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Silencing RNA for MMPs May Be Utilized for Cardioprotection
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Ischemia/reperfusion (I/R) injury is accompanied by an increase of matrix metalloproteinase 2 (MMP-2) activity, which degrades
heart contractile proteins. The aim of the study was to investigate the effect of MMP-2 small interfering RNA (MMP-2 siRNA)
administration on I/R heart. Isolated rat hearts perfused by the Langendorff method were subjected to I/R in the presence or
absence of MMP-2 siRNA. The hemodynamic parameters of heart function were monitored. Lactate dehydrogenase (LDH)
activity was measured in coronary effluents. Activity and concentration of MMPs in the hearts were measured. Concentration
of troponin I (TnI) in coronary effluents was examined as a target for MMP-2 degradation. Recovery of heart mechanical
function was reduced after I/R; however, administration of MMP-2 siRNA resulted in restoration of proper mechanical
function (p < 0:001). LDH activity was decreased after the use of MMP-2 siRNA (p = 0:02), providing evidence for reduced
cardiac damage. Both MMP-2 and MMP-9 syntheses as well as their activity were inhibited in the I/R hearts after siRNA
administration (p < 0:05). MMP-2 siRNA administration inhibited TnI release into the coronary effluents (p < 0:001). The use
of MMP-2 siRNA contributed to the improvement of heart mechanical function and reduction of contractile proteins
degradation during I/R; therefore, MMP-2 siRNA may be considered a cardioprotective agent.

1. Introduction

Matrix metalloproteinases (MMPs) are proteolytic enzymes
whose main physiological role is to maintain the structural
integrity of the extracellular matrix (ECM) [1–4]. However,
there are studies showing that matrix metalloproteinase 2
(MMP-2), located in most types of heart cells including endo-
thelial cells, vessels, smooth muscle cells, fibroblasts, and car-
diomyocytes, has also an intracellular function—it contributes
to the degradation of contractile proteins, such as myosin light
chain 1 (MLC1), troponin I (TnI), or titin [5–7], leading to
weakening of cardiomyocytes contractility [8]. This is of partic-
ular importance in ischemia/reperfusion (I/R) heart injury,
when the synthesis and activity of MMP-2 are intensified due
to oxidative stress within seconds of ischemia [9–12]. There-
fore, the mechanical properties of the heart tissue are reduced,

leading to a deterioration of heart function [13]. The injury of
heart tissue primarily happens in the first minutes of reperfu-
sion, when reactive oxygen species (ROS) are synthesized
[14]. The degradation of contractile proteins is considered to
be the main cause of heart damage, but it has also been shown
that systolic dysfunction may be a reversible process [8, 15].
Under physiological conditions, MMPs are inhibited by
specific endogenous tissue inhibitors of metalloproteinases
(TIMPs) [16–18]. TIMP-4 dominates in MMP inhibition in
the heart; however, it is exclusively released from cardiomyo-
cytes during the infarction; hence, a further increase in
MMP-2 activity during reperfusion is observed [15, 19, 20].
For this reason, the reduction of MMP-2 activity has become
an important therapeutic target [13]. Since small interfering
RNA (siRNA) for MMP-2 was created, it is possible to reduce
the expression of MMP-2 gene [8, 21, 22]. siRNA mutes the
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target gene by inhibiting the translation of a single, comple-
mentary messenger RNA (mRNA), which in turn should affect
the protein activity. MMP-2 siRNA should act specifically on
MMP-2mRNA and possibly on otherMMPswith correspond-
ing mRNA sequence, while TIMPs have a broad inhibitory
effect on many MMPs [1, 9, 21, 23].

The use of MMP-2 siRNA may be of great clinical impor-
tance in preventing damage caused by increased oxidative stress
due to I/R and deterioration of contractile function associated
with the degradation of contractile proteins. Thus, the main
aim of the study was to investigate the effect of MMP-2 siRNA
administration on heart subjected to ischemia/reperfusion
injury. We explored that MMP-2 siRNA may constitute a car-
dioprotective factor during I/R injury of the heart as its admin-
istration to heart inhibited contractile proteins degradation,
heart damage, and restored proper heart mechanical functions.

2. Materials and Methods

This investigation conforms to the Guide to the Care and
Use of Experimental Animals published by the Polish Min-
istry of Science and Higher Education and was approved
by the local Ethics Committee for Experiments on Animals
at the Ludwik Hirszfeld Institute of Immunology and Exper-
imental Therapy, Polish Academy of Sciences, Wroclaw,
Poland (resolution 085/2020/P1 of 9th December 2020 and
034/2022 of 20th July 2022).

