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BACKGROUND AND PURPOSE

An appropriate inflammatory response is necessary for cardiac healing after acute myocardial infarction (MI). Resolvin E1 (RvE1) is
an anti-inflammatory and pro-resolution lipid mediator derived from eicosapentaenoic acid. Here we have investigated the effects
of RVE1 on the recovery of cardiac function after Ml in mice.

EXPERIMENTAL APPROACH

Acute Ml was induced by surgical ligation of the left anterior descending artery in male C57BL/6 mice. RvE1 (5 ng-g~'-day';i.p.)
was given to mice at different times following MI. Cardiac function was monitored by transthoracic echocardiography at days 3, 7
and 14 after MI. Effects of RVE1 on the migration of subpopulations of monocytes/macrophages (Mos/Mps, Ly6C" and Ly6C'*%)
were examined by flow cytometry and transwell assay.

KEY RESULTS

RVET administration from days 1 to 7 post-Ml improved cardiac function, whereas treatment from days 7 to 14 markedly inhibited
recovery of cardiac function. Early treatment with RVET post-MI suppressed the infiltration of dominant Ly6C™ Mos/Mps and
secretion of pro-inflammatory cytokines in injured hearts, which protected cardiomyocytes against apoptosis in the peri-infarct
zones. Contrastingly, treatment with RVE1 1 week after MI decreased infiltration of Ly6C'® Mos/Mps and expression of pro-
angiogenic factors in cardiac tissue, consequently reducing neovascularization in the peri-infarct zones. Additionally, RvE1
inhibited Mp migration by activating ChemR23 receptors.

CONCLUSION AND IMPLICATIONS
Treatment with RvE1 during the initial 7 days after Ml facilitated cardiac healing by suppressing pro-inflammatory cytokine se-
cretion, indicating that RvET may serve as an early therapeutic agent for acute MI.

LINKED ARTICLES

This article is part of a themed section on Spotlight on Small Molecules in Cardiovascular Diseases. To view the other articles in this
section visit http://onlinelibrary.wiley.com/doi/10.1111/bph.v175.8/issuetoc

Abbreviations
EF, ejection fraction; MI, myocardial infarction; Mos/Mps, monocytes/macrophages; PMNs, polymorphonuclear leukocytes

© 2017 The British Pharmacological Society DOI:10.1111/bph.14041


http://orcid.org/0000-0003-3242-8717
http://onlinelibrary.wiley.com/doi/10.1111/bph.v175.8/issuetoc

m G Liu et al.

Introduction

Myocardial infarction (MI) leads to an acute inflammatory re-
sponse, which is important for debris clearance, tissue repair
and regeneration (Aurora et al., 2014; Frantz and Nahrendorf,
2014). As early as 30 min after coronary artery ligation, neu-
trophils are recruited to the infarcted myocardium in re-
sponse to chemokines and cytokines produced by apoptotic
cardiomyocytes, followed by monocytes/macrophages
(Mos/Mps) shortly thereafter. The number of neutrophils
peaks 24 h after MI, whereas that of Mos/Mps peaks approxi-
mately 3 days after MI and drops to normal after 16 days. In
addition, activated Mos/Mps, which participate in phagocy-
tosis and the clearance of necrotic debris, release several
pro-inflammatory cytokines, such as TNFe, IL-1p and IL-6
(Maruotti et al., 2013). Following the acute inflammatory re-
sponse, the infarcted myocardium is subjected to structural
remodelling processes, including collagen deposition, angio-
genesis and scar formation (Hofmann and Frantz, 2015).
Mos/Mps and cardiac fibroblasts secrete large amounts of
anti-inflammatory cytokines, such as IL-10 and TGEF-§, to
promote the resolution of inflammation and angiogenic re-
sponses by releasing VEGF (Jeon et al., 2007). Thus,
Mos/Mps serve as central cellular protagonists for cardiac re-
pair after ischaemia and may be potential therapeutic targets
for acute MI.

