
International Journal of Cardiology 285 (2019) 72–79

Contents lists available at ScienceDirect

International Journal of Cardiology

j ourna l homepage: www.e lsev ie r .com/ locate / i j ca rd
Remote ischemic perconditioning attenuates adverse cardiac remodeling
and preserves left ventricular function in a rat model of reperfused
myocardial infarction
Patrick M. Pilz a, Ouafa Hamza a, Olof Gidlöf b, Ines F. Gonçalves a, Eva Verena Tretter c, Sandra Trojanek d,
Dietmar Abraham d, Stefan Heber e, Paul M. Haller a, Bruno K. Podesser a,⁎, Attila Kiss a,⁎
a Ludwig Boltzmann Cluster for Cardiovascular Research at the Center for Biomedical Research, Medical University of Vienna, Vienna, Austria
b Department of Cardiology, Clinical Sciences, Lund University, Skåne University Hospital, Lund, Sweden
c Department of Anesthesia, General Intensive Care and Pain Therapy, Medical University of Vienna, Austria
d Center for Anatomy and Cell Biology, Medical University of Vienna, Vienna, Austria
e Center for Physiology and Pharmacology, Medical University of Vienna, Vienna, Austria
Abbreviations: AUC, area under the curve; Ang II, Ang
ECM, extracellular matrix; EHW, external heart work; H
heart failure; LCA, left coronary artery; LV, left ventricula
pressure; MI, myocardial infarction; MMPs, matrix
Neuregulin-1; RIC, Remote ischemic conditioning
perconditioning; SV, stroke volume; TNC, Tenascin-C.
⁎ Corresponding authors at: Ludwig Boltzmann Cluster

the Center for Biomedical Research, Medical University o
20, 1090 Vienna, Austria.

E-mail addresses: bruno.podesser@meduniwien.ac.at (
attila.kiss@meduniwien.ac.at (A. Kiss).

https://doi.org/10.1016/j.ijcard.2019.03.003
0167-5273/© 2019 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 25 October 2018
Received in revised form 22 February 2019
Accepted 1 March 2019
Available online 6 March 2019
Aims:Remote ischemic conditioning (RIC) is considered a potential clinical approach to reducemyocardial infarct
size and ameliorate adverse post-infarct left ventricular (LV) remodeling, however the mechanisms are un-
known. The aim was to clarify the impact of RIC on Neuregulin-1 (NRG-1)/ErbBs expression, inflammation and
LV hemodynamic function.
Methods and results: Male Sprague-Dawley rats were subjected to 30 min occlusion of the left coronary artery
(LCA) followed by 2 weeks of reperfusion and separated into three groups: (1) sham operated (without LCA oc-
clusion); (2) Myocardial ischemia/reperfusion (MIR) and (3) remote ischemic perconditioning group (MIR
+ RIPerc). Cardiac structural and functional changes were evaluated by echocardiography and on the isolated
working heart system. The level of H3K4me3 at the NRG-1 promoter, and both plasma and LV tissue levels of
NRG-1 were assessed. The expression of pro-inflammatory cytokines, ECM components and ErbB receptors
were assessed by RT-qPCR.MIR resulted in a significant decrease in LV function and enlargement of LV chamber.
This was accompanied with a decrease in the level of H3K4me3 at the NRG-1 promoter. Consequently NRG-1
protein levels were reduced in the infarctedmyocardium. Subsequently, an upregulated influx of CD68+macro-
phages, high expression of MMP-2 and -9 aswell as an increase of IL-1β, TLR-4, TNF-α, TNC expression were ob-
served. In contrast, RIPerc significantly decreased inflammation and improved LV function in associationwith the
enhancement of NRG-1 levels and ErbB3 expression.
Conclusions: These findingsmay reveal a novel anti-remodeling and anti-inflammatory effect of RIPerc, involving
activation of NRG-1/ErbB3 signaling.

