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Interleukin-6/soluble interleukin-6 receptor
complex reduces infarct size via inhibiting

myocardial apoptosis

Kenichi Matsushita®, Shiro Iwanagal, Takahiro Oda', Kensuke Kimura', Megumi Shimada’,
Makoto Sano?, Akihiro Umezawa®*, Jun-ichi Hata*" and Satoshi Ogawa’

'Cardiopulmonary Division, Department of Medicine, Keio University School of Medicine, Shinjuku-ku,
Tokyo, Japan and ?Department of Pathology, Keio University School of Medicine, Shinjuku-ku, Tokyo, Japan

Apoptosis of cardiomyocytes plays an important role in reperfusion injury following myocardial infarction.
Conversely, interleukin-6 (IL-6)—a potent cytokine—inhibits myeloma cell apoptosis by activating GP130
through the IL-6 receptor (IL-6R). We hypothesized that the IL-6/soluble IL-6R complex can inhibit myocardial
apoptosis, and limit infarct size in reperfused acute myocardial infarction. Anesthetized rats were randomly
divided into five groups: sham, coronary occlusion and reperfusion rats administered IL-6/soluble IL-6R
complex, IL-6 alone, soluble IL-6R (sIL-6R) alone, or a control vehicle. Rats were subjected to 30 min occlusion
of the left coronary artery followed by 3 h reperfusion. After reperfusion, the hearts were excised. For detection
and quantification of apoptosis, gel electrophoresis of extracted genomic DNA and TUNEL method of paraffin
sections were performed. The percentage of the infarct area was measured using tetrazolium chloride staining.
The cardiomyocyte apoptosis analysis revealed that apoptosis in the reperfused myocardium was inhibited
only in the complex group. Furthermore, the percentage of the infarct area out of the area at risk was remarkably
reduced in the complex group (23.8+1.8%), compared with that in the vehicle (37.94+3.7%), the IL-6
(40.7 +£1.0%), or the sIL-6R (37.5+2.4%) groups (P=0.0002). No significant differences were observed among
the vehicle, IL-6, and slIL-6R groups. The IL-6/soluble IL-6 receptor complex inhibits cardiomyocyte apoptosis in

reperfused acute myocardial infarction. It possibly reduces irreversible reperfusion injury.
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Interleukin-6/soluble interleukin-6 receptor (IL-6/
sIL-6R) complex exhibits various functions in the
central nervous system, the hematopoietic system,
and other tissues."™® Classically, many soluble
receptors are used to inhibit ligand signaling of the
native receptor.” However, soluble IL-6R acts as an
agonist of IL-6 activity. The receptor for IL-6 is
composed of two distinct membrane-bound glyco-
proteins, an 80 kDa cognate receptor subunit (IL-6R)
and a 130 kDa signal-transducing element (gp130).%~
"' The binding of IL-6 to the IL-6R induces the
homodimerization of gp130. Homodimerisation of
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the two gp130molecules causes phosphorylation of
gp130 and the transcription factors STAT1 and
STAT3 by Janus-Kinases (JAK1, JAK2, TYK2), which
are constitutively associated with gp130."* Neither
IL-6 nor IL-6R alone binds or activates gp130. The
heterodimeric complex IL-6/ IL-6R acts as the active
cytokine.® A soluble form of the IL-6R (sIL-6R) is
still able to bind IL-6 and the complex of IL-6 and
the sIL-6R activates target cells expressing gp130. In
IL-6 signaling, the activation of STAT3 was shown to
be linked with antiapoptotic signals through the
induction of bcl-2." Furthermore, IL-6 was reported
to inhibit apoptosis of malignant plasma cells,™
which express IL-6 receptors.”®'® In target cells
expressing membrane-bound IL-6R, the function
of IL-6 is further augmented by the addition of
sIL-6R."'® In target cells expressing a small or no
available number of membrane-bound IL-6R but
expressing gp130, exogenously added IL-6 fail to
exert its functions; however, coadministration of
soluble IL-6R with IL-6 induces IL-6-mediated
functions.™®



Although gp130 is expressed on cardiomyo-
cytes,”'? whether cardiomyocytes express IL-6R is
controversial. Saito et al’ reported that cardiomyo-
cytes did not express IL-6R, while Youker et al
showed that IL-6 activated IL-6 signal pathway in
cardiomyocytes.”® Chandrasekar et al** did not
detect IL-6R mRNA in control myocardium, but
found its upregulation in ischemic/reperfused myo-
cardium. To examine whether IL-6 signaling inhibits
apoptosis of cardiomyocyte as well as myeloma
cells, a rat myocardial ischemia/reperfusion model,
in which apoptosis of cardiomyocytes has pre-
viously been documented,”” was used in this
investigation.

Clinically, the mainstay of treatment for acute
myocardial infarction has strived to decrease the
amount of infarcted myocardium. This has involved
timely intervention by reperfusion of the occluded
coronary artery; early reperfusion techniques in-
clude primary angioplasty and thrombolytic ther-
apy.”®* However, the apparent protective effect of
timely reperfusion in acute myocardial infarction
is accompanied by a paradoxical acceleration in
residual cell death of the reperfused myocardium.
These potential deleterious effects of reperfusion on
the myocardium constitute the dilemma of reperfu-
sion injury.?*?* The precise mechanism of reper-
fusion injury remains to be elucidated; however,
myocardial apoptosis has been thought to contribute
significantly to reperfusion injury.?*?%*” Optimizing
the process of reperfusion to reduce these deleter-
ious effects, perhaps by the administration of
adjunctive therapies or by altering the myocardial
environment, could further improve the outcome of
clinical intervention.?®*°

In the present study, we showed that IL-6/sIL-6R
complex, but not IL-6 or sIL-6R alone, inhibited
myocardial apoptosis in reperfused acute myocar-
dial infarction. We further showed that IL-6/sIL-6R
complex reduced infarct size in this model.