Two major subpopulations of Mos/Mps (Ly6C™ and
Ly6C'°") have been defined on the basis of their differential ex-
pression of Ly6C antigen: Ly6Chi Mos/Mps are classically acti-
vated and pro-inflammatory to clear injured tissue, while
Ly6C'®" Mos/Mps are alternatively activated to regulate regen-
erative responses (Nahrendotrf et al., 2007). The pathogenesis of
various inflammatory diseases, such as atherosclerosis (Brown
etal., 2012), mammary cancer (Movahedi et al., 2010), brain is-
chaemia (Garcia-Bonilla et al., 2016; Miro-Mur et al., 2016),
liver injury and fibrosis (Tacke and Zimmermann, 2014) and
skeletal muscle repair after acute damage (Kharraz et al.,
2013), are frequently associated with spatiotemporal dysregula-
tion of Ly6C™ and Ly6C'®" Mos/Mps. It has been reported that
treatment with bone morphogenetic protein-7 mitigates ath-
erosclerosis by enhancing Mo/Mp differentiation toward
Ly6C'®" cells in ApoE '~ mice (Singla et al., 2016). Thus,
targeting certain Mo/Mp populations may represent a useful
therapeutic strategy for inflammatory diseases.

Anti-inflammatory and pro-resolution lipid mediators,
such as lipoxins, resolvins (Rvs), protectins and maresins,
are produced upon the trafficking of neutrophils-monocytes
and the interactions with neutrophils, platelets and macro-
phages in inflamed tissues (Serhan, 2017). Unlike most
known lipid mediators (such as prostaglandins, leukotrienes
and oxygenated eicosanoids), which are strongly pro-
inflammatory, resolvins and protectins showed a remarkable
resolving potency when tested in animal models of inflam-
matory diseases. Their biological functions include limiting
neutrophil recruitment, as well as Mp reprogramming, and
promoting the resolution of acute inflammation (Serhan,
2014). Rvs are biosynthesized from o-3 polyunsaturated fatty
acids, including eicosapentaenoic acid (EPA) and
docosahexaenoic acid, and are denoted as E-series (RvE) and
D-series resolvins respectively (Serhan et al., 2002). RvE1 is
derived from EPAvia aspirin-acetylated COX-2 in endothelial
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cells to produce and release 18R-hydroxy-57,87,117,14Z,16E-
EPA (18R-HEPE) and is subsequently converted by 5-
lipoxygenase (5-LOX) during the interaction of leukocytes
and endothelial cells or through a COX-independent path-
way involving cytochrome P450 and 5-LOX (Arita et al.,
2005). We previously reported that a combination of fish oil
and aspirin synergistically inhibited injury-induced neointi-
mal hyperplasia and reduced inflammatory reactions by in-
creasing RvE1l levels in plasma (Gong et al., 2015). In the
present study, we investigated the effect of RvE1 on cardiac
healing at different stages after MI in mice.

Methods
Mouse model of MI

All animal care and experimental procedures complied with
the guidelines of and were approved by the Animal Care
and Use Committee of the Institute for Nutritional Sciences
(Chinese Academy of Sciences, Beijing, China). Animal stud-
ies are reported in compliance with the ARRIVE guidelines
(Kilkenny et al., 2010; McGrath and Lilley, 2015).

A total of 285 adult C57BL/6 genetic background male
mice (aged 8-10 weeks, 23 + 2 g) were purchased from
Shanghai Laboratory Animal Center (Shanghai, China) and
were randomized to receive treatment. Mice were housed in
a temperature/humidity controlled environment (22 + 1°C,
60-70% relative humidity) in individual cages (<5 mice per
cage, with wood shaving bedding and nesting material), with
a 12:12 h light-dark cycle and were provided with rodent
chow (Slacom, Shanghai, China) and tap water ad libitum.
Mice were allowed to acclimatize to their housing environ-
ment for at least 7 days before experimentation and to the ex-
perimental room for 2 h before experiments. The number of
mice was not predetermined by a statistical method, and no
mice were excluded from statistical analysis. Drug treatment
experiments were conducted in a blinded fashion.

All the mice were subjected to permanent left anterior de-
scending artery (LAD) ligation as described previously (Kong
etal., 2016). In brief, the mice were lightly anaesthetised with
3.0-4.0% isoflurane gas in an induction chamber and were
then fully anaesthetised with 1.0-1.5% isoflurane gas using
an intubation tube before being mechanically ventilated
with a rodent respirator. Subsequently, the chest cavity was
opened to expose the heart and a 6-0 silk suture was used
for permanent ligation of the LAD. The suture was passed ap-
proximately 2-3 mm below the tip of the left auricle. Com-
plete vessel occlusion was confirmed by the presence of
myocardial blanching in the perfusion bed. The thorax was
closed with a 5-0 silk suture. Mice that died within 24 h of
the surgery were excluded from analysis. Sham-operated ani-
mals underwent the same procedure without coronary artery
ligation. At the indicated time points, the mice were killed by
inhalation of carbon dioxide, followed by cervical dislocation
as a secondary measure, and the hearts were extracted for fur-
ther analysis.

