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Abstract

Myocardial ischemia-reperfusion (I/R) is associated with the activation of matrix metalloproteinases (MMPs) and serine pro-
teases. We hypothesized that activation of MMPs and the serine protease plasmin contribute to early cardiac myocyte death
following I/R and that broad-spectrum protease inhibition with doxycycline (DOX) preserves myocyte viability. Rats treated
daily with or without DOX beginning 48 h prior to experimentation were subjected to 30 min of coronary occlusion and 2 days
of reperfusion. DOX pre-treatment reduced infarct size by 37%. DOX attenuated increases in MMP-9 and plasmin levels as
determined by gelatin zymography and immunoblot, respectively. Neutrophil extravasation was unaltered by DOX as assessed
by myeloperoxidase (MPO) activity. To examine the contribution of MMP-9 and plasmin to myocyte injury, cultures of neonatal
rat ventricular myocytes (NRVMs) were treated for 48 h with 83 kDa MMP-9 or plasminogen in the presence or absence of
DOX. MMP-9 treatment did not affect myocyte viability. Plasminogen treatment led to increased plasmin activity, resulting
in loss of β1-integrin, NRVM detachment and apoptosis. DOX co-treatment inhibited plasmin activity and preserved NRVM
attachment, whereas co-treatment with the broad-spectrum MMP inhibitor GM6001 had no effect. These results indicate that
plasmin causes disruption of myocyte attachment and viability independently of MMP activation in vitro and that inhibition of
plasmin by DOX may reduce I/R-induced myocyte death in vivo through the inhibition of plasmin. (Mol Cell Biochem 270:
1–11, 2005)

Key words: plasmin/plasminogen system, proteases, myocardial ischemia-reperfusion, matrix metalloproteinase

Introduction

Reperfusion of the myocardium following acute coronary oc-
clusion has been shown to salvage myocytes and reduce in-
farct size [1]; however, its benefit is limited due to reperfusion
injury [2]. Upon reperfusion, the extravasation of neutrophils
and monocytes, release of inflammatory cytokines, genera-
tion of reactive oxygen species, and release of proteolytic
enzymes contribute to additional myocyte dysfunction and
death beyond that generated by ischemia alone [2]. Reper-
fusion injury consists of both necrotic and apoptotic forms
of cell death [3], and strategies aimed at reducing the ex-
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tent of apoptosis or necrosis have been demonstrated to re-
duce infarct size [4–6]. In adherent cell types, apoptotic cell
death can be induced by disrupting interactions with the un-
derlying extracellular matrix (ECM). Disruption of normal
cell-ECM interactions has been shown to contribute to the
induction of myocyte apoptosis both in vitro [7] and in vivo
[8].

We and others have demonstrated that ECM degradation
occurs within minutes of myocardial ischemia and may
be mediated in part by the early activation of matrix
metalloproteinases (MMPs) [9, 10]. MMPs are a family of
zinc-dependent endopeptidases that are expressed as inactive
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zymogens and activated through proteolytic processing by
other proteases [11]. In studies using isolated perfused rat
hearts, MMP inhibition reduces ischemia-reperfusion (I/R)-
induced troponin I degradation and improves recovery of
mechanical function [12]. However, other ECM-degrading
proteases are activated within the ischemic myocardium,
including serine proteases of the plasminogen/plasmin
system [13]. In addition to its well-known role in clot lysis,
plasmin also mediates pericellular proteolysis of ECM
proteins both directly and through the activation of MMPs
[13]. Increased plasmin levels have been observed following
coronary occlusion [14]. The inactive plasminogen zymogen
is proteolytically activated to plasmin by plasminogen acti-
vators. Urokinase-type plasminogen activator is upregulated
following coronary occlusion in the pig [15] and in the
mouse predisposes the heart to rupture following coronary
occlusion [14]. Broad-specrum serine protease inhibition
with aprotinin attenuates creatine kinase release following
I/R and improves recovery of mechanical function in the
rat [16] and dog [17]. While these results suggest that
MMPs and/or plasmin may have a role in mediating early
myocardial ischemic injury, their effects on myocardial
infarct size following I/R have not been investigated in vivo.

