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Abstract

Concentrations of the chemokine fractalkine (FKN) are increased in patients with chronic heart
failure, and our previous studies show that aged mice lacking the prostaglandin E, EP4 receptor
subtype (EP4-KO) have increased cardiac FKN, with a phenotype of dilated cardiomyopathy.
However, how FKN participates in the pathogenesis of heart failure has rarely been studied. We
hypothesized that FKN contributes to the pathogenesis of heart failure and that anti-FKN
treatment prevents heart failure induced by myocardial infarction (MI) more effectively in EP4-
KO mice. Male EP4-KO mice and wild-type littermates underwent sham or M1 surgery and were
treated with an anti-FKN antibody or control 1gG. At 2 weeks post-Ml, echocardiography was
performed and hearts were excised for determination of infarct size, immunohistochemistry and
Western blot of signalling molecules. Given that FKN protein levels in the left ventricle were
increased to a similar extent in both strains after MI and that anti-FKN treatment improved
survival and cardiac function in both strains, we subsequently used only wild-type mice to
examine the mechanisms whereby anti-FKN is cardioprotective. Myocyte cross-sectional area and
interstitial collagen fraction were reduced after anti-FKN treatment, as were macrophage
migration and gelatinase activity. Activation of ERK1/2 and p38 MAPK were reduced after
neutralization of FKN. In vitro, FKN increased fibroblast proliferation. In conclusion, increased
FKN contributes to heart failure after MI. This effect is not exacerbated in EP4-KO mice,
suggesting that there is no link between FKN and lack of EP4. Overall, inhibition of FKN may be
important to preserve cardiac function post-Ml.
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Introduction

Fractalkine (FKN), also known as CX3CL1, is the only member of the CX3C chemokine
family, characterized by the presence of three amino acid residues (X3) localized between
two cysteine residues, thus forming a disulfide bond, a CX3C motif, and also a
transmembrane domain. The full-length fractalkine protein consists of 397 amino acids
encoded by the CX3CL1 gene mapped on chromosome 16 in humans (Pan et al. 1997,
Bazan et al. 1997) and of 395 amino acids encoded by the neurotactin gene mapped on
chromosome 11 in mice (Rossi et al. 1998). Fractalkine is a unique dual-function chemokine
that exists in two forms; a soluble form, which acts as a chemoattractant, and a membrane-
bound form acting as an adhesion molecule (Umehara et al. 2004). Fractalkine, its receptor
CX3CR1 and monocyte chemoattractant protein 1 have been identified as chemokines and
receptors that have an important role in the migration and recruitment of monocytes during
the pathogenesis of several inflammatory diseases, including atherosclerosis (Zhou et al.
2012). Fractalkine was recently identified as an independent key factor in the pathogenesis
of plaque vulnerability and subsequent plaque rupture (Li et al. 2012). Fractalkine has also
been associated with cardiac injury. Patients with acute myocardial infarction (MI) had
significantly elevated levels 3 and 12 h after percutaneous coronary intervention compared
with patients who had stable angina pain (Njerve et al. 2014). Thus, FKN has a very
important role in the pathology of coronary heart disease.

Myocardial infarction is one of the most frequent causes of death. More than 20% of
cardiovascular deaths are caused by coronary heart disease (Go et al. 2013). Furthermore,
even though many patients survive an acute MI, most of them inevitably suffer from heart
failure (HF; Fox et al. 2001), which is likely to result from left ventricular (LV)
remodelling, leading to functional decompensation and then HF (Sutton & Sharpe, 2000).
Previous studies have confirmed that ischaemia-induced myocardial fibrosis, inflammation
and apoptosis are essential factors in the process of cardiac remodelling after M1 (Porter &
Turner, 2009). There are few studies that have examined the effects of FKN on models of
cardiac injury. Xuan et al. (2011) showed that inhibition of FKN reduces cardiac
remodelling after transaortic constriction or MI. However, their study did not examine the
effects of FKN neutralization on macrophage migration, matrix metalloproteinase activity,
myocyte apoptosis or fibroblast proliferation, and a neutralizing antibody was given after the
initial wave of inflammation. Also, our study differs from theirs in that we examined the
effect of anti-FKN in a cardiac myocyte-selective model of mice lacking the prostaglandin
E, EP4 receptor subtype (EP4-KO), because our earlier studies had shown that older EP4-
KO mice had elevated cardiac concentrations of this chemokine. Thus, the mechanism
whereby anti-FKN affects the infarcted heart is still not established.