Materials and methods
Experimental Protocols

Human recombinant IL-6 was obtained from INTER-
GEN (New York, USA). Human sIL-6R was gener-
ously provided by Dr Tadamitsu Kishimoto of Osaka
University. Human sIL-6R has been purified from
human serum and urine.?*”%° This soluble receptor
binds IL-6 with an affinity similar to that of the
cognate receptor (0.5-2nM)*"** and prolongs its
plasma half-life.®** The IL-6/sIL-6R complex is
capable of activating cells via interaction with
membrane-bound gp130. The molecular mass of
IL-6/sIL-6R complex (~60kDa) is about three-fold
higher than that of IL-6 (~20kDa). In this study, the
IL-6/sIL-6R complex was made by incubating hu-
man recombinant IL-6 (3.3 ug/kg body weight) with
an excess amount of human sIL-6R (33 ug/kg body
weight) for 15min at 37°C in vitro. For example,
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9.9ul of human recombinant IL-6 (100ng/ul in
ddH,0) and 19.8 ¢l of human sIL-6R (500ng/ul in
PBS) were mixed for a rat weighting 300g. Then we
added normal saline to a final volume of 200 ul.

Male Wister rats weighing 270-325g were an-
esthetized with sodium pentobarbital (50 mg/kg,
i.p.) prior to surgery. Rats were randomly divided
into five major groups: sham-operated rats (n=4),
coronary occlusion and reperfusion rats adminis-
tered IL-6/sIL-6R complex (n=13), a control vehicle
(n=13), human recombinant IL-6 (3.3 ug/kg body
weight, n=11), or human sIL-6R (33 ug/kg body
weight, n=11). The volume of each drug is adjusted
to 0.2ml with a control vehicle, normal saline. The
drugs were injected into the left ventricular cavity
in vivo through the carotid cannula 15min before
coronary occlusion.

The animals were intubated and ventilated with a
rodent respirator. A midline sternotomy was per-
formed, and the heart was exposed. A reversible 4-0
silk slip knot was placed around the left coronary
artery, approximately 5mm distal from its origin,
effectively occluding the vessel. Coronary occlusion
was maintained for 30 min, at which time the slip
knot was released, initiating reperfusion. Sham-
operated control rats underwent the same surgical
procedure except that the suture passed under the
left coronary artery was not tied. We injected all the
rats included sham-operated rats with 2mg/kg of
lidocaine through carotid catheter just after the
coronary occlusion to prevent sustained ventricular
tachycardia. After 3h reperfusion, the left coronary
artery was reoccluded briefly, and 1 ml phthalocya-
nine blue dye was injected into the left ventricular
cavity in vivo and allowed to perfuse the nonis-
chemic region of the heart, as previously reported.**
Then, the heart was excised and divided into three
regions: nonischemic, border, and ischemic.

In the experiments using tissue sections, we
identified the border region as being at the edge of
the blue-dye-stained region. This border region
included both perfused myocardium and ischemic
myocardium, because of interdigitation of intramyo-
cardial coronary arteries. Therefore, in the extrac-
tion of genomic DNA, we identified the border
region as the tissue mass which included an equal
amount of the blue-dye-stained and nonblue-dye-
stained region abutting the edge of the blue-dye-
stained area, and whose total weight was approxi-
mately 100 mg.

The study was approved by the Keio University
School of Medicine Care of Experimental Animals
Committee.

Hemodynamic Evaluation

The right carotid artery was cannulated with a 22G
teflon catheter connected to a pressure transducer
(Nihon Koden, Tokyo, Japan). By monitoring arterial
blood pressure, the catheter was advanced into the
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left ventricular cavity for evaluation of left ventri-
cular pressure and also for injection of the drugs.

Infarct Sizing

After reperfusion, the left coronary artery was
reoccluded briefly, and 1ml phthalocyanine blue
dye was injected into the left ventricular cavity in
vivo and allowed to perfuse the nonischemic region
of the heart. The entire heart was excised and sliced
transversely into sections approximately 2mm in
thickness. The slices were photographed and then
incubated in a 1% solution of tetrazolium chloride
(TTC) for 10min at 37°C to stain the viable
myocardium brick red. The samples were fixed in
10% buffered formalin for 24h and then photo-
graphed. The area at risk (regions not stained with
phthalocyanine blue dye) and the infarcted area
(regions not stained with TTC) were outlined on
each photograph and measured using an image
analyzer. Infarct size was expressed as a percentage
of the infarcted area divided by the area at risk.

Agarose Gel Electrophoresis of DNA

Extracted genomic DNA was dissolved in TE buffer
(10 mM Tris-HCI and 1 mM EDTA, pH 8.0) at 50°C
overnight. The DNA solution was treated with
RNase (100 pg/ml) for 1h at 37°C.