Doxycycline (DOX), a member of the tetracycline family
of antibiotics, has been shown to inhibit MMP expression
and activity [18] and to preserve cardiac function follow-
ing I/R injury [12]. However, recent reports indicate DOX
also directly inhibits cysteine protease activity [19] and in-
directly inhibits serine protease activity via inhibition of
MMP-mediated degradation of endogenous serine protease
inhibitors (SERPINs) [20, 21]. In this study we report that
DOX treatment attenuated increases in plasmin and MMP-9
activities following myocardial I/R injury and reduced in-
farct size in vivo. Using an in vitro culture system, plasmin
but not MMP-9 induced myocyte death by detachment, and
this was inhibited by DOX. These results suggest that DOX
may reduce myocyte death in vivo, at least in part, through
the inhibition of plasmin.

Materials and methods

Doxycycline treatment

Adult male Sprague-Dawley rats (Harlan, Indianapolis, IN)
weighing 250–300 g were used. DOX (30 mg/kg per day;
Sigma, St. Louis, MO) or water was administered orally be-
ginning 48 h before surgery and continuing 48 h post-surgery.
This DOX dose effectively blocks MMP activity in models
of tissue injury and healing in the rat [22, 23]. For infarct
size determination, groups included untreated (n = 8) and
DOX-treated (n = 8) I/R rats. For biochemical measure-
ments, groups included untreated (n = 11) and DOX-treated

(n = 12) I/R rats and untreated (n = 5) and DOX-treated
(n = 5) sham rats. All procedures were approved by the In-
stitutional Animal Care and Use Committee and conform to
published NIH guidelines for animal research.

Surgery

Animals were anesthetized by intraperitoneal injection of ke-
tamine (100 mg/kg) and xylazine (10 mg/kg), intubated, and
positive-pressure ventilated. Following a left thoracotomy,
the left anterior descending coronary artery was ligated for
30 min, released and the suture left in place as a point of refer-
ence. The chest was closed and the animal allowed to recover.
Successful occlusion and reperfusion were verified by visual
inspection of left ventricle (LV) color. Sham animals were
treated identically, except the ligature was not tightened.

Determination of infarct size

At 48 h post-I/R, infarct size was determined as previously
described [24]. Trypan blue (0.4%) was used to delineate the
area at risk. Triphenyltetrazolium chloride staining was used
to distinguish between viable and infarcted myocardium.

Tissue collection

At 48 h post-I/R, the hearts were rapidly excised and perfused
with cold cardioplegia to remove blood. LV freewall (is-
chemic region) and septum were separated and homogenized
on ice in lysis buffer (50 mmol/L Tris pH 7.4, 150 mmol/L
NaCl, 5 mmol/L CaCl2, 0.2 mmol/L NaN3, 0.1% Triton
X-100). Lysates were cleared by centrifugation at 12,000 g
for 10 min at 4 ◦C.

Gelatin zymography

Gelatin zymography was performed as previously described
[25]. An internal control (human MMP-2/MMP-9, Chemi-
con, Temecula, CA) was loaded to normalize between gels.
Bands of gelatinolytic activity were digitally quantified
(Kodak 1D, Eastman Kodak, Rochester, NY).

Immunoblots

Immunoblotting was performed as previously described [26].
Blots were probed with a rabbit polyclonal anti-plasminogen
antibody (1:250, Biogenesis Ltd., Kingston, NH), a mouse
monoclonal anti-plasminogen antibody [27] (1:200), a mouse
monoclonal anti-α-actinin antibody (1:400, Upstate U.S.A.,
Charlottesville, VA), or a rabbit polyclonal anti-β1D-integrin
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antibody [28] (1:10,000) followed by appropriate horseradish
peroxidase-conjugated secondary antibodies.

Myeloperoxidase (MPO) Assay

The MPO assay was performed as previously described [26]
with modifications. Tissue samples were homogenized in
MPO lysis buffer (50 mmol/L KH2PO4 pH 6.0, 0.5% hexade-
cyltrimethylammonium bromide) and incubated on ice for 30
min. Following centrifugation, the supernatants were reacted
with 0.4 mmol/L tetramethylbenzidine (Sigma) and 0.006%
H2O2 in 50 mmol/L phosphate at pH 6.0. Absorbance was
monitored and MPO activity expressed as mOD/min per gram
of protein.

Plasminogen and MMP-9 stimulation on neonatal
rat ventricular myocytes (NRVMs)

NRVMs were prepared as previously described [29] and
maintained in serum-free media (80% DMEM, 20% M199).
NRVMs were stimulated with bovine plasminogen (Sigma),
porcine or human plasmin (Sigma), or 83 kDa human re-
combinant active MMP-9 (Calbiochem, La Jolla CA) for
16–48 h. In studies involving DOX or the broad-spectrum
MMP inhibitor GM6001 (Sigma), the inhibitor was added
1 h prior to stimulation. At the end of the experiment, plas-
min activity was assessed by reacting culture media with 0.5
mmol/L N-p-tosyl-gly-pro-lys-pNA (Sigma) in Tris buffer
(50 mmol/L, pH 7.5) and continually monitoring the increase
in absorbance at 405 nm.