2.1. Heart Perfusion with LangendorffMethod. 10- to 11-week
old male Wistar rats (weighing 300-350g) were used in these
experiments as a surrogate model for analysis of cardioprotec-
tion [24]. Rats were treated with buprenorfin (0.05mg/kg, i.p.)
and anesthetized with sodium pentobarbital (40mg/kg, i.p.).
The hearts were rapidly excised from animals and rinsed by
immersion in ice-cold Krebs-Henseleit Buffer containing
118mmol/L NaCl, 4.7mmol/L KCl, 1.2mmol/L KH2PO4,
1.2mmol/L MgSO4, 3.0mmol/L CaCl2, 25mmol/L NaHCO3,
11mmol/L glucose, and 0.5mmol/L EDTA, pH7.4. Immedi-
ately after removal, spontaneously beating hearts were sus-
pended on a blunt end needle of the Langendorff system
(EMKA Technologies, Paris, France) with aorta and main-
tained at 37°C. Hearts were perfused at a constant pressure
of 60mmHg with Krebs-Henseleit Buffer at pH7.4, at 37°C
and gassed continuously with 5%CO2/95%O2. After stabiliza-
tion, the hearts were subjected to global—no flow I/R injury
(Figure 1). The temperature of the heart during ischemia
was maintained by closing the EMKA system chamber, where
the heart was located—the chamber was connected to a water
bath forcing a liquid at 37°C. Coronary flow (CF), heart rate
(HR), and left ventricular developed pressure (LVDP) were
defined as hemodynamic end-points of cardioprotection and
monitored using an EMKA recording system with IOX2 soft-
ware (EMKA Technologies, Paris, France) [25]. A water-filled
latex balloon, which was connected to the pressure transducer
and inserted through an incision in the left atrium into the left
ventricle through the mitral valve, measured HR and LVDP.
The volume of the buffer was adjusted at the beginning of
the perfusion to achieve an end-diastolic pressure 8-
10mmHg. LVDP was calculated as the difference between

peak systolic and diastolic pressures. Cardiacmechanical func-
tion was expressed as the product of HR and LVDP (systolic
minus diastolic ventricular pressures)—rate pressure product
at 77 minutes versus 25 minutes of perfusion (RPP). At the
end of protocol, hearts were immediately submerged in liquid
nitrogen and stored at -80°C before further investigations.

2.2. siRNA Transfection. A mixture containing a pool of 3
target-specific 19-25 nucleotide small interfering RNAs
(MMP-2 siRNA) designed to reduce expression of rat MMP-2
gene (Santa Cruz Biotechnology, Dallas, Texas, United States)
was resuspended in siRNA Dilution Buffer (Santa Cruz
Biotechnology, Dallas, Texas, United States) to a final 10μM
solution in a 10μM Tris-HCl, 20mM NaCl, and 1mM EDTA
buffered solution at pH8.0. This solution was stored at -20°C.
To transfect siRNAs into heart myocytes, siPORT Amine
Polyamine-Based Transfection Agent (Invitrogen, Carlsbad,
California, United States) was used. siPORT amine
polyamine-based tranfection agent is a proprietary blend of
polyamins formulated for transfection of small siRNAs into
cells. The reagent works by complexing with RNA and facilitat-
ing its transfer into cells. siPORT amine agent was diluted in
ice-cold Krebs-Henseleit Buffer (containing 118mmol/L NaCl,
4.7mmol/L KCl, 1.2mmol/L KH2PO4, 1.2mmol/L MgSO4,
3.0mmol/L CaCl2, 25mmol/L NaHCO3, 11mmol/L glucose,
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Figure 1: Experimental protocol for I/R and aerobic control with
or without MMP-2 siRNA/scrambled RNA and siPORT mixture
infusion. The hearts were perfused with MMP-2 siRNA/
scrambled RNA and siPORT mixture for the last 10 minutes of
aerobic stabilization and the first 10 minutes of reperfusion. I/R:
ischemia-reperfusion.
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and 0.5mmol/L EDTA, pH7.4) in 1 : 9 ratio (ν : ν). Subse-
quently, 330pmol siRNA was mixed with siPORT amine agent
in equal volume and infused into hearts in 250mL of Krebs-
Henseleit buffer (at 37°C). Scrambled RNA (scr RNA, control
siRNA-A, Santa Cruz Biotechnology, Dallas, Texas, United
States), consisting of scrambled sequence that will not lead to
the specific degradation of any cellular message, was prepared
and treated the same as MMP-2 siRNA.

2.3. Global Ischemia/Reperfusion of Isolated Rat Hearts.
After 25 minutes of aerobic stabilization, the hearts were
subjected to 22 minutes of global, no flow ischemia [26].
Then, hearts were perfused in aerobic conditions for 30
minutes (reperfusion). In the study group, following 15
minutes of aerobic perfusion, a mixture of MMP-2 siRNA/
scrambled RNA (330 pmol) and siPORT amine agent was
infused for 10 minutes in Krebs-Henseleit Buffer into the
aerobically perfused heart and for 10 minutes at the begin-
ning of reperfusion—standard Krebs-Henseleit Buffer was
replaced with 250mL of Krebs-Henseleit Buffer with mix-
ture of siRNA/scrRNA and siPORT (Figure 1). Mechanical
function of the heart (RPP) was evaluated at the end of aer-
obic perfusion (25 minutes) and at the end of reperfusion
(77 minutes). Coronary effluents for biochemical tests were
collected at the beginning of reperfusion (47 minutes) to
achieve the constant volume (15mL).

