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Growth differentiation factor 15 may protect the myocardium
from no-reflow by inhibiting the inflammatory-like response
that predominantly involves neutrophil infiltration

MEI ZHANG'?, KUNYING PAN', QIANPING LIU', XIN ZHOU?, TIEMIN JIANG'? and YUMING LI'?

1Department of Cardiology, The Affiliated Hospital of Logistics University of Chinese People's Armed Police Force,

Tianjin 300162; 2Tianjin Key Laboratory of Cardiovascular Remodeling and Target Organ Injury,

Institute of Cardiovascular Disease and Heart Center, Logistics University of Chinese People's Armed Police Force,
Tianjin 300162, PR. China

Received September 29, 2014; Accepted August 17, 2015

DOI: 10.3892/mmr.2015.4573

Abstract. The aim of the current study was to investigate
the time course of the expression of growth differentiation
factor-15 (GDF-15) in rat ischemic myocardium with increasing
durations of reperfusion, and to elucidate its physiopatho-
logical role in the no-reflow phenomenon. Wistar rats were
randomly divided into ischemia reperfusion (I/R) and sham
groups, and myocardial I/R was established by ligation of
the left anterior descending coronary artery for 1 h followed
by reperfusion for 2, 4, 6, 12, 24 h and 7 days whilst rats in
the sham group were subjected to a sham operation. The
expression levels of GDF-15 and ICAM-1 were measured, in
addition to myeloperoxidase (MPO) activity. The myocardial
anatomical no-reflow and infarction areas were assessed. The
area at risk was not significantly different following various
periods of reperfusion, while the infarct area and no-reflow
area were significantly greater following 6 h of reperfusion
(P<0.05). The mRNA and protein expression levels of GDF-15
were increased during the onset and development of no-reflow,
and peaked following 24 h of reperfusion. MPO activity was
reduced with increasing reperfusion duration, while ICAM-1
levels were increased. Hematoxylin and eosin staining demon-
strated that myocardial neutrophil infiltration was significantly
increased by I/R injury, in particular following 2,4 and 6 h
of reperfusion. GDF-15 expression levels were negatively
correlated with MPO activity (r=-0.55, P<0.001), and the MPO
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activity was negatively correlated with the area of no-reflow
(r=-0.46, P<0.01). By contrast, GDF-15 was significantly
positively correlated with ICAM-1 levels (r=0.52, P<0.01),
which additionally were demonstrated to be significantly posi-
tively associated with the size of the no-reflow area (r=0.39,
P<0.05). The current study demonstrated the time course effect
of reperfusion on the expression of GDF-15 in the myocardial
I/R rat model, with the shorter reperfusion times (6 h) resulting
in significant no-reflow in ischemic myocardium. GDF-15 may
protect the I/R myocardium from no-reflow by inhibiting the
inflammatory-like response, which involves neutrophil infil-
tration and transendothelial migration.

Introduction

Myocardial ischemia is an important determinant of survival
in patients with coronary artery disease (CAD), which is a
prevalent cause of morbidity and mortality (1). Occlusion
of an epicardial coronary artery without revascularization
inevitably results in necrosis of the infarct myocardium (2).
Timely reperfusion therapy serves a key role in the initiation
of a molecular cascade leading to cardioprotection (3), and has
been independently associated with improved left ventricular
function and prognosis (4).

Paradoxically, reperfusion of the previously ischemic
tissue may induce another form of myocardial injury, ischemia
reperfusion (I/R) injury (5). Compromised perfusion within
the supplied myocardium may result from events including the
production of oxygen free radicals and inflammatory media-
tors, in addition to malfunction of the cell membrane transport
system (6). The area of no-reflow has been demonstrated to
increase with increasing time following reperfusion (7).
Mechanisms of no-reflow are complex however inflamma-
tion, plugging of the microcirculation with neutrophils and
vasoconstriction are suggested to serve a major role in the
process (8). Neutrophils have been reported to serve a central
role in the inflammatory-like response to reperfusion through
the generation of oxygen free radicals, degranulation and
release of proteases, the release of arachidonic metabolites and
additional proinflammatory mediators, and these processes
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implicated as a primary mechanism underlying I/R injury (9).
The no-reflow phenomenon was reported to occur in greater
than 30% of patients with acute myocardial infarction (10),
and was suggested to be a strong predictor of poor functional
and clinical outcomes (11).

