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Co‑expression of tissue kallikrein 1 and tissue inhibitor of matrix
metalloproteinase 1 improves myocardial ischemia‑reperfusion
injury by promoting angiogenesis and inhibiting oxidative stress
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Abstract. Myocardial ischemia/reperfusion (I/R) injury is a
serious complication of reperfusion therapy for myocardial
infarction. At present, there is not an effective treatment
strategy available for myocardial I/R. The present study
aimed to investigate the effects of human tissue kallikrein 1
(hTK1) and human tissue inhibitors of matrix metallo‑
proteinase 1 (hTIMP1) gene co‑expression on myocardial
I/R injury. A rat model of myocardial I/R injury and a cell
model with hypoxia/reoxygenation (H/R) treatment in cardiac
microvascular endothelial cells (CMVECs) were established,
and treated with adenovirus (Ad)‑hTK1/hTIMP1. Following
which, histological and triphenyl‑tetrazolium‑chloride
staining assays were performed. Cardiac function was tested
by echocardiographic measurement. The serum levels of
oxidative stress biomarkers in rats and the intracellular reactive
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oxygen species (ROS) levels in CMVECs were measured.
Additionally, experiments, including immunostaining, reverse
transcription‑quantitative PCR, western blotting, and MTT,
wound healing, Transwell and tube formation assays were
also performed. The results of the present study demonstrated
that Ad‑hTK1/hTIMP1 alleviated myocardial injury and
improved cardiac function in myocardial I/R model rats.
Ad‑hTK1/hTIMP1 also significantly enhanced microvessel
formation, decreased matrix metalloproteinase (MMP)2 and
MMP9 expression, and reduced oxidative stress in myocardial
I/R model rats. Furthermore, Ad‑hTK1/hTIMP1 significantly
enhanced proliferation, migration and tube formation in
H/R‑treated CMVECs. Additionally, Ad‑hTK1/hTIMP1 signif‑
icantly decreased intracellular ROS production and γ‑H2A.X
variant histone expression levels in H/R‑treated CMVECs. In
conclusion, the results of the present study demonstrated that
co‑expression of hTK1 and hTIMP1 genes displayed signifi‑
cant protective effects on myocardial I/R injury by promoting
angiogenesis and suppressing oxidative stress; therefore,
co‑expression of hTK1 and hTIMP1 may serve as a potential
therapeutic strategy for myocardial I/R injury.
Introduction

Acute myocardial infarction (AMI) is a subset of acute coro‑
nary syndrome that displays high morbidity and mortality (1).
Abbreviations: AMI, acute myocardial infarction; CAT, In the United States, the estimated annual incidence of AMI
catalase; CMVECs, cardiac microvascular endothelial cells;
is 605,000 new cases and 200,000 recurrent cases, and the
ECM, extracellular matrix; GSH, glutathione; GST, glutathione‑ mortality is ~14% (2). At present, the treatment strategies for
S‑transferase; H&E, haematoxylin and eosin; H/R, hypoxia/
AMI primarily include thrombolytic therapy and primary
reoxygenation; I/R, ischemia/reperfusion; LVEF, left ventricular
percutaneous coronary interventions (3). Although blood
ejection fraction; LVFS, left ventricular fractional shortening;
perfusion in the ischemic region is often rapidly recovered
MDA, malondialdehyde; MMPs, matrix metallopeptidases; ROS,
following immediate therapy, recanalization can aggravate
reactive oxygen species; SOD, superoxide dismutase; TIMPs, tissue
myocardial injury, which is known as ischemia/reperfu‑
inhibitors of matrix metalloproteinases; TK1, tissue kallikrein 1;
sion (I/R) injury (4). It has been suggested that myocardial I/R
TTC, triphenyl‑tetrazolium‑chloride; vWF, von Willebrand Factor
injury may decrease the benefits of myocardial reperfusion
Key words: tissue kallikrein 1, tissue inhibitors of matrix and worsen clinical outcomes (5). However, to the best of our
knowledge, no effective treatment strategy for myocardial
metalloproteinase 1, myocardial infarction, ischemia‑reperfusion
injury, angiogenesis, oxidative stress
I/R injury has been developed to date (6). Therefore, the
discovery of novel effective therapeutic strategies for myocar‑
dial I/R injury is important.
*
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Tissue kallikrein 1 (TK1), a glycoprotein that belongs
to the serine proteinase superfamily, can cleave low‑
molecular‑weight kininogen into a number of bioactive kinin
peptides, including kininogens and kallikreins (7). Vasoactive
kinins serve a beneficial role in a number of cardiovascular,
cerebrovascular and renal diseases (8). A previous study
revealed that hTK1 gene‑modified mesenchymal stem cells
display protective effects against cardiac injury following MI
via suppressing apoptosis and inflammation, and promoting
neovascularization (9). However, the functional role of TK1 in
myocardial I/R injury requires further investigation.
Matrix metallopeptidases (MMPs) are a family of
proteinases that possess the ability to degrade and remodel
the extracellular matrix (ECM) (10). Adverse ECM
remodeling is one of the key pathological processes in
myocardial I/R injury (11). MMP activities are inhibited
by tissue inhibitors of matrix metalloproteinases (TIMPs),
of which there are four subtypes, TIMP1‑4 (12). TIMP1
may serve as a plasma biomarker for predicting prognosis
following MI (13). However, to the best of our knowledge,
the potential role of TIMP1 in myocardial I/R injury has not
been previously reported. Our previous study successfully
constructed an adenovirus (Ad) vector containing hTK1 and
hTIMP1 genes (14). In the present study, the beneficial effects
of the co‑expression of hTK1 and hTIMP1 genes on myocar‑
dial I/R injury in vivo and in vitro were assessed using the
aforementioned Ad vector.