Global MMP activity was assessed by reacting culture
media with 10 µmol/L OmniMMP substrate (Mca-pro-
leu-gly-leu-Dpa-ala-arg, BIOMOL Research Laboratories,
Plymouth Meeting, PA) in assay buffer (50 mmol/L Tris
pH 7.5, 150 mmol/L NaCl, 5 mmol/L CaCl2). To assess
gelatinase activities, culture media was subjected to gelatin
zymography as described above.

Cell detachment assay

Cell detachment was assessed as previously described [30].
Following treatment, the wells were rinsed with PBS, and
the remaining viable adherent cells were assessed using a
methylthiazoletetrazolium (MTT)-based in vitro toxicology
assay kit (Sigma) per manufacturer instructions.

Annexin V labeling of apoptotic NRVMs

NRVMs were grown on gelatin-coated coverslips. An-
nexin V and propidium iodide labeling were performed per

manufacturer instructions (BD ApoAlert Annexin V, BD Bio-
sciences, San Diego, CA). The cells were then fixed with
3.4% formaldehyde and counterstained with 4′,6-diamidino-
2-phenylindole dihydrochloride (DAPI, Sigma).

Inhibition of plasmin by DOX

Plasmin (100 nmol/l) was incubated with various concen-
trations of DOX in assay buffer (50 mM Tris pH 7.5, 150
mmol/L NaCl, 5 mmol/L CaCl2) for 1 h at room temper-
ature. N-p-tosyl-gly-pro-lys-pNA was then added to a final
concentration of 0.5 mmol/L and the increase in absorbance
at 405 nm was continuously monitored. The data were fit to
the sigmoidal Hill equation: Y = [DOX]n/([DOX]n + kn).
Y is the rate of substrate hydrolysis as a fraction of maximal
substrate hydrolysis, n is the Hill coefficient, and k is the
DOX concentration at which activity is half maximal (IC50).

Statistical analysis

Results are expressed as mean ± S.E.M. Comparisons be-
tween means were analyzed, as appropriate, by student’s t-
test or one-way ANOVA followed by Bonferroni t-test. A
value of p < 0.05 was considered statistically significant.

Results

Doxycycline reduced infarct size

To assess the effects of DOX on infarct size following my-
ocardial I/R injury, rats were subjected to 30 min of coronary
occlusion followed by 2 days of reperfusion. In the vehicle
group, the mean area at risk was 46.0 ± 1.6% of the left ven-
tricle (LV) and the infarct area was 39.9 ± 5.0% of the area
at risk. In the DOX-treated group, the mean area at risk was
comparable (50.0 ± 3.1% of LV), but the infarct area was sig-
nificantly reduced to 25.2 ± 4.9% of the area at risk (Fig. 1).

Doxycycline attenuated MMP-9 upregulation
in the ischemic region

Gelatin zymography of tissue homogenates from the is-
chemic region and septum revealed bands corresponding to
92 kDa MMP-9 and 72 and 75 kDa MMP-2 (Fig. 2A). Den-
sitometric analysis revealed MMP-9 levels were increased
3-fold in the ischemic region of the I/R group compared with
Sham (p < 0.05), and this increase was attenuated in the
I/R+DOX group (p < 0.05) (Fig. 2B). MMP-9 levels in the
septum remained unchanged between groups; no differences
in MMP-2 levels were observed in any group.
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Fig. 1. Reduction of myocardial infarct size with DOX pre-treatment. A,
Representative control (I/R) and DOX-treated (I/R + DOX) infarcted hearts
stained with trypan blue and triphenyltetrazolium chloride for infarct size
determination. B, Morphometric analysis of infarct size in I/R (n = 8) and
I/R + DOX (n = 8). Values are mean ± S.E.M. ∗ p < 0.05.

Fig. 2. Reduction of 92 kDa MMP-9 levels in the ischemic region with
DOX pre-treatment. A, Representative gelatin zymograms of myocardial
MMP-2 and MMP-9 levels in control (I/R) and DOX-treated (I/R + DOX)
infarcted hearts and sham hearts. ‘I’ and ‘S’ indicate ischemic region and
septum, respectively. ‘Std’ indicates human MMP-2/MMP-9 standard. B,
Densitometric analysis of 92 kDa MMP-9 zymographic activity in I/R (n =
11), I/R + DOX (n = 12), Sham (n = 5), and Sham + DOX (n = 5).
Values are mean ± S.E.M..