RvE1
RvE1 (58,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-EPA, pu-
rity, 98%, Amax, 272 nm) and dS5-RvEl (purity, 98%) were
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synthesized by Wuxi AppTech (Tianjin, China) as previously
described (Ogawa and Kobayashi, 2009). Mice were treated
with RvE1 (5 ng-g '-day !, i.p.) at the indicated time points
after LAD ligation.

Transthoracic echocardiography

Cardiac function was evaluated using a Vevo2100 Ultrasound
system (VisualSonics, Toronto, Canada) at different time
points after the surgery. The investigator was blinded to group
assignment. Mice were first anaesthetised via 1% isoflurane
and moved to a warming plate that maintained core body
temperature. Mice were then evaluated under light anaesthe-
sia (0.5% isoflurane). Two-dimensional parasternal long axis
views of the left ventricle were obtained. The left ventricle in-
ternal diameters at end-diastole and end-systole, as well as
the interventricular septal wall and posterior wall thick-
nesses, were measured by M-mode tracing.

Measurement of myocardial infarct size

Infarct size was determined as previously described (Yan et al.,
2013). Briefly, 0.2 mL of 2% Evans blue dye was injected into
the tail vein in mice, and then the hearts of the mice were col-
lected, frozen at —30°C, cut transversely into 1-mm-thick
slices using a Mouse Heart Slicer Matrix (Leica Biosystems,
Wetzlar, Germany) and stained with 1.5% triphenyltetrazo-
lium chloride in PBS (pH 7.4) for 15 min in a 37°C water bath.
Each slice was weighed and photographed after fixation in
4% neutral-buffered formaldehyde for 4-6 h. Infarct size
was measured and calculated using Image]J software (National
Institutes of Health, USA).

Immunofluorescence staining and TUNEL
assay

Immunostaining was performed according to a reported pro-
tocol (Troidl et al., 2009). Frozen tissue sections were fixed in
cold acetone, washed with PBS and incubated in a mixture of
Tris-buffered saline and Tween® 20 containing 3% BSA for
30 min at room temperature to prevent non-specific binding
of antibodies. Tissue slides were then incubated with the fol-
lowing primary antibodies: anti-CD68 (1:200; AbD Serotec,
Kidlington, UK), anti-CD11b (1:200; BD Biosciences,
San Jose, CA, USA) or anti-CD31 (1:200; BD Biosciences,
San Diego, CA, USA) antibody at 4°C overnight. The slides
were then washed with PBS three times before incubation
with Alexa Fluor®-conjugated secondary antibodies (1:1000;
Invitrogen, Carlsbad, CA, USA) for 2 h at room temperature.
ProLong® Gold antifade reagent with 4/,6-diamidino-2-
phenylindole (Invitrogen) was applied to counterstain the
slides. The slides were then mounted, and the stained sections
were visualized under a laser scanning confocal microscope
(Carl Zeiss, Oberkochen, Germany) and analysed using
Image-Pro Plus software (version 6.0; Media Cybernetics,
Rockville, MD, USA). At least three different heart sections
were obtained from each mouse, and more than six random
images of at-risk areas were taken of each section. For the
TUNEL assay, cardiac tissues from mice that were adminis-
tered PBS or RvE1 were embedded in optimal cutting temper-
ature (OCT) compound, frozen and cut into 8-pm-thick
sections. The frozen sections were stained using a TUNEL
fluorescence In Situ Apoptosis Detection kit (Yeasen,

Shanghai, China), according to the manufacturer’s
instructions.

RT-PCR

Total RNA was extracted from the heart tissues using TRIzol
reagent (Invitrogen) and an RNA isolation kit (RNeasy Mini
kit; QIAGEN, Valencia, CA, USA), according to the manufac-
turers’ instructions, followed by quantitation with a
NanoDrop 2000 spectrophotometer (Thermo Scientific,
Waltham, MA, USA). RNA (1.0 pg) was subsequently reverse
transcribed into cDNA using Reverse Transcription Reagent
kits (Takara, Otsu, Shiga, Japan). RT-PCR was performed using
a CFX96™ Real-Time System (Bio-Rad, Hercules, CA, USA)
and iQ™ SYBR® Green Supermix (Applied Biosystems, Foster
City, CA, USA) according to the manufacturers’ instructions.
Raw data were normalized to the internal control, GAPDH,
and analysed using the AACT method. Each sample was
analysed in triplicate and normalized to a reference RNA.
PCR products were confirmed by a single band of the
expected size on 2% agarose gels. All of the primers used for
RT-PCR are shown in Supporting Information Table S1.