Scientific, Inc.) at 37˚C in an air sealed chamber. CMVECs
were transfected with Ad‑hTK1/hTIMP1 or the control vector
(Ad‑EGFP), according to a previous study (16).

Materials and methods

Establishment of the cell model with hypoxia/reoxygenation
(H/R) treatment. The cell model with H/R treatment was
established as previously described (18). Briefly, CMVECs
were cultured in serum‑ and glucose‑free DMEM in a hypoxic
chamber (1% O2) at 37˚C for 6 h. Subsequently, CMVECs
were maintained in DMEM containing 20% FBS in normoxic
conditions (21% O2) at 37˚C for 12 h for reoxygenation.

Animals and treatments. A total of 30 male Sprague‑Dawley
rats (weight, 200‑220 g; age, 4‑6 weeks) were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd.. Rats were randomly divided into the following
three groups (n=10 per group): i) Sham; ii) I/R; and
iii) I/R + Ad‑hTK1/hTIMP1. All rats were housed in an envi‑
ronment of the constant temperature (22±2˚C) and humidity
(55±5%) with 12‑h light/dark cycles, and ad libitum access
to food and water. At 1 week prior to myocardial I/R injury,
rats in the I/R + Ad‑hTK1/hTIMP1 group were intravenously
injected with recombinant Ad vector containing hTK1 and
hTIMP1 genes (Ad‑hTK1/hTIMP1; 5x1012 gc/kg). At the same
time point, rats in the I/R and sham groups were intravenously
injected with the control vector (Ad‑EGFP; 5x1012 gc/kg).
The Ad‑hTK1/hTIMP1 and Ad‑EGFP were constructed and
maintained in our laboratory (Fujian Provincial Hospital
Key Laboratory of Geriatrics, Fuzhou, China). All animal
experiments were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals (15), and approved by the Institutional Ethics
Committee for Laboratory Animal Care of Fujian Provincial
Hospital (approval no. K2019‑01‑038).
Cell culture and transfection. Rat cardiac microvascular
endothelial cells (CMVECs; LifeLine Cell Technology, LLC)
were cultured in Dulbecco's modified Eagle's medium (DMEM;
Gibco; Thermo Fisher Scientific, Inc.) supplemented with
20% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific,
Inc.), 100 U/ml penicillin (Gibco; Thermo Fisher Scientific,
Inc.) and 100 µg/ml streptomycin (Gibco; Thermo Fisher

Myocardial I/R injury protocol. The induction of myocardial
I/R injury in the present study was performed as previously
described (17), with a few modifications. Briefly, rats were
anesthetized by the intraperitoneal injection of pentobarbital
sodium (40 mg/kg) and were mechanically ventilated. The heart
was exposed via a thoracotomy and subsequent opening of the
pericardium. The left anterior descending coronary artery was
ligated with a slipknot using a 7‑0 silk suture. Ischemia of the
anterior wall of the left ventricle was confirmed by observa‑
tion of ST‑segment elevation on the electrocardiogram. The
heart was immediately placed back into the thoracic cavity
and the chest was closed using a 4‑0 silk suture. Following
ischemia for 30 min, the slipknot was released to allow for
myocardial reperfusion. Rats in the sham group underwent an
identical procedure, but ligation of the left anterior descending
coronary artery was not performed. At 24 h post‑surgery,
echocardiographic measurements were conducted and blood
samples (2 ml) were collected from the carotid artery of each
rat. All rats were euthanized by the intraperitoneal injection
of an overdose of pentobarbital sodium (120 mg/kg). Death
was verified by cessation of spontaneous breathing and the
heartbeat. Subsequently, cardiac tissues were collected for use
in subsequent experiments.