In all, 12 ug of DNA was electrophoresed in 2%
agarose gel in TAE buffer (40 mM Tris-HCI, 30 mM
acetic acid, and 2mM EDTA, pH 8.0) for 5h at 50 V.
After electrophoresis, the gel was stained in vistra
green solution (Amersham, Buckinghamshire, UK),
and the DNA was visualized using the Fluor imager
(Molecular Dynamics Inc., CA, USA) as previously
reported.®>* To confirm DNA ladder formation, the
linear distribution of signal intensity for each lane
was analyzed using the Image QuaNT software
(Molecular Dynamics Inc.).

TdT-Mediated dUTP-Biotin Nick End Labeling
(TUNEL)

Fragmented DNA was detected in myocardial sec-
tions using a modified end-labeling technique as
previously reported.®* Paraffin-embedded myocar-
dial sections were mounted on glass slides. Non-
ischemic and ischemic area orientation was
confirmed by phthalocyanine blue dye. The slides
were incubated with 5pug/ml of proteinase K for
15min at room temperature (RT), and then the
endogenous peroxidase was inactivated by immer-
sing the sections in 2% H,0,. Deoxynucleotidyl
transferase (0.3 U/ml) and biotinylated dUTP in TdT
buffer (30mM Tris-HCl, pH 7.2, 140mM sodium
cacodylate, 1mM cobalt chloride) were added to
cover the sections and the sections were incubated
in a humid chamber at 37°C for 60min. After
washing, the sections were covered with streptavi-
din peroxidase for 15min at RT, and then stained
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with 3,3’-diaminobenzidine tetrahydrochloride. The
sections were counterstained with methyl-green.
Positive control samples were prepared by incubat-
ing sections with DNase I prior to treatment with
terminal transferase. Negative controls consisted of
specimens in which deoxynucleotidyl transferase
was omitted.

To determine the ratio of TUNEL-positive myo-
cytes, the number of TUNEL-positive cardiomyocyte
nuclei was divided by the total number of cardio-
myocyte nuclei. Six representative microscopic
fields were analyzed for each region.

Electron Microscope

The hearts were subjected to perfusion-fixation with
Karnovsky’s fixative before excision. Tissue samples
from ischemic, border, and nonischemic regions
were immersed in Karnovsky’s fixative. Thin sec-
tions were mounted on grids; scanned and photo-
graphed.

Blood Analysis

The right femoral artery was cannulated with a 24G
teflon catheter to obtain blood samples. In all, 4 ml
of arterial blood was drawn from the femoral artery
immediately after 3h reperfusion but before dye
injection. In addition to blood counts, the plasma
was separated and C-reactive protein (CRP) was
quantified by Latex Agglutination-Turbidimetric
Immunoassay, using LZ TEST ‘EIKEN’ CRP kit
according to the manufacture’s instruction (Eiken
Chemical Co., Ltd., Tokyo, Japan).

Immunoprecipitation and Western Blot Analysis

Polyclonal antibodies to gp130 and monoclonal
antibody to phosphotyrosine were obtained from
Upstate Biotechnology (Lake Placid, NY, USA).
Sham-operated rats were used for this experiment.
Without the occlusion of the left coronary artery, LV
tissues were harvested at 0, 5, 15, 30, and 60 min
after the injection of IL-6/sIL-6R complex into LV
cavity through the carotid catheter. LV tissues were
homogenized in lysis buffer (150 mM NaCl, 0.02%
sodium azide, 0.1% SDS, 100 ug/ml PMSF, 1 ug/ml
aprotinin, 1% NP-40, 0.5% sodium deoxycholate,
50mM NaF, 25 mM f-glycerophospate, and 1mM
Na;VO, in 50 mM Tris-HCI, pH 8.0) and the 5 mg of
lysates were precleared by incubation with protein
G sepharose (Amersham Pharmacia Biotech, NJ,
USA) for 1h at 4°C. After centrifugation, the lysates
were incubated with the monoclonal antibody to
phosphotyrosine overnight at 4°C. Immunocom-
plexes were collected by incubating with 40l of
protein G sepharose for 2h. Immunoprecipitates
were washed five times with TBS-T (0.1% tween-20
and 137 mM NaCl in 20 mM Tris-HCI, pH 7.6). The
precipitated proteins were dissolved in sample
buffer (10% glycerol, 2.3% SDS and 5% f-mercap-



toethanol in 62.5 mM Tris-HCl, pH 6.8) and heated
at 95°C for 5 min. Proteins were separated by 7.5%
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Protein fractions were then
electrophoretically transferred onto a polyvinyli-
dene difluoride (PVDF) membrane. The membrane
was blocked with 5% nonfat-dried milk in TBS-T.
Then the membrane was incubated with rabbit
polyclonal antibody to gp130 for 1h at RT. The
primary antibody was diluted 1:100 in blocking
solution. After washing in TBS-T, it was incubated
with horseradish peroxidase-conjugated swine anti-
rabbit immunoglobulin diluted to 1:1000 in blocking
solution. The antigen antibody—peroxidase complex
was visualized using the ECL chemiluminescence
detection kit (Amersham International, Buckin-
ghamshire, UK).

Statistical Analysis

All values are expressed as the meants.e.m.
Statistical significance was determined using an
ANOVA followed by the Bonferroni test. P-values
less than 0.05 were considered statistically signi-
ficant.