Isolation of peritoneal macrophages

Peritoneal macrophages were induced by an i.p. injection of
3% Brewer’s thioglycollate 3 days before collection, as de-
scribed previously (Yu et al., 2006). Next, 10 mL of cold, ster-
ile PBS was injected into the peritoneal cavity. The
macrophages were then collected and seeded into 60 mm
dishes. The cells (1-2.5 x 107) were allowed to adhere for 2 h
in RPMI-1640 medium supplemented with 10% FBS
(HyClone, Logan, UT, USA) and 1% penicillin-streptomycin
solution (Sigma-Aldrich, St. Louis, MO, USA) at 37°C in a hu-
midified atmosphere containing 5% CO,. The dishes were
washed with fresh PBS before use to remove non-adherent
cells. The adherent macrophages were used in various assays
described below.

Isolation of neonatal mouse cardiac fibroblasts
Neonatal mouse cardiac fibroblasts were prepared as previ-
ously described (Wang et al., 2015). Briefly, neonatal mouse
ventricles (from 20 to 30 hearts) were harvested into a
60 mm dish with ice-cold PBS and trimmed to remove fat tis-
sue. The hearts were cut into small pieces and transferred into
a 50 mL conical tube with 0.05% trypsin—-EDTA and incu-
bated at 37°C for 15 min. Type II collagenase buffer (0.5-
mg-mL~"! in HBSS, Sigma-Aldrich) was then added and the
tube was incubated for 10-15 min. The tissue suspension
was collected and passed through a 40 pm cell strainer. After
centrifugation, the cells were resuspended in DMEM supple-
mented  with 10%  FBS (HyClone) and 1%
penicillin-streptomycin solution (Sigma-Aldrich). Thy1.2" fi-
broblasts were isolated by magnetic-activated cell sorting
(Miltenyi Biotec GmbH, Bergisch Gladbach, Germany).

RNA interference

Cultured peritoneal macrophages were transfected with
siRNA for mouse leukotriene B, BLTjreceptor, for the
chemerin receptor 23 (ChemR23) or scrambled siRNA
(100 nM, GenePharma, Shanghai, China) using RNAiFect
Transfection Reagent (QIAGEN, Crawley, UK) according to
the manufacturer’s instructions. The siRNAs were designed
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to target 21 nucleotide sequences. Control siRNAs were
scrambled derivatives of the BLT1 and ChemR23 siRNA se-
quences. One microgram of siRNA and RNAiFect transfection
reagent were mixed and incubated for 20 min at room tem-
perature to allow the transfection complexes to form before
delivery to the cells. Knockdown efficiency was assessed by
RT-PCR 48 h later.

Flow cytometric analysis

Flow cytometric analysis was performed as previously de-
scribed (Kong et al., 2016). The infarcted hearts were tritu-
rated and digested at 37°C for 1.5 h in PBS (2 ml),
containing type II collagenase (1.5 mg-mL~', Worthington
Biochemical Corporation, Lakewood, NJ, USA), elastase
(0.25 mg-mL "', Worthington Biochemical Corporation) and
DNase I (0.5 mg-mL~!, Worthington Biochemical Corpora-
tion) to isolate the macrophages. After digestion, the tissues
were passed through a 70 pm cell strainer, and leukocyte-
enriched fractions were isolated with 37-70% Percoll®
(Biosharp, Hefei, China) by density gradient centrifugation.
Next, the cells were collected from the interface and washed
with RPMI-1640 medium. The cells were then incubated with
the following antibodies: CD45-PE (BD Biosciences, San
Diego), CD11b-FITC (Miltenyi Biotec, Bergisch Gladbach,
Germany), F4/80-BV421 (Brilliant Violet 421; BioLegend,
San Diego, CA, USA), Ly-6G-APC (BD Biosciences, San Diego)
and Ly6C-PE-cy7 (BD Biosciences) at 4°C for 30 min. Flow
cytometric analysis and sorting were performed using a
FACSAria™ flow cytometer (BD Biosciences, San Jose, USA),
and the data obtained were analysed with FlowJo 7.6.1 soft-
ware (Tree Star Inc., Ashland, OR, USA).