Growth differentiation factor-15 (GDF-15) is a member
of the transforming growth factor-f (TGF-f3) cytokine super-
family and has been implicated as a novel biomarker in the
prognosis of cardiovascular diseases (12). It was demonstrated
to be expressed in certain types of normal tissue, such as
that of the central nervous system, and weakly expressed in
cardiac tissue under physiological conditions (13). However,
the expression was significantly upregulated in myocardial
I/R injury (14), and was suggested to be induced in response
to inflammation and heart tissue injury (15). In addition, a
single measurement of GDF-15 on admission was suggested
to provide strong and independent prognostic information in
cardiac failure patients (16).

GDF-15 may be a myocardial protective cytokine and act
on multiple overlapping pathways, making it well suited for
the evaluation of myocardial I/R injury. Initial studies have
indicated that GDF-15 may aid with the understanding of the
distinct pathophysiological processes in acute myocardial
infarction (17,18). However, the potential pathophysiological
role of GDF-15 in the no-reflow phenomenon remains to be
fully elucidated. To gain insight into the pathophysiology of
GDF-15 in myocardial I/R injury, the current study aimed to
determine the expression of GDF-15 in a rat ischemia model
following different durations of reperfusion. In addition, the
present study aimed to determine whether GDF-15 is associ-
ated with markers of myocardial damage (area of no-reflow,
infarct area and area at risk) in addition to certain established
parameters in the pathophysiology of acute I/R, including
intercellular adhesion molecule-1 (ICAM-1) and myeloperoxi-
dase (MPO).

Materials and methods

Animals. A total of 144 male Wistar rats, weighing 290-340 g,
were purchased from the Animal Center of People's Liberation
Army Academy of Medical Sciences (Beijing, China. Animals
were maintained under conventional conditions (25°C, lights
on from 7.00 am to 7.00 pm) with free access to water and
food. All surgical procedures and care administered to the
animals were approved by the Tianjin Medical University
Animal Care and Use Committee (Tianjin, China).

Myocardial I/R model. A total of 144 male Wistar rats were
randomly divided into two groups: The I/R group, I/R injury
group and S group, sham operation group (n=72), and under-
went transient left anterior descending (LAD) coronary artery
ligation or a sham operation, respectively. Mice were anesthe-
tized with sodium pentobarbital (100 mg/kg intraperitoneal,
Tianjin Beike Biotechnology Co., Ltd., Tianjin, China) and
intubated. Artificial respiration was maintained with a rodent
ventilator (TKR-200C; Jiangxi Teli Anaesthesia & Respiratory
Equipment Co. Ltd., Jiangxi, China). A parasternal incision
was made by cutting the left third and fourth ribs and inter-
costal muscles with a cautery pen. A range of infarct sizes
was obtained by passing a 7-0 silk suture (Shanghai Medical
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Suture Needle Factory, Shanghai, China) beneath the left
anterior descending artery at points 1-2 mm inferior to the
left auricle, then tightening it over a length of PE-20 tubing
(Plastics One Inc., Roanoke, Va., USA) (which was removed
60 min later to achieve reperfusion). The onset of ischemia
was confirmed by the development of cyanosis and typical
elevation of the ST segment (0.2 mV) in the electrocardio-
gram (Biopac Systems Inc., Santa Barbara, CA, USA). At 1 h
following occlusion, the heart was reperfused by releasing the
ligature. The ST segment was gradually depressed thereafter,
accompanied by the development of cardiac arrhythmias,
which indicated myocardial I/R injury. On reperfusion, the
chest was closed layer by layer. Animals undergoing sham
surgery underwent the same procedure except that the suture
was passed under the coronary artery without ligation. The
endotracheal tube was removed once spontaneous breathing
resumed. Animals in each group were further divided into
6 subgroups according to the reperfusion duration (2, 4, 6, 12,
24 h and 7 days).