Results

Assessment of Infarct Size

Infarct size, or the percent infarct area, was
evaluated as a percentage of infarct area to area at
risk. Phthalocyanine blue dye and TTC staining
were performed to estimate area at risk and infarct
area, respectively (Figure 1a). The average area at
risk was 45.9+2.9% in the vehicle-treated group,
53.3+3.1% in the IL-6/sIL-6R complex-treated
group, 49.3+3.8% in the IL-6-treated group, and
51.4+2.5% in the sIL-6R-treated group, with no
significant differences among the four groups
(ANOVA). However, there were significant di-
fferences (P=0.0002 by ANOVA) in the percentage
of the infarct area relative to the area at risk
(percent infarct area) among the IL-6/sIL-6R complex-
treated (23.8+1.8%), vehicle-treated (37.94+3.7%),
IL-6-treated (40.74+1.0%), and sIL-6R-treated
(37.5+2.4%) groups (Figure 1b). The results of the
Bonferroni test showed that only the IL-6/sIL-6R
complex-treated group showed a significantly smal-
ler (P=0.0004) percent infarct area than the vehicle-
treated group (three comparisons). The IL-6-treated
and sIL-6R-treated groups showed no significant
differences from the vehicle-treated group.

Heart Rate and Left Ventricular Pressure

ANOVA revealed no significant differences in the
heart rate (HR), left ventricular systolic pressure, or
left ventricular end diastolic pressure measured
before coronary occlusion, after coronary occlusion,
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or after reperfusion among the vehicle-treated, IL-6/
sIL-6R complex-treated, IL-6-treated, and sIL-6R-
treated groups (Table 1). The reduction in the infarct
size was not considered to be related to the HR or
blood pressure, but to an antiapoptotic effect.

Cardiac Arrhythmias

Almost all arrhythmias occurred between 5 and
15 min after coronary occlusion. Some rats showed
isolated premature ventricular contraction (PVC)
just after the reperfusion but those arrhythmias were
not severe. In this study, we injected all the rats
included sham-operated rats with 2mg/kg of lido-
caine through carotid catheter just after the coronary
occlusion to prevent sustained ventricular tachycar-
dia (VT). Even after the injection of lidocaine, some
rats still exhibited PVC or nonsustained VT between
5 and 15min after coronary occlusion. However,
they were transient and recovered without addi-
tional drugs. Although we did not observe the
difference in arrhythmias among the vehicle-treated,
IL-6/sIL-6R complex-treated, IL-6-treated, and sIL-
6R-treated groups, we cannot exclude the possibility
that lidocaine masked the difference in arrhythmias.

Blood Analysis

There were no significant differences in the white
blood cell count or serum CRP level among the
vehicle-treated, IL-6/sIL-6R complex-treated, IL-6-
treated, and sIL-6R-treated groups (Table 2).

Agarose Gel Electrophoresis

Genomic DNA obtained from the ischemic and the
border regions of the vehicle group showed typical
DNA laddering with reduced high molecular weight
genomic DNA. However, DNA from any region of
the IL-6/sIL-6R complex group as well as from the
nonischemic region of the vehicle group did not
exhibit DNA fragmentation. DNA from nonischemic
regions as well as specimens taken from the border
region of the IL-6/sIL-6R complex group exhibited
preservation of high molecular weight genomic DNA
bands (Figure 2). Similar to the vehicle group, DNA
from the ischemic and the border regions of the IL-6
or sIL-6R group showed typical DNA laddering with
reduced high molecular weight genomic DNA
(Figure 3). Thus, specimens taken from only the
IL-6/sIL-6R complex group exhibited inhibition of
cardiomyocyte apoptosis following reperfusion.

In Situ DNA Fragmentation by TUNEL Staining

To visualize apoptosis in situ, the TUNEL method
was employed to detect apoptotic nuclei in myo-
cardial cells. In the nonischemic regions, positively
stained nuclei were rarely detected in the rat hearts.
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Figure 1 Assessment of infarct size. (a) Photos of rat hearts showing phthalocyanine blue dye and tetrazolium chloride (TTC) staining.
The heart was sliced transversely into sections approximately 2 mm in thickness. The area at risk was defined as regions not stained with
phthalocyanine blue dye, shown in the upper panels, and the infarct area was defined as regions not stained with TTC (white area),
shown in the lower panels. Each pair of upper and lower panels represents the same slice. The infarct size, or the percent infarct area,
was evaluated as a percentage of the infarct area relative to the area at risk. Bar represents 5 mm. (b) Bar graph representing the percentage
of the infarct area relative to the area at risk in rat hearts subjected to 30 min ischemia and 3 h reperfusion after the administration of the
control vehicle, IL-6, sIL-6R, or the IL-6/soluble IL-6R complex. The drugs were injected in vivo into the LV cavity through a carotid
cannula 15 min before coronary occlusion. The percentage of infarct area relative to the area at risk was significantly smaller in the IL-6/
sIL-6R complex-treated group (23.841.8%, n=7) than in the vehicle-treated (37.9+3.7%, n=7), IL-6-treated (40.7+1.0%, n=7), and
sIL-6R-treated (37.5+2.4%, n=7) groups. *P<0.05 vs vehicle-, IL-6-, and sIL-6R-treated groups. The error bar represents the s.e.m.

In the ischemic or border regions of the vehicle
hearts, numerous TUNEL-positive nuclei were ob-
served. However, in the ischemic and border regions
of the IL-6/sIL-6R complex-treated hearts, only
scattered positive nuclei were observed and there
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were considerably less positive nuclei compared
with the vehicle-treated hearts (Figure 4). Similar to
the vehicle hearts, numerous TUNEL-positive nu-
clei were observed in the ischemic or border regions
of the IL-6-treated or sIL-6R-treated hearts (Figure 5).