Histological staining. Rat cardiac tissues were fixed in
4% paraformaldehyde (Beyotime Institute of Biotechnology)
at 4˚C for 24 h, embedded in paraffin and cut into 4 µm‑thick
sections. For haematoxylin and eosin (H&E) staining, sections
were stained with haematoxylin for 3‑5 min and 1% eosin
for 5 min at room temperature. For Masson and Sirius red
staining, sections were stained using the Masson's Trichrome
Stain kit and the Sirius Red Stain kit (both Beijing Solarbio
Science & Technology Co., Ltd.) according to the manufac‑
turer's protocol, respectively. Stained sections were viewed
and imaged at x200 magnification using an inverted optical
light microscope (Olympus Corporation).
Triphenyl‑tetrazolium‑chloride (TTC) staining. TTC staining
was performed to measure the myocardial infarct size as
previously described (19). Briefly, hearts were harvested and
perfused with ice‑cold PBS. Subsequently, hearts were cut into
2‑mm‑thick slices and incubated with 1% TTC (Sigma‑Aldrich;
Merck KGaA) diluted in 0.9% sodium chloride for 30 min at
37˚C, followed by fixation with 4% paraformaldehyde at room
temperature for 30 min. Then, stained slices were placed under
natural light and imaged using a Canon EOS 2000D digital
camera. The infarct area was quantified using ImageJ v1.8.0
software (National Institutes of Health).
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Echocardiographic measurement. Rats were anaesthetized
by the intraperitoneal injection of pentobarbital sodium
(40 mg/kg) and fixed in the supine position. Subsequently,
two cardiac function parameters, left ventricular fractional
shortening (LVFS) and left ventricular ejection fraction (LVEF),
were assessed using a transthoracic echocardiography system
(VisualSonics, Inc.).
Immunofluorescence staining. CD31, a marker of endothelial
cells, immunofluorescence staining was performed to detect
microvessels. Rat cardiac tissues were rapidly frozen at ‑20˚C
and cut into 6 µm‑thick sections using a freezing microtome
(Leica Microsystems GmbH). Sections were fixed in 4% para‑
formaldehyde at room temperature for 30 min and washed with
PBS three times. Following blocking in Immunol Staining
Blocking Buffer (Beyotime Institute of Biotechnology) at
room temperature for 15 min, sections were incubated with
an anti‑CD31 primary antibody (cat. no. ab222783; 1:100;
Abcam) overnight at 37˚C. Then, sections were incubated
with a FITC‑labelled goat anti‑rabbit IgG secondary antibody
(cat. no. A0562; 1:200; Beyotime Institute of Biotechnology) at
room temperature for 1 h. Stained sections were observed and
imaged at x200 magnification using a confocal laser‑scanning
microscope (Leica Microsystems GmbH). The fluorescent
density of microvessels was analysed using ImageJ v1.8.0
software.
Immunohistochemistry. Rat cardiac tissues were fixed in
4% paraformaldehyde (Beyotime Institute of Biotechnology)
at 4˚C for 24 h, embedded in paraffin and cut into 4 µm‑thick
sections. Following blocking in Immunol Staining Blocking
Buffer at room temperature for 15 min, sections were incu‑
bated with an anti‑von Willebrand Factor (vWF) primary
antibody (cat. no. ab6994; 1:200; Abcam) overnight at 4˚C.
Subsequently, sections were incubated with a biotinylated
mouse anti‑rabbit IgG secondary antibody (cat. no. bs‑0295M;
1:100; BIOSS) at room temperature for 30 min. Sections
were stained with dyaminobenzidine (Beyotime Institute
of Biotechnology) for 10 min and haematoxylin for 3‑5 min
at room temperature. Stained sections were visualized and
imaged at x200 magnification using an inverted optical light
microscope (Olympus Corporation).
Reverse transcription‑quantitative PCR (RT‑qPCR). Total
RNA was extracted from rat cardiac tissues using TRIzol®
reagent (Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocol. Total RNA was reverse transcribed
into cDNA using the ReverTra Ace qPCR RT kit (Toyobo
Life Science), according to the manufacturer's protocol.
Subsequently, qPCR was performed using a SYBR Green
PCR master mix (Takara Biotechnology Co., Ltd.) on a
LightCycler 480 instrument (Roche Diagnostics). The
following thermocycling conditions were used for qPCR:
Initial denaturation at 95˚C for 30 sec; and 40 cycles of ampli‑
fication at 95˚C for 5 sec, 60˚C for 20 sec and 72˚C for 10 sec.
The following primers were used for qPCR: MMP2 forward,