© 2019 Elsevier B.V. All rights reserved.
Keywords:
Myocardial infarction
Remote ischemic perconditioning
Neuregulin-1
Inflammation
Epigenetic
ErbB receptors
iotensin II; CO, cardiac output;
&E, hematoxylin and eosin; HF,
r; LVSP, left ventricular systolic
metalloproteinases; NRG-1,

; RIPerc, remote ischemic

for Cardiovascular Research at
f Vienna, Währinger Gürtel 18-

B.K. Podesser),
1. Introduction

Despite the progressive and gradual decrease in incidence, acute
myocardial infarction (MI) remains a significant public health problem,
representing a major contributor to mortality and morbidity world-
wide. Numbers of patients surviving the acute MI event exhibit adverse
left ventricular (LV) remodeling, leading eventually to congestive heart
failure (HF). The pathophysiology of post-infarct LV remodeling is asso-
ciated with, and largely driven by, excessive inflammation [1–3]. In fact,
the inflammatory response after MI plays a crucial role in cardiac repair,
but it has been implicated in adverse post-infarct LV remodeling [2,4].
Upregulation of inflammatory cytokines and chemokine expression
(IL-1β, TNF-α, IL-6 and MCP-1) plays a fundamental role in expansion
of MI size, contractility impairment and progression of LV remodeling.
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Subsequently, the release of pro-inflammatory cytokines by macro-
phages largely contributes to the activation of matrix metalloprotein-
ases (MMPs), ultimately leading to maladaptive LV remodeling and
cardiac dysfunction [5]. With regard to extracellular matrix (ECM) re-
sponses in adverse LV remodeling, we demonstrated the pathophysio-
logical importance of Tenascin-C (TNC) on MMP-2 regulation in a
mouse model of chronic pressure overload induced LV hypertrophy
[6]. Other investigators reported similar findings in post-infarct LV re-
modeling [7,8] via a signaling mechanism of TNC modulated M1/M2-
macrophage polarization [9].

Remote ischemic conditioning (RIC) by brief non-lethal episodes of
ischemia in the hind limb has recently emerged as a novel therapeutic
method to achieve cardioprotection in patients with ST-elevation MI
(STEMI) [10]. Despite numerous reports demonstrating that RIC reduces
myocardial infarct size in acute MI [11], only a few studies attempted to
clarify the role of RIC beyondMI size reduction [12]. Recently, Wei et al.
[13] demonstrated that the anti-remodeling effects of RIC or repeated
RIC were associated with reduced levels of inflammation in rat hearts.
However, the mechanisms underlying the anti-remodeling effect of
RIC after MI are largely unknown. More recently, experimental studies
demonstrated that the acute infarct size limiting effect of ischemic
local postconditioning was associated with the activation of
Neuregulin-1 (NRG-1)/ErbB3 and ErbB4 signaling pathways [14,15]. In
addition, a number of preclinical and clinical studies have shown the
cytoprotective, anti-inflammatory and anti-remodeling effects of NRG-
1-ErbBs signaling [16–18]. Nevertheless, the effect of RIC on the regula-
tion of NRG-1/ErbB2/3/4 expressions and post-infarct LV remodeling
has not been investigated.

2. Materials and methods

2.1. Animals

Male Sprague-Dawley rats (10–12 weeks old, 250–300 g, Department for Laboratory
Animal Science and Genetics, Himberg, Austria) were used. The experimental protocol
was approved by the regional Ethics Committee for Laboratory Animal Experiments at
the Medical University of Vienna and the Austrian Ministry of Science Research and
Economy (BMWFW-66.009/0023-WF/V/3b/2016), and conforms with 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).