In a previous study from our laboratory, FKN was increased in left ventricular samples from
old male EP4-KO mice that displayed a phenotype of dilated cardiomyopathy with reduced
ejection fraction (Harding et al. 2010), indicating that prostaglandin E; acting on its EP4
receptor protects the heart from ischaemic injury. Thus, in the present study we
hypothesized that FKN contributes to heart failure and that treatment with anti-FKN
prevents heart failure induced by MI. Furthermore, we hypothesized that FKN neutralization
would be more effective in EP4-KO mice.
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Methods

Ethical approval

All animal experiments were approved by the Henry Ford Health System Institutional
Animal Care and Use Committee in accordance with Federal guidelines.

Generation and genotyping of EP4-KO mice

Generation of cardiac myocyte-specific EP4-KO by a Cre-mediated process has been
described previously. Genotyping and breeding details have also been described previously
(Harding et al. 2010). In our initial experiments, we used both wild-type (WT) and EP4-KO
mice. Importantly, these mice are on a mixed genetic background and differ only by the
presence or absence of Cre. As our initial experiments in this study showed no difference
between strains in their response to anti-FKN, subsequent experiments used only WT mice.

Culture of adult mouse cardiac fibroblasts

Adult mouse cardiac fibroblasts were obtained using a modification of the technique
designed to harvest adult mouse cardiac myocytes. Briefly, mice were anaesthetized by
inhalation of isoflurane (3% isoflurane with 1 I min~1 oxygen), their hearts were removed
and a cannula inserted into the aorta for retrograde perfusion. Mouse hearts were then
digested as described previously by us (Harding et al. 2010), and the supernatant obtained
after digestion was removed. This supernatant was centrifuged at 100g for 1 min (4°C), and
the resulting supernatant, which contains the fibroblasts, was centrifuged at 145g and the
pellet resuspended in 5 ml of Dulbecco’s modified Eagle’s medium containing 10% fetal
calf serum. Cells were plated on a 60 mm dish and after 2-3 h, the medium was gently
removed and fresh medium added. Cells were allowed to grow and typically passaged at a
ratio of 1:3. All experiments on cardiac fibroblast proliferation were performed using hearts
from 10- to 12-week-old male C57BL/6 mice, and cells were used at passage 3.

Fractalkine enzyme-linked immunosorbent assay (ELISA)

Fractalkine was measured in left ventricular homogenates using a quantitative sandwich
enzyme immunoassay (Mouse CX3CL1/Fractalkine Quantikine ELISA, catalogue no.
MCX310; R&D Systems Minneapolis, MN, USA). Left ventricular homogenates were
centrifuged at 10,0009 for 10 min at 4°C. After centrifugation, 100 pl of supernatant was
subjected to ELISA according to the manufacturer’s instructions. Samples were measured in
duplicate and fractalkine concentrations normalized to total tissue protein, respectively,
which was determined in lysates according to the method of Lowry.

Myocardial infarction model and treatment with fractalkine neutralizing antibody (anti-FKN)

Male mice 10-12 weeks old were anaesthetized with pentobarbital (45 mg kg™1) (Akorn,
Inc., Lake Forest, IL. USA), intubated, and ventilated with a small rodent ventilator
(Harvard Apparatus, Holliston, MA, USA) at a rate of 90 cycles min~! with a tidal volume
of 0.5 ml and a positive end-expiratory pressure of 2 cmH,0. A left side thoracotomy was
performed, and the pericardium was incised. Myocardial infarction was then induced
through permanent ligation of the left anterior descending coronary artery with an 8-0 silk
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suture proximal to its bifurcation from the main stem. Sham surgery was performed as
described above except that the suture was not tied around the artery. The chest incision was
subsequently closed with a 4-0 silk suture. Mice were then allowed to recover in a
temperature-controlled environment. After surgery, mice were given a dose of
buprenorphine (0.05 mg kg1 sc) every 12 h for 2 days.

We studied the following groups of mice for each strain (the numbers for each group are
given in parentheses): WT sham + IgG (8), WT sham + anti-FKN (6), WT Ml + 1gG (26),
WT MI + anti-FKN (25), EP4-KO sham + 19G (7), EP4-KO sham + anti-FKN (5), EP4-KO
MI + IgG (29) and EP4-KO MI + anti-FKN (28), for a total of eight different groups.
Treatment was started on the day of surgery and continued for 2 weeks. We administered 40
ug kg1 day~1 s of a function-blocking anti-FKN antibody that was raised against the
chemotactic domain of FKN (purified rabbit anti-mouse fractalkine, TP233; Torrey Pines
Biolabs, Houston, TX, USA) or rabbit IgG (Protein Mods, Madison, WI, USA) as described
by Xuan et al. (2011) and Robinson et al. (2000).