5'‑GGGAATGAGTACTGGGTCTATT‑3' and reverse, 5'‑CCA
GTTAAAGGCAGCGTCTA‑3'; MMP9 forward, 5'‑GATCAG
CCGGGAACGTATCT‑3' and reverse, 5'‑AACTACAACGCC
AGAAGTAT‑3'; GAPDH forward, 5'‑AACT TGG CAT CG
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TGGAAGG‑3' and reverse, 5'‑GTGGATGCAGGGATGATG
TTC‑3'. mRNA expression levels were quantified using the
2‑∆∆Cq method (20) and normalized to the internal reference
gene GAPDH.
Western blotting. Total protein was isolated from rat cardiac
tissues and CMVECs using RIPA buffer (Beyotime Institute
of Biotechnology) containing 1% protease inhibitor. Protein
concentrations were determined using the BCA kit (Beyotime
Institute of Biotechnology). Proteins (40 µg) were separated
via 8 or 15% SDS‑PAGE and subsequently transferred to
PVDF membranes (MilliporeSigma). Following blocking
in 5% skimmed milk at room temperature for 2 h, the
membranes were incubated overnight at 4˚C with the following
primary antibodies (all purchased from Abcam): Anti‑TK1
(cat. no. ab28289; 1:1,000), anti‑TIMP1 (cat. no. ab109125;
1:1,000), anti‑MMP2 (cat. no. ab92536; 1:1,000), anti‑MMP9
(cat. no. ab76003; 1:1,000), anti‑GAPDH (cat. no. ab181602;
1:10,000), anti‑ γ ‑H2A.X (cat. no. ab81299; 1:5,000),
anti‑H2A.X (cat. no. ab11175; 1:1,000) and anti‑TATA binding
protein (TBP; cat. no. ab63766; 1:1,000). Subsequently, the
membranes were incubated with a HRP‑conjugated goat
anti‑rabbit IgG secondary antibody (cat. no. BA1054; 1:5,000;
Wuhan Boster Biological Technology, Ltd.) at room tempera‑
ture for 2 h. Protein bands were visualized using an enhanced
chemiluminescence kit (Thermo Fisher Scientific, Inc.) and a
chemiluminescence imaging system (Bio‑Rad Laboratories,
Inc.). Protein expression levels were semi‑quantified using
ImageJ v1.8.0 software with GAPDH and TBP as the loading
controls.
Assessment of oxidative stress. Following reperfusion
for 24 h, blood samples were collected from the carotid
artery of anesthetized rats. To obtain serum samples, blood
samples were maintained at room temperature for 2 h prior
to centrifugation at 1,000 x g for 20 min at 4˚C. Serum levels
of superoxide dismutase (SOD), malondialdehyde (MDA),
glutathione (GSH), catalase (CAT) and glutathione‑S‑trans‑
ferase (GST) were measured using corresponding kits (SOD,
cat. no. BC0175; MDA, cat. no. BC0025; GSH, cat. no. BC1175;
CAT, cat. no. BC0205; GST, cat. no. BC0350; all purchased
from Beijing Solarbio Science & Technology Co., Ltd.)
according to the manufacturer's protocols.
Following H/R treatment, intracellular ROS production
in CMVECs was detected using CellROX Green reagent
(Thermo Fisher Scientific, Inc.). Cells were incubated with
5 µM CellROX Green reagent at 37˚C for 30 min and washed
three times with PBS. Subsequently, cells were incubated
with DAPI (Beyotime Institute of Biotechnology) at room
temperature for 10 min. Stained cells were observed and
imaged at x200 magnification using a confocal laser‑scan‑
ning microscope (Leica Microsystems GmbH). The ratio
of green fluorescence/nuclei staining in each image was
calculated.
Cell viability assay. CMVECs were seeded (1x103 cells/well)
into 96‑well plates and treated with H/R. Cells were washed
with PBS and incubated with 0.5 mg/ml MTT solution at
37˚C for 4 h. The incubation solution was discarded and
the formazan crystals were dissolved in 150 µl DMSO. The
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Figure 1. Ad‑hTK1/hTIMP1 significantly ameliorates myocardial injury and improves cardiac function in myocardial I/R model rats. (A) H&E, Masson and
Sirius red staining were performed on cardiac tissue sections of rats in the sham, I/R and I/R + Ad‑hTK1/hTIMP1 groups. Blue in Masson‑stained sections
and red in Sirius red‑stained sections represent collagen deposition. Scale bar, 100 µm. (B) Myocardial infarction size was measured via triphenyl‑tetra‑
zolium‑chloride staining. Scale bar, 5 mm. Echocardiographic measurement of the two cardiac function parameters (C) LVFS and (D) LVEF. *P<0.05 and
***
P<0.001 vs. Sham; #P<0.05 and ##P<0.01 vs. I/R. Ad, adenovirus; hTK1, human tissue kallikrein 1; hTIMP1, human tissue inhibitors of matrix metallopro‑
teinase 1; I/R, ischemia/reperfusion; LVFS, left ventricular fractional shortening; LVEF, left ventricular ejection fraction.