Infarct quantification. Assessment of ischemic risk area (RA),
area of infarct area (IA) and no-reflow (ANR) were performed
as previously described with some modifications (19). At
the different times of reperfusion, 0.5 ml 1% Thioflavin S
(Sigma-Aldrich, St. Louis, MO, USA) was injected into the
carotid artery catheter of the rats in each group. Following
20-30 sec, I/R injuries were delineated by injection of
8 ml 2% phthalocyanine blue (Zhengzhou Diligent Technology
Co., Ltd., Zhengzhou, China) into the aorta following re-ligation
of the involved LAD coronary artery. Subsequently, the heart
was rapidly removed and sliced across the long axis of the left
ventricle, from apex to base, into 2 mm-thick transverse sections
(4-5 pieces). The area of no-reflow was visualized using a Nikon
Eclipse 80i Fluorescent Microscope (Nikon Corporation,
Tokyo, Japan). The sliced hearts were incubated in 1% triphenyl
tetrazolium chloride (TTC; Sigma-Aldrich) in normal saline
(pH 7.0, GenView Corp., Houston, TX, USA) at 37°C for 15 min.
The ventricular wall size (VWS), risk size (RS), infarct size (IS)
and size of no-reflow (SNR) were manually measured using
Image-Pro Plus software, version 6.0 (Media Cybernetics, Inc.,
Rockville, MD, USA), and the values of ZVWS, RS, XIS and
2SNR were obtained for each rat myocardial biopsy. The AR
was expressed as a percentage of ZRS for VWS in each heart,
while IA and ANR were calculated by dividing ZIS and ZSNR,
respectively, by ZRS, as presented in equations 1, 2, and 3.

__ERSXTxp _ IRS
(1) RA=5ywsxTxp “Tvws

SISXTxp SIS
(2) IA=5RoxTxp ~SRS

ESNRxTxp ESNR
(3) ANR=spSxTxp ~ RS

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) of GDP-15 mRNA expression. Rats in each group
were anesthetized by intraperitoneal injection of 0.4% sodium
pentobarbital (40 mg/kg), and triplicate heart samples were
obtained from the left ventricles (below ligature) following
perfusion with normal saline. One tissue sample weighing
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Table I. Primers designed for reverse transcription-quantitative poly-
merase chain reaction analysis.

Gene Direction Primer sequence

GDP-15 Forward 5'-GACCTAGGTTGGAGCGACTG-3'
Reverse  5-TAAGAACCACCGGGGTGTAG-3'

B-actin Forward 5-TACCACATCCAAGGAAGGCAGCA-3'
Reverse  5-TGGAATTACCGCGGCTGCTGGCA-3'

GDP-15, growth differentiation factor 15.

approximately 70 mg was used for RT-qPCR analysis of
GDP-15 expression, and additional samples were stored in
liquid nitrogen for immunohistochemistry and enzyme-linked
immunosorbent assay (ELISA) analysis.

Total RNA was isolated using TRIzol reagent (Gibco Life
Technologies, Carlsbad, CA, USA) following the manufacturer's
instructions and quantified using a UV spectrophotometer
(NanoDrop 2000c; Thermo Fisher Scientific, Wilmington, DE,
USA). First-strand cDNA was synthesized from 1 pg total RNA
in 20 pl final volume using a First Strand cDNA Synthesis kit
(Invitrogen Life Technologies, Carlsbad, CA, USA). Following
reverse transcription, amplification was conducted by PCR
using FastStart Universal SYBR Green Master kit (Roche
Diagnostics, Basel, Switzerland). RT-qPCR amplification was
conducted using a thermocycler (Applied Biosystems 7300;
Foster City, CA, USA) under the following conditions: 50°C for
2 min; 95°C for 10 min; 95°C for 15 sec, and 60°C for 1 min
for 40 cycles. The mRNA levels of -actin were measured in
each sample as an internal normalization standard. The specific
primers used for GDP-15 and [-actin are presented in Table I.