2.4. Preparation of Heart Homogenates. The hearts previously
frozen at -80°C were crushed in liquid nitrogen using a mortar
and pestle. Then, the hearts underwent three cycles of freezing
in liquid nitrogen and thawing at 37°C in the homogenization
buffer containing 50mmol/L Tris-HCl (pH7.4), 3.1mmol/L
sucrose, 1mmol/L dithiothreitol, 10mg/mL leupeptin, 10mg/
mL soybean trypsin inhibitor, 2mg/mL aprotinin, and 0.1%
Triton X-100. The homogenates were centrifuged at 10 000 x
g at 4°C for 15 minutes. Supernatants were collected and stored
at -80°C.

2.5. Protein Concentration Testing. The Bradford method was
used to determine total protein concentration in cardiac tissue
homogenates. Bovine serum albumin (BSA, heat shock frac-
tion, ≥98%, Sigma-Aldrich, Saint Louis, Missouri, United
States) served as the protein standard. Bio-Rad Protein Assay
Dye Reagent (Bio-Rad, Hercules, California, United States)
and Spark multimode microplate reader (Tecan Trading AG,
Mannedorf, Switzerland) were used for measuring total pro-
tein concentration.

2.6. Assessment of LDH Activity. To determine the activity of
LDH in coronary effluents, Lactate Dehydrogenase Activity
Assay Kit (Sigma-Aldrich, Saint Louis, Missouri, United States)
was used according to manufacturer’s instruction. LDH is a sta-
ble cytosolic enzyme that serves as a marker of cell damage
because it is released upon membrane damage/permeability or
cell lysis. LDH level in I/R/I/R+scrRNA and I/R+MMP-2
siRNA coronary effluents was normalized to CF and compared.

2.7. MMP-2 and MMP-9 mRNA Expressions in Heart Tissue.
TRIzol reagent (ThermoFisher Scientific, Waltham, MA,
USA) was used to isolate total RNA from the heart tissue

according to the manufacturer’s instruction. Reverse tran-
scription of pure RNA (2μg) was performed with the use of
iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA, USA).
The expression of MMP-2/MMP-9 gene in relation to glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH) gene was
analyzed by relative RQ-PCR using CFX96 Touch (Bio-Rad,
Hercules, CA, USA). iTaq Universal Sybr Green Supermix
(Bio-Rad, Hercules, CA, USA), forward and reverse primers
(final concentration 0.1μM/L), Ultra Pure DEPC-treated
water (Thermo Fisher Scientific, Waltham, MA, USA), and
cDNA (100ng) were used in a final volume of 30μL. The 5-
3′ sequences of primers were as follows: MMP-2 F: AGCA
AGTAGACGCTGCCTTT, MMP-2 R: CAGCACCTTTC
TTTGGGCAC; MMP-9 F: GATCCCCAGAGCGTTACTCG,
MMP-9 R: GTTGTGGAAACTCACACGCC; and GAPDH
F: AGTGCCAGCCTCGTCTCATA, GAPDH R: GATGGT
GATGGGTTTCCCGT. The amount of mRNA in relation to
GAPDH was calculated as 2−ΔCt. The relative expression of
MMP-2/MMP-9 gene was compared in hearts exposed to aer-
obic conditions (control group) and in hearts subjected to
global ischemia with/without siRNA/scrRNA administration.

2.8. MMP-2 and MMP-9 Protein Levels in Heart Homogenates.
MMP-2 and MMP-9 concentrations in heart homogenates
were measured quantitatively using Quantikine ELISA Assay
for Total MMP-2 (R&D Systems, Minneapolis, Minnesota,
United States) and rat total MMP-9 Quantikine ELISA Kit
(R&D Systems, Minneapolis, Minnesota, United States)
according to the manufacturer’s instruction. Total MMP-2
Quantikine ELISA Assay recognized recombinant MMP-2,
natural human, mouse, rat, porcine, and canine active, pro-,
and TIMP-complexedMMP-2, while Rat Total MMP-9 Quan-
tikine ELISA Kit measured total rat MMP-9 (pro-, active, and
TIMP-complexed MMP-9). MMP-2/MMP-9 immobilized
with monoclonal antibody specific to appropriate proteins
were detected using anti-MMP-2 or anti-MMP-9 polyclonal
antibody conjugated to horse-radish peroxidase (HRP). TMB
substrate solution was used to develop the reaction. A mini-
mum detectable dose was 0.033 and 0.013ng/mL, respectively.
MMP-2/MMP-9 concentration in heart homogenates was
expressed as ng per μg of total protein.