Table 1 Heart rate and left ventricular pressure

Vehicle Complex IL-6 sIL-6R

Heart rate (bpm)

Baseline 395+20 398+17 361+8 335+25

occ 30 312+19 330+11 310+13 291+24

rep 30 310+22 345+17 325+18 313+28

rep 180 288+18 345+12 294412 289+18
LVSP (mmHg)

Baseline 107 +6 109+6 126 +4 116 +3

occ 30 94+3 104+4 99+4 89+8

rep 30 96+5 115+3 104+5 105+8

rep 180 113+4 125+5 107+5 106 +7
LVEDP (mmHg)

Baseline 6.7+1.1 5.9+1.1 4.34+0.7 6.4+0.5

occ 30 5.6+0.7 7.6+0.6 8.4+1.0 9.6+1.1

rep 30 5.6+1.5 8.6+0.7 10.2+1.1 74+1.1

rep 180 5.9+0.6 7.9140.8 5.44+0.2 6.6+0.6

Complex =IL-6/sIL-6R complex; IL-6=interleukin-6; LVEDP =left
ventricular end diastolic pressure; LVSP =left ventricular systolic
pressure; occ=occlusion; rep =reperfusion; sIL-6R =soluble inter-
leukin-6 receptor.

Table 2 Blood analysis

Vehicle Complex IL-6 sIL-6R
WBC (/ul) 8600+1120 7644+566 6560+733 6250+517
CRP (mg/dl) 0.1+0.02 0.1+0.02 0.1+0.02 0.1+0.02

Complex =1IL-6/sIL-6R complex; CRP = C-reactive protein; IL-6 = inter-
leukin-6; sIL-6R =soluble interleukin-6 receptor; WBC = white blood
cell count.

Quantitatively, the ratio of TUNEL-positive myo-
cytes in the ischemic (I) and border (B) regions was
significantly smaller in the IL-6/sIL-6R complex-
treated group (I: 4.84+0.6%, B: 3.9+0.7%) than that
in the vehicle-treated (I: 14.14+0.7%, B: 13.9+
0.9%), IL-6-treated (I: 13.1+0.7%, B: 13.2+0.8%),
and sIL-6R-treated (I: 14.9+1.0%, B: 12.94+1.1%)
groups (P<0.0001 by ANOVA, P<0.0001 by
Bonferroni test when comparing with the vehicle
group in the same region, three comparisons in each
region) (Figure 6). No significant differences were
observed among the vehicle-treated, IL-6-treated,
and sIL-6R-treated groups.

Electron Microscope Findings

To confirm cardiomyocyte apoptosis, we analyzed
the vehicle-treated border and ischemic tissue
sections by electron microscope. The ultrastructural
features of apoptotic cells are known to be shrunk
cells displaying segregation of chromatin into dis-
crete clumps abutting the nuclear membrane,
whereas cytoplasmic organelles most often kept a
normal appearance.®® In the vehicle-treated border
and ischemic sections, apoptotic myocytes pre-
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sented with complete nuclear chromatin conden-
sation along the nuclear membrane (Figure 7).
Consistent with previous studies on myocardial
ischemia/reperfusion,®®*” we were not able to detect
definite apoptotic bodies of cardiomyocyte origin in
these sections.

Activation of gp130 by IL-6/sIL-6 Receptor Complex

To confirm the gp130 pathway is activated by the
injection of IL-6/sIL-6R complex, we examined the
tyrosine phosphorylation of gp130 in rat hearts. As
shown in Figure 8, basal level of tyrosine phosphor-
ylation of gp130 was very little but significant
tyrosine phosphorylation of gp130 was observed in
rat hearts after the infection of IL-6/sIL-6R complex.
Intense phosphorylation of gp130 was observed
between 5 and 15 min after injection. These results
indicate that the IL-6/sIL-6R complex activates
gp130 pathway.

Assessment of Left Ventricular Function by LV dP/dt

Having demonstrated that our IL-6/soluble IL-6R
complex reduces infarct size through inhibiting
myocardial apoptosis, we compared LV function
using LV dP/dt between vehicle-treated rats and IL-
6/sIL-6R complex treated rats. Since LV dP/dt is very
sensitive to inotrophic changes, it is considered to
be a good marker which reflects LV function.?*-%® As
shown in Table 3, trends towards higher positive
dP/dt and negative dP/dt were observed at 30 min
after occlusion and at 30min after reperfusion in
IL-6/sIL-6 complex group; however, these differ-
ences did not reach statistical significance.

Discussion

In this study, we have shown that administration of
IL-6/sIL-6R complex inhibits apoptosis in the re-
perfused myocardium. Furthermore, the above com-
plex was also able to reduce infarct size. IL-6/sIL-6R
complex has been reported to have various func-
tions in the central nervous system, the hemato-
poietic system, and other tissues;’® however, the
effect of the complex in myocardial infarction has
not been directly assessed so far. This is the first
report of the possible therapeutic effects of IL-6/sIL-
6R complex in reperfused myocardial infarction; our
results suggest the possible use of this complex in
the clinical treatment of reperfused myocardial
infarction as well as other cardiac diseases
involving apoptosis such as myocarditis and heart
failure.®9#°

IL-6/sIL-6R complex induces the homodimeri-
zation of gp130. Homodimerization of the two
gp130molecules causes phosphorylation of gp130
and the transcription factors STAT1 and STAT3 by
Janus-Kinases (JAK1, JAK2, TYK2) and then acti-
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600bp