2.2. Experimental protocol

The experimental protocol is depicted in Supplemental Fig. 1. Male Sprague-Dawley
rats were anaesthetized by intraperitoneal injection of a mixture of Xylazine (4 mg/kg;
Bayer, Germany) and Ketamine (100 mg/kg; Dr. E. Gräub AG, Switzerland), intubated
(14-gauge tube) and ventilated (9 ml/kg body weight, 75–85 stroke/min). Rats were
allocated to MIR (n = 14) or RIPerc with three cycles of 5 min of IR of a hindlimb per-
formed during myocardial ischemia (MIR + RIPerc, n = 15) and were subjected to
30 min of left coronary artery (LCA) occlusion followed by 14 days of reperfusion. To in-
duce myocardial ischemia, the heart was exposed via a left thoracotomy and a ligature
was placed around the left coronary artery 2–3 mm away from the origin. Sham operated
animals (Sham, without LCA occlusion; n = 10) served as controls. Rectal temperature
wasmeasured and maintained at 37.5–38.5 °C by a heated operating table. Myocardial is-
chemia was associated with pallor of the myocardial area at risk and ST-elevation on ECG
signal. Reperfusionwas initiated after 30min of LCA occlusion by removal of the snare and
confirmed by the changes in color of the heart and signal on ECG. Analgesia was initiated
by intraperitoneal injection of Piritramide (0.1 ml/kg body weight) preoperatively and
Piritramide indrinkingwaterwas applied asa postoperative analgesic regimen(2 ampules
of Piritramide with 30 ml of Glucose 5% in 250 ml water).

Twoweeks after the reperfusion, hearts were either explanted or mounted on an iso-
latedworking heart system(Shamn=5,MIR=6 andMIR+RIPerc n=7) ormyocardial
tissue sampleswere collected for further analysis (Shamn=5,MIR=7andMIR+RIPerc
n = 8).

2.3. Assessment of myocardial scar formation

Assessment of myocardial scar formation is described in detail in the Supplement.
Two weeks after reperfusion hearts were explanted washed and perfused with saline be-
fore being transferred to a 4% paraformaldehyde solution for 24 h. After this fixation pe-
riod, heart sections (5 μm) were stained with hematoxylin and eosin (H&E) and
mounted on glass slides. In addition, heart sections were stained with Masson-Goldner
to measure collagen contents. Images were acquired bymicroscopy (Olympus VS120 Vir-
tual Slide Microscope System, Olympus, Japan) and captured by digital camera (AVT PIKE
F-505C VC 50, Allied Vision Technologies, Germany). To assess scar formation at 14 days
afterMI, the LV areawas estimated using a slice obtained from the central part of themyo-
cardium at mid-papillary muscle level. The percentage of fibrosis was acquired with
Adobe Photoshop Element (Adobe Photoshop, Version 14.1) based on the equation: % fi-
brosis (scar formation) = fibrotic area / (fibrotic area + non-fibrotic area of LV).

2.4. Transthoracic echocardiography assessment

Transthoracic echocardiography assessment is described in detail in the Supplement.

2.5. Assessment of left ventricular hemodynamic function in isolated working heart system

Assessment of left ventricular hemodynamic function is described in detail in the
Supplement.

2.6. Assessment of NRG-1 and TNC levels

Plasma levels of TNC (CSB-E13377r, Maryland, USA) and plasma as well as LV tissue
levels of NRG-1 (E-EL-R0790 Elabscience, Texas, USA) were determined by ELISA. ELISA
kits were used according to the manufacturer's protocol.

2.7. Chromatin immunoprecipitation (ChIP)

Assessment of ChIP-qPCR is described in detail in the Supplement.

2.8. Quantitative polymerase chain reaction (RT-qPCR)

Assessment of RT-qPCR is described in detail in the Supplement.

2.9. Immunohistochemistry

Streptavidin-biotin immunostaining for CD68, MMP-2, and MMP-9 of paraffin-
embedded tissue sections was performed in three slices per heart as described previously
[19]. Sections were incubated with antibodies against CD68 (1:100; mouse monoclonal,
ED1, ab31630, Abcam, Cambridge, MA, USA) to evaluate the density of tissue macro-
phages, MMP-2 (1:500; rabbit polyclonal, NB200-193, Novus Biologicals, CO), and MMP-
9 (1:100; rabbit monoclonal, EP1254; ab76003, Abcam). Primary antibodies were de-
tected with biotinylated secondary antibody (Vector Laboratories, Burlingame, CA) and
peroxidase conjugated streptavidin (Dako, Glostrup, Denmark), developed with 3,3′-di-
aminobenzidine (Vector Laboratories), counterstained with hematoxylin, dehydrated
and mounted in DPX (Merck, Darmstadt, Germany). Digitalized images were generated
with a Nikon Eclipse 80i (Tokyo, Japan) microscope.