Survival analysis was performed on all mice. During the study period, the cages were
inspected daily for dead animals. All dead mice were examined for the presence of Ml as
well as cardiac rupture.

Echocardiography

Two weeks after MI, cardiac function was measured with a Doppler echocardiographic
system equipped with a 15 MHz linear array transducer (Acuson ¢256, Mountain View, CA,
USA). All studies were performed on conscious mice, which is a standard procedure in our
laboratory, and as we have previously described (Yang et al. 1999; Harding et al. 2010,
2011). The following parameters were obtained: (i) LV chamber dimensions and wall
thickness, where LVDd is diastolic LV dimension, LVDs is systolic LV dimension and
PWTd is diastolic posterior wall thickness; and (i) ejection fraction (LVEF), which is
equivalent to [(LVAd — LVAs)/LVAd] x 100, where LVAd is LV diastolic area and LVAs
is LV systolic area.

Histological assessment of interstitial collagen fraction (ICF), myocyte cross-sectional
area (MCSA), infarct size (IS) of the infarct area

At the end of the experimental period, mice were anaesthetized with sodium pentobarbital
(100 mg kg~ 1») and the heart was injected with 15% potassium chloride, leading to its
arrest in diastole. The heart was removed, washed in ice-cold PBS, and the atria and right
ventricle were dissected. Mouse left ventricles were harvested and sectioned transversely
into four slices from apex to base. Three sections (sections A, B and C) were frozen in
isopentane and stored at —80°C for determination of ICF, MCSA and IS, as previously
described (Qian et al. 2008). Measurements were made using MicroSuite Biological
Imaging Software (Melville, NY, USA).

Exp Physiol. Author manuscript; available in PMC 2016 July 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guetal. Page 5

Immunohistochemical staining of fractalkine and macrophages

Frozen sections of left ventricle were used to detect both FKN and macrophage infiltration.
Tissue sections (5 um thick) were allowed to reach room temperature and were then fixed in
ice-cold acetone for 10 min. Sections were incubated with 3% hydrogen peroxide to quench
endogenous peroxidase, rinsed, and then incubated with 1% bovine serum albumin for 10
min before incubation with primary antibodies against FKN at 1:200 dilution (Cx3CI1,
catalogue no. ab25088; Abcam Cambridge, MA. USA) or the macrophage marker CD68 at
1:200 dilution (CD68, catalogue no. MCA1957; AbD Serotec, Raleigh, NC. USA) at 4°C
overnight. Sections were rinsed and then incubated for 40 min with a biotinylated rabbit
anti-rat antibody, rinsed, and then incubated with avidin—biotin complex reagent for 40 min.
Bound antibodies were visualized following incubation with AEC (3-amino-9-
ethylcarbazole) single solution (Invitrogen, Carsbad, CA, USA) for 3-5 min. Sections of
experimental tissue were incubated with isotype-matched normal antibody as a negative
control. Sections were counterstained with Mayer’s Haematoxylin and dehydrated for
microscopic examination. Images were digitally quantified using the ImageJ system (version
1.42; National Institutes of Health, Bethesda, MD, USA) with CD68 positivity assessed in
the remote zone and expressed as the number of macrophages per square millimetre.

Effect of fractalkine on fibroblast proliferation

The effect of FKN on proliferation of adult mouse fibroblasts (AVFs) was determined using
the TACS MTT cell proliferation kit (Trevigen Inc., Gaithersburg, MD, USA). Briefly,
AVFs were cultured until passage 2, and at ~90% confluence were seeded onto a 96-well
plate at a density of 20,000 cells per well. They were allowed to attach overnight and were
then serum starved for 24 h. Cells were treated with FKN (0-200 ng mI~1) for 24 h in fresh
media without serum and were then processed according to the manufacturer’s instructions.
Absorbance was measured at 550 nm using a plate reader, and the average reading of wells
without cells (blanks) was subtracted from each measurement. All samples were assayed in
triplicate.