Immunohistochemical analysis of GDP-15 protein expres-
sion. For immunohistochemistry, left ventricle sections were
incubated with hydrogen peroxide (Beijing Zhongshan Golden
Bridge Biotechnology Co., Ltd., Beijing, China) for 20 min,
washed three times with phosphate-buffered saline (PBS),
boiled in 10 mmol/I citric acid buffer (Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd.) for 10 min for antigen
retrieval, and then blocked with goat serum (Beijing Zhongshan
Golden Bridge Biotechnology Co., Ltd.) at 37°C for 20 min. The
sections were first incubated with rabbit anti-GDF-15/MIC-1
(1:300; cat. no. A043818G; Shanghai LanJi Biology Co., Ltd,
Shanghai, China) at 4°C overnight and then washed three
times with PBS. Subsequently, the sections were incubated
with biotin-labeled goat anti-rabbit IgG antibody (1:300) and
horseradish peroxidase-labeled streptavidin (1:300) at 37°C for
20 min, respectively, and washed three times with PBS using a
Streptavidin-Alkaline Phosphatase (SAP)-Testing kit (SAP-9101,
Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd.)
according to the manufacturer's instructions. The sections
were then counterstained with hematoxylin (Sigma-Aldrich).
The immunohistochemical results were analyzed by capturing
images of five randomly selected fields at a magnification of
x200 (Olympus BX41 microscope; Olympus Optical Co., Ltd.,
Tokyo, Japan). A semiquantitative score was given as the score
of the percentage of positive cells plus the score of the staining
intensity of the samples and was used to analyze the final
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results. For the proportion of positive cells, 0-5% positive cells
scored 0; 6-24% positive cells scored 1; 25-50% positive cells
scored 2; 51-75% positive cells scored 3; and 76-100% positive
cells scored 4. For the staining intensity of positive cells, no
color was scored as 0, yellow was scored as 1, brown was scored
as 2 and tan was scored as 3. Subsequently, staining results were
divided into four grades as follows: Negative (-) for total scores
of 0, weakly positive (+) for total scores of 1-2, positive (++) for
total scores of 3-5 and strongly positive (+++) for total scores
of 6-7. The average scores from 10 tissue samples from each rat
were used for statistical analysis.

ELISA of MPO activity. Myocardial tissue samples were
collected following the different reperfusion durations and were
homogenized in order to measure the activity of MPO, an indi-
cator of neutrophil infiltration. MPO activity was determined
using a rat MPO ELISA kit (Shanghai Jianglai Biotechnology
Co., Ltd., Shanghai, China). Absorbance measurements were
performed bichromatically at a wavelength of 450 nm with
an ELISA reader (Bio-Rad Laboratories, Inc., Hercules, CA,
USA), and the MPO concentration was calculated according
to the standard curve.

Immunohistochemical analysis of ICAM-1 expression.
Immunohistochemical staining was performed to deter-
mine the time course of ICAM-1 expression in transient
I/R injury using the method as mentioned above. I[CAM-1
staining was performed on fresh frozen tissue using a rabbit
anti-CD54/ICAM-1 antibody (1:300; cat. no. A046326I;
Shanghai BlueGene Biotech Co., Ltd., Shanghai, China). The
concentrated diaminobenzidine reagent kit was purchased
from Shanghai Jianglai Biotechnology Co., Ltd.

Hematoxylin and eosin (H&E) staining. For the detection
of histopathological damage, sections were stained fixed in
10% formaldehyde and embedded in paraffin. The sections
(5-6 ym) were then stained with H&E for pathomorphological
analysis, as described previously (20).

Statistical analysis. Data were presented as the mean + stan-
dard deviation. SPSS version 17.0 (SPSS Inc., Chicago, IL,
USA) was used for statistical analysis. Comparison between
the two groups was performed using Student's t-test, and
a one-way analysis of variance was used for multi-group
comparison. Correlations were assessed by the Pearson
coefficient. P<0.05 was considered to indicate a statistically
significant difference.