2.10. Statistical analysis

Data are presented as mean ± SEM. One-way ANOVA followed by Tukey post hoc
tests were used for comparisons of hemodynamic parameters in vivo and ex vivo, extent
ofmyocardial scar formation andexpression of cytokines,MMPs aswell as NRG-1 and TNC
protein levels. Analysis was performed using Prism™ 6 software (GraphPad Inc., San
Diego, CA, USA). Paired t-test was used for comparison of two groups. In addition, to com-
pare external heart work and cardiac output, the area under the curve (AUC) was esti-
mated for each dependent variable for each experimental condition separately as
described previously [20]. Resulting estimates with standard errors were compared be-
tween experimental conditions using one-way ANOVA followed by post-hoc tests
corrected by Sidak's method. Statistical analysis was performed with GraphPad Prism 7.
Only two-sided p-values were used, p b 0.05 was considered significant.

3. Results

3.1. Animal characteristics

There were no differences in bodyweight between the groups (data
not shown). However, myocardial infarction resulted in increased heart
to body weight ratio (Sham: 4.01 ± 0–01 mg/g vs MIR: 4.98 ±
0.06 mg/g; p b 0.001), which was significantly reduced by RIPerc
(MIR: 4.98 ± 0.06 mg/g vs MIR + RIPerc: 4.35 ± 0.01; p b 0.01 vs
MIR). This result indicates the potential positive effect on post MI by
RIPerc.

3.2. RIPerc reduces scar formation and improves left ventricular function af-
ter myocardial infarction

The extent of MI (scar formation) was significantly reduced by
RIPerc as compared toMIR (Fig. 1A and B, p b 0.01). Transthoracic echo-
cardiographywas used in order to assess cardiac structure and function.
The summarized results with a representative image (Fig. 1C) of
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echocardiography are presented in Fig. 1.Myocardial infarction resulted
in a significant reduction in LVEF (Fig. 1D, p b 0.001 vs Sham) and LV
chamber enlargement (LVESD and LVEDD) (Fig. 1E–F; p b 0.001 vs
Sham; respectively). The improvement of LV dilatation (Fig. 1E and F),
p b 0.05) by RIPerc was associated with a marked increase in LVEF
(Fig. 1D, p b 0.05 vs MIR).
3.3. RIPerc improves left ventricular dysfunction ex vivo

To further evaluate LV function, an erythrocyte-perfused isolated
working heartmodelwas used to assess cardiac output (CO), stroke vol-
ume, LV systolic pressure (LVSP), heart rate (HR) and coronary flow. No
differences in HR and basal CF between groups were observed (data are
not shown). However, LVSP, CO and SV were reduced in the MIR group
as compared to Sham (Fig. 2A–C, respectively). In contrast, rats with
RIPerc showed a tendency to improve LVSP (p= 0.06, Fig. 2A) and sig-
nificantly increased CO and SV as compared to theMIR group (Fig. 2B–C,
p b 0.05 and p b 0.01, respectively). In addition, measured at a physio-
logically relevant afterload, the recovery of CO and EHW were signifi-
cantly reduced in both MIR groups compared to Sham (Fig. 2D–E). Of
note, the RIPerc group showed a significantly higher recovery of both
parameters (Fig. 2F and G, p b 0.05, respectively) within the physiologic
range (50 mmHg–170 mmHg) compared to the MIR group.
Fig. 1. Effect of remote ischemic conditioning on scar formation, left ventricular function and rem
post myocardial reperfusion and (B) quantified results of fibrosis in bar graphs. (C) Represen
quantified in bar graphs. Data are expressed as mean ± SEM. IR: ischemia-reperfusion, RIPe
systolic diameter, LVEDD: left ventricular end-diastolic diameter, LV: left ventricular. Data are
3.4. Effect of RIPerc onNRG-1 promoter activity and protein levels in plasma
and LV tissue