100bp

lane 5 lane 2

Figure 2 DNA ladder formation in rat heart administered either a control vehicle or IL-6/sIL-6R complex. Genomic DNA was extracted
from rat myocardium and electrophoresed in 2% agarose gel. Lanes 1-3 represent genomic DNA extracted from a heart exposed to 30 min
ischemia and 3 h reperfusion and administered a control vehicle. Lanes 4—6 represent genomic DNA from a heart exposed to 30 min
ischemia and 3 h reperfusion and administered the IL-6/sIL-6R complex (lanes 1 and 4: ischemic myocardium; lanes 2 and 5: border
region myocardium; lanes 3 and 6: nonischemic myocardium). Genomic DNA from the ischemic and border regions (lanes 1 and 2)
exhibited typical DNA laddering in the 200-600bp range; however, genomic DNA from the nonischemic region (lane 3) exhibited
preservation of high molecular weight DNA and did not exhibit DNA ladder formation typical of DNA fragmentation. In the IL-6/sIL-6R
complex treated rat heart, the ischemic myocardium exhibited a smear pattern typical of degradated genomic DNA and did not exhibit
DNA ladder formation. Genomic DNA from the border and nonischemic regions did not exhibit DNA ladder formation but did exhibit
preservation of high molecular weight DNA. Lane 7 represented genomic DNA from a sham-operated heart and exhibited only the intact
high molecular weight DNA band. M represents a 100 bp DNA ladder marker. The graph on the right represents the linear distribution of
signal intensity of the agarose gel DNA electrophoresis for lanes M, 5, and 2 (M: marker lane; 5 and 2: lanes representing DNA from the
border regions of the IL-6/sIL-6R complex treated and control vehicle-administered hearts, respectively). This distribution pattern
confirms that typical DNA laddering can be detected in lane 2 but not in lane 5. DNA from individual hearts were used. The experiment

shown is representative of three experiments.

vates cellular signal processes.>'**'™** Our study
indicated that administration of IL-6/sIL-6R com-
plex, but not of IL-6 or sIL-6R alone, inhibited
cardiomyocyte apoptosis in reperfused acute myo-
cardial infarction. In this relation, it is of interest
that coadministration of IL-6 and sIL-6R, but not IL-
6 or sIL-6R alone attenuated motor dysfunction and
neuropathological changes in wobbler mouse motor
neuron disease.*® Transgenic mice overexpressing
both IL-6 and IL-6R present with hypertrophy of
ventricular myocardium with advancing age; the
myocardium in these animals has been shown to
express gp130.*° However, transgenic mice over-
expressing IL-6 or IL-6R alone did not present with
detectable myocardial abnormalities. The present
study also showed that administration of IL-6 or sIL-
6R alone had no effects on cardiomyocytes. In IL-6
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signaling, the activation of STAT3 was shown to be
linked with antiapoptotic signals through the in-
duction of bcl-2."® Possible mechanism in our
results is that exogenous IL-6/sIL-6R complex acts
directly on cardiomyocytes by activating membrane-
anchored gp130 and inhibits cardiomyocyte apop-
tosis. Another possibility is that the above complex
may act on other cell types (eg, leukocytes) and
reduce reperfusion injury through altering the
myocardial environment. Since we showed that IL-
6/sIL-6R complex induced tyrosine phosphorylation
of gp130 within 5min, we speculate the former
mechanism is a more reasonable explanation for our
results. Other studies also showed that IL-6/sIL-6R
complex as well as ciliary neurotrophic factor and
leukemia inhibitory factor—members of the IL-6
family—reached to the cell surface of target organs
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Figure 3 DNA ladder formation in rat heart administered either
IL-6 or sIL-6R. Lanes 1-3 represent genomic DNA extracted from
a heart exposed to 30min ischemia and 3h reperfusion and
administered IL-6. Lanes 4—6 represent genomic DNA from a heart
exposed to 30 min ischemia and 3 h reperfusion and administered
sIL-6R (lanes 1 and 4: ischemic myocardium; lanes 2 and 5: border
region myocardium; lanes 3 and 6: nonischemic myocardium).
Genomic DNA from the ischemic and border regions (lanes 1, 2, 4,
and 5) exhibited typical DNA laddering in the 200-600bp range;
however, genomic DNA from the nonischemic region (lanes 3 and
6) exhibited preservation of high molecular weight DNA and did
not exhibit DNA ladder formation typical of DNA fragmentation.
Lane 7 represented genomic DNA from a sham-operated heart and
exhibited only the intact high molecular weight DNA band. M
represents a 100bp DNA ladder marker. DNA from individual
hearts were used. The experiment shown is representative of
three experiments.

and had therapeutic effects after systemic adminis-
tration.*>#74®

Our results demonstrated that myocardial apop-
tosis was inhibited by IL-6/sIL-6R complex in the
border region as well as the nonischemic region. The
characteristics of the border region are considered to
differ from those of normal myocardium. Myocar-
dial infarction induces regional abnormalities (asy-
nergy) in the wall motion of the heart. The infarcted
region presents with akinesis; subsequently, the
border region adjacent to the ischemic region is
subjected to mechanical stretching. This mechanical
stretching can trigger certain signals associated with
apoptosis.*® In addition, an increased workload in
the border region requires an increase in oxidative
metabolism for energy production; the resulting
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oxidative stress may activate certain signaling path-
ways and promote apoptosis.®®>!

Although our results provide provocative and
stimulating possibilities in treatment and suggest
new orientations in clinical research topics, several
issues require further investigations prior to clinical
application.