2.9. Gelatin Zymography. Gelatin zymography for measure-
ment of MMP-2 and MMP-9 activities in heart homogenates
was performed with Heussen and Dowdle protocol modified
by us [27, 28]. Heart homogenates were adjusted to the same
protein concentration and were mixed with 4x Laemmli
Sample Buffer (Bio-Rad Laboratories, Hercules, California,
United States) in 4 : 1 ratio (ν : ν). Samples containing 80μg
of protein were applied to 8% polyacrylamide gel copolymer-
ized with gelatin (2mg/mL) and 0.1% SDS (denaturing, but
not reducing conditions). After electrophoresis, gels were
rinsed in 2.5% Triton X-100 (3 times for 20 minutes) to
remove SDS. Then, gels were placed in the incubation buffer
(50mol/L Tris-HCl pH7.5, 5mmol/L CaCl2, 200mmol/L
NaCl, and 0.05% NaN3) at 37

°C overnight. After digestion of
gelatin by enzymes, gels were stained in staining solution
(0.5% Coomassie Brilliant Blue R-250, 30% methanol, 10%
acetic acid) for 2h and destained in destaining solution (30%
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methanol, 10% acetic acid) until bands were clearly visible.
MMP-2 and MMP-9 activities were visualized as bright bands
on a dark background. HT10-80 cell line and PRP were used
as positive controls. Zymograms were scanned using GS-800
Calibrated Densitometer (model PowerLook 2100 XL-USB)
and analyzed using Quantity One v. 4.6.9 software (Bio-Rad
Laboratories, Hercules, California, United States). The relative
activity of MMP-2/MMP-9 was established and expressed in
arbitrary units (AU) as activity per μg of total protein.

2.10. TIMP-4 Level in Heart Homogenates. The metallopro-
teinase tissue inhibitor 4 (TIMP-4) level in heart homogenates
was measured using ELISA Kit for Rat Tissue Inhibitors of
Metalloproteinase 4 (USCN Life Science Inc., Wuhan, China).
Briefly, capture antibody bound TIMP-4 from heart homoge-
nates. Specific biotin-conjugated polyclonal antibody detected
the antigen and next was conjugated with HRP. TMB
substrate solution was added to develop the reaction. The
minimum detectable dose of rat TIMP-4 was less than
0.041ng/mL. TIMP-4 concentration in heart homogenates
was expressed as ng per μg of total protein.

2.11. MLC1 Concentration in Coronary Effluents. Myosin
light chain 1 (MLC1) concentration in coronary effluents
was determined with the use of Rat Myosin Light Chain 3
ELISA Kit (sensitivity: 6:9 × 10−3 ng/mL; Bioassay Technol-
ogy Laboratory, Birmingham, United Kingdom). Briefly,
capture antibody bound MLC1 from coronary effluents.
Next, antigens were detected by biotinylated antibody.
HRP conjugated with biotinylated MLC1 antibody. TMB
substrate solution was used to develop the reaction. MLC1
concentration in coronary effluents was expressed as ng/L
and normalized to CF.

2.12. TnI Concentration in Coronary Effluents. Cardiac tropo-
nin I was quantitatively measured with the use of Rat Cardiac
Troponin I SimpleStep ELISA Kit (Abcam, Cambridge,
United Kingdom) in coronary effluents. Troponin I was tied
with antibody specific to rat cardiac muscle troponin I and
was detected by biotin-conjugated polyclonal antibody and
HRP. Next, TMB Development Solution was used to enable
visualization of the reaction. A minimum detectable dose of

rat cardiac TnI was 7.7pg/mL. TnI concentration in coronary
effluents was expressed as pg/mL and normalized to CF.

2.13. Statistical Analysis. Experimental data were analyzed
using GraphPad Prism 6 software (GraphPad Software).
Shapiro-Wilk normality test or Kolmogorov-Smirnov test
was used to assess normality of variances changes. Student’s
t test or Mann–Whitney U test was used for comparison
between two groups. One-way ANOVA with Tukey’s test
as the post hoc test or Kruskal-Wallis and Dunn’s test for
multiple groups were used. Correlations were assessed using
Pearson’s or Spearman’s test, as appropriate. Results were
expressed as mean ± SEM. p < 0:05 was the criterion for sta-
tistical significance. N number in all tests was 4-8.