TUNEL staining for apoptosis

Serial 5-pm-thick sections of left ventricles were cut onto slides. After storage at —80°C,
frozen sections were allowed to come to room temperature for 5 min, and then apoptosis-
related DNA fragmentation was determined by the terminal deoxynucleotidyl transferase
dUTP nick end labelling (TUNEL) assay using a TUNEL Apoptosis Detection Kit
(Millipore, Temecula, CA, USA) following the manufacturer’s instructions. Specimens were
examined and photographed with a Nikon eclipse E600 light microscope. Images were
captured with the NIS-Elements BR imaging software. On TUNEL-stained sections,
apoptotic cells in the border zone were quantified by counting the number of cells in
randomly selected fields of a total of five sections. The apoptotic index was expressed as the
number of apoptotic cells per field.

Protein extraction and Western blot analysis

Protein was isolated from samples of left ventricle after homogenization in a lysis buffer
containing 150 mM NaCl, 50 mM Tris—ClI (pH 7.5), 0.5% deoxycholate, 0.1% SDS and 1%
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nonidet P-40 with phosphatase and protease inhibitor tablets (PhosSTOP and Complete
Mini, EDTA-free protease inhibitor cocktail tablets; Roche Diagnostics, Indianapolis, IN.
USA). After homogenization, samples were centrifuged at 3000g for 10 min (4°C), and the
supernatants were removed for Western blot analysis. The protein concentration was
determined with the Coomassie protein assay kit using bovine serum albumin as the
standard. Aliquots of samples (50 g protein) were subjected to SDS-PAGE and
electrotransferred to a polyvinyl difluoride membrane at 36 V overnight at 4°C. The
membrane was incubated in 5% non-fat milk in PBS containing 0.1% Tween 20 (PBS-T) for
1 h at room temperature and then overnight at 4°C in the same buffer containing primary
antibodies to phospho-p38 mitogen-activated protein kinase (p-p38 MAPK, catalogue no.
4511S; p38 MAPK, catalogue no. 9212S; Cell Signaling, Danvers, MA. USA) or phospho-
extracellular regulated signal kinase 1/2 (p-ERK1/2, catalogue no. 9101 L; ERK1/2,
catalogue no. 9102; Cell Signaling). The membrane was washed with PBS-T and incubated
with horseradish peroxidase-conjugated secondary antibody at room temperature for 1 h.
After being washed, the membrane was developed with SuperSignal West Pico
Chemiluminescent reagent (Thermoscientific, Rockford, IL. USA) at room temperature. The
signal was detected through an exposure to Fuji RX film and analysed by scanning
densitometry. The target protein was normalized to the loading control and expressed as the
fold increase versus control.

In situ zymography

In situ zymography was performed on frozen sections as previously described (Tsujita et al.
2007). Fluorescein-conjugated, dye-quenched gelatin from pig skin (DQ™-gelatin) was
obtained from Molecular Probes (Invitrogen, Basel, Switzerland). A 1 mg ml~1 stock
solution of DQ-gelatin was prepared in gelatinase reaction buffer (150 mM NaCl, 5 mM
CaCl,, 0.2 mM NaN3 and 50 mM Tris—-HCI, pH 7.6) and stored at 4°C. The working
solution for in situ zymography was made by directly diluting DQ-gelatin stock solution in
reaction buffer to a final concentration of 20 ug mI~1. Unfixed cryosections were thawed,
rounded with a wax pen, overlaid with 25 pl DQ-gelatin working solution and incubated at
37°C in an humidified dark chamber for 5 h, and pictures were immediately taken under the
microscope. Control sections were incubated in the presence of 20 MM EDTA, which
inhibits gelatinase activity. Digital images showing the infarction borders were taken under
the x20 objective, and a threshold was set using ImageJ software that encompassed only the
bright green fluorescence indicative of gelatinase activity. The percentage area of gelatinase
activity was calculated for each animal per field and the mean calculated for each group.

Statistical analyses

Results are shown as means + SEM. Comparisons among groups were analysed using one-
way ANOVA followed by Hochberg’s post hoc test. Comparisons between two independent
groups were analysed using Student’s unpaired t test when variances were equal, and a
Satterwaite correction was used when variances were different. A log rank test was used to
compare survival distributions. Values of P < 0.05 were considered to be statistically
significant.
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Fractalkine expression in mouse heart

Fractalkine protein levels were increased in the hearts of mice failing because of induced
MI. The results of immunohistochemistry clearly showed increased expression of FKN
protein in infarcted hearts (Fig. 1). Suprisingly, quantitative analysis using ELISA on
samples of homogenized left ventricle showed that FKN protein was not different between
sham WT and sham EP4-KO. Furthermore, FKN protein increased in both strains after Ml,
with no statistical difference between strains (bar graph in Fig. 1).