Apoptosis was originally termed to define essen-
tial programmed cell death and plays an important
role in both development and maintenance of
tissue homeostasis.’?®* In other words, this form
of altruistic cell death can be considered to be a
physiologically fundamental method of ridding the
body of unnecessary cells and can be considered a
beneficial process in response to damage to the
organism. Indeed, we have shown that the IL-6/sIL-
6R complex can reduce infarct size and attenuate
reperfusion injury; however, it remains to be
established whether rescue of these dying myocytes
leads to a better clinical prognosis. Inhibiting
apoptosis may possibly leave the ‘rescued’ myocytes
electrically unstable and may lead to fatal arrhyth-
mias. In this study, we injected all the rats with
2mg/kg of lidocaine just after the coronary occlu-
sion to prevent sustained VT. Then, even though we
did not observe a trend towards more frequent
ventricular arrhythmias in the IL-6/sIL-6R complex
group, we cannot exclude the possibility that
lidocaine masked the difference in arrhythmias.
Further investigations are required to correctly
address this problem prior to actual clinical appli-
cation.

It can be argued that in these ischemia/reperfu-
sion models, including our own, cell death occurs
via two major pathways; that is, apoptosis and
necrosis. While these two modes of death are
mutually exclusive, they may very well coexist.
Shimizu et al’® showed that Bcl-2 and Becl-xL,
both antiapoptotic proteins, protected mitochondria
against loss of function, not only in apoptosis,
but also in the process of necrosis. It has also
been reported that both apoptosis and necrosis
share common mediators and pathways leading to
the final stages of cell death.?® To take discussion of
this complicated issue further, although DNA
degradation is caused by both necrosis and apop-
tosis, the pattern of degradation between the two
processes is different. While necrosis degrades
genomic DNA in a smear pattern, apoptosis
degrades genomic DNA in the ladder form. In
this study, the IL-6/sIL-6R complex was shown to
inhibit DNA ladder formation. We thus suggest
that the IL-6/sIL-6R complex contributes mainly
to inhibition of apoptosis rather than to that of
necrosis; however, it is difficult to differentiate
between these two forms of cell death based solely
on the experimental protocols used in this study.
Further experiments are necessary to clarify this
complicated issue.

IL-6 induces expression of the intercellular adhe-
sion molecule-1 (ICAM-1), a mediator of neutro-
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Figure 4 TUNEL staining of rat heart administered either a control vehicle or IL-6/sIL-6R complex. Tissue specimens were treated with
DNA polymerase I and biotinylated dUTP, and visualized with streptavidin peroxidase and diaminobenzidine-hydrogen peroxide.
Specimens were counterstained with methyl-green. Original magnification, x 200. (a) Positive control: cardiac tissue specimen exposed
to DNase I prior to nick end labeling. The nuclei are represented by the positive brown staining. (b) Nonischemic myocardium exposed to
30min of ischemia followed by 3 h of reperfusion administered a control vehicle. The nuclei are stained light green by the counterstain.
(c) and (d) Specimens from the border region between nonischemic and ischemic myocardium exposed to 30 min of ischemia followed
by 3 h of reperfusion. The blue coloring indicates blood flow from phthalocyanine blue dye. (c) Represents a cardiac specimen from a rat
administered a control vehicle, and (d) from a rat administered the IL-6/sIL-6R complex. In (c), numerous positive brown reaction
products can be observed in the nuclei of apoptotic cells. In (d), the number of apoptotic nuclei is markedly reduced. (e) and (f)
Specimens from ischemic regions exposed to 30 min of ischemia followed by 3 h of reperfusion. Ischemia was confirmed by the absence
of blue dye. (e) Represents a specimen from a rat administered a control vehicle, and (f) from a rat administered the above complex.
Similar to the findings in the border region, the number of apoptotic nuclei is markedly reduced following administration of the complex.

phil-induced injury, and promotes inflammation.””®®  important role in the induction of ICAM-1 in the
In the myocardial ischemia-reperfusion model, ischemic regions. Regarding the clinical study also,
Kukielka et al’® showed that IL-6 played an  Ohtsuka et al®® clearly showed that serum levels of

Laboratory Investigation (2005) 85, 1210-1223
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Figure 5 TUNEL staining of rat heart administered either IL-6 or sIL-6R. (a) and (b) Specimens from the border region between
nonischemic and ischemic myocardium exposed to 30 min of ischemia followed by 3 h of reperfusion. The blue coloring indicates blood
flow from phthalocyanine blue dye. (a) Represents a cardiac specimen from a rat administered IL-6, and (b) from a rat administered sIL-
6R. (c) and (d) Specimens from ischemic regions exposed to 30 min of ischemia followed by 3 h of reperfusion. Ischemia was confirmed
by the absence of blue dye. (c) Represents a specimen from a rat administered IL-6, and (d) from a rat administered IL-6R. In (a)—(d),
numerous TUNEL-positive nuclei can be observed. (e) Represents a specimen obtained from a sham operation. The nuclei are stained

light green by the counterstain. Original magnification, x 200.

