cleavage of CS. Top panels:
Immunostaining for CS (positive staining is
dark purple). Bottom panels: Immunostain-
ing for MMP-9 (positive staining is dark
brown; arrows show positive staining),
40 · magnification.

FIG. 5. CS activity decreased in the WT infarct region
and was maintained in the null mice. (A) Protein soluble
fraction LVI: the CS activity decreased at day 1 post-MI in
the WT mice, but this decrease was not observed in the
MMP-9 null group. (B) Protein soluble fraction LVC: CS
activity levels did not significantly changed post-MI in both
genotypes. n = 8 per group, mean – SEM, *p < 0.05 versus
respective day 0.
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compared to day 0 (plasma analysis for d0 to d7 time course
in supplemental data, Supplementary Fig. S2). For nine of
these analytes, differences were only detected in the MMP-9
null group compared to the respective day 0 (all p < 0.05):
eotaxin, fibrinogen, haptoglobin, monocyte chemotactic
protein (MCP)-3, MCP-5, plasminogen activator inhibitor-1
(PAI-1), serum amyloid P component, and tissue inhibitor of
metalloproteinase-1 (TIMP-1) increased post-MI and throm-
bopoietin decreased (Fig. 8). Thrombopoietin was also lower in
the MMP-9 null group compared to the WT at day 1 post-MI.

Increased levels of eotaxin have been associated with im-
proved tissue repair in the MI setting through the CC chemo-
kine-binding receptor 3 (CCR-3) (3). CCR-3 plays a major role
in leukocyte traffic and recruitment to sites of tissue damage
(53). CCR-3 also mediates the migration of hematopoietic
progenitor cells to the ischemic myocardium in response to
induced mRNA expression of eotaxin (3). Similarly, MCP-3
has been identified as a homing factor for mesenchymal stem
cells (45), which can home to the heart early after MI (34). The
increased levels of these ligands in the MMP-9 null mice
suggest attenuated LV remodeling at the earlier stages post-MI.

Fibrinogen has been shown to have a chaperone-like ac-
tivity by specifically binding with partially denatured CS and

protecting it from thermal-induced aggregation and inacti-
vation (50). This characteristic of fibrinogen supports the
notion that chaperones can redirect the protein aggregation
process toward the formation of amorphous deposits, thereby
sequestering potentially toxic species from plasma, such as
observed after a necrotic event (1). Post-MI, MMP-9 null
mice show a robust increase in fibrinogen levels, suggesting a
cardioprotective role against systemic inflammation. Hap-
toglobin and serum amyloid P component have also been
reported to have chaperone-like activity (12, 57).

TIMP-1 plasma levels significantly increased at day 1 post-
MI and correlated with CS in the MMP-9 null animals
(TIMP-1: p < 0.01, r2 = 0.77; Fig. 9). Other groups have re-
ported evidence of an association between TIMP-1 and CS.
TIMP-1 mRNA levels increased with exercise in humans and
correlated with increased protein levels of CS after 4 weeks
of training (20). TIMP-1 is a known MMP-9 inhibitor, which
may explain the elevated plasma levels of TIMP-1 in the
MMP-9 null group post-MI. The levels of C-reactive protein
(CRP) were not different between genotypes and time points;
however, CRP levels correlated with the CS activity in the
MMP-9 null group ( p < 0.001, r2 = 0.87). CRP is a proin-
flammatory protein that activates the nuclear factor kappa B
(NF-jB) pathway (10). Although CRP has never been di-
rectly associated with CS activity levels, NF-jB has been
reported to activate citrate carrier (CIC) (27). CIC is an in-
tegral inner mitochondrial membrane protein that catalyzes
the export of citrate from the mitochondrial matrix to the
cytosol (28). CIC supplies acetyl-CoA necessary for the
production of a number of inflammatory mediators, such as
PGE2, NO, and ROS, and is dependent on CS activity (27).
To further study how the preserved CS activity observed in
the MMP-9 null mice may affect plasma inflammatory
markers, we studied the activation of the NF-jB pathway, a
key signaling component for early inflammatory activation
post-MI.