Doxycycline did not inhibit the inflammatory response

Since MMP-9 is associated with neutrophil infiltration in
other models of MI [26, 31], we assessed the capacity of DOX
to inhibit neutrophil accumulation in the myocardium by

Fig. 3. Myocardial myeloperoxidase (MPO) activity in control (I/R, n = 11)
and DOX-treated (I/R + DOX, n = 12) ischemic hearts and control (Sham,
n = 5) and DOX-treated (Sham + DOX, n = 5) sham hearts. No significant
difference was observed between I/R and I/R + DOX ischemic regions.
Values are mean ± S.E.M.. n.s. = not significant.

measuring MPO activity. MPO is an enzyme located within
the primary granules of neutrophils and has commonly been
used as a marker of tissue neutrophil content [32]. In both
the I/R and I/R + DOX groups, MPO activity in the ischemic
region was significantly higher compared to septum, indicat-
ing infiltration of neutrophils into the ischemic region. No
significant difference in MPO activity in the ischemic region
was observed between the I/R and I/R + DOX groups, indi-
cating DOX treatment did not inhibit neutrophil infiltration
into the ischemic region (Fig. 3).

Doxycycline reduced plasmin levels in the ischemic region

Since DOX has inhibitory effects on proteases other than
MMPs, we assessed the effects of DOX on plasminogen and
plasmin levels in the I/R hearts. Immunoblots revealed an
increase in plasminogen in the ischemic region compared
to septum in both the I/R group and the I/R + DOX group
(p < 0.05) (Figs. 4A and B). DOX treatment tended toward
reduced plasminogen levels in the ischemic region compared
with the untreated I/R group, but this did not reach statistical
significance (Fig. 4B).

An immunoreactive band of 68 kDa also appeared in the
ischemic region of the I/R and I/R+DOX groups, consistent
with the active plasmin form of the protease (Fig. 4A). Plas-
min levels were significantly increased in the ischemic region
compared to septum in I/R and I/R + DOX. DOX treatment
significantly reduced plasmin levels in the ischemic region
of I/R + DOX compared with I/R (Fig. 4C).

MMP-9 did not cause NRVM detachment or death

Given the enhanced levels of MMP-9 observed with I/R
injury in vivo, we investigated the effects of recombinant,
83 kDa active MMP-9 on NRVMs in vitro. MMP-9 was added
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Fig. 4. Reduction of plasmin levels in the ischemic region with DOX pre-
treatment. A, Representative immunoblots of myocardial plasminogen and
plasmin levels in control (I/R) and DOX-treated (I/R + DOX) infarcted
hearts. ‘I’ and ‘S’ indicate ischemic region and septum, respectively. B and
C, Densitometric analysis of plasminogen and plasmin levels in I/R (n = 11)
and I/R + DOX (n = 12). Values are mean ± S.E.M.. n.s. = not significant.

incrementally to NRVMs up to a concentration of 2 nM,
which corresponds to serum concentrations of MMP-9 re-
ported in humans post-MI [33]. DOX co-treatment resulted in
a dose-dependent inhibition of MMP activity, and the broad-
spectrum MMP inhibitor GM6001 completely inhibited
MMP activity by 1 µmol/L (Figs. 5A and B). Interestingly,
media from DOX-treated cells showed a dose-dependent
loss of MMP zymographic activity, whereas GM6001-treated
cells retained MMP zymographic activity (Fig. 5B).

MMP-9 did not cause cell detachment nor induce cell
death at any concentration tested (Fig. 5C). A slight but
significant decrease in the number of viable adherent cells
was observed with 25 and 50 µmol/L GM6001, likely due
to cytotoxicity at high concentrations. The small increase in
the number of viable adherent cells with 50 and 100 µmol/L
DOX compared to controls (Fig. 5C) suggests that DOX
may reduce NRVM detachment that occurs under normal,
untreated culture conditions.

