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Introduction

Background: The deposition of monomeric C-reactive protein (mCRP) in the myocardi-
um aggravates ischemia-reperfusion injury (IRl) and myocardial infarction. Ischemic pre-
conditioning (IPC) is known to protect the myocardium against IRI.

Methods: We evaluated the effects of IPC on myocardium upon which mCRP had been
deposited due to IRIin a rat model. Myocardial IRl was induced via ligation of the coronary
artery. Direct IPC was applied prior to IRl using multiple short direct occlusions of the coro-
nary artery. CRP was infused intravenously after IRI. The study included sham (n=3), IRI-only
(n=5), IRH+CRP (n=9), and IPC+IRI+CRP (n=6) groups. The infarcted area and the area at
risk were assessed using Evans blue and 2,3,5-triphenyltetrazolium staining. Additionally,
mCRP immunostaining and interleukin-6 (IL.-6) mMRNA reverse transcription-polymerase
chain reaction were performed.

Results: In the IRI+CRP group, the infarcted area and the area of mCRP deposition were
greater, and the level of IL.-6 mRNA expression was higher, than in the IRI-only group. How-
ever, in the IPC+IRI+CRP group relative to the IRI+CRP group, the relative areas of infarc-
tion (20% vs. 34%, respectively; p=0.079) and mCRP myocardial deposition (21% vs. 44%,
respectively; p=0.026) were lower and IL-6 mMRNA expression was higher (fold change: 407
vs. 326, respectively; p=0.376), although the difference in IL-6 mMRNA expression was not
statistically significant.

Conclusion: IPC was associated with significantly decreased deposition of mCRP and
with increased expression of IL-6 in myocardium damaged by IRI. The net cardioprotective
effect of decreased mCRP deposition and increased IL-6 levels should be clarified in a fur-
ther study.

Keywords: Ischemic preconditioning, Reperfusion injury, C-reactive protein, Myocardial
infarction

sult in paradoxical harmful effects that damage the myo-
cardium; this is termed ischemic reperfusion injury (IRI)

Ischemic heart disease is one of the most common global
causes of death, and is responsible for over 7.2 million
deaths in the world annually [1]. In order to reduce the
myocardial infarct size and prevent poor clinical outcomes,
coronary artery reperfusion of the ischemic myocardium is
performed using thrombolytic therapy, percutaneous coro-
nary intervention, or coronary arterial bypass grafting.
However, reperfusion of the ischemic myocardium can re-

[2]. Approximately 50% of the final size of a myocardial
infarction is due to IRI [1]. Roughly 10% of deaths and 25%
of cases of cardiac failure following acute myocardial in-
farction can be attributed to IRI even after reperfusion of
the ischemic heart [3]. Therefore, minimizing IRI is the
most important strategy to salvage the myocardium after
an ischemic event.

In 1986, Murry et al. [4] proposed the cardioprotective
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role of ischemic preconditioning (IPC); that is, multiple
brief, non-lethal ischemic episodes followed by short reper-
fusion prior to the main prolonged ischemic injury reduces
the infarct size due to the development of resistance to IRI
and the inhibition of lethal reperfusion injury. For decades,
researchers have studied the efficacy and mechanisms of
IPC, and the myocardial protective effects of IPC have
been demonstrated in animal studies [5] and in vivo hu-
man heart studies [6]. IPC not only reduces the infarct size
by increasing the resistance of isolated myocytes to hypox-
ic injury [7], but also reduces anginal pain, ST segment ele-
vation, and lactate production [8] and decreases the risk of
post-ischemic arrhythmia [9]. IPC also slows metabolism
and aids in the recovery of cardiac function after an isch-
emic event [10].

IPC-induced cardioprotective effects are known to be
exerted by various triggers, receptors, and mediators. In
particular, adenosine, opioid receptors [11], bradykinin [12],
and free radicals [13] play important roles in IPC. In a
heart preconditioned with IPC, lactate accumulates slowly,
resulting in anti-infarct effects [10]. However, although nu-
merous studies have been conducted over a long time peri-
od, the comprehensive mechanism of IPC is still contro-
versial, and much remains unclear [4].

Emerging experimental evidence indicates that the depo-
sition of monomeric C-reactive protein (mCRP) exacer-
bates the damage to the heart due to IRI [14,15]. C-reactive
protein (CRP) is an acute-phase reactant protein mainly
produced in the liver during systemic infections and in-
flammation. Not only is the serum level of CRP an import-
ant prognostic and predictive marker for various cardio-
vascular conditions following myocardial infarction,
including clinical outcomes, death, and heart failure, but
CRP itself also directly damages the cardiovascular tissue
[16].