absorbance was measured at a wavelength of 570 nm using a
microplate reader (Thermo Fisher Scientific, Inc.).
Wound healing assay. CMVECs were seeded (5x105 cells/well)
into 6‑well plates and cultured in FBS‑free medium until cells
reached 90% confluence. The cell monolayer was scraped
using a sterile 200 µl pipette tip and washed twice with sterile
PBS. The remaining adherent cells were treated with H/R and
then cultured for 48 h in FBS‑free medium. Images of the
wound at x100 magnification were captured at 0 and 48 h using
an inverted optical light microscope (Olympus Corporation).
Transwell assay. CMVECs (5x10 4) were seeded into the
upper chambers of the Transwell inserts (pore size, 8 µm;
EMD Millipore) with FBS‑free medium. DMEM supplemented

with 20% FBS was plated into the lower chambers. Following
treatment with H/R and cell culture for 48 h, migratory cells
were fixed in 4% paraformaldehyde at room temperature for
30 min and stained with 0.1% crystal violet (Beyotime Institute
of Biotechnology) at room temperature for 15 min. Following
washing twice with PBS, migratory cells were observed and
imaged at x200 magnification using an inverted optical light
microscope (Olympus Corporation) and the number of cells
was quantified for analysis.
Tube formation assay. For the tube formation assay, 96‑well
plates were coated with Matrigel (BD Biosciences) and
incubated at 37˚C for 30 min. CMVECs were seeded
(1x104 cells/well) into the 96‑well plates and treated with H/R.
After culturing at 37˚C for 24 h, capillary‑like tubes were
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Figure 2. Ad‑hTK1/hTIMP1 promotes microvessel formation, and reduces MMP2 and MMP9 expression levels in myocardial I/R model rats. Microvessels
in the myocardium of rats in the sham, I/R and I/R + Ad‑hTK1/hTIMP1 groups were (A) detected via immunofluorescence staining using an anti‑CD31
primary antibody and (B) quantified. Scale bar, 100 µm. (C) Immunohistochemical staining of vWF‑positive cells in the myocardium of rats in the sham, I/R
and I/R + Ad‑hTK1/hTIMP1 groups. Scale bar, 100 µm. (D) MMP2 and MMP9 mRNA expression levels in rat hearts. MMP2 and MMP9 protein expres‑
sion levels in rat hearts were (E) determined via western blotting and (F) semi‑quantified. *P<0.05 and **P<0.01 vs. Sham; #P<0.05 vs. I/R. Ad, adenovirus;
hTK1, human tissue kallikrein 1; hTIMP1, human tissue inhibitors of matrix metalloproteinase 1; MMP, matrix metallopeptidase; I/R, ischemia/reperfusion;
vWF, von Willebrand Factor.

observed and imaged at x200 magnification using an inverted
optical light microscope (Olympus Corporation). Tube length
was quantified using ImageJ v1.8.0 software.
Statistical analysis. Data are presented as the mean ± SD. All
experiments were conducted with at least three independent
repeats. Comparisons among multiple groups were analysed
using one‑way ANOVA followed by Bonferroni's post hoc
test. Statistical analyses were performed using SPSS software
(version 22.0; IBM Corp.). P<0.05 was considered to indicate a
statistically significant difference.
Results
Ad‑hTK1/hTIMP1 significantly ameliorates myocardial
injury and improves cardiac function in myocardial
I/R model rats. Compared with the control vector,
Ad‑hTK1/hTIMP1 injection notably increased the protein
expression levels of hTK1 and hTIMP1 in rat hearts
(Fig. S1A), which demonstrated that hTK1 and hTIMP1 were
expressed in rat hearts after gene delivery. Moreover, the H&E
staining results demonstrated that myocardial cells in sham rats
were well‑arranged and displayed intact muscle fibres, whereas