3. Results

3.1. MMP-2 siRNA Affects MMP-2 and MMP-9 Gene
Expressions, Proteins Synthesis, and Activity in Cardiac
Tissue. To explore changes in MMP-2 gene expression, pro-
tein synthesis, and activity under the influence of MMP-2
siRNA, we measured MMP-2 gene expression using RQ-
PCR. We also assessed MMP-2 concentration using ELISA
test and performed gelatin zymography. Synthesis and activ-
ity of MMP-2 were significantly increased in rat hearts sub-
jected to I/R (without and with scrRNA (I/R: p = 0:02,
p < 0:01; I/R+scrRNA: p < 0:01, p < 0:01 vs. the Aero group,
respectively), showing oxidative stress activation of matrix
metalloproteinase. The use of MMP-2 siRNA during I/R
inhibited MMP-2 gene expression, synthesis, and activity
(p = 0:02, p = 0:04, p < 0:01 vs. the I/R group; p = 0:02, p <
0:01, and p < 0:01 vs. the I/R+scrRNA group, respectively)
(Figures 2(a)–2(c) and 2(g)). Since MMP-2 and MMP-9
present conserved sequence in central part of the gene, we
checked that the siRNA sequence used in this experiment
could also attach to the fragment of MMP-9 mRNA
sequence (Figure 2(h)); hence, we revealed that MMP-9 syn-
thesis and activity changed in the same manner as MMP-2
parameters—they were substantially increased during I/R
(I/R: p < 0:01, p = 0:01; I/R+scrRNA: p = NS, p < 0:01 vs.
Aero, respectively), and administration of siRNA resulted
in inhibited gene expression, synthesis, and activity of
MMP-9 (p = 0:03, p < 0:01, and p = 0:04 vs. I/R; p = 0:01, p

MMP-2 siRNA

MMP-9 mRNA
>NM_031055.2 Rattus norvegicus matrix metallopeptidase 9 (MMP-9), mRNA
5ʹ C C C CC CC C CC C

CCCC CCCCCCCCCCCCCC
G
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AAAAAAAAAAA
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......3ʹ
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Figure 2: MMP-2 gene expression (a), concentration (b), and activity (c) in heart homogenates and MMP-9 gene expression (d),
concentration (e), and activity (f) in the heart tissue. Representative zymogram of MMP-2/MMP-9 activity in heart homogenates (HT10-
80 and PRP were used as standards for pro-/active MMP-2 and MMP-9) (g). Graph presenting the site of siRNA binding to the
fragment of MMP-9 mRNA sequence (h). Aero: aerobic control group; I/R: ischemia/reperfusion; MMP-2: matrix metalloproteinase 2;
MMP-9: matrix metalloproteinase 9; PRP: platelet-rich plasma.
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< 0:01, and p < 0:01 vs. the I/R+scrRNA group, respectively)
(Figures 2(d)–2(f)).

3.2. Effect of MMP-2 siRNA onMechanical Function, Coronary
Blood Flow, and Heart Injury. Cardiac hemodynamic parame-
ters were significantly decreased after the I/R protocol (Table 1,
Figures 3(a)–3(c)). Recovery of heart mechanical function was
decreased approximately by 40% in I/R hearts compared to aer-
obically perfused organs (approximately 93% recovery)
(Figure 3(c)). To check if MMP-2 siRNA was not toxic to the
hearts, we perfused hearts in aerobic conditions with the
administration ofMMP-2 siRNA—the hemodynamic parame-
ters were not significantly different from the aerobic control
(Table 1, Figures 3(a)–3(c)). Perfusion of hearts subjected to
I/R with MMP-2 siRNA resulted in increased recovery of the
heart mechanical function (p < 0:001), as well as heart rate
(HR) (p < 0:01), left ventricular developed pressure (LVDP)
(p = 0:01), and coronary flow (CF) (p < 0:01) (Table 1,
Figure 3). Moreover, we revealed that recovery of the heart
mechanical function as well as heart rate negatively correlated
with MMP-2 (p < 0:001, r = −0:84 and p < 0:01, r = −0:66,
respectively) and MMP-9 activity (p < 0:01, r = −0:66 and p
< 0:01, r = −0:67), confirming the role of MMP-2 and
MMP-9 in heart function disturbances (Figures 3(d) and 3(e)).

Lactate dehydrogenase (LDH) activity, used as a marker
of cellular injury, was measured in coronary effluents. LDH
activity was significantly increased in the I/R and I/R
+scrRNA groups (p = 0:001 vs. Aero), confirming cell dam-
age. Administration of MMP-2 siRNA into hearts subjected
to I/R reduced LDH activity in coronary effluents (p = 0:02
vs. I/R, p = 0:03 vs. I/R+scrRNA), pointing to cardioprotec-
tion (Figure 4(a)). Moreover, strong negative correlation
between LDH and recovery of heart contractile function
(r = −0:62, p < 0:01) as well as HR (r = −0:78, p < 0:001)
was observed (Figure 4(b)), showing heart dysfunction due
to I/R injury. Strong positive correlation of LDH activity
and MMP-2 and MMP-9 activities (p < 0:01, r = 0:67; p =
0:04, r = 0:53, respectively) indicated the role of MMPs in
heart damage (Figure 4(c)).

