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Abstract: Serine proteases and G-protein-coupled receptors have been studied extensively as effectors of cell death.
However, their roles in myocardial infarction have not been determined. In this study, we investigated the influence
of the plasminogen activator system involving urokinase and urokinase receptor on necrosis after acute myocardial
infarction. Myocardial infarction and reperfusion were induced in mouse hearts using the in vitro Langendorff mod-
el. DNA fragmentation and cleaved caspase-3 activity in urokinase- (UPA”") and urokinase receptor-knockout mice
(UPAR”") were determined and compared with those in wild-type mice using in situ nick-end DNA labeling (TUNEL)
and enzyme-linked immunosorbent assays, respectively. Infarct sizes were determined using propidium iodide and
fluorescent microspheres. Following regional ischemia and reperfusion, a significant increase in the number of
TUNEL-positive nuclei was observed in the ischemic zone in mouse hearts and to a lesser degree in regions remote
from the ischemic area in wild-type, uPAR”, and uPA”- groups compared with those in directly removed hearts. No
significant differences were observed between uPAR”- and wild-type mice. Conversely, a significant reduction in DNA
fragmentation was observed in ischemic and nonischemic regions after acute myocardial infarction in uPA7- mice
when compared with that in wild-type and uPAR” groups. The resulting infarct sizes were significantly smaller in
UuPA7 mice than in uPAR”" and wild-type mice. These data demonstrated the involvement of uPA, but not uPAR, in
protecting against necrosis during acute myocardial infarction.
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Introduction farction is regarded as an important pathophys-
iological process leading to ventricular dysfunc-
Cell death plays a central role in myocardial tion and cardiac remodeling.
infarction, not only in the ischemic region but

also in the nonischemic zone. We and others Attempts to inhibit key pro-apoptotic proteins,

have shown in mice and rats that chronic infarc-
tion induced by ligating a coronary artery leads
to increases in the number of terminal deoxy-
nucleotidyl transferase dUTP nick end labeling
(TUNEL)-positive cardiomyocytes, cleaved cas-
pase-3 activity, and positive DNA laddering.
These data suggest that apoptosis also occurs
in the remote zone relative to the myocardial
infarction [1-5]. Cell death after myocardial in-

particularly caspase-3, have resulted in signifi-
cant reductions in cardiomyocyte apoptosis
and remodeling after chronic myocardial infarc-
tion [6, 7]. However, little is known regarding
the specific pathogenic mechanisms and signal
transduction in apoptosis that result in remod-
eling after myocardial infarction. The urokinase
(uPA)-type plasminogen activator system and
activation of serine proteases have been shown
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to play important roles in ventricular and vascu-
lar remodeling [8]. uPA is a serine protease that
functions in proteolysis during fibrinolysis and
in the degradation of the extracellular matrix.
Moreover, uPA also mediates signal transduc-
tion in cellular adhesion, differentiation, prolif-
eration, and migration via interactions with the
G-protein-coupled uPA receptor (UPAR) [9-12].
UPA has been shown to interact directly with
vitronectin, caveolin, and integrins [13, 14].
Moreover, Gaertner et al. found that activation
and upregulation of uPA occurred 3 months
after regional myocardial infarction in rats. This
increase was significantly higher in the isch-
emic region than in the nonischemic zone [15].
Furthermore, Knoepfler et al. found a four-fold
increase in UPA activity in the ischemic zone in
pig hearts [16]. In uPA-knockout (UPA7) mice,
no rupturing of the ischemic region after myo-
cardial infarction occurred; moreover, signifi-
cantly improved left ventricle function and re-
duced cardiac remodeling were observed when
compared with that in controls at 7 weeks after
aortic banding [17, 18]. These data suggest
that the uPA system may be involved in the
spreading of the infarcted zone and the remod-
eling process after coronary occlusion [19-23].

Accordingly, in this study, we investigated the
influence of the uPA-type plasminogen activa-
tor system on cell death after acute myocardial
infarction. We assessed this effect simultane-
ously in the ischemic and nonischemic zones in
uPAR” and uPA”- mouse models.