Fig. 5. Effects of DOX co-treatment on MMP activity and cell detachment
in cultures of NRVMs stimulated with 83 kDa active MMP-9 for 48 h.
A, Dose-dependent increase in MMP activity and inhibition by DOX and
GM6001 as assessed by hydrolysis of a peptide substrate. Activities are
expressed as the percentage of maximal activity. B, Representative gelatin
zymogram following stimulation of NRVMs with 83 kDa MMP-9 in the
presence or absence of inhibitors. Gel lanes correspond to columns in A. C,
Remaining viable adherent cells as assessed by reduction of MTT. Values
are normalized to unstimulated cells. Data are expressed as mean ± S.E.M.
from experiments performed at least in triplicate from two different cell
preparations. ∗ p < 0.05 vs. unstimulated control. # p < 0.05 vs. 2 nM
active MMP-9-stimulated only.

NRVMs convert plasminogen to plasmin

Addition of plasminogen to NRVMs for 48 h led to a dose-
dependent increase in plasmin activity as assessed by hydrol-
ysis of a plasmin-specific peptide substrate (Fig. 6A). Since
plasmin is a known activator of MMPs, we also measured
MMP activity following 48 h of plasminogen stimulation us-
ing the OmniMMP substrate. However, no increase in MMP
activity was observed (Fig. 6B). Interestingly, the treatment of
NRVM and cardiac fibroblast co-cultures with plasminogen
yielded dose-dependent increases in MMP activation (data
not shown), implicating fibroblasts as the primary source of
MMPs in the heart.



6

Fig. 6. Effects of plasminogen treatment on plasmin and MMP activities
in cultures of NRVMs. Plasmin activity (A) and global MMP activity (B)
induced by 48 h of plasminogen treatment as assessed by hydrolysis of
peptide substrates. Data are mean ± S.E.M. from experiments performed
at least in triplicate from two different cell preparations. ∗ p < 0.05 vs.
unstimulated.

Plasmin induced NRVM detachment and death

The addition of 60 µg/mL plasminogen to NRVMs for 48
h resulted in cell rounding and a loss of cell-cell and cell-
matrix interactions (Fig. 7A). MTT assay results showed that
∼50% of the cells were detached by 48 h of stimulation
with 60 µg/mL plasminogen (Fig. 7B). To verify that cell
detachment was due to plasmin activity, NRVMs were stim-
ulated with 60 µg/mL purified plasmin. Cell detachment oc-
curred more rapidly with plasmin than plasminogen, as 92%
of the NRVMs were detached by 16 h of stimulation (data
not shown). Immunoblots of cell lysate against β1D-integrin
revealed an immunoreactive doublet of ∼125 kDa, corre-
sponding to the mature and precursor forms of the protein as
previously described [28]. Plasmin stimulation resulted in the
loss of mature β1D-integrin (Fig. 7C), the primary β1-integrin
isoform expressed in the postnatal heart [34].

Plasminogen-treated NRVMs showed increased mem-
brane staining with annexin V and increased nuclear

fragmentation (Fig. 7D). The cells did not stain with propid-
ium iodide, indicating maintenance of membrane integrity.
Surprisingly, many of the detached cells continued to sponta-
neously beat, also indicating membrane integrity. Thus, these
data are consistent with early apoptotic cell death.

Doxycycline inhibited plasmin activity in culture and
preserved NRVM attachment

We assessed the effects of DOX on plasminogen-treated
NRVMs. DOX co-treatment resulted in a dose-dependent
decrease in plasmin activity, with an apparent IC50 of
∼36 µmol/L (Fig. 8A). DOX also preserved NRVM attach-
ment in the presence of 60 µg/mL plasminogen in a dose-
dependent manner, with 50 µmol/L completely preserving
attachment (Fig. 8B). However, the broad-spectrum MMP
inhibitor GM6001 did not inhibit plasmin activity (Fig. 8A)
nor did it preserve myocyte attachment (Fig. 8B). DOX also
completely preserved levels of mature β1D-integrin while
GM6001 did so to a much lesser extent (Fig. 7C).

To verify that the reduction in plasmin activity by DOX was
due to the direct inhibition of plasmin rather than inhibition
of the conversion of plasminogen to plasmin, NRVMs were
stimulated with purified plasmin (60 µg/mL) for 16 h in the
presence or absence of DOX. 100 µmol/L DOX inhibited
plasmin activity by 72% (p < 0.05) (Fig. 8A), demonstrating
plasmin to be a direct target of DOX.

Media from NRVMs treated for 16 h with 60 µg/mL plas-
min or plasminogen revealed a diffuse immunoreactive dou-
blet at the approximate molecular weight of pure plasmin
(Fig. 8C). Interestingly, DOX co-treatment reduced plasmin
levels in the media of both the plasmin-treated (lane 3) and
plasminogen-treated cells (lane 5).