Results

Time-course of myocardial damage in response to myocardial
I/R. In order to define the time course of reperfusion injury,
anatomical no-reflow, area at risk and infarct area were
measured using Thioflavin S, phthalocyanine blue dye and
TTC staining following 1 h of LAD coronary occlusion and
2,4,6,12,24 h and 7 days of reperfusion in rats (Fig. 1). The
average area at risk was 28.60+9.20% in the 2 h reperfusion
group, 28.35+7.55% in the 4 h reperfusion group, 29.14+8.95%
in the 6 h reperfusion group, 27.91+7.21% in the 12 h reperfu-
sion group, 29.50+4.52% in the 24 h reperfusion group and
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Figure 1. Images of rat hearts stained with Thioflavin S, phthalocyanine blue
dye and tetrazolium chloride. The heart was sliced transversely into sections
approximately 2 mm in thickness. Left panel shows in vivo staining with the
fluorescent dye Thioflavin S results in bright fluorescence of the perfused
tissue, while the anatomical no-reflow area remains black. The right panel
shows the area at risk, which was defined as regions not stained with phtha-
locyanine blue dye (brick red), whilst the infarct area was defined as regions
not stained with tetrazolium chloride (white area). I/R, ischemia reperfusion.

ZHANG et al: GDF-15, MYOCARDIAL NO-REFLOW AND NEUTROPHIL INFILTRATION

A o4,

o
w
1

Area at risk (%)
o
e

0.1
0.0-
DI SR SR SR P
& & E L
B 80+ CINo-reflow
B |nfarct
3?80- -
1]
% *
,.Q. 404
8
£ 90-
0.
X X O X X >
et ") i e A
& & F AV &

Figure 2. Bar graph representing the percentages of (A) area at risk and
(B) the infarct area and area of no-reflow in rat hearts subjected to different
durations of reperfusion. The area at risk was not significantly different
among the reperfusion groups (P>0.05), while the infarct area and area of
no-reflow were significantly greater following reperfusion for 6 h compared
with reperfusion for 2 h ('P<0.05). R, reperfusion.

30.14+6.53% in the 7 day reperfusion group, with no signifi-
cant differences among the six groups (Fig. 2A). However,
the infarct area and no-reflow area were significantly greater
following 6 h of reperfusion when compared with the 2 h
reperfusion group (P<0.05; Fig. 2B).

Enhanced expression of mRNA and protein levels of GDF-15
following myocardial I/R. RT-qPCR demonstrated the
increased left ventricular mRNA expression of GDF-15 in I/R
rats, with GDF-15 mRNA levels significantly greater at the
different reperfusion time points when compared with that of
the sham operation groups at the 2 h reperfusion time point
(Fig.3A). The enhanced expression of GDF-15 was confirmed
by the immunohistochemical staining, which indicated that
the protein expression levels of GDF-15 were upregulated
following different reperfusion times, as compared with
that of the 2 h reperfusion group in the sham operated rats
(P<0.001; Fig. 3B and C). In addition, the mRNA and protein
expression levels of GDF-15 were increased with increasing
reperfusion time, and peaked at the reperfusion time of 24 h.

Increased MPO activity following myocardial I/R. ELISA
analysis indicated that MPO activities, examined as an indi-
cator of neutrophil infiltration and accumulation in myocardial
tissues, were significantly increased in the I/R rats when
compared with the sham operated rats, at all the reperfu-
sion time points investigated. However, MPO levels in the
I/R groups were attenuated with increasing reperfusion time,
as presented in Fig. 4A.
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Figure 3. (A) Reverse transcription-quantitative polymerase chain reaction demonstrated increased mRNA expression of GDF-15 for the different durations
of reperfusion. (B) Enhanced protein expression of GDF-15 was confirmed by the immunohistochemical staining of tissue from I/R and sham groups.
(C) Quantification of the immunohistochemical staining for GDF-15 at the different reperfusion time points. "P<0.05, “P<0.01, “P<0.001 vs. sham group at 2 h
reperfusion. GDF-15, growth differentiation factor-15; I/R, ischemia reperfusion; R, reperfusion.