Materials and methods
Animals

Male 10-week-old C57BL6 mice (Charles River,
Sulzfeld, Germany), with an average weight of
24.8 + 2 g, were used as wild-type mice for
comparison with the homozygous uPAR” and
uPA™ mice (10-week-old males, average wei-
ght: UPAR'P, 22,4 + 3 g; uPA'", 21.1 + 3 g).
Knockout mice were also derived from a C57
strain. Our study adhered to the Guide for the
Care and Use of Laboratory Animals published
by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996). The pro-
cedures for genotyping of transgenic animals
are described in the Supplementary Material.
All animal experiments were approved by our
institutional animal care and use committee.
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Langendorff isolated perfusion

Following intraperitoneal anesthesia with sodi-
um thiopentone (Trapanal 25 mg/mL) in combi-
nation with heparin (10,000 IU/mL), the mouse
thorax was opened, and the beating heart was
dissected free from the aorta. The aortic root
was connected to the Langendorff perfusion
system, and Krebs-Henseleit solution was oxy-
genated using Carbogen (5% vol. CO,, 95% vol.
0,; Linde, Germany) at a pH of 7.4 (38°C). A car-
diac pacemaker stimulated the spontaneously
beating heart at a fixed rate of 500 beats/min.
After a 30-min perfusion period for equilibra-
tion, the left anterior descending artery (LAD)
was encircled with a Perma-Hand silk suture
(Ethicon 5.0; Norderstedt, Germany) distal to
the circumflex branch. To induce ligation, an
occluder was advanced over the ligature suture
onto the coronary vessel and fixed with a clamp
to maintain temporary regional ischemia for 60
min. The occluders were omitted in sham-oper-
ated controls. The 60-min regional ischemia
was followed by reopening of the LAD and a
120-min period of reperfusion. Finally, the
mouse hearts were embedded in tissue freez-
ing medium (Leica Instruments, Nussloch, Ger-
many) for TUNEL assays, frozen in liquid nitro-
gen, and stored at -80°C. For western blotting
and enzyme-linked immunosorbent assay (ELI-
SA), biopsies were collected at the end of the
experiment from the central ischemic region
and the nonischemic zone of the posterior wall,
frozen in liquid nitrogen, and stored at -80°C.
During LAD occlusion, the ischemic zone could
be clearly identified as a pallor region in the
myocardium.

TUNEL staining

To detect single- or double-strand DNA breaks,
we used an In-Situ Cell-Death Detection Fluo-
rescein Kit (Roche Diagnostics Applied Scien-
ce, Mannheim, Germany). Five-micrometer-thi-
ck frozen heart sections were generated using
a microtome (CM 1900; Leica). Cell nuclei were
stained with 4’,6-diamidino-2-phenylindoldihy-
drochloride (Invitrogen, Karlsruhe, Germany),
and the slides were embedded in ProTags
Mount Fluor (Biocyc, Luckenwalde, Germany)
and analyzed using fluorescence microscopy
(Roche). The ratio of the number of TUNEL-po-
sitive nuclei to the total number of nuclei was
analyzed using MetaMorph software (Visitron
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Systems, Puchheim, Germany) as described
previously [24].

Western blotting

The biopsies were homogenized in 50-5-2-1
buffer (50 mM Tris HCI, 5 mM ethylenediamine-
tetraacetic acid, 2 mM ethylene glycol-bis[B-
aminoethyl ether]-N,N,N’,N’-tetraacetic acid, 1
mM phenylmethylsulfonyl fluoride, 1 mM ben-
zamidine, pH 7.4, 4°C) with an Ultraturrax in-
strument (Jahnke & Kunkel IKA Labortechnik,
Staufen, Germany). The homogenate was cen-
trifuged for 10 min at 360 x g (4°C). Next, the
supernatant was centrifuged for 20 min at
50,000 x g (4°C). The supernatant contained
the soluble fraction, the pellet, and the particu-
late fraction. Western blotting was carried out
using the Laemmli (14% sodium dodecyl sulfate
polyacrylamide gels) and Towbin methods, fol-
lowed by transfer to polyvinyl fluoride mem-
branes as described previously [24]. Detection
was performed using 1:1000 dilutions of pri-
mary anti-cleaved caspase-3 (Asp 175) anti-
bodies (Cell Signaling Technology, Frankfurt,
Germany) and secondary goat anti-rabbit anti-
bodies (cat. no. sc-2054; Santa Cruz Biotech-
nology, Heidelberg, Germany), followed by de-
velopment using an enhanced chemilumines-
cence kit (Amersham, Freiburg, Germany).
Mouse NIH cells treated with staurosporine
were used as positive control.