Adoptive transfer of monocytes

The adoptive transfer assay was performed as previously de-
scribed (Hilgendorf et al., 2014). Bone marrow cells from
CD45.1" WT mice were harvested, counted and then incu-
bated at 4°C for 30 min in the dark with the following
fluorophore-conjugated antibodies: CD11b-PE, Ly6G-APC-
cy7 and Ly6C-PE-cy7 (BD Pharmingen’, San Diego, CA,
USA). The cells were then purified by high-speed cell sorting
with the flow cytometer. Next, CDllb*Ly6G7Ly6Chi Mos
(1.0 x 10°) were injected through the tail vein into congenic
CD45.2" mice treated with PBS or RvE1 at 7 days after the in-
duction of MI. The mice were killed 3 days after the adoptive
transfer was initiated. Mos/Mps were isolated from the in-
farcted hearts and analysed by flow cytometry using
CD45.1-FITC, CD45.2-APC, F4/80-BV421 and Ly6C-PE-cy7
antibodies (BD Pharmingen”), which were allowed to bind
at 4°C for 30 min. Flow cytometric analysis was performed
as described in the preceding section.

Transwell assay

The transwell assay was performed as previously described
(Ancuta et al., 2003; Lee et al., 2015). In brief, HUVECs (Cell
Resource Center of Shanghai Institutes for Biological Sci-
ences, Chinese Academy of Sciences) were cultured on filters
(6.5 mm diameter and 8 um pore size; Corning Costar,
Corning, NY, USA) at 2 x 10° cells per well in RPMI-1640 me-
dium (Invitrogen) supplemented with 10% FBS (HyClone)
and maintained at 37°C in a humidified atmosphere contain-
ing 5% CO, for 24 h. Peritoneal macrophage polarization was
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subsequently induced with LPS (1 pg-mL™'; Sigma-Aldrich,
St. Louis, MO, USA) or IL-4 (20 ng-mL’l; PeproTech, Rocky
Hill, NJ, USA) for 12 h. Next, Mps (1 x 106), pretreated with
methanol or RvE1 (100 nM), were seeded into the top
chamber. Culture medium containing the chemokine CCL2
(20 ng~mL’1, PeproTech) or the chemokine CXCL3
(20ng-mL~", PeproTech) was added to the lower chamber.
For Mp and cardiac fibroblast co-culture experiments, Mps
(1 x 10°) were seeded onto the upper wells without serum,
and cardiac fibroblasts (5.0 x 10%), pretreated with RvE1
(100 nM) or methanol, were seeded into the lower wells. After
incubation for 4 or 12 h, non-migrating Mps were removed
from the upper surfaces of the filters, and the cells on the un-
derside were counted using a microscope at 100x magnifica-
tion. The migration rate was calculated as the ratio of the
number of migrated cells to the total number of cells. Each ex-
periment was performed in triplicate.

Data and statistical analysis

The data and statistical analysis in this study comply with the
recommendations on experimental design and analysis in
pharmacology (Curtis et al., 2015). Data were expressed as
means + SEM. Data were analysed using GraphPad Prism 5.0
software (GraphPad Software, Inc., San Diego, CA, USA),
using either Student’s unpaired t-tests, Mann-Whitney
U-tests or one-way ANOVA, followed by Bonferroni post hoc
tests where appropriate. Differences were considered statisti-
cally significant when P < 0.05.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the TUPHAR/BPS Guide to PHARMACOLOGY (Southan
et al., 2016), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2015/16 (Alexander et al.,
2015a,b,c¢).

Results

Early treatment (initial 7 days) with RvE1
accelerates cardiac recovery, while late
treatment (after 7 days) with RvE1 delays
cardiac healing after MI

To fully evaluate the effect of RvE1 on cardiac healing post-
MI, RvE1 (5 ng-g~'-day ') was injected i.p. in mice over differ-
ent periods after LAD ligation. Cardiac function (ejection
fraction, EF) was markedly improved at days 3 and 7 after
MI in the mice that received RvE1 compared to that in the
control mice. However, EF declined at day 14 after MI
(Figure 1A; Supporting Information Table S2), indicating that
RvEl has a cardioprotective effect early after MI, but not at
later stages. Indeed, RvE1 administered during the first 3 days
[RVE1 (1-3)] and during the first week [RvVE1l (1-7)]
(Figure 1B, C; Supporting Information Table S2) after the MI
significantly enhanced cardiac recovery in mice. Moreover,
administration of RvE1 at day 3 to day 14 [RvE1 (3-14)] after
the MI induction increased cardiac output at day 7 but re-
duced cardiac function at day 14 (Figure 1D; Supporting
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Figure 1