CRP in serum exists in a pentameric form (pCRP). When
it encounters a damaged cell membrane, it undergoes
structural changes from pCRP to mCRP [17]. Subsequent-
ly, mCRP is deposited in the damaged tissue, thereby acti-
vating reactive oxygen species [18] and the complement
system [19]. This aggravates the inflammatory process and
exacerbates myocardial damage [15]. Using a rat IRI mod-
el, we previously confirmed that if the serum CRP level is
high during the myocardial ischemic-reperfusion insult,
serum CRP is deposited in the myocardium as mCRP, and
a larger myocardial infarction is observed [14]. Additional-
ly, our previous work demonstrated that the microRNA
profile of the myocardial area at risk (AAR) changed dras-
tically when the CRP level was high during the isch-

10 http://www.jchestsurg.org

emic-reperfusion injury [20].

However, no studies have focused on the effects of IPC
on ischemic and damaged myocardium upon which mCRP
has been deposited. Therefore, in this study, we used a rat
acute myocardial IRI model to investigate whether IPC is
protective against mCRP-induced myocardial damage in
situations involving IR

Methods
Animals

We set up a myocardial IRI model using female Sprague-
Dawley rats weighing between 220 and 270 g with a gesta-
tional age of 10-14 weeks. The animals were treated ac-
cording to the Guide for the Care and Use of Laboratory
Animals (National Academy of Sciences, Washington, DC,
USA). The protocols for animal use were approved by the
Institutional Animal Care and Use Committee at the
SMG-SNU Boramae Medical Center Biomedical Research
Institute (approval no., 2016-0027). Anesthesia was admin-
istered in the form of the inhalation of isoflurane (4%) for
induction, followed by the intraperitoneal administration
of tiletamine HCI and zolazepam HCI (Zoletil 50, 0.12 mL;
Virbac, Carros, France) and xylazine (Rompun, 2%, 0.02
mL; Bayer Healthcare, Loos, France) for maintenance.

The rats were intubated with 16G intravenous catheters
(REF 382457; BD Medical, Sandy, UT, USA) and connected
to rodent ventilators (Model 683; Harvard Apparatus, Hol-
liston, MA, USA). Positive-pressure ventilation with room
air at a tidal volume of 2.5 mL (10 mL/kg, 60 breaths/min)
was used to prevent atelectasis during the procedure. We
approached the heart through a left thoracotomy via the
fourth intercostal space. The pericardium was opened to
expose the left coronary artery. Myocardial ischemic injury
was produced by ligating the left anterior descending coro-
nary artery (LAD) approximately 2 mm distal to its origin
using 6-0 nylon double sutures, buttressed with a small
piece of plastic tubing (Fig. 1). After 45 minutes of isch-
emia, we loosened the sutures to allow reperfusion for 45
minutes. The pericardium was left open to expose the LAD
during the procedure.

Experimental protocols

The experimental protocols are illustrated in Fig. 2. In
the sham group (n=3), thoracotomy and pericardiotomy
were performed, and the pericardium was opened and
maintained for 90 minutes without any manipulation. Sub-
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sequently, the rats were euthanized, and autopsy was per-
formed (Fig. 2). In the group with IRI only (the IRI-only
group, n=>5), the myocardium was excised quickly after 45
minutes of LAD ligation and 45 minutes of reperfusion
(Fig. 2). In the group treated with CRP following IRI (the
IRI+CRP group, n=9), high-purity (>99%) human CRP ob-
tained from human plasma (C4063; Sigma-Aldrich, St.
Louis, MO, USA) was infused via the femoral vein after 45
minutes of ischemia with LAD ligation, immediately prior
to reperfusion (Fig. 2). In the group treated with IPC fol-
lowed by IRI and CRP injection (the IPC+IRI+CRP group,
n=6), IPC was applied before LAD ligation; IPC included 3
occlusions for 3 minutes each with a 5-minute period of
reperfusion after each occlusion (Fig. 2).

Evans blue and TTC staining to identify the
infarcted area and the AAR

To identify the non-ischemic area, the ischemic but not
infarcted viable area (the AAR), and the infarcted area, we

Fig. 1. Ligation of the left anterior descending coronary artery, but-
tressed with a plastic tube.