Enhanced ICAM-1 expression following myocardial I/R.
Immunohistochemical staining indicated that the expression
of ICAM-1 was significantly enhanced following I/R, at all
reperfusion durations investigated. ICAM-1 levels were
increased with increasing durations of reperfusion, and the
greatest [ICAM-1 level was observed in the 24 h reperfusion
group (Fig. 4B).

Time course of histopathological damage following myocar-
dial I/R. Results from the H&E staining indicated that in the

I/R group there was increasing neutrophil adherence to the
myocardial microvascular endothelium. In addition apoptosis
and necrosis (myocardial cell swelling, karyolysis, inflam-
matory cell infiltration, and endothelial cell swelling and
detachment) were observed in numerous myocardial cells
following I/R, in particular at the reperfusion time points of 2,
4 and 6 h. The reperfusion for 24 h resulted in the death of
myocardial cells, indicted by the appearance of large tissue
spaces, while in the sham operation group marginal damage
was observed in the threading sites (Fig. 5).
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Figure 4. (A) ELISA analysis demonstrated the increased MPO activity in I/R groups following the different durations of reperfusion. MPO activity was
observed to reduce with increasing reperfusion duration in the I/R groups. (B) Immunohistochemical staining of ICAM-1 expression in the sham and I/R rats.
ICAM-1 levels were significantly increased following different durations of reperfusion. "P<0.05, ““P<0.001, “P<0.0001 vs. sham group. MPO, myeloperoxi-
dase; I/R, ischemia reperfusion; ICAM-1 intercellular adhesion molecule-1; R, reperfusion.

Correlation analysis of no-reflow area with MPO and
ICAM-1 levels following myocardial I/R. Correlation analysis
indicated that in the I/R group, the area of no-reflow was nega-
tively correlated with MPO activity (r=-0.46, P<0.01), however
positively correlated with ICAM-1 levels (r=0.39, P<0.05), as
presented in Fig. 6.

Correlation analysis of GDF-15 with MPO and ICAM-1
levels following myocardial I/R. There was a negative asso-
ciation between the GDF-15 level and MPO activity (r=-0.55,
P<0.001), while the ICAM-1 level was positively associated
with the GDF-15 expression levels following I/R (r=0.52,
P<0.01; Fig. 7).

Discussion

The current study demonstrated that the mRNA and protein
expression levels of GDF-15 were increased during the onset
and development of no-reflow, and peaked at 24 h of reperfu-
sion. GDF-15 was negatively correlated with the activity of
MPO, an indicator of neutrophil infiltration and accumulation
in myocardial tissue which contributes to the pathogenesis of
myocardial infarction, whilst MPO activity was negatively
correlated with the area of no-reflow. GDF-15 was signifi-
cantly positively correlated with ICAM-1 levels, which is
known to be essential for the transendothelial migration of
neutrophils. Furthermore, ICAM-1 levels were observed to
be significantly positively correlated with the no-reflow area.
Together these data suggest that GDF-15 may serve a role
in the pathophysiological process of no-reflow by inhibiting
neutrophil infiltration in an inflammatory-like response to
I/R.

No-reflow is a phenomenon defined as the inadequate
myocardial reperfusion of a given coronary segment without
apparent vessel obstruction. Increasing evidence suggests that
no-reflow is a strong and independent predictor of prognosis
following I/R (11,21), and is associated with a high incidence
of ventricular arrhythmias, heart failure and adverse left
ventricular remodeling following myocardial infarction (22).
No-reflow appears to persist over an extended period of time
rather than occurring as an immediate event at the moment of