Doxycycline directly inhibited plasmin

The addition of DOX to plasmin (100 nmol/L) in buffer re-
sulted in a dose-dependent inhibition of plasmin activity with
an IC50 of 18.4 µmol/L as determined by hydrolysis of a pep-
tide substrate (Fig. 9).

Discussion

The unique observations from this study were that DOX pre-
treatment significantly reduced infarct size 2 days post-I/R
in the rat heart in vivo. The smaller infarct size correlated
with reduced MMP-9 and plasmin levels in the ischemic re-
gion, suggesting a possible role for these proteases in me-
diating I/R injury. The assessment of MMP-9 and plasmin
effects on cultured NRVMs demonstrated that physiological
concentrations of plasmin, but not MMP-9, were capable of
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Fig. 7. Neonatal rat ventricular myocyte (NRVM) detachment and death following 48 h of plasminogen stimulation. A, Representative phase contrast microscopy
images of untreated NRVMs and NRVMs stimulated with plasminogen (60 µg/mL) with or without DOX (100 µmol/L) or GM6001 (50 µmol/L). B, Remaining
viable adherent NRVMs following plasminogen (60 µg/mL) stimulation as assessed by reduction of MTT. Values are normalized to the unstimulated control.
C, Immunoblot of β1D-integrin in cell lysate from NRVMs stimulated for 16 h with plasmin (60 µg/mL) with or without DOX (100 µmol/L) or GM6001
(50 µmol/L). ‘Mat β1D’ and ‘Pre β1D’ indicate mature and precursor β1D-integrin, respectively. D, Annexin V and DAPI staining of NRVMs stimulated with
plasminogen (60 µg/mL). Annexin V staining localized to the membrane of apoptotic cells (arrows). Many of the annexin V positive cells showed nuclear
fragmentation (arrowhead, magnified view in inset). Cells were negative for propidium iodide staining. Data are mean ± S.E.M. from experiments performed
at least in triplicate from two different cell preparations. ∗ p < 0.05 vs. unstimulated.

inducing cell death by detachment. DOX inhibited plasmin
activity in culture and preserved NRVM attachment, suggest-
ing that DOX may reduce myocyte death in vivo, at least in
part, through the inhibition of plasmin.

Previous studies demonstrated latent (92 kDa) and active
(83 kDa) MMP-9 are upregulated within hours of I/R and
are primarily derived from neutrophils [26, 31]. We observed
increases in 92 kDa MMP-9 in the ischemic region 48 h post-
I/R correlating with increased neutrophil content. However,
increases in 83 kDa active MMP-9 were not observed. A
plausible explanation for lack of increased 83 kDa MMP-9
is that MMP-9 activation and subsequent clearance from the
myocardium may occur within the first 48 h following I/R,
since neutrophil accumulation peaks within the first 24 h of
reperfusion in the rat [35].

We found that pretreatment of rats with DOX reduced tis-
sue levels of 92 kDa MMP-9 within the ischemic region but
did not alter neutrophil content, suggesting that MMP-9 lev-
els may not necessarily follow neutrophil infiltration. Reduc-
tions in MMP-9 levels without a concomitant reduction in in-
flammatory cell infiltrate have also been reported with DOX
treatment in a mouse model of abdominal aortic aneurysm
[36]. Furthermore, MMP-9-deficient mice subjected to I/R
showed only slight reductions in neutrophil infiltration into
the I/R region [14]. Thus, our results indicate that although
DOX reduces 92 kDa MMP-9 levels, it does not appear to
affect the acute inflammatory response following I/R.

The integrity of cell-matrix interactions is necessary for
myocyte survival both in vitro [7, 37] and in vivo [8]. To
investigate whether reduced infarct size was due to reduced
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Fig. 8. Effects of DOX co-treatment on plasmin activity and cell detach-
ment in cultures of NRVMs. A, Inhibition of plasmin activity by DOX and
GM6001 following 48 h of plasminogen (Plg) stimulation or 16 h of plasmin
(Pln) stimulation as assessed by hydrolysis of a peptide substrate. Activity
is expressed as the percentage of activity observed without inhibitors. B,
Remaining viable adherent cells following 48 h of plasminogen (60 µg/mL)
stimulation as assessed by reduction of MTT. Values are normalized to
unstimulated cells. C, Representative immunoblot of media from NRVMs
treated for 16 h with 60 µg/mL Pln (lane 2), 60 µg/mL Pln + 100 µmol/L
DOX (lane 3), 60 µg/mL Plg (lane 4), or 60 µg/mL Plg+100 µmol/L DOX
(lane 5). Lane 1 is untreated control. ‘Pln’ and ‘Plg” indicate plasmin and
plasminogen standard, respectively. Data are mean ± S.E.M. from exper-
iments performed at least in triplicate (Plg) or duplicate (Pln) from two
different cell preparations. ∗ p < 0.05 vs. no inhibitor.