IL-6 correlated well negatively with the change in
the reduction of LV end-diastolic volume index 6
months after onset of myocardial infarction. They
concluded that circulating IL-6 at the acute phase is
a powerful independent predictor of LV remodeling
after reperfused myocardial infarction.®* Therefore,
we have to consider potential adverse effects of

IL-6 and potential effects of IL-6 and IL-6/sIL-6R
complex on ventricular remodeling. The balance
between the proinflammatory adverse effect and
antiapoptotic cytoprotective effect of IL-6 and the
IL-6/sIL-6R complex is important. In this study,
there were no significant differences in the white
blood cell count or serum CRP level among the

Laboratory Investigation (2005) 85, 1210-1223
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Figure 6 Bar graph representing the ratio of TUNEL-positive
myocytes in rat heart specimens. The number of TUNEL-positive
cardiomyocyte nuclei was divided by the total number of
cardiomyocyte nuclei to determine the ratio of TUNEL-positive
myocytes. In ischemic (I: solid bars) and border (B: hatched bars)
regions, the ratio of TUNEL-positive myocytes in the IL-6/sIL-6R
complex group was significantly smaller than that in the vehicle,
the IL-6, or the sIL-6R groups. In the nonischemic (N: open bars)
regions, TUNEL-positive myocytes were rarely detected in the rat
hearts. Six representative microscopic fields were analyzed for
each region. *P<0.05 vs vehicle, IL-6, or sIL-6R in each region.
The error bar represents the s.e.m.
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vehicle-treated, IL-6/sIL-6R complex-treated, IL-6-
treated, and sIL-6R-treated groups. However, we
used an acute model, and it is possible that injection
of the IL-6 or IL-6/sIL-6R complex is associated with
upregulation of the inflammatory response during
the chronic phase. Although the antiapoptotic
cytoprotective effect of the complex was thought to
be stronger than its proinflammatory effect in our
acute model, the balance may be changed in a
chronic model. More data will be needed before the

60 min

o 5 15 30
m *y 3 1

IP: Anti-pTyr
Blot: Anti-gp130

Figure 8 Time course of gp130 phosphorylation after the
injection of IL-6/sIL-6R complex. Tissue samples obtained from
left ventricle were examined at various times after injection of IL-
6/sIL-6R complex into LV cavity. Equal amount of proteins from
left ventricle of rat hearts obtained 0, 5, 15, 30, and 60 min after
injection of IL-6/sIL-6R complex were lysed with lysis buffer,
immunoprecipitated with antiphosphotyrosine antibody, sepa-
rated by 7.5% SDS-PAGE, and transferred onto a polyvinylidene
difluoride (PVDF) membrane. The blot was probed with anti-
gp130 antibody. The experiment shown is representative of three
experiments.

Figure 7 Electron micrographs of cardiomyocytes. (a) Cardiomyocyte specimen taken from a sham operation. (b) Cardiomyocyte
specimen of the border region exposed to 30min ischemia and 3h reperfusion administered a control vehicle. Apoptotic myocytes
present with chromatin condensation along the nuclear membrane. Bar represents 1 ym.
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Table 3 Left ventricular dP/dt (positive and negative)

LV dP/dt (positive/negative), mmHg/s

Vehicle IL-6/sIL-6R complex
Baseline +4667 +422/—2850+275 +4620+543/—2820+ 260
occ 30 +3567 +340/—22924+187 +46504+650/—3225+439
rep 30 +3714+264/-2571+277 +4940+542/—3280+ 256
rep 180 +4429+468/—3214+343 +4130+356/—3180+433

IL-6 = interleukin-6; sIL-6R = soluble interleukin-6 receptor; occ = occlu-
sion; rep =reperfusion.

clinical implications of the actions of this complex
become clearer.

In our models, the effects of the drugs were
produced by a systemic injection, rather than a
coronary injection. Hajjar et al®” occluded the aorta
and pulmonary artery to insure that the coronary
arteries were perfused for gene delivery studies in
vivo. If the drugs in the present study had been
delivered to the coronaries with the large vessel
occlusions, the effect might have been larger than
the result we obtained. It is also very important how
long the drug can keep its effects. Peters et al®®
examined how long the exogenous IL-6 or IL-6/sIL-
6R complex lasted. They injected mice intraperito-
neally with either 40 ug of IL-6 or 4 ug of IL-6/sIL-6R
complex per mouse and investigated the acute phase
response gene expression in the livers of those mice.
Their results showed that the effect of 40 ug of IL-6
lasted 24h and the effect of 4ug of IL-6/sIL-6R
complex lasted 72h. The gene expression in mice
received IL-6/sIL-6R complex was much stronger
than that in mice received IL-6. They concluded that
the IL-6/sIL-6R complex is active markedly long.®®
Whether cardiomyocytes express the IL-6 receptor
is controversial. Youker et a/*® showed that IL-6
activated the IL-6 signal pathway in cardiomyo-
cytes. In target cells expressing membrane-bound
IL-6 receptors, the function of IL-6 is further aug-
mented by the addition of sIL-6Rs."”"® Although IL-6
alone had no effect on cardiomyocyte apoptosis in
our models, IL-6 alone might have been effective if
large vessel occlusions had been used. Technically,
the administration of the IL-6/sIL-6R complex can
be clinically implemented in humans by selectively
injecting the IL-6/sIL-6R complex into the target
coronary artery during primary angioplasty or
intracoronary thrombolysis.

In conclusion, the present study demonstrates for
the first time that the IL-6/sIL-6 receptor complex is
effective in ameliorating reperfusion injury in acute
myocardial infarction. This effect may be more
dramatic in humans; this is because only systemic
administration was possible in our experimental rat
models whereas more selective administration
would be possible in humans. Thus our results hint
at possible novel therapies for acute myocardial
infarction.
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