ELISA

To quantify the activity of cleaved caspase-3 in
myocardial biopsies, we used an active cas-
pase-3 ELISA kit (Merck Biosciences, Dar-
mstadt, Germany). The myocardial tissue was
first homogenized in lysis buffer with an Ultra-
turrax instrument and then incubated with a
biotin-ZVKD-FMC inhibitor. Protein concentra-
tions were determined using a bicinchoninic
acid assay kit, and absorbance at 450 nm (two
replicates) was measured using an ELISA plate
reader (MWG Biotech, Ebersbach, Germany),
with correction at 570 nm to rule out optical
interference. The cleaved caspase-3 concen-
tration was calculated from individual biopsies
using a cleaved caspase-3 standard concentra-
tion series generated at the same time. After
correcting the obtained cleaved caspase-3 val-
ues based on protein concentration, values
were expressed as ng/mL/10 mg protein.
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Determination of infarct size

Following the reperfusion period, 2 mL propidi-
um iodide was inserted through the perfusion
cannula when the LAD was opened. The LAD
was then sealed by tightly tying the ligature
threads, and 2 mL fluorescent microspheres
was injected into the cannula. After storage at
-80°C, three transverse heart sections of
roughly equal thickness were cut distal to the
ligature, starting from the apex. The cardiac
sections were photographed in the dark under
UV light, and the ratio of the infarcted zone to
the risk zone was determined with ImageJ soft-
ware [25].

Statistical analysis

SPSS software was used for data processing
and analysis. The results are given as means +
standard errors of the means. For statistical
calculations, analysis of variance was used
with Sidak post-hoc testing. Results with P val-
ues of less than or equal to 0.05 were consid-
ered significant.

Results

DNA fragmentation developed after regional
ischemia and reperfusion

Values obtained for hearts that were directly
removed from wild-type, uPAR”, and uPA7- mice
represented baseline values for comparison
with those for hearts in the ischemia/reperfu-
sion model (30-min equilibration, 60-min re-
gional ischemia of the LAD, 120-min reperfu-
sion). A perfusion control group was estab-
lished using wild-type mice, which were sub-
jected to the same steps excluding occlusion
of the LAD and were perfused for a total of
3.5 h with Krebs-Henseleit solution using the
Langendorff technique. This group was used to
exclude the possible influence of a normoxic
perfusion over the long period required for the
in vitro perfusion and mechanical manipula-
tions (owing to removal and suspension of the
heart in the Langendorff device and encircl-
ing the LAD or cardiac pacemaker stimulation)
when compared with that in hearts that were
directly removed or hearts with regional isch-
emia and subsequent reperfusion.

In hearts that were directly removed, little DNA
fragmentation, as indicated by TUNEL-positive
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emic zone differed signifi-
cantly between experimental

* groups (ischemic region ver-
sus nonischemic region: wild-
type, uPAR7, and uPA”, P <
0.05). In the uPA” group, 60-
min regional ischemia of the
LAD followed by 120-min re-
perfusion caused a significant
reduction in the number of
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TUNEL-positive nuclei relative
to the total number of nuclei
when compared with that in
wild-type and uPAR”" mice. Th-
is pattern was observed both
in the ischemic zone and in
the nonischemic region.

Cleaved caspase-3 expres-
sion after regional ischemia
and reperfusion

Figure 1. Changes in the number of TUNEL-positive nuclei. There were signifi-

cant (*P < 0.05) increases in TUNEL-positive cell nuclei relative to the total
number of nuclei after 60 min of regional ischemia followed by 120 min
reperfusion in the ischemia region, albeit to a lesser extent in the nonisch-
emic myocardium in wild-type, urokinase-knockout (uPA”"), and urokinase
receptor-knockout (UPAR”") mice compared with those in directly removed
hearts (baseline) or the control group (perfusion). In the uPA”- group, region-
al ischemia and reperfusion caused a significant reduction in the number of
TUNEL-positive nuclei relative to the total number of nuclei when compared

with those in wild-type and uPAR”" mice.