Anti-fractalkine treatment improves survival after Ml

After MI, we observed ~60% mortality, which did not differ between strains (Fig. 2), with
the majority of mice dying within the first 7 days, due to cardiac rupture. Treatment with
anti-FKN improved the survival rate in both strains. In WT mice treated with anti-FKN, 16
mice from a total of 25 mice survived (64% survival rate), whereas only 11 mice from a
total of 26 mice given control IgG survived (42% survival rate, P < 0.05; Fig. 2 left panel).
Similar effects were noted in EP4-KO mice, where 19 of 28 mice treated with anti-FKN
survived (68% survival), whereas only 12 of 29 given IgG survived (41% survival, P < 0.05;
Fig. 2 right panel).

Anti-fractalkine treatment improves cardiac function after Ml

All echocardiography data for WT mice are presented in Table 1, and representative
echocardiography data are shown in Fig. 3A, with quantitative data for ejection fraction
(LVEF) and left ventricular dimension at systole (LVDs) depicted in Fig. 3B and C,
respectively. As expected, 2 weeks post-MI there were significant decreases in LVEF
accompanied by increases in LVDs for both strains. Anti-fractalkine treatment increased
LVEF in both EP4-KO and WT mice after Ml (Fig. 3B), suggesting improved cardiac
function after FKN neutralization. Likewise, the increase in left ventricular dimension after
MI was significantly reduced by anti-FKN treatment in WT mice (from 4.3 + 0.44 to 2.48+
0.44 mm for systole and from 5.03 + 0.31 to 3.74 + 0.35 mm for diastole, P < 0.01).

Thus, contrary to our original hypothesis, anti-FKN treatment was equally effective in both
strains; therefore, our subsequent studies examined the mechanisms responsible for this
protective effect in WT mice only.

Anti-fractalkine treatment reduces infarct size and prevents cardiac hypertrophy and
remodelling after Ml

Trichrome staining was used to detect the size of the infarcted area 2 weeks post-MI. Infarct
size was significantly reduced after treatment with anti-FKN (Fig. 4).

As expected, both MCSA and ICF were increased following M1, and Fig. 5B demonstrates
that both parameters were reduced by anti-FKN treatment.
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Anti-fractalkine treatment reduces macrophage infiltration

To investigate the underlying mechanism(s) contributing to the protection afforded by anti-
FKN treatment, we analysed macrophage infiltration in LV sections taken 14 days after MI.
As expected, immunohistochemistry demonstrated a significantly increased number of
macrophages (CD68 positive) in mice subject to MI compared with sham-operated mice.
Figure 6 shows that anti-FKN treatment decreased macrophage infiltration in the remote
zone post-MlI, suggesting that anti-FKN treatment reduces macrophage activation and
inflammation after MlI.

Anti-fractalkine treatment inhibits apoptosis post-Ml

At 14 days after MI, apoptosis levels in the myocardium were determined by TUNEL
staining. As shown in Fig. 7, the apoptotic index (number of TUNEL-positive cells per
slide) in the MI group was significantly higher than in the sham-operated group, and anti-
FKN treatment reduced the number of apoptotic cells post-Ml.

Anti-fractalkine treatment reduces gelatinase activity

Figure 8 shows representative in situ gelatin zymography of the LV from sham + 1gG, Ml +
IgG and MI + anti-FKN mice. There was minimal matrix metalloproteinase activity in the
sham group. Fourteen days after MI, we observed markedly enhanced gelatinase in the LV
with significant attenuation of matrix metalloproteinase activity following anti-FKN
treatment. The gelatinolytic area in sham-operated mice was 1.32% and was increased to
43.4% in mice subjected to MI. Treatment with the FKN neutralizing antibody reduced the
gelatinolytic area to 19.3% (P < 0.05 compared with the MI group).

Effect of FKN on proliferation of cultured mouse ventricular fibroblasts

Given that treatment with anti-FKN reduced interstitial collagen fraction, we determined the
effect of FKN on proliferation of mouse cardiac fibroblasts in vitro. As shown in Fig. 9,
treatment with FKN for 24 h significantly increased fibroblast proliferation at concentrations
>50 ng ml~L. Although the lower concentrations of 5 and 10 ng ml~1 also increased
proliferation, these changes did not achieve statistical significance (P = 0.09 and P = 0.06,
respectively).

Anti-fractalkine treatment reduces phosphorylation of p38 MAPK and ERK1/2 MAPK after
Ml

Consistent with previously reported data, Fig. 10 shows that both phospho-p38 and
phospho-ERK1/2 are increased in the left ventricle following MI. Treatment with anti-FKN
reduced the increases noted after MI, whereas anti-FKN had no effect on these MAPKSs in
sham-operated animals.