NF-kB pathway activation is attenuated
with MMP-9 deletion

Post-MI, the infarcted tissue goes through a complex tissue
repair process. At day 1 post-MI, the necrotic tissues and cells

FIG. 6. MMP-9 deletion had a protective effect on
cardiac mitochondria. Protein levels of the antioxidant
protein MnSOD were elevated in the infarcted LV (LVI) of
MMP-9 null mice compared to day 0 and remote region
(LVC), 1 day post-MI. *p < 0.05 versus MMP-9 null d0;
#p < 0.05 versus MMP-9 null d1 LVC. MnSOD, manganese
superoxide dismutase.

Table 1. Echocardiographic and Necropsy Measurements

Day 0 Day 1

WT MMP-9 null WT MMP-9 null

Heart rate (bpm) 450 – 13 466 – 13 467 – 13 472 – 11
EDV (ll) 63.0 – 3.3 56.0 – 2.7 88.0 – 5.2* 100.0 – 6.6*
ESV (ll) 20.0 – 1.7 18.0 – 1.2 78.0 – 4.9* 89.0 – 6.2*
Fractional shortening (%) 37.0 – 1.3 40.0 – 1.5 6.0 – 0.9* 6.0 – 0.8*
Infarct area (%) N/A N/A 62 – 3.0 56 – 3.0
Body weight (g) 25.1 – 1.6 23.8 – 1.0 23.7 – 1.8 23.8 – 1.7
LV mass (mg) 80.3 – 4.0 83.9 – 3.0 82.8 – 7.0 83.9 – 5.0
Right ventricle mass (mg) 15.5 – 1.0 16.6 – 1.0 15.9 – 2.0 16.6 – 1.0
Lung dry weight (mg) 36.9 – 1.0 41.1 – 1.0 36.0 – 1.0 41.1 – 2.0
LV remodeling index 0.78 – 0.03 0.78 – 0.03 1.11 – 0.09 1.19 – 0.04*
LV Hypertrophy index 4.46 – 0.11 4.82 – 0.15 11.8 – 1.5* 9.11 – 0.95*

Results are presented as mean – SEM, n = 8 per group. *p < 0.05 versus respective day 0 control.
N/A, not applicable; WT, wild type; EDD, end-diastolic dimension; ESD, end-systolic dimension; LV remodeling index, EDV/LV mass;

LV hypertrophy index, EDD/septum wall thickness in diastole; EDV, end-diastolic volume; ESV, end-systolic volume; LV, left ventricle;
MMP, matrix metalloproteinase.
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are removed as part of the inflammatory response. MMP-9 is
a key component in this process, and MMP-9 levels increase
early post-MI. Accordingly, we assayed the activity of the
p50/p65 heterodimer of NF-jB as a measure of the level of
involvement of the NF-jB activation pathway in inflamma-
tion. At day 1 post-MI, WT mice showed increased activation
of the NF-jB pathway in the LVI compared to their respec-
tive day 0 ( p < 0.05, Fig. 10). This increase was not observed
in the MMP-9 null mice, suggesting that MMP-9 deletion
attenuated the activation of inflammatory gene transcription.
Our results are in agreement with previous reports. Other
groups have demonstrated that NF-jB activation increases
post-MI and peaks at day 3 in a PO model (17, 51). Mice with
targeted deletion of the NF-jB subunit p50 showed preserved
LV function post-MI and lower tissue levels of MMP-9 (18).
The mechanism by which MMP-9 and NF-jB activation
interlink has not yet been elucidated. However, our data
suggest that preserved mitochondrial function, resulting from
MMP-9 deletion, plays an important role in blunting the in-
flammatory response activation. These results parallel what
we observed in plasma, where MMP-9 deletion resulted in
increased levels of fibrinogen, which in turn can bind to CS,
protecting CS against degradation and therefore preserve the
CS activity. Further studies on MMP-9 intracellular sub-
strates are needed to link MMP-9 and regulation of the in-
flammatory response at the translational level.

Conclusion

Our data suggest that MMP-9 deletion improves mito-
chondrial function post-MI by preventing the decrease in the

CS activity levels normally observed in infarcted tissue,
which leads to increased energy production and improved
mitochondrial function in the infarcted LV. Preserved CS
activity resulted in changes in the inflammatory response that
translated in increased levels of cardioprotective molecules,
such as fibrinogen and eotaxin.