The level of H3K4me3, a chromatin modification indicative of an ac-
tivated promoter, at the NRG-1 promoter was measured by ChIP-qPCR.
ChIPwas performed using a H3K4me3 antibody on chromatin from car-
diac tissue (border zone and infarcted) from Sham, MIR, and MIR
+ RIPerc groups and analyzed by qPCR with primers specific for the
core NRG-1 promoter. MIR resulted in significantly reduced levels of
H3K4me3 at the NRG-1 promoter in the infarcted tissue as compared
to the border zone (Fig. 3A, p b 0.05). This was accompanied by a signif-
icant reduction of NRG-1 protein levels in both the infarcted myocar-
dium and plasma (Fig. 3B and C; p b 0.01 vs Sham). These effects were
reversed by RIPerc (Fig. 3A–C, p b 0.01, respectively). Of note, mRNA ex-
pression of ErbB2 and −4 tended to be downregulated in both MIR
groups (Fig. 3D and E). However, RIPerc exclusively affected ErbB3 ex-
pression in the reperfused myocardium (Fig. 3D, p b 0.01).

3.5. RIPerc reduces the influx of macrophages, expression of MMP-2 and
MMP-9 and inflammatory cytokines, TLR-4 and TNC

Immunohistochemistry was performed to evaluate the influx
of CD68+ macrophages and the expression of MMP-9 and MMP-2
(Fig. 4A–C). No CD68+ cells were detected in the Sham group
odeling. (A) RepresentativeMasson-Goldner staining on LV sliceswas obtained on day 14
tative M-mode echocardiograms for each group, with (D) EF; (E) LVESD and (F) LVEDD
rc: remote ischemic perconditioning, EF: ejection fraction, LVESD: left ventricular end-
expressed as mean ± SEM. *p b 0.05; **p b 0.01 and ***p b 0.001.
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(Fig. 4A). In contrast, high numbers of CD68+macrophages were pres-
ent in the infarcted myocardial tissue of the MIR group. Furthermore,
high expression of MMP-9 and MMP-2 was found in the infarcted area
(Fig. 4B and C), indicating a pivotal role for theseMMPs in the remodel-
ing of the reperfused myocardium. More importantly, improvement of
LV remodeling by RIPerc was associated with reduced influx of CD68
+ macrophages (Fig. 4A) and reduced expression of both MMP-9 and
MMP-2 (Fig. 4B and C).

In addition, mRNA expression of inflammatory cytokines,
chemokines, ECM components and TNC expression were assessed in
LV tissue samples. Myocardial ischemia and long-term reperfusion re-
sulted in a significant upregulation of the expression of pro-
inflammatory cytokines such as TNF-α (Fig. 4D) and IL-1β (Fig. 4E, p b

0.05 and p b 0.001 vs Sham, respectively). Similar to these findings,
TLR-4 was upregulated in the reperfused myocardium (Fig. 4F, p b

0.05, respectively). In contrast, RIPerc markedly reversed this upregula-
tion of cytokines (Fig. 4D–E, p b 0.05 and p b 0.01, respectively) and TLR-
4 (Fig. 4F, p b 0.05). Furthermore, both tissue and plasma levels of TNC
were significantly upregulated in the MIR group as compared to Sham
(Fig. 4G andH, p b 0.05 and p b 0.01, respectively), an effect that was re-
versed by RIPerc (Fig. 4G and H, p b 0.05, respectively).