Effect of RVET treatment during different periods on cardiac function
in mice after acute MI. Acute Ml was induced by surgical ligation of
the LAD coronary artery in mice. RvE1 (5 ng-g~'-day ') was injected
i.p. from days 1to 14 (A), days 1 to 3 (B), days 1 to 7 (C), days 3 to 14
(D) and days 7 to 14 (E) after LAD ligation (indicated with horizontal
red bars on each plot). Heart function was evaluated by echocardi-
ography as indicated. LVEF, left ventricular ejection fraction. Results
are from experiments on two separate occasions. *P < 0.05, signifi-
cantly different from corresponding PBS value. (A) PBS, n=9; RvE1,
n=14. (B) PBS, n=8; RvE1, n=8. (C) PBS, n=8; RvE1l, n=10. (D)
PBS, n=8; RvE1, n=10. (E) PBS, n=9; RvE1, n=8.

Information Table S2). Furthermore, treatment with RvE1
that was started at day 7 [RvE1 (7-14)] after MI dramatically
delayed cardiac recovery compared with that of PBS-treated
mice (Figure 1E; Supporting Information Table S2). Taken to-
gether, the results show that early treatment with RvE1 facili-
tates cardiac recovery after MI, whereas late treatment
impedes cardiac healing.

Early treatment with RvE1 reduces infarct size
through the inhibition of inflammatory cell
recruitment and cardiomyocyte apoptosis

We found that infarct size after MI significantly decreased in
the RvE1 (1-7) treatment group, compared with that in the
PBS treatment group (Figure 2A, B). A compensatory myocar-
dial hypertrophy always occurs post-MI, which can be
assessed by an increase in heart weight to body weight
(HW/BW) ratio (Vlasov and Volkov, 2004). The HW/BW ratio
after treatment with RvE1 within the first 7 days following MI
[RVE1 (1-7)] was much lower than that in the mice treated
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Figure 2

RVE1 treatment from days 1 to 7 improves cardiac recovery after Ml
in mice. (A) Representative images of tetrazolium chloride (TTC)
stained heart sections (2 weeks post-MI) from RvE1-treated (days
1-7) mice. The dotted line denotes the infarct zone. Scale bar,
10 mm. (B) Infarct sizes were quantified and plotted. *P < 0.05, sig-
nificantly different from corresponding PBS value; PBS, n = 7; RVET,
n = 7). (C) Ratio of heart weight to body weight (HW/BW) of mice
was measured 2 weeks after MI. *P < 0.05. significantly different
from corresponding PBS value; PBS, n=9; RvE1, n = 14). (D) Repre-
sentative CD11b* and CD68" inflammatory cell staining images of
infarcted hearts from PBS- and RvE1-treated (days 1-7) mice, at 3-
days post-MI. Scale bar, 50 um. (E) Quantification of CD11b" and
CD68" inflammatory cells from D. *P < 0.05, significantly different
from corresponding PBS value; CD11b: PBS, n = 9; RvEl, n = §;
CD68: PBS, n=9; RVE1, n=10). (F) Representative TUNEL staining
of cardiomyocytes from PBS- and RvE1-treated (days 1-7) mice at 3-
days post-MI. Scale bar, 100 um. (G) Quantification of TUNEL*
cardiomyocytes from F. *P < 0.05, significantly different from corre-
sponding PBS value; PBS, n = 6; RvE1, n = 8). (H) Representative
CD31 staining in hearts from PBS- and RvE1-treated (days 1-7) mice
at 14 days post-Ml. Scale bar, 100 pm. (I) Quantification of CD31"
cells from H (PBS, n= 6; RvE1, n=6).

with PBS at 14 days post-MI (Figure 2C). These findings sug-
gest that treatment with RvE1 at an early stage (1-7 days) af-
ter MI exerts a protective effect against heart failure. The
neutrophils (CD11b") and Mps (CD68™) at day 3 after MI,
but not at day 14, were markedly reduced in number in the
infarcted hearts (Figure 2D, E; Supporting Information

British Journal of Pharmacology (2018) 175 1205-1216 1209



m G Liu et al.