reperfusion (23). However, the pathophysiology of no-reflow
is multifactorial and remains to be fully elucidated. I/R injury
may serve a central role in the pathophysiology of no-reflow
and the duration of reperfusion has been suggested to be one
of the major determinants of anatomical no-reflow, which is a
form of reperfusion injury at the microvascular level (24). An
increased size of the no-reflow zone has been reported to be
associated with longer reperfusion intervals in experimental
infarction (19). In clinical settings, no-reflow was reported to
initiate while the patients are in hospital, however, addition-
ally has been demonstrated to occur in the months following
discharge (25,26), and to progress over time with large interpa-
tient variability (11,25). In order to investigate the time course
effect of myocardial I/R injury in the current study, the area
at risk, infarct area and anatomical no-reflow were measured
following 1 h of coronary artery ligation and 2, 4, 6, 12,
24 h and 7 days of reperfusion in the rat. These data demon-
strated that in addition to the increase in infarct area from
44.62+7.36 following 2 h reperfusion to 60.32+13.97 following
7 days of reperfusion, the anatomical zone of no-reflow
appeared to reach a plateau at 6 h without further significant
deterioration at 7 days. By contrast, there was no significant
difference in the area at risk during the different reperfusion
periods. A previous study in a canine myocardial infarction
model demonstrated that the zone of no-reflow was continu-
ously increased within the first 48 h of reperfusion (27), and
in a rabbit myocardial infarction model the greatest significant
increase in no-reflow area occurred within the first 1-2 h of
reperfusion (19). In addition, no-reflow was established to
persist for a minimum of 4 weeks within the infarcted rat
myocardial tissues (28). The precise time-course of no-reflow
differs between species and within the same species at various
time points of reperfusion, and the size of the no-reflow zone
has been demonstrated to be increased with time following
reperfusion, as demonstrated by the current study and previous
studies (7,29,30). Furthermore, the current study provided
evidence to suggest that the majority of no-reflow develop-
ment occurs during the first hours (6 h) following initiation of
reperfusion, which may present a potential time-window for
therapeutic interventions (24). There is increasing evidence
that the myocardium adapts to I/R by synthesizing and
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Figure 5. Pathological alterations of the ischemic boundary zone in 24 h reperfusion samples of the sham operation and I/R groups by hematoxylin and eosin
staining (magnification, x200). The sham operation group exhibited slight damage in the threading sites (where suture was placed in sham operation). I/R
induced large scale myocardial cell death. I/R, ischemia reperfusion.
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responding to a variety of stress-induced growth factors and
cytokines, and that identification of these endogenous homeo-
static mechanisms may provide novel targets for limiting I/R
injury (31).

GDF-15, also known as macrophage inhibitory cytokine-1,
has been demonstrated to be a cardioprotective cytokine, and
is strongly and independently associated with the prognosis
of patients with acute myocardial infarction (32). GDF-15 has
been used for risk stratification in ST-elevation and non-ST-el-
evation acute coronary syndrome, suggesting that GDF-15 may
play a distinct role in the pathophysiological process (33,34).
Increased expression of GDF-15 has been identified in patients
with myocardial I/R and in animal cardiomyocytes subjected
to simulated I/R (35). GDF-15 expression levels were observed
to be significantly increased within 12 h of symptom onset
and remained upregulated for a minimum of 2 weeks in
tissue from the infarcted myocardium of patients (14), while
Eggers et al (35) reported a significant reduction in GDF-15
levels during the first 6 months following acute coronary
syndrome. In a rat myocardial I/R model, Kempf et al (14)
demonstrated that a certain period of ischemia was required
for GDF-15 expression and secretion during reperfusion, as