3.3. Influence of MMP-2 siRNA on Degradation of Heart
Contractile Proteins. To explore the influence of MMPs
mRNA silencing on heart contractile apparatus, we measured
troponin I (TnI) and myosin light chain 1 (MLC1) levels in
effluents. We showed that I/R caused increased release of both

TnI and MLC1 into the effluents (I/R: p < 0:001, p = 0:03; I/R
+scrRNA: p < 0:001, p < 0:01 vs. Aero, respectively), but
siRNA administration resulted in decreased TnI (p < 0:001
vs. I/R, p < 0:001 vs. I/R+scrRNA) as well as MLC1 release
(p = NS vs. I/R, p = 0:04 vs. I/R+scrRNA) (Figures 5(a) and
5(b)). Both TnI and MLC1 concentrations in coronary efflu-
ents positively correlated with LDH activity (p < 0:001, r =
0:84; p < 0:01, r = 0:67, respectively) (Figures 5(c) and 5(d))
and MMP-2 activity in rat hearts (p < 0:001, r = 0:79; p =
0:01, r = 0:61, respectively) (Figures 5(e) and 5(f)) and a pos-
itive correlation between TnI release and MMP-9 synthesis in
the heart tissue (p = 0:01, r = 0:55) (Figure 4(g)) was also
observed, confirming the degradation of contractile proteins
due to increased activity of MMPs. MLC1 concentration in
coronary effluents did not correlate with MMP-9 synthesis
(Figure 5(h)).

3.4. MMP-2 siRNA Affects TIMP-4 in Hearts during I/R.
TIMP-4 was significantly decreased in the I/R hearts
(p = 0:03), confirming the disruption of its function due to
ischemia/reperfusion. Administration of siRNA silencing
MMP-2/MMP-9 restored the concentration of TIMP-4 to
the level observed in aerobically perfused hearts (p = 0:01 vs.
I/R,p = 0:04 vs. I/R+scrRNA) (Figure 6(a)). Moreover, nega-
tive correlations between TIMP-4 level and MMP-2/MMP-9
synthesis and activity in heart tissue (MMP-2: p = 0:01, r = −
0:59; p = 0:01, r = −0:58, respectively; MMP-9: p = 0:05, r =
−0:53; p = 0:02, r = −0:61, respectively) were observed
(Figures 6(b) and 6(c)). We also revealed a positive correlation
of TIMP-4 level with HR and recovery of heart mechanical
function (p = 0:02, r = 0:58; p < 0:01, r = 0:65, respectively)
(Figure 6(d)). This confirmed that MMPs-TIMP-4 balance
in heart was disturbed due to I/R injury, and it is reflected in
the deterioration of hemodynamic parameters. However,
MMP-2 siRNA restored proper balance.

4. Discussion

It was previously found that pharmacological inhibition of
MMP-2 may reduce injury caused by ischemia and reperfu-
sion [4, 5, 12, 19, 29]. Our previous study on rat hearts sub-
jected to I/R showed substantially increased MMP-2 activity;
however, administration of doxycycline, L-NAME, and ML-
7 (MMP-2, nitric oxide synthase (NOS), and myosin light
chain kinase (MLCK) inhibitors) to I/R hearts resulted in

Table 1: An influence of MMP-2 siRNA on heart rate, LVDP, coronary flow, and recovery of heart functions of isolated rat hearts.

Parameter
Groups

p valued
Aero

Aero+MMP-2 siRNA and
siPORT

I/R I/R+scr RNA
I/R+MMP-2 siRNA and

siPORT

HR (bpm)a 267:2 ± 8:6 264:5 ± 0:5 127:6 ± 45:4∗ 106:6 ± 44:4∗ 284:0 ± 5:4#$ <0.01
LVDP (mmHg)a 53:9 ± 3:5 75:5 ± 10:5 29:7 ± 10:8∗ 18:8 ± 7:9∗ 71:3 ± 9:3#$ <0.01
CF (mL/min)b 13:5 ± 0:8 14:7 ± 1:8 8:3 ± 1:9∗ 5:2 ± 2:1∗ 12:6 ± 0:7#$ <0.01
Recovery of RPP (%)c 92:2 ± 2:7 105:0 ± 17:0 54:2 ± 10:8∗ 28:8 ± 13:6∗ 116:6 ± 9:3#$ <0.001
Mean ± SEM. aAfter I/R (77th minute of the experiment). bAfter ischemia (47th minute: first minute of reperfusion). cDifference between RPP in 25th and 77th

minutes of experiment. dANOVA test; ∗p < 0:05 vs. aerobic; #p < 0:05 vs. I/R, $p < 0:05 vs. I/R+scrRNA. Aero: aerobic control group; CF: coronary flow; HR:
heart rate; I/R: ischemia-reperfusion group; LVDP: left ventricular developed pressure; MMP-2: matrix metalloproteinase 2; RPP: rate pressure product.
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the normalization of MMP-2 activity and protection of heart
function [30]. It has also been reported that the use of doxy-
cycline or o-phenanthroline alone may slightly reduce
infarct size, significantly weaken myocardial remodeling,

and improve the reversible mechanical dysfunction of heart
damaged during I/R [31, 32].