Discussion

This study demonstrates that anti-FKN therapy significantly retards remodelling and HF in
both WT and EP4-KO mice after myocardial infarction. The key findings in this study are as
follows: (i) anti-FKN therapy improved survival after permanent occlusion of the left
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anterior descending coronary artery in comparison to treatment with control IgG; (ii) anti-
FKN therapy led to a significant reduction in infarct size after MI and remarkable
improvements in cardiac remodelling and function during HF; (iii) anti-FKN therapy
attenuated macrophage infiltration into heart tissue during Ml and inhibited myocyte
apoptosis, and in vitro tests also showed that FKN increased the proliferation of adult mouse
cardiac fibroblasts; and (iv) anti-FKN-mediated cardioprotection was associated with a
decrease in gelatinase activity and phosphorylation of p38 MAPK and ERK1/2. These data
provide additional insights into the pleiotropic effects of FKN in cardiovascular disease and
its therapeutic role in ischaemia-induced HF.

Our previous study reported that FKN expression and production were increased in the
hearts of aged (28- to 32-week-old) male EP4-KO mice (Taube et al. 2013), whereas our
present study used younger mice subjected to MI and showed that FKN expression and
production was increased in both WT and EP4-KO mice. Cardiac function data showed that
the effects of FKN neutralization were similar in both strains, so we concluded that the
presence or absence of the EP4 receptor does not affect responses to anti-FKN and we
performed subsequent experiments using only the one strain. These results are consistent
with our data showing that neither prostaglandin E; nor an EP4 agonist regulates FKN from
cardiac myocytes (Taube et al. 2013).

In clinical investigations, expression of CX3CL1 (FKN) in endomyocardial biopsy was
significantly increased in enterovirus-positive and virus-negative patients with myocarditis
(Escher et al. 2011). Circulating levels of CX3CL1 were also increased in patients with
chronic HF in accordance with disease severity [1.6-fold in New York Heart Association
(NYHA) grade 11, 2.2-fold in NYHA grade Il and 2.9-fold in NYHA grade 1V], with
CX3CL1 protein production increased in both cardiomyocytes and fibrous tissue. However,
in addition to FKN being a marker for heart failure, in vitro experiments showed that the
addition of FKN to neonatal cardiomyocytes could induce the expression of markers of
cardiac hypertrophy and protein phosphatases. Taken together with recent data from our
laboratory showing that FKN can reduce the magnitude and speed of contraction in adult
mouse myocytes, the data suggest that FKN may have a pathophysiological role in heart
failure and that its inhibition or neutralization may be an effective therapeutic strategy
(Husberg et al. 2008).

In our study, we found that the majority of mice died within 1 week following Ml surgery,
primarily due to cardiac rupture, and anti-FKN treatment remarkably reduced mortality. To
elucidate the mechanism, we investigated the change of inflammation and apoptosis after
MI. Inflammation is a crucial factor in the post-MI healing process. An excessive
inflammatory response in the infarcted myocardium is related to adverse cardiac events,
including cardiac rupture, and anti-inflammation therapy can protect from cardiac rupture
(Anzai, 2013). Another important factor determining survival is apoptosis. Myocardial
remodelling following MI is emerging as a key cause of chronic heart failure. Following MI,
both the infarcted region and the remote non-infarcted zone undergo cardiac remodelling as
a part of the wound-healing response. The LV healing response can be divided into two
overlapping phases. The first step is ischaemia-induced myocyte necrosis, as cardiomyocyte
death triggers the rapid activation of the complement system. Next, the viable
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cardiomyocytes undergo compensatory hypertrophy, which helps to maintain cardiac output
(Stefanon et al. 2013; Shinde & Frangogiannis, 2014). At the same time, fibroblasts
proliferate and release fibrosis-promoting cytokines that contribute positively to scar
formation, with the net result being increased extracellular matrix synthesis and deposition
(Shinde & Frangogiannis, 2014). Myocyte cross-sectional area and ICF, indices of cardiac
hypertrophy and fibrosis, were both examined in the present study. Anti-FKN treatment
reduced both the increased MCSA and ICF after MI, accompanied by an improvement in
cardiac function. Subsequent in vitro experiments showed that FKN increased adult mouse
cardiac fibroblast proliferation; a novel finding that supports the in vivo data showing that
anti-FKN reduces the deposition of interstitial collagen. As expected, apoptosis was
increased after MI, and this effect was reduced by anti-FKN treatment. Moreover, we also
observed decreased macrophage migration and gelatinase activity following anti-FKN
treatment, which would be expected to limit cardiac remodelling.