MMP-9 activity with DOX, we investigated the effects of
MMP-9 on cell survival in cultures of NRVMs. Addition of
physiological concentrations of MMP-9 did not alter NRVM
attachment or viability, suggesting MMP-9 alone is not suf-
ficient to directly disrupt myocyte-matrix interactions. DOX
and GM6001 both effectively inhibited global MMP activity

Fig. 9. Inhibition of purified human plasmin by DOX. Plasmin was prein-
cubated with DOX for 1 h. Data was fit to the sigmoidal Hill equation and
the IC50 determined to be 18.4 µmol/L. Data points are shown as mean ±
S.E.M. from 3 independent experiments.

as assessed by OmniMMP substrate hydrolysis. Interestingly,
whereas GM6001 did not inhibit MMP-2 or MMP-9 zymo-
graphic activity due to dissociation of the inhibitor during
electrophoresis, DOX reduced MMP-2 and MMP-9 zymo-
graphic activity. This suggests DOX treatment causes a loss
of functional MMP-2 and MMP-9 protein or that DOX does
not dissociate from the MMP during zymography. Therefore,
MMP inhibition by DOX appears to occur by different mech-
anisms than GM6001.

Increases in the serine protease plasmin and its zymogen,
plasminogen, were also noted within the ischemic region 2
days following I/R. A study by Heymans et al. [14] showed
similar increases in plasminogen and plasmin levels within
the infarct region of mice. Plasminogen is produced primarily
by the liver and is maintained in plasma at a high concentra-
tion of ∼220 µg/mL in rats [38]. The increased plasminogen
levels observed following I/R suggest leakage of plasmino-
gen into the myocardium due to increased microvascular per-
meability. uPA expression has been shown to be increased
in the ischemic heart [15], likely promoting activation of ex-
travasated and endogenous plasminogen and increasing plas-
min levels within the myocardium.

Studies using knockout mice have suggested a central role
for plasmin in mediating inflammatory, wound healing, and
remodeling processes post-MI either directly or by activa-
tion of MMPs [14, 39]. uPA knockout mice subjected to MI
show reduced plasmin levels and impaired leukocyte infiltra-
tion, reduced incidence of cardiac rupture, reduced MMP-2
and MMP-9 activities, and impaired healing and scar for-
mation [14]. These observations suggest that plasmin activa-
tion may mediate ECM degradation, allowing infiltration of
inflammatory and wound-healing cells, but also potentially
reducing the tensile strength of the infarcted myocardium.
Myocyte death occurs in vivo as a result of disruption of
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normal myocyte anchorage [8], suggesting ECM proteolysis
by plasmin or subsequent activation of MMPs could disrupt
myocyte-matrix interactions and lead to cell death.

To determine whether plasmin could degrade myocyte-
matrix attachments and whether DOX had any effect on
this process, we assessed effects of plasmin with or without
DOX co-treatment on cultured NRVMs. Plasmin is a serine
protease with trypsin-like specificity capable of directly de-
grading various adhesive glycoproteins, such as fibronectin,
laminin, and vitronectin [30–41], and indirectly degrading
collagen via activation of MMPs [13]. Previous studies have
demonstrated plasmin-mediated disruption of cell-matrix in-
teractions in several adherent cell types: cultured vascular
smooth muscle cells convert plasminogen to plasmin, result-
ing in fibronectin proteolysis and cell detachment and death
[30], and plasminogen stimulation of CHO cells causes fi-
bronectin and laminin degradation, inducing detachment and
death [40]. In addition, stimulation of human keratinocytes
with plasminogen resulted in proteolysis of vitronectin and
cell detachment [41].