Materials and Methods

Animals and surgery

All animal procedures were conducted according to the
‘‘Guide for the Care and Use of Laboratory Animals’’ (NIH
Notice Number: NOT-OD-12-020) and were approved by the
Institutional Animal Care and Use Committee at the Uni-
versity of Texas Health Science Center at San Antonio. Male
3- to 7-month-old C57BL6/J WT and MMP-9 null mice
were used in this study. Both WT and MMP-9 null colonies
were bred in-house as homozygous colonies and were
maintained in the same room since birth. The MMP-9 null
mice were generated in Zena Werb’s laboratory and back-
crossed by Lynn Matrisian’s laboratory and are on the
C57BL/6J background (32, 54). Animals were housed at
constant temperature (22�C – 2�C) on a 12-h light/dark cycle.
They were fed standard laboratory mice chow ad libitum and
had free access to tap water. Animals were divided into three
main groups: control (no MI, day 0), MI only, and WT MI
with MMP-9i. MI was induced by permanent ligation of the
left anterior descending coronary artery, as described previ-
ously (36). Eight surviving animals were used per genotype
(four females and four males) and time point. At 3 h post-MI,
infarction was confirmed by echocardiography and osmotic
pumps with MMP-9i (0.03 lg/day) were inserted subcuta-
neously in the WT MMP-9i group. Five time points were
analyzed: days 0, 1, 3, 5, and 7 post-MI. MMP-9i was the
triple-helical peptide (Gly-Pro-Hyp)4-Gly-mep-Flp-Gly-Pro-
Gln-[GlyC(PO2H-CH2)Ile]-Tyr-Phe-Gln-Arg-Gly-Val-Arg-
Gly-mep-Flp-(Gly-Pro-Hyp)4-Tyr-NH2 with a Ki of 91 nM,
where mep = 4-methylproline and Flp = 4-fluoroproline, syn-
thesized using the methods described previously (30).

Rationale for PO model

In this study, we used an MI model of PO for the following
reasons: (i) to dissect the molecular mechanisms of LV re-
modeling, we induced a robust remodeling response with PO,
which has a larger effect size than the I/R model and (ii)
*20% of MI patients are actually not reperfused, translating
to about 250,000 patients each year in the United States that
have PO MIs (19). Thus, the PO model is used here as a
clinically relevant MI model.

Echocardiography and necropsy evaluations

Echocardiograms were acquired under spontaneous res-
piration with 1%–2% isoflurane in an oxygen mix. Images
were acquired with the use of a Vevo 770� High-Resolution
In Vivo Imaging System (Visual Sonics), at heart rates of
> 400 bpm. Electrocardiogram and heart rate were monitored
throughout the imaging procedure. Echocardiographic mea-
surements were taken from the two-dimensional parasternal
long-axis and short-axis (m-mode) recordings of the LV. For
each parameter, three images from consecutive cardiac cy-
cles were measured and averaged. The LV remodeling index

FIG. 7. EDV (A) and ESV (B) correlated with CS
activity in the MMP-9 null group. Data shown corre-
sponds to n = 4 per group per time point, days 0 and 1 post-
MI. EDV, end-diastolic volume; ESV, end-systolic volume.
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was calculated as the ratio of EDV to LV mass (26). The
hypertrophic index was calculated as the ratio of end-
diastolic dimensions to septum wall thickness in diastole.

At necropsy, mice were anesthetized with 1.5%–2.5%
isoflurane in an oxygen mix. Heparin (4 U heparin/g body
weight) was injected intraperitoneally, and after 5 min, blood
was collected from the carotid artery of the mouse. The
plasma was isolated by centrifugation and stored with
1 · protease inhibitors (Roche Diagnostics) at - 80�C. Plasma
proteomic profiling of 58 analytes were measured as described
previously (35). After blood collection, the coronary vascu-
lature was flushed with the cardioplegic solution (37). The
heart was excised, and the LV and right ventricle separated and
weighed individually. The LV was sectioned into three
transverse sections and stained with 1% 2,3,5-triphenylte-
trazolium chloride (Sigma-Aldrich) for infarct area determi-
nation. The infarct (LVI) and remote (LVC) regions of the
apex and base segments were separated under a microscope,
individually snap frozen, and stored at - 80�C for biochemical
analysis. The LV middle section was fixed in 10% zinc for-
malin, processed in paraffin, and sectioned at 5 lm for im-
munohistochemistry studies.