myocardial cells were irregularly arranged and obvious
necrosis was observed in the myocardium following myocardial
I/R injury (Fig. 1A). Injection with Ad‑hTK1/hTIMP1 partly
ameliorated histopathological alterations in myocardial I/R
model rats. Furthermore, the Masson and Sirius red staining
results displayed obvious collagen deposition in the myocar‑
dium following myocardial I/R, which was notably reduced by
Ad‑hTK1/hTIMP1 (Fig. 1A). Furthermore, the results demon‑
strated that I/R treatment significantly increased myocardial
infarct size compared with sham rats (Fig. 1B), whereas
Ad‑hTK1/hTIMP1 significantly decreased myocardial infarct
size in myocardial I/R model rats. The results also demon‑
strated that LVFS and LVEF in myocardial I/R model rats
were significantly reduced compared with sham rats, but these
alterations were significantly reversed by Ad‑hTK1/hTIMP1
(Fig. 1C and D). The aforementioned results indicated that
Ad‑hTK1/hTIMP1 significantly alleviated myocardial injury
and improved cardiac function in myocardial I/R model rats.
Ad‑hTK1/hTIMP1 promotes microvessel formation, and
reduces MMP2 and MMP9 expression levels in myocar‑
dial I/R model rats. The microvessels in rat hearts were
detected via CD31 immunofluorescence staining (Fig. 2A).
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Figure 3. Ad‑hTK1/hTIMP1 significantly reduces oxidative stress in myocardial I/R model rats. Measurement of serum levels of oxidative stress biomarkers,
including (A) GSH, (B) SOD, (C) CAT, (D) GST and (E) MDA, in rats in the sham, I/R and I/R + Ad‑hTK1/hTIMP1 groups. *P<0.05 and **P<0.01 vs. Sham;
#
P<0.05 vs. I/R. Ad, adenovirus; hTK1, human tissue kallikrein 1; hTIMP1, human tissue inhibitors of matrix metalloproteinase 1; I/R, ischemia/reperfusion;
GSH, glutathione; SOD, superoxide dismutase; CAT, catalase; GST, glutathione‑S‑transferase; MDA, malondialdehyde.

The fluorescence density of microvessels in the myocar‑
dium of myocardial I/R model rats was significantly
lower compared with sham rats, and was significantly
enhanced following Ad‑hTK1/hTIMP1 treatment (Fig. 2B).
Furthermore, Ad‑hTK1/hTIMP1 markedly increased the
number of vWF‑positive cells in the myocardium of myocar‑
dial I/R model rats (Fig. 2C). The results also indicated that
compared with the sham group, I/R treatment significantly
increased MMP2 and MMP9 mRNA and protein expression
levels, and Ad‑hTK1/hTIMP1 significantly downregulated
MMP2 and MMP9 expression levels in myocardial I/R model
rats (Fig. 2D‑F).
Ad‑hTK1/hTIMP1 significantly reduces oxidative stress
in myocardial I/R model rats. Subsequently, serum
levels of oxidative stress biomarkers were measured.
The results indicated that GSH serum levels, and SOD,
CAT and GST activities in myocardial I/R model rats
were significantly decreased compared with sham rats.
However, Ad‑hT K1/ hT I M P1 signif ica ntly reversed
I/R‑induced effects on oxidative stress in myocardial
I/R model rats (Fig. 3A‑D). Compared with sham rats, the
serum level of MDA in myocardial I/R model rats was
significantly increased, which was significantly reduced
by Ad‑hTK1/hTIMP1 (Fig. 3E). The results indicated that
Ad‑hTK1/hTIMP1 significantly reduced oxidative stress in
myocardial I/R model rats.