nuclei, was found relative to the total number of
nuclei (TUNEL indexes: wild-type, 0.7% + 0.3%,
n =4; uPAR”, 0.4% + 0.2%, n = 4; uPA”", 0.4% +
0.4%, n = 4; Figure 1). In the control group
including mouse hearts normoxically perfused
for 3.5 h (n = 4), the TUNEL index was 0.8% *
0.4%. No significant differences were observed
between hearts that were directly removed and
hearts after 3.5 h of normoxic perfusion. After
60 min of regional ischemia followed by a 120-
min reperfusion period, there was a significant
increase in the number of TUNEL-positive nuclei
in the ischemic region distal to the temporarily
occluded LAD in wild-type, uPAR”:, and uPA”
mice (wild-type, 79.0% + 2.9%, n = 4; uPAR”,
79.1% + 2.9%, n = 4; uPA”, 58.3% *+ 3.2%, n =
4; Figure 1). However, a significant increase in
the number of TUNEL-positive nuclei was also
observed in the remote, nonischemic myocar-
dium when compared with baseline values in
directly removed hearts (wild-type, 22.7% +
2.0%, n = 4; uPAR”, 22.3% + 1.5%, n = 4; uPA”,
8.7% + 2.0%, n = 4; Figure 1). The TUNEL index-
es for the ischemic region versus the nonisch-
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Following regional ischemia
and reperfusion in Langen-
dorff-perfused mouse hearts
in the wild-type, uPAR”, and
uPA”- groups, the concentra-
tions of active caspase-3 in
biopsies from the ischemic
and noninfarcted regions were
measured by ELISA. The con-
centrations in the directly removed mouse
hearts in the wild-type (12.9 + 1.2 ng/mL/10
mg protein; n = 4), uPAR” (11.5 + 1.8 ng/
mL/10 mg protein; n = 4), and uPA”- (10.9 + 3.4
ng/mL/10 mg protein; n = 4) experimental
groups were compared with those in control
hearts after regional ischemia and reperfusion
(Figure 2). A significant increase (P < 0.05) in
the cleaved caspase-3 concentration was ob-
served in the ischemic region and nonischemic
zone compared with that in directly removed
hearts (ischemic region versus non-ischemic
zone: wild-type, 22.7 + 2.7 versus 22.2 + 3.2, n
= 8; UPAR”,, 19.7 + 3.0 versus 22.7 + 3.6, n = §;
uPA”- 24.2 + 6.9 versus 22.7 + 4.9 ng/mL/10
mg protein, n = 8). No significant differences (P
= (0.988) were observed between the two myo-
cardial regions.

Infarct size after regional ischemia and reper-
fusion

To quantify the extent of necrosis in the isch-
emic region, mouse hearts in the wild-type,
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Figure 2. Changes in cleaved caspase-3 expression. Significant increases
(*P < 0.05) in cleaved caspase-3 concentrations were detected by ELISA
after regional ischemia (60 min) and reperfusion (120 min) in the ischemic
and nonischemic myocardium of wild-type, uPAR”;, and uPA7” mice com-
pared with that in directly removed mouse hearts (baseline). No significant
differences were observed between the ischemic and nonischemic regions
(p = 0.988) or between different mouse groups (P = 0.958).

area'at risk

infarct size with propidium iodide

Figure 3. Quantification of the extent of necrosis. Necrosis was evaluated in
the ischemic myocardium after regional ischemia and reperfusion following
perfusion with propidium iodide at the end of the experiment. Counterstain-
ing of the nonischemic region was performed with fluorescent microspheres
(green) after ligation of the LAD. The infarcted areas with necrosis (blue)
were related to the area at risk from the LAD (blue and red).

uPAR”,, and uPA” groups were perfused with
propidium iodide at the end of the experiment,
followed by counterstaining of the nonischemic
zone with fluorescent microspheres after liga-
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tion of the LAD. The necrotic
areas (infarct area) were relat-
ed to the areas at risk from
the LAD, and the infarct size
was determined as a percent-
age of the total area (Figure
3). The infarct sizes following
60 min of regional ischemia
and 120 min of reperfusion
were 50.5% + 9.0% in the wild-
type group (n = 10), 49.7% +
7.1% in the uPAR” group (n =
5), and 30.8% + 5.0% in uPA”
group (n = 5). Significantly
smallerinfarcts were observed
in the uPA” group when com-
pared with those in the wild-
type and uPAR” groups (P <
0.05; Figure 4). No significant
differences in infarct size we-
re observed in wild-type and
uPAR” mice (P = 1.0).