Pathophysiology underlying heart IRI is still intriguing
the scientist and clinicians trying to determine the most
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Figure 3: An influence of MMP-2 siRNA on heart function: heart rate (a). RPP calculated as the product of the heart rate and left
ventricular developed pressure (heart rate x left ventricular developed pressure/1000) (b). Recovery of heart mechanical function
(difference between RPP at 25th and 77th min of perfusion expressed as a percentage of RPP recovery) (c). Correlation between heart
mechanical function recovery, heart rate and MMP-2 activity (d); MMP-9 activity (e) in heart homogenates; straight line: standard curve;
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effective treatment method. A great diversity of therapeutic
approaches has already been proposed, but there is still no
agreement on this matter. Given the importance of assessing
and controlling the pathological processes in heart tissue, it
seems crucial to focus on finding new strategies to reduce
I/R effects. For several years, the method of gene silencing
with the use of siRNA is increasingly applied in the treat-
ment of vascular diseases [23]. In the current study, we
investigated how the administration of MMP-2 siRNA
affected hearts subjected to ischemia/reperfusion injury.
We analyzed the sequence of MMP-2 siRNA used in the
experiment and determined that it is able to attach to
MMP-2 but also to MMP-9 mRNA; thus, we explored the
effect of siRNA also on MMP-9 protein. We revealed that
MMP-2 as well as MMP-9 gene expressions were inhibited
after siRNA administration to the heart. We also showed
that both MMP-2 and MMP-9 synthesis and activity were
reduced after the administration of siRNA. Lin et al.
(2014) have already proved that administration of MMP-2
siRNA to isolated myocytes reduced synthesis and activity
of MMP-2. This change was associated with an improve-
ment in myocyte contractility [8]. MMP-2 siRNA was also
used as a potential therapeutic strategy against vascular dis-

eases [23]. Hlawaty et al. injected MMP-2 siRNA into rabbit
vascular smooth muscle cells (VSMC), which resulted in
inhibition of MMP-2 expression and activity in VSMC [23].

An increase of MMP-2 and MMP-9 protein synthesis
and activity in I/R hearts was associated with decreased
TIMP-4 level, probably due to its expenditure since it is
endogenous MMPs inhibitor. TIMPs bind noncovalently to
active MMPs in a molar ratio of 1 : 1 [19]. Inhibition of the
enzyme proteolytic activity is then possible due to the ability
of TIMP to interact with the zinc-binding site within the cat-
alytic domain of active MMPs [5, 18, 19]. Except for TIMP-
1, it is known that all TIMPs are capable of inhibiting all
MMPs [10, 19]. Therefore, TIMP-4, which is most abundant
in the heart, should inhibit the activity of MMP-2 and
MMP-9 under physiological conditions [2, 3, 5]. The imbal-
ance between MMP and TIMP, observed in our study, may
contribute to cardiac injury after I/R [15]. TIMP-4 is
strongly expressed in the cardiovascular system under phys-
iological conditions, and numerous studies showed a relative
reduction of TIMP-4 expression level after infarction [3, 5,
18, 33, 34]. Our results showed that TIMP-4 level was nor-
malized to the level of aerobic control after treatment with
MMPs siRNA, accompanied by decreased activity of MMPs.
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Figure 4: LDH activity in coronary effluents (a). Correlation between LDH activity in coronary effluents and recovery of heart mechanical
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This suggests that the balance between MMPs and TIMP-4
may be restored, leading to cardioprotection. To confirm that,
we showed a negative correlation betweenMMP-2 andMMP-

9 synthesis and activity with TIMP-4 level in rat hearts.
Importantly, we also observed that TIMP-4 level positively
correlated with recovery of the heart mechanical function
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and heart rate, confirming that it is involved in restoring
proper heart function.