Ad‑hTK1/hTIMP1 significantly enhances H/R‑treated CMVEC
proliferation, migration and tube formation. Following
transfection with Ad‑hTK1/hTIMP1, the protein expres‑
sion levels of hTK1 and hTIMP1 in CMVECs were notably
increased compared with the control vector (Fig. S1B), demon‑
strating the successful transfection of Ad‑hTK1/hTIMP1 in
CMVECs. Subsequently, the cell model with H/R treatment
was established in CMVECs. Compared with the control group,
CMVEC proliferation in the H/R group was significantly
suppressed, whereas Ad‑hTK1/hTIMP1 significantly enhanced
proliferation in H/R‑treated CMVECs (Fig. 4A). Furthermore,
H/R treatment notably inhibited CMVEC migration at 48 h
compared with the control group, and Ad‑hTK1/hTIMP1
considerably attenuated the inhibitory effect of H/R treatment
(Fig. 4B). Furthermore, the Transwell assay results demon‑
strated that compared with the control group, the number of
migratory CMVECs was significantly decreased following
treatment with H/R, which was significantly increased by
Ad‑hTK1/hTIMP1 (Fig. 4C and D). Additionally, compared
with the control group, tube lengths in the H/R group were
significantly reduced, which was significantly ameliorated by
Ad‑hTK1/hTIMP1 (Fig. 4E and F).
Ad‑hTK1/hTIMP1 significantly decreases intracellular
ROS production and γ‑H2A.X expression in H/R‑treated
CMVECs. The ratio of green fluorescence/nuclei staining of
the H/R group was significantly higher compared with the
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Figure 4. Ad‑hTK1/hTIMP1 significantly enhances H/R‑treated CMVEC proliferation, migration and tube formation. The cell model with H/R treatment was
established in CMVECs. (A) CMVEC proliferation was detected by performing the MTT assay. (B) CMVEC migration was assessed by conducting wound
healing assays. The area between the two red lines indicates the wound area. Scale bar, 200 µm. CMVEC migration was also (C) measured by performing a
Transwell assay and (D) quantified. Scale bar, 100 µm. CMVEC tube formation was (E) assessed by conducting a tube formation assay and (F) quantified.
Scale bar, 100 µm. *P<0.05 and **P<0.01 vs. Control; #P<0.05 vs. H/R. Ad, adenovirus; hTK1, human tissue kallikrein 1; hTIMP1, human tissue inhibitors of
matrix metalloproteinase 1; H/R, hypoxia/reoxygenation; CMVEC, cardiac microvascular endothelial cells; I/R, ischemia/reperfusion.

Figure 5. Ad‑hTK1/hTIMP1 significantly decreases intracellular ROS production and γ‑H2A.X expression levels in H/R‑treated CMVECs. (A) Measurement
of intracellular ROS (green fluorescence) in CMVECs. Nuclei were labelled using DAPI (blue fluorescence). Scale bar, 100 µm. (B) The ratio of green fluores‑
cence/nuclei staining was quantified. γ‑H2A.X and H2A.X protein expression levels in CMVECs were (C) determined via western blotting and (D) semi‑quantified.
**
P<0.01 vs. Control; #P<0.05 vs. H/R. Ad, adenovirus; hTK1, human tissue kallikrein 1; hTIMP1, human tissue inhibitors of matrix metalloproteinase 1; ROS, reac‑
tive oxygen species; H/R, hypoxia/reoxygenation; CMVEC, cardiac microvascular endothelial cells; H2A.X, H2A.X variant histone; TBP, TATA binding protein.
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control group, indicating that intracellular ROS production in
CMVECs was significantly enhanced following H/R treatment
(Fig. 5A). However, Ad‑hTK1/hTIMP1 significantly reduced
intracellular ROS production in H/R‑treated CMVECs
(Fig. 5B). Furthermore, the relative protein expression levels
of γ‑H2A.X in H/R‑treated CMVECs were significantly
increased compared with the control group. By contrast,
γ‑H2A.X expression levels in H/R‑treated CMVECs were
significantly decreased by Ad‑hTK1/hTIMP1 (Fig. 5C and D).
Discussion
Collagen deposition due to an imbalance of myocardial ECM
deposition and degradation following myocardial I/R injury
may lead to myocardial fibrosis, which may induce myocardial
pathological remodeling and decrease cardiac function (21).
MMPs and their inhibitors, TIMPs, have been reported to be
vital regulators in ECM remodelling (22). A previous study
reported that a substantial increase in MMP9 and MMP2
expression levels was positively correlated with the degree
of left ventricular fibrosis in a mouse model of pressure
overload (23). Additionally, a previous study demonstrated
that MMP9 and MMP2 expression levels were significantly
increased in myocardial I/R model mice compared with
sham mice (24). In the present study, compared with sham
rats, MMP9 and MMP2 mRNA and protein expression levels
were significantly increased following myocardial I/R injury,
but significantly reduced following Ad‑hTK1/hTIMP1 injec‑
tion. Meanwhile, a notable decrease in collagen deposition
in the myocardium of myocardial I/R model rats following
Ad‑hTK1/hTIMP1 treatment was also observed in the present
study, which may be attributed to exogenous TIMP1. In addi‑
tion, a previous study reported that exogenous hTK1 gene
delivery decreases infarct size and improves cardiac func‑
tion following myocardial I/R injury by limiting post‑infarct
ventricular remodeling via inhibition of NF‑κ B activation (25).
Furthermore, hTK1‑modified mesenchymal stem cells have
been demonstrated to exhibit enhanced beneficial effects on
cardiac injury following MI, which are primarily manifested
as promoting cardiomyocyte survival, inhibiting ventricular
remodeling and improving cardiac function (9). The afore‑
mentioned results indicated the protective role of hTK1 gene
against cardiac injury in ischemic heart diseases. Consistently,
the present study indicated that Ad‑hTK1/hTIMP1 significantly
ameliorated myocardial injury, decreased infarct size and
improved cardiac function following myocardial I/R injury.
Therefore, the results suggested that Ad‑hTK1/hTIMP1
displayed its protective effects of alleviating cardiac injury and
preventing cardiac remodeling after myocardial I/R injury via
the co‑expression of hTK1 and hTIMP1 genes.
I/R can cause vascular endothelial injury via a number
of different mechanisms, including pH change induced
cytotoxicity, oxidative stress and inhibition of endothelial
nitric oxide synthase (26). According to the American
College of Cardiology/American Heart Association guide‑
lines, clinical treatments that minimize microvascular
damage should be prioritized when attempting to protect
the injured myocardium (27). Therefore, any treatment that
can promote angiogenesis may be an effective therapeutic
strategy for myocardial I/R injury. It has been previously