4. Discussion

To the best of our knowledge, this is the first study to reveal the im-
pact of RIPerc on epigenetic changes of the NRG-1 promoter. This may
Fig. 2. Effect of remote ischemic conditioning on left ventricular hemodynamic function. (A) Lef
from isolatedworking heart on day 14 postmyocardial reperfusion (D) cardiac output is depicte
results in bar graph (E and G). Data are expressed as mean ± SEM and n= 4–7/group. *p b 0.0
ischemic perconditioning, CO: cardiac output; EHW: external heart work; SV: stroke volume; L
ultimately lead to an increase of NRG-1 levels associated with increased
ErbB3 expression, thereby affecting theNRG-1/ErbB3 signaling capacity,
and revealing a potentialmechanism to improve post-infarct LV remod-
eling and cardiac dysfunction. In addition, reversal of MIR by RIPerc was
associated with a marked decline in influx of CD68+macrophages, and
the expression of inflammatory cytokines, TLR-4, TNC and MMPs.

Post-infarct LV remodeling is a predictor of congestive HF, and for
this reason it assumes a negative prognostic value [21]. Although β-
receptor blockers and inhibitors of the renin-angiotensin system, or an-
giotensin II (Ang II) receptor blockers, are commonly used to prevent
progression of LV remodeling and hence development of HF, the num-
ber of patients suffering from HF is still increasing. Adverse, post-
infarct, LV remodeling is closely intertwined with an excessive inflam-
matory response that ultimately results in fibrous tissue deposition
and cardiac dysfunction [22]. Accordingly, we demonstrated a signifi-
cant upregulation of pro-inflammatory cytokines such as IL-1β and
TNF-α as well as an elevated influx of CD68+ macrophages in the re-
perfused myocardium. This was accompanied by a significant enlarge-
ment of the LV chamber and cardiac dysfunction. Despite a growing
understanding of the molecular signals regulating the post-infarct in-
flammatory response, therapeutic targeting of inflammatory mediators
in patientswithMI has proved challenging. A recent preclinical study by
Wei et al. [13] suggested an additional benefit of RIC besides the ob-
served initial reduction in infarct size, indicating a novel benefit of RIC
actingdirectly on post-infarct LV remodeling. They found that RICmark-
edly reduced the infiltration of macrophages and monocytes, and
t ventricular systolic pressure (B) cardiac output, (C) stroke volume results were obtained
d as a function of afterload; (F) external heart work as function of afterload and quantified
5; **p b 0.01 and ***p b 0.001. MIR: myocardial ischemia/reperfusion and RIPerc: remote
VSP: left ventricular systolic pressure; AUC: area under the curve.



Fig. 3. Effect of remote ischemic perconditioning on NRG-1 promoter activity, expression of NRG-1 and ErbBs. The level of H3K4me3, a chromatin modification indicative of an activated
promoter, at the NRG-1 promoter was measured by ChIP-qPCR. ChIP was performed using a H3K4me3 antibody on chromatin from (A) infarcted and border zone from each group.
(B) Infarcted myocardial tissue and (C) plasma protein levels of NRG-1. mRNA expression of (D) ErbB2; (E) ErbB4 and (F) ErbB3 in reperfused LV tissue. Data are expressed as mean
± SEM and n = 4–7/group. *p b 0.05; **p b 0.01 and ***p b 0.001. MIR: myocardial ischemia/reperfusion, NRG-1: Neuregulin-1 and RIPerc: remote ischemic perconditioning.