45 min

performed staining with Evans blue and 2,3,5-triphen-
yltetrazolium chloride (TTC; Sigma-Aldrich). After eutha-
nasia and before the removal of the heart, 1 mL of a diluted
heparin solution (2,500 IU heparin/mL) was infused via
the coronary ostia after the ascending aorta was clamped.
We ligated the LAD artery using 6-0 nylon sutures, and we
injected 1% Evans blue solution to stain the perfused
non-ischemic myocardium. Neither component of the isch-
emic area (i.e., neither the AAR nor the infarcted area) is
stained by Evans blue solution. After perfusion with Evans
blue, the heart was cut into 4 transverse sections at regular
intervals from the apex to the base. One of the middle sec-
tions was used to measure the ischemic and infarcted re-
gions. This mid-portion was sliced again in 4-mm slices,
and 1 slice was incubated with TTC dissolved in 100
mmol/L of phosphate buffer for 15 minutes. Under TTC
staining, the viable area of the myocardium (i.e., the
non-ischemic area) and the viable AAR are stained deep
red, while the infarcted zone remains unstained and is
therefore white. Thus, double staining with Evans blue and
TTC stains the infracted area white, the AAR deep red,
and the non-ischemic area blue.

Histopathologic analysis and
immunohistochemistry

The middle section of the excised heart was fixed in 10%
buffered formalin and embedded in paraffin. The 4-um
tissue sections were stained using hematoxylin and eosin
(H&E) and immunostained with a human monoclonal an-
ti-CRP antibody (C1688; Sigma-Aldrich; 1:400 dilution)
that specifically detects the 24-kDa monomeric CRP epi-
tope. An OptiView DAB immunohistochemical detection
kit (Roche Diagnostics, Mannheim, Germany) and a
Benchmark XT autoimmunostainer (Ventana Medical Sys-
tems, Tucson, AZ, USA) were used for immunostaining. A
thorough histopathologic examination with microscopy
was performed by 1 pathologist (E.N.K.).

45 min

Time |

IPC 3 min/5 min, 3 cycle

pCRP infusion (100 pg)

t

pCRP infusion (100 pg)

ronvcre DD DD DD I BT
1T

Sacrifice
& autopsy

Fig. 2. Experimental protocols. IRI,
ischemia-reperfusion injury; CRP,
C-reactive protein; pCRP, pentam-
eric C-reactive protein; IPC, isch-
emic preconditioning.
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Image analysis

Images of the heart specimens stained with Evans blue
and TTC were captured with a digital camera (DP26;
Olympus, Tokyo, Japan). Digital images of mCRP immu-
nostaining were acquired using the Vectra automated im-
aging system (PerkinElmer, Waltham, MA, USA). The ar-
eas of the infarcted myocardium (white zone) and the AAR
(red zone) were automatically calculated using inForm
(PerkinElmer) imaging analysis software. The size of the
infarct was expressed as a percentage of the whole ischemic
area [infarct/(infarct+A AR)x100]. mCRP immunolabeling
was used to examine the tissue distribution within each
section. mCRP immunopositivity was expressed as a per-
centage of the whole ischemic area [nCRP-immunostained
area/(infarct+A AR)x100], as previously reported [14].

Fig. 3. Evans blue and 2,3,5-triphenyltetrazolium chloride stain-
ing. White area (*): infarcted area. Red area (%): area at risk (isch-
emic but not infarcted). Blue area (¥¢): non-ischemic area.

IRI only IRI+CRP
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Analysis of IL-6 mRNA expression in rat
myocardium

RNA was prepared using a miRNeasy Mini Kit (Qiagen,
Hilden, Germany) according to the manufacturer’s in-
structions. The extracted RNA (1 ug) was reverse tran-
scribed using a reverse transcription system (Promega,
Madison, WI, USA), and complementary DNA was ampli-
fied using the GeneAmp PCR System 9700 (Applied Bio-
systems, Foster City, CA, USA). Quantitative reverse tran-
scriptase-polymerase chain reaction analysis of interleukin
(IL)-6 was performed using TagMan Gene Expression As-
says (Rn01410330_m1; Applied Biosystems) and the
7900HT Fast Real-Time PCR System (Applied Biosystems).
The rat ACTB (Rn00667869_m1; Applied Biosystems) en-
dogenous control was used for normalization.

Statistical analysis

Data were expressed as the mean and standard deviation
and plotted as the mean with the standard error of the
mean. For comparisons between 2 groups, the Mann-
Whitney U-test was used for continuous variables. A p-val-
ue <0.05 was considered to indicate statistical significance.
Data analyses were performed using GraphPad Prism ver.
5.0 software (GraphPad Software, San Diego, CA, USA).