In the present study, we began to elucidate how neutralization of FKN exerts protective
effects. Many signalling pathways have previously been implicated in the pathology of MI.
Both ERK1/2 and p38 MAPK have widely been reported in the remodelling of heart disease,
(Liu et al. 2005; Lei et al. 2013; Pramod & Shivakumar, 2014), with Liu et al. (2005)
reporting that inhibition of p38 MAPK reduces MCSA and ICF. It has been suggested that
activation of ERK1/2 promotes cardiac inflammation, hypertrophy and fibrosis (Kehat &
Molkentin, 2010). In cultured cardiac fibroblasts, FKN-induced phosphorylation of ERK1/2
participates in angiotensin I1-mediated inflammation, myocardial injury and dysfunction
(Song et al. 2013). In human microvascular endothelial cells and human umbilical vein
endothelial cells, FKN induces significant alterations in cytoskeletal structure and
specifically activates MAPKSs (Volin et al. 2010), suggesting that FKN can induce
pathological changes in the heart by these pathways. In support of these previous studies, the
present study shows that anti-FKN treatment reduces the enhanced ERK1/2 phosphorylation
and p38 MAPK phosphorylation observed after M.

In conclusion, the present study has demonstrated that anti-FKN treatment has a
cardioprotective effect in both EP4-KO and WT mice subject to MI. In contrast to our
original hypothesis, EP4-KO mice did not have an exaggerated response to FKN
neutralization, and FKN levels after M1 were similar in both strains. Our end-points focused
on functional and pathophysiological changes and histological remodelling of the heart, with
a preliminary examination of the molecular and cellular mechanisms and signalling
pathways that lead to the cardioprotective effect of FKN neutralization in this particular
model. Whether a similar approach would be protective in other models of cardiac injury or
in the clinical setting remains to be elucidated.
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New Findings
What is the central question of this study?

What is the cardioprotective role of fractalkine neutralization in heart failure and
what are the mechanisms responsible?

What is the main finding and its importance?

The concentration of fractalkine is increased in the left ventricle of mice with
myocardial infarction, similar to the increases in plasma from heart failure
patients. The present study shows a clear beneficial effect of neutralizing
fractalkine in a model of myocardial infarction, which results in increased
survival. Such an approach may be worthwhile in human patients.
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Figure 1. Effect of myocardial infarction (M) on fractalkine (FKN) expression in the heart
A, representative immunohistochemistry staining of FKN. Scale bar is 100 um. B,

quantitative analysis of FKN in left ventricle samples by enzyme-linked immunosorbent
assay. Data are presented as nanograms of FKN per milligram of protein. n = 3 per group.
***pP < (0.005 versus respective sham-operated control mice. Abbreviations: EP4-KO,
cardiac myocyte-selective deficiency of prostaglandin E, EP4 receptor subtype; and WT,
wild-type.
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Figure 2. Kaplan—Meier curves demonstrating increased survival after M1 in both wild-type
(WT; left panel) and prostaglandin E; EP4 receptor subtype-deficient (EP4-KO) mice (right
panel) treated with anti-FKN compared with 1gG-treated control mice

Differences in survival between MI mice treated with anti-FKN versus 1gG-treated control
MI mice were tested with the log-rank test. P < 0.05 for both strains. The number of mice in
each group is given as (number surviving/total number of mice) after the group description.
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Figure 3. Effect of anti-FKN treatment on left ventricle ejection fraction (LVEF) and systolic
dimension (LVDs) in WT and EP4-KO mice 2 weeks post-MI

A, representative M-mode echocardiograms. B, quantitative analysis of LVEF in WT and
EP4-KO mice. C, quantitative analysis of LVDs in WT mice. n = 5-9 per group. ***P <
0.005 versus IgG-treated sham-operated mice; TP < 0.01 and TTTP < 0.005 versus 1gG-
treated MI mice.
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Figure 4. Effect of anti-FKN treatment on infarct size in WT mice 2 weeks post-Ml
A, representative trichrome staining, showing infarcted portion of the LV. Scale bar is 500

pum. B, quantitative analysis of infarct size. n = 6-9 per group. ***P < 0.005 versus Ml
group treated with IgG.
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Figure 5. Effect of anti-FKN treatment on myocyte cross-sectional area (MCSA) and interstitial
collagen fraction (ICF) in WT mice 2 weeks post-MI