Discussion

In the current study, we ob-
served marked DNA fragmen-
tation after regional ischemia
and reperfusion in the isch-
emic area and, to a lesser
extent, in the nonischemic re-
gion; notably, uUPAR”- mice did
not differ from wild-type mice.
In contrast, uPA” mice show
markedly lower DNA fragmen-
tation both in the ischemic
region and in the nonischemic
zone. To the best of our knowl-
edge, this is the first study to
quantify the concentration of
cleaved caspase-3 using ELI-
SA in the two regions under
investigation. However, the in-
crease in cleaved caspase-3
concentrations owing to re-
gional ischemia and reperfu-
sion was low compared with
the high DNA fragmentation
observed by TUNEL staining.
Moreover, in this model, there

were no differences in cleaved caspase-3 con-
centrations between the ischemic region and
the nonischemic zone. There were also no dif-
ferences in cleaved caspase-3 concentrations

Am J Transl Res 2019;11(6):3629-3636
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(90-min global ischemia/6-h
reperfusion, in a canine mo-
del). They found that the sub-
sequent reperfusion was res-
ponsible for completion of the
apoptotic cascade based on
the functions of key pro-apop-
totic proteins induced by isch-
emia. Moreover, Cheng et al.
reported the occurrence of
DNA fragmentation from 3 h
to 1 month following coronary
ligation [28]. Additionally, fol-
lowing ischemia, Freude et al.
detected activated caspase-3
in 30% of cardiomyocytes and
90% of necrotic cardiomyo-

Figure 4. Infarct size. After regional ischemia (60 min) of the LAD and re-
perfusion (120 min), significantly smaller infarcts (infarct area/area at risk)
were observed in the uPA” group when compared with those in the wild-type

and uPAR” groups (*P < 0.05).

after regional ischemia and reperfusion among
the wild-type, uPAR”, and uPA” groups.

Consistent with the TUNEL results, uPA” mice
show markedly smaller infarct sizes than wild-
type and uPAR” mice. These data indicated
that the absence of uPA exerted cardiopro-
tective effects in acute myocardial infarction.
Minatoguchi et al. demonstrated similar pro-
tective effects against myocardial infarction in
a rabbit infarct model (30-min regional ische-
mia/48-h reperfusion) using a perfusion con-
taining serine protease inhibitors, supporting
the occurrence of caspase-independent reduc-
tion in DNA fragmentation after myocardial
infarction [26].

DNA fragmentation in myocardial infarction is
increasingly viewed as evidence of apoptosis or
necrosis. Ohno et al. observed irreversible ne-
crosis rather than apoptotic ultrastructures
after ischemia and reperfusion (30-min region-
al ischemia/4-h reperfusion, in rabbits) in 83%
of infarcted cardiomyocytes, despite positive
TUNEL staining [27]. The timing and duration of
ischemia and reperfusion are critical for the
DNA fragmentation in myocardial infarction,
considering the limitations of our in vitro model.
Studies by Freude et al. showed that no TUNEL-
positive DNA fragmentation occurred owing to
ischemia alone in the absence of reperfusion
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cytes at the end of the reper-
fusion period [29]. McCully et
al. described similar results,
but found that necrosis was
more prevalent than apopto-
sis (20-30-min global ische-
mia/2-h reperfusion, in rabbits) in the ischemic
region [30]. Furthermore, after occlusion of a
coronary artery, apoptosis occurs first, whereas
necrosis is predominant later [31]. Attempts at
inhibiting pro-apoptotic caspase-3 in myocardi-
al infarction (30-min regional ischemia/6-h
reperfusion, in rats) showed a reduction in DNA
fragmentation without affecting the resulting
infarct size [32]. Caspase-independent cell de-
ath has also been investigated in recent stud-
ies [33, 34], which have suggested a progres-
sion from apoptosis to necrosis [35]. In this
study, only DNA fragmentation associated with
high cleaved caspase-3 activity was defined as
indicative of apoptosis. The high incidence of
TUNEL-positive DNA fragmentation in relatively
large infarcts and the concurrent low concen-
tration of cleaved caspase-3 suggested the
predominance of necrosis. UPA” mice showed
lower DNA fragmentation and smaller infarct
sizes after acute myocardial infarction, where-
as UPAR” mice exhibited no significant differ-
ences when compared with wild-type mice. Th-
ese findings suggested that in our model, uPA
acted independently of the uPAR.