Results
Areas of infarcted and ischemic myocardium

After Evans blue and TTC staining, the non-ischemic
area was stained blue, the AAR was stained red, and the
infarcted area was stained white, as depicted in Fig. 3. As
in our previous study [14], the areas of myocardium dam-
aged by IRI demonstrated cellular changes along with con-
traction bands with intensely eosinophilic intracellular

IPC+IRI+CRP

Fig. 4. (A)Shamgroup withoutstaining.
TTC and Evans blue staining in the
IRI-only, IRI+CRP, and IPC+IRI+CRP
groups. (B) mCRP immunohisto-
chemistry in the sham, I[RI-only,
IRI+CRP, and IPC+IRI+CRP groups.
TTC, 2,3,5-triphenyltetrazolium ch-
loride; IRI, ischemia-reperfusion in-
jury; CRP, C-reactive protein; IPC,
ischemic preconditioning; mCRP,
monomeric C-reactive protein.
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Fig. 5. Ratio of the infarcted area to the whole ischemic area. IRI,
ischemia-reperfusion injury; CRP, C-reactive protein; IPC, ischemic
preconditioning.

stripes on H&E staining, thus confirming that IRI was
properly induced in the experiment [21]. The ratio of the
infarcted area to the whole ischemic area [infarct/(in-
farct+AAR)x100] was higher in the IRI+CRP group than
in the IRI-only group (34%+15% versus 23%+7%, respec-
tively; p=0.079). The relative size of the infarcted area was
lower in the IPC+IRI+CRP group than in the IRI+CRP
group, although this difference was not statistically signifi-
cant (21%+7% versus 34%+15%, respectively; p=0.079)
(Figs. 4A, 5).

mCRP immunohistochemistry

While mCRP staining was faint and non-specific in the
sham and IRI-only groups, floating serum CRP was
strongly and diffusely deposited on the damaged myocar-
dium in the IRI+CRP group, in the viable AAR as well as
in the infarcted area. This finding is consistent with our
previous results [14] (Fig. 4B). However, after applying di-
rect IPC, the area of mCRP deposition in the ischemic
myocardium relative to the whole ischemic area [mCRP-
immunostained area/(infarct+A AR)x100] was significantly
lower than in the IRI+CRP group (21%+16% versus 44%=*
19%, respectively; p=0.026) (Figs. 4B, 6).

IL-6 mRNA expression increased after CRP
injection and IPC

The level of IL-6 mRNA expression was highest in the
IPC+IRI+CRP group (fold change, 408273), followed by the
IRI+CRP (fold change, 326+157) and IRI-only (fold change,
198+113) groups. However, these differences were not sta-
tistically significant (IRI-only versus IRI+CRP, p=0.154;

60 -

3
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S
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mCRP-immunopositive area:
whole ischemic area (%)

Sham IRI only

IRI+CRP  IPC+IRI+CRP

Fig. 6. Ratio of the mCRP-immunopositive area to the whole
ischemic area. mCRP, monomeric C-reactive protein; IRI, isch-
emia-reperfusion injury; CRP, C-reactive protein; IPC, ischemic
preconditioning.
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Fig. 7. IL-6 mRNA expression. IL-6, interleukin-6; mRNA, messen-
ger RNA; IRI, ischemia-reperfusion injury; CRP, C-reactive pro-
tein; IPC, ischemic preconditioning.

IRI+CRP versus IPC+IRI+CRP, p=0.376) (Fig. 7).

Discussion

To our knowledge, this is the first report of the cardio-
protective effect of IPC on mCRP-deposited ischemic myo-
cardium. In this study, we found that short-term direct
IPC prior to IRI and CRP infusion diminished mCRP
deposition in the myocardium, reduced infarction size,
and increased the expression of IL-6 mRNA.

Previous studies have documented that mCRP deposi-
tion aggravated IRI-induced myocardial infarction. Thiele
et al. [15] reported that in a rat model of IR, mCRP was
localized to the infarcted myocardium and aggravated in-
flammation via the phospholipase A2-dependent dissocia-
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tion of circulating pCRP to mCRP. Pepys et al. [22] report-
ed that they used 1,6-bis(phosphocholine)-hexane, which
could bind and inhibit human CRP, to reduce myocardial
infarction size. Additionally, we previously reported that
mCRP was deposited not only in the infarcted area, but
also in the AAR, in a process accompanied by mitochon-
drial damage and complement activation [14].