Texas three-step protein fractionation

LV samples are initially incubated in a neutral low salt,
nondenaturing buffer (0.5 M NaCl, 10 mM Tris base, pH 7.5,
and 1 · protease inhibitor cocktail [PI]) for the extraction of
soluble proteins, including newly synthesized ECM proteins

and degradation products (step 1). The remaining tissue is
then decellularized by the treatment with sodium dodecyl
sulfate (SDS) (1% SDS in PBS and 1 · PI, step 2). Finally, the
insoluble protein fraction that remains is exposed to acid
extraction (4 M GnHCl, 50 mM sodium acetate, pH 5.8, and
1 · PI), deglycosylation (150 mM NaCl, 50 mM sodium ace-
tate [pH 6.8], 1 · PI, and 0.05 U of each of the following
deglycosylation enzymes: chondroitinase ABC from Proteus
vulgaris, endo-b-galactosidase from Bacteroides fragilis, and
heparinase II from Flavobacterium heparinum), and solubi-
lization with dimethyl sulfoxide (step 3).

Mass spectrometry

Insoluble proteins (step 3; 12.75 lg) were separated in a
short 4%–12% Bis-Tris gel. The top 1 cm of the gel, which
contained the proteins, was excised and the proteins digested
in situ with trypsin. The digests were analyzed by capillary
HPLC-ESI-MS/MS on a Thermo Fisher LTQ Orbitrap Velos
mass spectrometer, using a top-6 protocol as previously de-
scribed (14). Mascot (version 2.3.02; Matrix Science) was
used to search the MS results against a combination of the
mouse subset of the NCBInr database (Mus. [145,083 se-
quences]) and a database of common contaminants (179 se-
quences). Methionine oxidation was considered a variable
modification; trypsin was specified as the proteolytic en-
zyme, with one missed cleavage allowed. The Mascot data
files were combined in a scaffold (Proteome Software; ver-
sion 3) for a subset search of the CID spectra using X!

FIG. 8. The plasma analysis showed differences in nine plasma analyte levels post-MI in the MMP-9 null group.
n = 8 per group, mean – SEM; *p < 0.05 versus respective day 0; #p < 0.05 versus day 0 WT; + p < 0.05 versus d1 WT.

CITRATE SYNTHASE: A NOVEL MMP-9 SUBSTRATE 1981



Tandem, cross-correlation of the X! Tandem, Mascot results,
determination of protein, and peptide identity probabilities.
The thresholds for the acceptance of peptide and protein as-
signments in a scaffold were 90% and 99%, respectively, and
minimum of two unique peptides. The data are reported as
normalized spectrum counts (protein’s relative abundance
across biosamples).

Protein extraction for immunoblotting

The LV was homogenized in 1 · PBS with 1 · protease
inhibitors (16 ll for every mg of wet LV) using the Power
Gen 1000 Homogenizer (Fisher Scientific). The homogenate
was centrifuged at 4700 rpm. The supernatant (the soluble
protein fraction) was extracted and placed in a fresh tube to
be stored at - 80�C. The remaining pellet (insoluble protein
fraction) was homogenized in Protein Extraction Reagent 4
(Sigma-Aldrich) with 1 · protease inhibitor, using the same
volume as before. The insoluble protein fraction was then
transferred to a clean tube, and both fractions were stored at
- 80�C.

Immunoblotting

Total protein (10 lg) from each fraction (soluble and in-
soluble) were run on 26-well, 4%–12% criterion Bis–Tris gel
(Bio-Rad), and transferred onto nitrocellulose membranes
(Bio-Rad). Human recombinant CS protein (300 ng) was
added as a loading control to normalize the densitometry
values between blots. The membranes were stained with
MemCode� Reversible Protein Stain Kit (Thermo Scien-

tific) to verify protein concentration and loading accuracy.
Membranes were blocked with 5% nonfat milk (Bio-Rad)
and incubated overnight at 4�C with a polyclonal anti-citrate
synthetase antibody (1:1000 dilution, ab96600; Abcam). An
anti-rabbit secondary antibody (Vector Laboratories) was
used, and signal detection was accomplished by SuperSignal
West Pico Chemiluminescent Substrate (Thermo Scientific)
(35). Protein levels were quantified by densitometry using the
IQ-TL image analysis software (GE Healthcare, Waukesha,
WI). Densitometric units were normalized to the densitom-
etry of the total protein stain for the entire lane. The groups
were subanalyzed to determine if there were any differences
based on sex, genotype, and time point.