ROS contribute to I/R injury through MMP-2 activation
and by posttranslational modifications of heart contractile
proteins: phosphorylation, nitration, and nitrosylation. Post-
translational modifications of contractile proteins intensify
their degradation by MMP-2 [30, 35–37], and it is well
established that this process contributes significantly to sys-
tolic dysfunction [30, 36]. LDH, which was used as a marker
of cell death due to IRI, substantially increased in coronary
effluents during I/R indicating cell damage, while its release
was inhibited after siRNA treatment. We also showed that
both TnI and MLC1 proteins were released in substantially
greater amounts into coronary effluents from I/R hearts
compared to aerobic control. To confirm the association
between heart damage and contractile proteins degradation
due to I/R, a positive correlations between LDH activity in
coronary effluents and TnI and MLC1 release into extracel-
lular space were observed. MMP siRNA inhibited the release
of TnI and MLC1 from hearts confirming decreased proteol-
ysis of these proteins. To support this thesis, we showed that
TnI as well as MLC1 release into extracellular space posi-
tively correlated with MMP-2 activity in the heart tissue.
Moreover, TnI release positively correlated with MMP-9

synthesis, which suggest that this protein was also associated
with degradation of contractile proteins during IRI.

siRNA transfection resulted in MMP-2 and MMP-9 inhi-
bition, and then, reduction of their synthesis protected MLC1,
MLC2, and hence heart rate against the effects of I/R [8].
Hughes and Schulz reported that cardiac TnI levels were
reduced in isolated hearts of rats subjected to I/R and the use
of MMP-2 inhibitors such as okadaic acid prevented TnI loss
and reduced the severity of post-I/R systolic dysfunction [19].
Moreover, we proved in our previous study that the level of
MLC1, which is a specific marker of heart damage, was
reduced in I/R heart tissue by approximately 30%, while the
treatment of hearts with a mixture of MMP-2, MLCK and
NOS inhibitors prevented such decrease [37]. It was also
observed that the activity of MMP-2 was normalized after
the use of inhibitors mixture, and a strong negative correlation
between MLC1 and MMP-2 was observed in hearts subjected
to I/R [37]. In the current research, we found a corresponding
positive correlation between MLC1 release into coronary
effluents and MMP-2 activity in the hearts. Kandasamy et al.
and Ferb-Bober et al. also reported that inhibition of MMP-2
activity in isolated rat hearts using doxycycline or o-
phenanthroline prevented I/R damage-induced degradation
of TnI and MLC1 and improved the mechanical function of

TIMP-4 level in rat hearts
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Figure 6: TIMP-4 level in rat hearts (a). Correlation between TIMP-4 level and MMP-2 (b) and MMP-9 (c) synthesis/activity in rat hearts.
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the heart [12, 15]. MMP-9 protein was also linked to post-I/R
cardiac remodeling, direct impairment of the contractile appa-
ratus, and cell apoptosis [38, 39]. MMP-9 deficiency was also
found to protect against cardiac rupture [39]. Manginas et al.
showed that patients with acute coronary syndromes had
increased level of MMP-9 which correlated with increased
serum TnI and other inflammatory mediators such as IL-6 or
CRP [40]. It is suggested that TnI was released into serum
due to inflammation [40]. TnI constitutes a key regulator of
the cardiomyocyte contractile mechanism and interacts with
actin to prevent its binding with myosin [31]. Muscle contrac-
tion occurs when Ca2+ induces conformational changes in the
troponin protein, leading to TnI and tropomyosin dislocation,
which in turn allowsmyosin to interact with actin (cross-bridge
formation) [31, 32]. MLC1 plays an important role in the con-
traction of the heart muscle by stabilizing the myosin neck area
and thus influences the formation of cross-bridges between
myosin and actin [41]. Increased degradation of TnI and
MLC1 is a common feature for myocardial stunning [12].

Going further, increased activity of MMP-2 and MMP-9
during heart I/R injury affected heart mechanical function,
which was confirmed by their negative correlation. Since tis-
sue injury and release of contractile proteins were decreased
due to MMP-2 siRNA administration, heart hemodynamic
parameters returned to the baseline (aerobic control). Simi-
lar results were also observed in our previous study where
the mixture acting on MMP-2, nitrates, and MLCK was used
[30]. Fert-Bober et al. and Gomori et al. also reported that
HR, RPP, and CF were decreased in I/R hearts and an
improvement in these parameters was visible after the use
of doxycycline and/or o-phenanthroline [12, 32].

5. Conclusions

This study revealed that siRNA homologous to MMP-2 and
MMP-9 conserved region of the gene has a potential of
cardioprotective factor in hearts subjected to ischemia/
reperfusion injury through the reduction of MMP-2 and
MMP-9 levels and activities in the heart and restoration of
the balance between those proteins and their endogenous
inhibitor—TIMP-4. On this basis, reduced degradation of con-
tractile proteins as well as reduced heart damage was observed.
An improvement of heart mechanical function confirmed that
siRNAmay serve as a standard manner for acute coronary syn-
dromes in the future.We believe that the results obtained in this
study may complement the information on the mechanisms of
myocardial damage as a result of I/R at the molecular level and
fill in the lack of knowledge about the intracellular regulation of
MMP-2 activity. This, in turn, may form the basis for the devel-
opment of a new and effective therapy for heart damage result-
ing from coronary revascularization. The results obtained in
this project may also provide fundamental information on the
effectiveness of therapy with a selective MMP-2/MMP-9 inhib-
itor on the improvement of cardiac hemodynamic functions.
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