IL-6 is a pleiotropic pro-inflammatory cytokine and a
main factor in the stimulation of acute-phase proteins,
such as CRP [23]. IL-6 is known to be released from car-
diomyocytes under hypoxic conditions, such as in myo-
cytes in the border zone of a myocardial infarction, and
IL-6 derived from hypoxic myocytes may play an import-
ant role in the aggravation of myocardial dysfunction fol-
lowing IRI [24]. Therefore, IL-6 was thought to result in
hypertrophy and heart failure after ischemia by reducing
the contractility of the myocardium [25]. However, many
studies have demonstrated that higher IL-6 levels during
preconditioning play an organo-protective role [26-28].
Dawn et al. [26] showed that IPC markedly upregulated
IL-6 expression in the ischemic/reperfused myocardium.
Furthermore, they demonstrated that IL-6 signaling plays
an obligatory role in late preconditioning because IL-6 is
required for JAK-STAT (Janus kinases-signal transducer
and activator of transcription) signaling and the upregula-
tion of inducible nitric oxide (NO) synthase and cyclooxy-
genase-2, which are co-mediators of late preconditioning
and thus can aid in cardioprotection [26]. Similarly, Waldow
et al. [27] reported that when remote IPC was applied be-
fore IRI in a porcine lung, IL-6 increased more consistently
than in trials involving IRI alone, and lung damage was al-
leviated. In their in vivo study using ventricular cardiomy-
ocytes isolated from rat hearts, Smart et al. [28] demon-
strated that IL-6 induced the PI-3 kinase- and NO-dependent
protection of cardiomyocytes, which was associated with
alterations in mitochondrial Ca** handling, inhibition of
reperfusion-induced mitochondrial depolarization, swell-
ing and loss of structural integrity, and suppression of cy-
tosolic Ca®" transients. Additionally, in the present study,
we confirmed that administering IPC prior to myocardial
damage by IRI and mCRP deposition increased IL-6
mRNA expression and decreased the size of the myocardi-
al infarct.

However, whether increased IL-6 secretion plays an or-
ganoprotective role is still a subject of debate, and no stud-
ies in the existing literature have described the net effect of
IL-6. In a porcine lung IRI model, Harkin et al. [29] re-
ported that IPC lowered IL-6 levels and resulted in a
lung-protective effect. The downstream pathways through
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which IL-6 plays a cardioprotective role are not well under-
stood. Additionally, no detailed studies have been conduct-
ed to identify the specific signaling pathways involved
when the IL-6 level increases after mCRP deposition. This
study may be regarded as a pilot study demonstrating the
beneficial effect of IL-6 induced by IPC, and a further tar-
geted study of IL-6 is required to elucidate the mechanisms
through which IL-6 acts on mCRP-deposited damaged tis-
sue.

Limitations

In this study, some observations did not demonstrate
statistical significance. However, when CRP was deposited,
the infarction area increased, matching the trend reported
in our previous work [14]. Animal studies with a larger
sample size are required to further validate these findings.
Additionally, a group administered IPC+IRI without CRP
infusion should have been included in the study protocol
to isolate the effect of CRP in the IPC model. In addition, a
disparity may exist between the findings in animals and
real-world clinical situations. Indeed, numerous attempts
to prevent IRI that worked in animal experiments have
been ineffective in clinical studies [1]. We used an ischemia
model involving direct occlusion of the healthy coronary
artery in young rats, which would be very invasive in the
context of practical clinical applications. It is also virtually
impossible to predict when profound ischemia will occur
and apply preconditioning before IRI. Therefore, creating a
useful clinical application from our experimental results
may be difficult. Furthermore, to extend the animal model
to reflect actual clinical situations, animal models includ-
ing older animals and those with comorbidities such as di-
abetes, hyperlipidemia, atherosclerosis, and hypertension
should be used [1].

Many clinical situations exist in which serum CRP can
be elevated. Baseline CRP levels are moderately elevated in
obese persons, those who smoke, and those with diabetes
or hypertension. Additionally, CRP levels increase dramat-
ically in patients with myocardial infarction [30]. If a pa-
tient with a cardiovascular event has an elevated serum
CRP level for any reason, the serum CRP will degrade the
myocardial function as it is deposited in the damaged
myocardium. Therefore, we can infer that in these clinical
situations, IPC will function to protect the mCRP-deposit-
ed myocardium. Additionally, our experiments provide
clues to the mechanisms of aggravation of ischemia due to
mCRP and the protective mechanisms of IPC. If the mech-
anism by which IPC protects myocardium that has under-
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