A, representative images of myocyte size and interstitial collage deposition. Scale bar is 100
um. Quantitative analysis of MCSA (B) and ICF (C). n = 5-9 per group. ***P < 0.005
versus 1gG-treated sham-operated mice; TP < 0.01 and TP < 0.005 versus M1 group
treated with 1gG.
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Figure 6. Effect of anti-FKN treatment on macrophage infiltration in WT mice 2 weeks post-Ml
A, representative immunohistochemical staining showing infiltrated macrophages (CD68*

cells, purple colour) in the left ventricle. Scale bar is 100 pm. B, quantitative analysis of
macrophage infiltration. n = 4-9 per group. ***P < 0.005 versus 1gG-treated sham-operated
mice; TP < 0.05 versus MI group treated with 1gG.
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Figure 7. Effect of anti-FKN treatment on apoptosis in WT mice 2 weeks post-M|
A, representative images of TUNEL staining for apoptosis (bright green spots) in the left

ventricle. Scale bar is 200 um. B, quantitative analysis of apoptotic index. n = 3 per group.
***P < 0,005 versus |gG-treated sham-operated mice; TTP < 0.01 versus M1 group treated
with 1gG.
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Figure 8. In situ zymography, showing gelatinase activity (green fluorescence) in the left
ventricle

The MI + EDTA slide is a control indicating suppression of the fluorescence (inhibiting
gelatinase activity) with EDTA. Scale bar is 200 pm. Images are representative of three
different animals. Bar graph shows quantification of gelatinase activity expressed as the
percentage area after threshold with n = 3 mice.
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Figure 9. Effect of FKN on adult cardiac fibroblast proliferation
Adult cardiac fibroblasts at passage 3 were treated with the stated concentrations of FKN for

24 h in serum-free media, and proliferation was assessed by the MTT assay with absorbance
measured at 550 nm. Histogram shows FKN concentration in nanograms per millilitre on the
x-axis, and the y-axis is percentage of control, with the absorbance values in vehicle-treated
cells set at 100%. n = 5 separate fibroblast preparations. *P < 0.05 and ***P < 0.005
compared with vehicle control.
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Figure 10. Samples of left ventricle were examined for p38 mitogen-activated protein kinase
(MAPK; left panels) and extracellular signal-related kinase 1/2 (ERK1/2; right panels) by
Western blotting

Representative Western blots for WT mice are shown in the upper part of the figure and
quantitative data are shown in the bar graphs below. Phosphorylated p38 and ERK1/2 and
are corrected to total p38 and ERK1/2, respectively. *P < 0.05 and **P < 0.01 versus IgG-
treated sham-operated mice; TP < 0.05 versus M1 mice treated with 1gG. n = 3 for each

group.
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Table 1

Echocardiography data of wild-type mice treated with anti-fractalkine

Page 24

Parameter

Sham + 1gG (n = 8)

Sham + anti-FKN (n=6) MI+1gG(n=7)

MI + anti-FKN (n=7)

HR (beats min~t)
BW (g)

LVEF (%)
LVDd (mm)
LVDs (mm)
PWTd (mm)
LVAs (mm?2)
LVAd (mm?)

SF (%)

691 +21
30917
80.40+2.8

2.75+0.09
1.26 +0.09
0.99 +0.08
0.90+0.16
4.64 £0.59

54.17+£2.70

712+ 14
27.8+0.8
79.40 + 3.9
2.80+0.12
1.10+0.11
0.90 £ 0.04
0.90 +0.22
41+0.25

59.1+4.18

708 +8
29.7+£0.7

37.44£43"
503+0.31°"
430+ 0447
0.76 £ 0.04”
9.68+1.97
14.66 + 2.44™"

19.04 + 474"

675+ 29
31.3+£0.8

57.23+6.97T
3.74+035T
2.48 +0.447
0.95 +0.07
427 +1.187
8.75+151

33.66 + 6.29

Abbreviations: BW, body weight; FKN, fractalkine; HR, heart rate; LVAd, left ventricular area at diastole; LVAs, left ventricular area at systole;
LVDd, left ventricular dimension at diastole; LVDs, left ventricular dimension at systole; LVEF, left ventricular ejection fraction; MI, myocardial
infarction; PWTd, posterior wall thickness at diastole; and SF, shortening fraction.

*
P <0.05,

*:

*
P <0.01 and

Fk

TP <0.05and

Tt

P < 0.005 versus sham Ml;

P <0.01 versus Ml + IgG.
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