CS cleavage assay

Human recombinant CS (2 lg) was incubated with MMP-9
in a 1:5 enzyme/substrate ratio for 18 h at 37�C, in the pres-
ence of 1 · zymogram buffer. The reaction was stopped with
2.5 mM EDTA, and the cleavage products were run in a 4%–
12% Bis-Tris gel for visualization. The gel was stained with
InstantBlue (Expedeon), and an image was acquired with
ImageQuant 4000 (GE Healthcare).

Immunohistochemistry

Dual staining for CS and MMP-9 was performed in serial
sections of zinc–formalin-fixed LV. Tissue sections were

FIG. 9. TIMP-1 (A) and CRP (B) correlated with CS
activity in the MMP-9 null group. Data shown corre-
sponds to n = 4 per group per time point, days 0 and 1 post-
MI. CRP, C-reactive protein; TIMP-1, tissue inhibitor of
metalloproteinase-1.

FIG. 10. NF-jB pathway activation was attenuated in
the MMP-9 null mice in the LVI (A), but not in LVC (B),
at day 1 post-MI. n = 8 per group, mean – SEM; *p < 0.05
versus respective day 0. NF-jB, nuclear factor kappa B.
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deparaffinized, dehydrated, and heat-incubated with the an-
tigen retrieval solution (Dako) for *2 min. Tissue was
blocked with horse serum (Vector Laboratories) and incu-
bated overnight at 4�C with primary antibody diluted 1:100 in
blocking serum (CS, ab96600; MMP-9, ab38898; Abcam).
After 30 min incubation with an anti-rabbit secondary anti-
body (Vector Laboratories), positive signal was visualized
using HistoMark BLACK Peroxidase substrate (KPL) for CS
and NovaRED substrate (Vector Laboratories) for MMP-9.
Representative images were acquired at 40 · magnification
using an Olympus BX43 microscope.

CS activity assay

We measured CS activity levels with a CS assay kit
(Sigma-Aldrich) according to the manufacturer’s instructions
(n = 4/group).

NF-kB pathway

The NF-jB pathway activation was assessed with the
colorimetric NF-jB p50/p65 Transcription Factor Assay
(#70–510; Millipore) according to the manufacturer’s in-
structions.

Statistical analysis

Data are reported as mean – SEM. The Kruskal–Wallis
nonparametric test was used to assess the differences among
the groups, and the Dunn’s multiple comparison post-test was
used when differences were observed. A p < 0.05 was con-
sidered significant. Linear regressions were performed of the
plasma analytes, echocardiographic data, and CS activity.
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CCR-3¼CC chemokine-binding receptor 3
CIC¼ citrate carrier
CRP¼C-reactive protein

CS¼ citrate synthase
ECM¼ extracellular matrix
EDV¼ end-diastolic volume
ESV¼ end-systolic volume

HPLC-ESI-MS/MS¼HPLC-electrospray ionization
tandem mass spectrometry

I/R¼ ischemia/reperfusion
LV¼ left ventricle

LVC¼ left ventricle remote region
(control, noninfarcted tissue)

LVI¼ left ventricle infarcted area
MCP¼monocyte chemotactic protein

MI¼myocardial infarction
MMPs¼matrix metalloproteinases

MMP-9i¼MMP-9 inhibitor
MnSOD¼manganese superoxide dismutase

MPO¼myeloperoxidase
MS¼mass spectrometry

NF-jB¼ nuclear factor kappa B
NO¼ nitric oxide

PAI-1¼ plasminogen activator inhibitor-1
PBS¼ phosphate-buffered saline

PGE2¼ prostaglandin E2
PI¼ protease inhibitor cocktail

PO¼ permanent occlusion
ROS¼ reactive oxygen species
SDS¼ sodium dodecyl sulfate
TCA¼ tricarboxylic acid

TIMP-1¼ tissue inhibitor of
metalloproteinase-1

WT¼wild type
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