indicated by the increased expression of GDF-15 following
3 h ischemia and 3 h reperfusion however not following 1 h
ischemia and 5 h reperfusion. In contrast to the results of these
studies (15,16,36,37), the current study demonstrated that
expression of GDF-15 was significantly enhanced by 1 h of
ischemia followed by 2, 4, 6, 12, 24 h and 7 days of reperfu-
sion. The mRNA and protein expression levels of GDF-15 in
myocardial tissue were significantly upregulated by reperfu-
sion and increased with the reperfusion time, reaching a peak
at 24 h of reperfusion. These differences may be due to the
different animals supplied and methods used. However, and
despite these differences, the current study provided evidence
suggesting that myocardial I/R induced a time-dependent
increase in the expression of GDF-15 within the first 24 h of
the reperfusion period, and that GDF-15 may act as a cardio-
protective factor immediately following I/R injury.
Reperfusion following ischemia is associated with patho-
physiological alterations that are reported to share numerous
characteristics with the myocardial inflammatory response, and
neutrophils may serve a major role in this inflammatory-like
response to I/R (9). In a previous study, few neutrophils were
observed to be present in normal or acutely ischemic myocar-
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dium, whilst neutrophil accumulation and infiltration was
identified within the first hours following I/R (38). Neutrophils
may contribute to myocardial necrosis, which in turn results
in persistent ischemia and the no-reflow phenomenon. In
addition, neutrophil depletion during the reperfusion period
has been associated with significant reductions in the area of
the infarct and no-reflow zones (39). The H&E staining in the
current study demonstrated significant induction of myocar-
dial neutrophil infiltration by I/R, in particular following
reperfusion for 2,4 and 6 h. MPO is a well-established marker
of neutrophil infiltration and is required for the formation of
neutrophil extracellular traps, web-like structures consisting
of neutrophil DNA, granular proteins and several cytoplasmic
proteins that contribute to the inflammatory and immune
responses following injury (40), therefore MPO activity was
used as a marker of neutrophil accumulation and infiltra-
tion (37). ICAM-1 is a counter ligand for the p2-integrin
cluster of differentiation 11b/18 on neutrophils and is required
for the transendothelial migration of neutrophils (41), with
ICAM-1 knockout associated with reduced I/R-induced
myocardial damage in a mouse model (42). The current study
demonstrated that I/R insult resulted in significant enhance-
ments of MPO activity and ICAM-1 expression, with MPO
activity markedly reduced with increasing reperfusion time.
However, the expression of ICAM-1 was observed to increase
with increasing reperfusion duration and peaked in the 24 h
reperfusion group, suggesting an increase in neutrophil accu-
mulation and infiltration occurred following myocardial I/R.
Furthermore, there was a significant correlation between the
no-reflow area and MPO activity, and between expression of
ICAM-1 and the no-reflow area. In addition, MPO and ICAM-1
levels were significantly correlated with the myocardial expres-
sion levels of GDF-15 following I/R, consistent with a previous
study, which indicated that GDF-15 was markedly associated
with the levels of ICAM-1 (43). In a previous study, the interac-
tion of activated integrin with ICAM-1 was reported to lead to
neutrophil arrest on the endothelium, initiate transendothelial
migration and was required for neutrophil adherence to sites
of sterile inflammation (44). Activation of $2-integrin exposed
the ICAM-1 binding domain and increased the affinity for
ICAM-1 (45).

GDF-15 has been identified as an endogenous inhibitor
that counteracts B2-integrin activation. A previous study
demonstrated that GDF-15 is the first cytokine identified to
contribute to the inhibition of leukocyte recruitment, adhesion
and transendothelial migration, via blocking activation of
[(2-integrin affinity and clustering, thereby preventing neutro-
phil adhesion to ICAM-1 and transendothelial migration (17).
Thus, this suggests that GDF-15 protects against myocardial
no-reflow in a mouse model of myocardial infarction at the
early stage of reperfusion. This effect may be through the inhi-
bition of MPO activity, in addition to integrin activation and
integrin-ICAM-1 interaction that contributes to the promotion
of inflammatory neutrophil recruitment and neutrophil arrest
on the endothelium, initiating transendothelial migration,
which in turn results in reduced neutrophil infiltration and
myocardial tissue injury. However, further studies are required
to clarify the potential mechanisms.

In conclusion, the current study demonstrates the time
course effect of reperfusion on the expression of GDF-15 in
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the myocardial I/R rat model. The expression of GDF-15 was
demonstrated to increase with increasing reperfusion time in the
onset and development no-reflow. Reperfusion for 6 h resulted
in significant re-flow in ischemic myocardium. Therefore,
GDF-15 may protect the I/R myocardium from no-reflow
by inhibiting the inflammatory response that predominantly
involves neutrophil infiltration and trans-endothelial migra-
tion.
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