In agreement with previous studies [30, 40, 41], we ob-
served that stimulation of NRVMs with plasminogen led to
dose- and time-dependent increases in plasmin activity and
that the conversion of plasminogen to plasmin occurred via
endogenous plasminogen activators. Increased plasmin activ-
ity yielded morphological changes, such as cell rounding and
loss of intercellular contacts, and loss of β1D-integrin leading
to cell detachment. Evidence of nuclear fragmentation and
annexin V labeling confirmed an apoptotic mode of cell death.
We did not observe MMP activation in NRVMs stimulated
with plasminogen, suggesting that MMPs did not contribute
to NRVM detachment. This was further supported by the
inability of the broad-spectrum MMP inhibitor GM6001 to
preserveβ1D-integrin and cell attachment. These data suggest
that the direct proteolytic degradation of cell-matrix attach-
ments by plasmin induces NRVM detachment and apoptosis.

Pre-treatment of the NRVM cultures with DOX prior to
plasminogen stimulation preserved NRVM attachment and
resulted in a dose-dependent inhibition of plasmin activity,
with an IC50 of ∼36 µmol/L. The inhibition of plasmin ac-
tivity upon stimulation with purified plasmin (as opposed to
plasminogen) demonstrated the inhibitory effect of DOX was
subsequent to plasminogen activation, however inhibition of
plasminogen activators by DOX was not tested. Sorsa et al.
[20] suggest an indirect inhibition of serine proteases by DOX
via inhibition of MMP-mediated degradation of the serine
protease inhibitor α1-antitrypsin. Grenier et al. [21] showed
DOX preserves α1-antitrypsin levels and inhibits the trypsin-
like activity of periodontal pathogen T. denticola. Contrary to
these previous studies [20, 21], we showed that MMP inhibi-
tion by DOX played no role in inhibiting plasmin activity in
culture since GM6001 treatment had no effect on plasmin
activity despite complete inhibition of MMP activity.

Therefore, the ability of DOX to inhibit plasmin and pre-
serve NRVM attachment was specific and independent of
MMP inhibition.

Similar to our zymography data showing that DOX co-
treatment reduced MMP protein levels in NRVMs stimu-
lated with MMP-9, immunoblot analysis showed DOX co-
treatment also reduced the amount of plasmin in NRVMs
stimulated with plasminogen or plasmin. The mechanism by
which DOX exerts this effect is uncertain. Autoproteolysis of
plasmin is known to occur [42], and it is possible that DOX
accelerates this process. Also, cellular uptake and degrada-
tion of plasmin is known to be mediated by LDL receptor-
related proteins [43], and it is possible that DOX may promote
this process. The reduction in plasmin levels in culture by
DOX correlates well with our observations of a 76% reduc-
tion in plasmin levels with DOX treatment in the rat post-I/R.
Whether the mechanism by which plasmin is eliminated in
culture contributes to the loss of plasmin in vivo post-I/R
remains to be determined. These unique, and as of yet unde-
scribed, capabilities of DOX offer tempting possibilities for
treatment of pathologies where protease activation underlies
the disease process.

Although we demonstrated that plasmin induced NRVM
detachment and apoptosis in vitro, one limitation of this study
is that we have not directly demonstrated that this occurs in
vivo following I/R injury. Our determination of infarct size
using TTC only discriminates between viable and nonviable
tissue irrespective of whether cell death occurred by apopto-
sis or necrosis. However, given the high levels of plasminogen
present in the bloodstream and tissue, it is reasonable to ex-
pect that plasmin activation plays an important role in induc-
ing cell death during I/R. Secondly, the reduction of plasmin
levels by DOX and reduced infarct size in vivo coupled with
the potent inhibition of plasmin by DOX in vitro suggest that
the inhibition of plasmin by DOX contributed to the reduction
in infarct size. However, it is also possible that the reduced
plasmin levels occurred secondarily to reduced infarct size via
an alternate cardioprotective mechanism of DOX that was not
explored in this study. Thirdly, the response of neonatal my-
ocytes to plasmin may not completely parallel the response of
adult myocytes in vivo. NRVMs were selected as the model of
choice rather than adult myocytes due to the relative stability
of NRVMs in culture over several days. Whereas adult my-
ocyte cultures are fraught with loss of cylindrical morphology
and detachment of calcium-intolerant cells early in primary
culture, NRVMs are routinely cultured for days to weeks for
investigation of myocyte morphology, function, and viability
and the effects of experimental agents on these parameters.
Therefore, NRVMs are a robust and suitable model to study
the effects of protease-induced myocyte injury.

In conclusion, DOX treatment reduced infarct size in vivo,
possibly by inhibiting plasmin, a serine protease capable of
degrading myocyte-matrix attachments. Further exploration
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of the pathophysiological role of plasmin in mediating my-
ocardial I/R injury is thus warranted.
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