76 P.M. Pilz et al. / International Journal of Cardiology 285 (2019) 72–79
subsequently the expression of IL-1β in the infarcted myocardium on
day 4 after MI [13]. However, the mechanisms underlying the anti-
remodeling effect of RIC after MI are largely unknown. Therefore, our
study aimed to clarify the role of RIPerc on the regulation of NRG-1/
ErbB expression. Recently, Wang et al. [15] demonstrated that the MI
size limiting effect of local ischemic postconditioning was associated
with an upregulation of NRG-1/ErbB4 expression. Neuregulin-1 is criti-
cal for cardiac development and repair, and recombinant forms are cur-
rently being assessed as possible therapeutics for systolic HF [23]. In
addition, numerous preclinical studies confirmed the anti-remodeling
and anti-inflammatory effects of NRG-1 [24,25]. Subsequently, we dem-
onstrated for the first time that both promoter activity of NRG-1 and
NRG-1 levels were declined in the infarcted myocardium. These find-
ings may indicate a process for excessive inflammation, fibrosis and
subsequently LV dysfunction. In line with this, recombinant of NRG-1
protein attenuated Ang II-induced myocardial inflammation, reducing
influx of macrophages and fibrosis [26], suggesting the putative role of
NRG-1 on inflammation. Accordingly, we found that enhancement of
NRG-1 by RIPerc was associated with a decrease in influx of CD68+
macrophages and subsequently the expression of IL-1β and TNF-α. In
addition, it is also worth pointing out that myocardial IR and local
preconditioning causes epigenetic effects at specific loci throughout
the genome [27]. Next, we characterized the epigenetic state of the
NRG-1 promoter with particular focus on H3K4me3, a histone mark
characteristic of activated promoters. We demonstrated for the first
time that remote ischemic perconditioning markedly enhanced the
activity of NRG-1 promoter in comparison with controls after 2 weeks
of reperfusion. Upregulation of NRG-1 levels by RIPerc alsomay contrib-
ute to the improvement of cardiac contractile dysfunction after MI
[28,29]. Accordingly, the recovery of cardiac output and external heart
work were remarkable by RIPerc. However, these results did not
prove that the cardioprotective effect of RIPerC is driven by NRG-1
solely, but these findings elucidate that the NRG-1 signaling pathways
should be essential components in the anti-remodeling effect of RIPerc.
Of importance, we need to emphasize that our study was not aimed to
investigate the causative role of a loss of NRG-1 signaling in adverse
post-MI LV remodeling and cardioprotection from RIPerc, further stud-
ies are needed to clarify that.

Therefore, another interesting finding of our studywas a sole upreg-
ulation of ErbB3 expression by RIPerc. NRG-1 binds to the ErbB family of
tyrosine kinase receptors, i.e. ErbB2, ErbB3 and ErbB4, and subsequently
activates downstream cardioprotective and anti-inflammatory signal-
ing [16,23,30].More recently, NRG-1 has been shown to inhibit the tran-
sition of cardiac fibroblasts to myofibroblasts, cells primarily
responsible for the massive collagen deposition that characterizes the
process offibrosis afterMI [31]. Thismechanism ismore likelymediated
through the activation of the ErbB3 receptor, which is highly expressed
by cardiacfibroblasts [32]. Furthermore, the activation of ErbB3 byNRG-
1 onmonocytes leads to a significant reduction in the release of inflam-
matory cytokines, indicating the anti-inflammatory effect of ErbB3 acti-
vation [33]. Based on these findings, we strongly believe that ErbB3
receptor upregulation by RIPerc largely contributes to the marked re-
duction in fibrosis and inflammation. In addition, we demonstrated
that both ErbB2 and ErbB4 receptor mRNA expression levels show a
tendency to decrease, presumably because of irreversible loss of
cardiomyocytes within the infarcted area.

Finally, we investigated the effect of RIPerc on TNC expression.
There is substantial evidence that IL-1β and TNF-α are secreted by
activated macrophages and subsequently regulate turnover of ECM
components, ultimately contributing to an increase ofMMPs expression