reported that exogenous TK1 administration can signifi‑
cantly enhance vascular density in the peri‑infarction region
following myocardial infarction (28) or cerebral cortex
infarction (29). TIMP1 has also been reported to facilitate
blood vessel formation via inhibiting MMP9 in vitro (30).
Consistently, the present study demonstrated that co‑treat‑
ment of hTK1 and hTIMP1 genes significantly increased
the microvessel density in the myocardium of myocardial
I/R model rats. It was also demonstrated that the number
of vWF [a biomarker of angiogenesis (31)]‑positive cells
was significantly increased by Ad‑hTK1/hTIMP1 in the
myocardium of myocardial I/R model rats. Furthermore,
in vitro experiments demonstrated that Ad‑hTK1/hTIMP1
significantly ameliorated H/R‑induced suppression of
CMVEC proliferation and migration. Ad‑hTK1/hTIMP1
also significantly increased tube formation in H/R‑treated
CMVECs. The results of the present study indicated the
prominent effects of co‑expression of hTK1 and hTIMP1
genes on promoting angiogenesis following I/R injury, which
may serve a key role in improving myocardial I/R injury.
Oxidative stress is an important pathological process that
contributes to myocardial I/R injury (32) and can damage
all components of the cell, including DNA, proteins and
lipids (33). Previous research has reported that any treatment
that can reduce oxidative stress may attenuate myocardial
I/R injury (34‑36). It has been previously reported that hTK1
can improve erectile dysfunction of streptozotocin‑induced
diabetic model rats and attenuate salt‑induced renal fibrosis via
inhibition of oxidative stress (8,37). Furthermore, a previous
study demonstrated that free TIMP1 and magnetic nanopar‑
ticle‑bound TIMP1 significantly reduced ROS production in
HIV‑infected neuroblastoma cells (38). In the present study,
Ad‑hTK1/hTIMP1 significantly reduced oxidative stress levels
in myocardial I/R model rats and H/R‑treated CMVECs.
γ‑H2A.X is H2A.X (a specialized histone H2A variant)
phosphorylated at Ser 139 via ATM serine/threonine kinase
and ATR serine/threonine kinase (39). γ‑H2A.X is widely
considered as a marker of DNA damage (40,41). The results
of the present study demonstrated that Ad‑hTK1/hTIMP1
significantly decreased γ‑H2A.X expression in H/R‑treated
CMVECs, indicating reduced DNA damage in H/R‑treated
CMVECs following transfection with Ad‑hTK1/hTIMP1,
which may be attributed to decreased oxidative stress. The
aforementioned results demonstrated that co‑expression
of hTK1 and hTIMP1 genes may ameliorate myocardial
I/R injury via suppressing oxidative stress.
The present study demonstrated the protective effects of
co‑expression of hTK1 and hTIMP1 genes against myocardial
I/R injury. However, a limitation of the present study was that
only the preliminary protective effects of Ad‑hTK1/hTIMP1,
including promoting angiogenesis and suppressing oxidative
stress, were investigated; therefore, the in‑depth mechanisms
underlying hTK1 and hTIMP1 expression in myocardial I/R
injury require further investigation.
In conclusion, the present study demonstrated that
co‑expression of hTK1 and hTIMP1 genes displayed signifi‑
cant protective effects in myocardial I/R injury via promoting
angiogenesis and suppressing oxidative stress. Therefore,
co‑expression of hTK1 and hTIMP1 may serve as a potential
therapeutic strategy for myocardial I/R injury.
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