In summary, in this study, we demonstrated, for
the first time, the effects of the uPA-type plas-
minogen activator system on the development
of DNA fragmentation and infarct size in isch-
emic and nonischemic zones using a knockout
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mouse model after acute myocardial infarction
with regional ischemia and reperfusion. Our
data suggested that this uPA system had pro-
tective effects against myocardial infarction,
influencing infarct size and cell death. These
protective effects did not appear to be mediat-
ed by the uPAR. However, our study was limited
in that we did not perform histological, immu-
nohistochemical, or gene expression analyses
for mechanistic studies. Thus, further studies
are needed to perform such analyses and to
elucidate the signal transduction mechanisms
underlying the observed protective effects of
the uPA system. Indeed, the underlying mecha-
nisms are still unknown. Cell-based models are
needed in order to clarify the roles and interac-
tions of uPA and uPAR in the myocardium.
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Supplementary material

Methods
Genotyping of transgenic animals

DNA isolation: DNA isolation and purification from the tails of transgenic animals were performed using
an Inivisorb Spin Tissue Mini Kit (Invitek, Berlin, Germany). The tissues were incubated with Proteinase
K and Lysis Buffer G for 2 h at 52°C with continuous shaking. After centrifugation (2 min, maximum
speed) to pellet the unlysed material, the supernatants were transferred to new tubes. After incubation
with Binding Buffer T, the suspension was transferred onto a spin filter, incubated at 22°C for 1 min, and
centrifuged for 2 min at 13,000 x g. The addition of the wash buffer onto the filter and the centrifuga-
tion step were performed twice (1 min at 13,000 x g; at the end of the washing procedure, the spin filter
was centrifuged for 2 min at 13,000 x g). Following incubation, the spin filter was incubated with pre-
warmed elution buffer D (at 52°C) for 3 min at room temperature, and genomic DNA was eluted by
centrifugation for 2 min at 8,500 x g.

Polymerase chain reaction (PCR): Conventional PCR (Bio-Rad iCycler; Bio-Rad, Munich, Germany) was
performed using specific primers (MWG, Ebersbach, Germany) to detect uPA”- and uPAR” (94°C for 4
min; 40 cycles, 94°C for 30 s, 59°Cfor 30's, 72°C for 30 s; 72°C for 4 min). The primer sequences were
as follows: target allele for uPAR” mice (PCR product, 320 bp), uPAR KO (5-TCATCAGTCCTC-
CCTGCTAAGGGC-3’) and HPRT#3 (5-TATTACCAGTGAATCTTTGTCAGCAGTTCCC-3’); endogenous allele
(UPAR” mice; PCR product, 147 bp), uPAR E3 3’ (5-CACCGGGTCTGGGCCTGTTGCAGAGGT-3’) and uPAR
E3 5’ (5'-GATGATAGAGAGCTGGAGGTGGTGAC-3'); target allele for uPA”- mice (PCR product, 200 bp), uPA
B3 (5-ATTGAATCCAGTCCAGGAAGTGTGAGACCC-3’) and PGK P3'#2 (5-CGCTACCGGTGGATGTGGAATG-
TGT-3’); endogenous allele (UPA” mice; PCR product, 141 bp), uPA B1 (5-GCGATTCTGGAGGACCGCTTAT-
CT-3’) and uPA B3 (5-ATTGAATCCAGTCCAGGAAGTGTGAGACCC-3’). The resulting PCR products were
loaded onto 1.6% agarose gels (with ethidium bromide) and run at 5 V/cm. Homozygous transgenic mice
were identified by the simultaneous positive detection of the target allele and the absence of the endog-
enous allele (PCR product +320 bp/-147 bp in uPAR7 +200 bp/-141 bp in uPA”; Figure S1).
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Figure S1. PCR products for urokinase knockout (+200 bp/-141 bp) and urokinase receptor knockout (+320 bp/-
147 bp) mice.