Fig. 4. Effect of remote ischemic perconditioning on influx of CD68+ cells, expression of MMP-2 and MMP-9 and mRNA expression of inflammatory cytokines, TLR-4 and TNC.
Representative images from each group of rats, showing (A) CD68+ macrophages, (B) MMP-2 and (C) MMP-9 in the reperfused myocardium (magnification 200× and 400×, scale
bar: 100 and 50 μm, respectively). mRNA expression of (D) TNF-α; (E) IL-1β, (F) TLR-4, and (G) TNC in reperfused LV tissue as well as (H) plasma levels of TNC. Data are expressed as
mean ± SEM and n = 4–7/group. *p b 0.05; **p b 0.01 and ***p b 0.001. MIR: myocardial ischemia/reperfusion; MMP-2: matrix metalloproteinase 2; MMP-9: matrix
metalloproteinase; TLR-4: toll-like receptor 4; TNC: Tenascin-C and RIPerc: remote ischemic perconditioning.
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and activity [34]. In line with this, we demonstrated a significant
upregulation of CD68+ macrophages and MMPs expression in the
infarcted myocardium. Of importance, RIPerc markedly reduced the
influx of CD68+ macrophages and MMPs expression in association
with upregulation of NRG-1 levels. In addition, besides playing a role
in fibrosis, degradation of cardiac myosin light chain kinase by MMP-2
contributes to LV contractile dysfunction [35]. Our study demonstrated
that cardiac dysfunction was reversed by RIPerc in association with a
significant reduction in MMP-2 expression. Mechanistically, H9c2 cells
exposed to human purified TNC protein lead to a significant upregula-
tion of MMP-2 [6]. Re-expression of TNC in an early stage of post-MI
remodeling is culminating in a worse clinical outcome, pointing at
the pathophysiological importance of TNC [36] in modulating M1/M2-
macrophage polarization [9]. Accordingly, RIPerc reduced both CD68+
macrophage infiltration and M1 macrophage markers such as IL-1β
and TNF-α expression. In addition, the activation of TLR-4 receptor
plays a critical role in the enhancement of the inflammatory response
in adverse LV remodeling [37,38]. Furthermore, TLR-4 receptor
upregulation on cardiomyocytes leads to a marked inflammatory re-
sponse in HF [38] and contributes to a process associatedwith an upreg-
ulation of MMP-2 in post-infarct LV remodeling [39] via a signaling
mechanism that may be driven by TNC [40]. Of importance, RIPerc
markedly reduced both TNC and TLR-4 upregulation in the infarcted
myocardium.
4.1. Limitations

Certain limitations of the study need to be acknowledged. First, only
mRNA expression of TNF-α, IL-1β, TNC, TLR-4 and not their protein
levels are presented. However, previous studies demonstrated the up-
regulation of pro-inflammatory cytokines, TNC and TLR-4 at protein
levels in rodent models of MI [5]. Second, we demonstrated RIPerc im-
proves cardiac dysfunction and post-infarct LV remodeling in associa-
tion with activation of NRG-1 and ErbB3 expression, but our data do
not provide evidence regarding a causative role. Nevertheless, our re-
sults strongly suggest the importance of NRG-1/ErbB3 signaling in
cardioprotection from RIPerc. Third, we did not aim to clarify the pro-
found underling signalingmechanisms by NRG-1 affecting LV remodel-
ing and cardiac dysfunction. However, a number of previous studies
showed that recombinant human NRG-1 markedly improved cardiac
remodeling after MI [28] via a signaling mechanisms modulating in-
flammatory processes or acting on myosin chain kinase/myosin light
chain 2 pathways, respectively. Nevertheless, further studies are war-
ranted to clarify whether these mechanisms are involved in the
cardioprotective effects of RIPerc. Fourth, we used only young animals.
However, worse post-infarct adverse LV remodeling, cardiac dysfunc-
tion, and the apparent limited therapies existing to improvemyocardial
function in elderly patients with MI ultimately require better under-
standing of LV remodeling [41]. In addition, reduced ischemic tolerances
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and increased susceptibility of the heart to IR injury is a hallmark of ad-
aptation of both aged human and rodent hearts. Furthermore, the aged
heart is also refractory to endogenous protection from interventions like
ischemic remote preconditioning [42].

5. Conclusions

In conclusion, our data reveal novel anti-remodeling and anti-
inflammatory effects of RIPerc, hence activation of NRG-1/ErbB3 signal-
ing. RIPerc markedly improved cardiac function and LV remodeling in
the rat model of reperfused MI in association with an enhancement of
NRG-1 promoter and NRG-1 protein levels as well as ErbB3 expression.
Of importance, RIPerc significantly reduced the expression of inflamma-
tory cytokines, MMP-2, MMP-9, TNC and TLR-4 in the infarcted LV tis-
sue. Collectively, our data suggest that RIPerc has beneficial effects on
post-MI remodeling by positively influencing inflammation and cardiac
function.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.ijcard.2019.03.003.
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