Figure S1A, B), indicating that the acute inflammatory re-
sponse to ischaemia was suppressed by RvE1. Furthermore,
a decrease in TUNEL-positive cardiomyocytes in the RvE1l
(1-7) group was observed (Figure 2F, G), suggesting that
RvE1 protects the myocardium from apoptotic injury after
MI in mice. However, the number of CD31" endothelial cells
in the peri-infarct zones, which is an indicator of angiogene-
sis (Zhong et al., 2014), was not significantly altered in re-
sponse to the RvEl treatment from days 1 to 7 after MI
(Figure 2H, I).

RvE1 suppresses the exfression of
pro-inflammatory cytokines by inhibiting
Ly6C™ Mos/Mps recruitment

We examined the mRNA levels of IL-4, IL-6, TNF-a and IFN-y
in the areas at risk in the heart tissues. The expression levels
of the four pro-inflammatory cytokines were significantly
lower in the RVE1 treatment group [RVE1 (1-7)] compared
to the levels in the PBS treatment group at day 3 after MI
(Figure 3A). Moreover, the mRNA levels of IL-6 and TNF-a
were reduced by RvE1 treatment on day 7 after MI (Figure 3
B). However, the expression of factors involved in repair and
healing, such as VEGFs and TGF-8, was not markedly changed
in the infarcted hearts by early treatment with RvE1 (Figure 3
C). Infiltrating Ly6C™ and Ly6C'®" Mos/Mps play an impor-
tant role in cardiac repair after ischaemia. Therefore, we ex-
amined the influence of RvEl on Ly6C™ and Ly6C'"
Mo/Mp recruitment in hearts after the LAD ligation
(Figure 3D). The total number of infiltrating Mos/Mps gradu-
ally increased in the first 3 days after MI, which was markedly
suppressed by RvEl treatment (Figure 3E). Indeed, both
Ly6C™ (Figure 3F) and Ly6C'™ Mos/Mps (Figure 3G) re-
cruited into hearts were suppressed in the RvE1l treatment
group during the acute phase after MI (days 1-3), despite
Ly6Chi Mos/Mps dominating in the first 3 days. These results
indicate that RvE1 inhibits the acute inflammatory responses
after MI, mainly by reducing Mo/Mp infiltration and pro-
inflammatory cytokine secretion.

Late treatment with RvE1 impairs post-MI
recovery by reducing infiltration of Ly6C'"%
Mo/Mp involved in repair

Treatment with RvE1 from days 7 to 14 after MI [RVE1(7-14)]
led to the formation of a larger infarct than that without treat-
ment (Figure 4A, B), suggesting that late-stage RvEl treat-
ment post-MI resulted in adverse left ventricular
remodelling. The HW/BW ratio was also higher in the RvE1
(7-14) group than in the control group (Figure 4C). These
findings suggest that the treatment with RvE1l from days 7
to 14 after LAD ligation impaired heart function in the mice.
The immunostaining study showed that Mos/Mps infiltra-
tion at day 14 post-MI was also decreased in the RvE1 (7-14)
group (Figure 4D, E). Interestingly, the number of CD31* en-
dothelial cells in the peri-infarct zones was significantly re-
duced in response to RvE1 treatment from days 7 to 14 after
MI (Figure 4F, G). Taken together, the results show that ad-
ministration of RvE1 at the late stage delayed cardiac repair
and healing, possibly via suppression of neovascularization
in the peri-infarct zones of the injured hearts.
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Next, we examined the expression of proangiogenic fac-
tors in the injured hearts. RvE1(given from days 7-14) re-
duced the expression of proangiogenic factors, such as
VEGF-A, VEGF-B, VEGF-C and TGF-B in the peri-infarct zones
of the hearts (Figure 5A). During the recovery stage after MI,
infiltrating Ly6C'®" Mos/Mps are a major source of secreted
pro-angiogenic factors (Nahrendotf et al., 2007). Indeed, the
RvEl treatment that was started at day 7 reduced total
Mo/Mp infiltration in the injured hearts (Figure 5B). Notably,
the dominant (>70%) Mos/Mps (Ly6C'°"), which had infil-
trated the hearts at days 8 and 10 after MI, were markedly sup-
pressed by the RvE1 treatment starting from day 7 post-MI
(Figure 5C, D). Moreover, down-regulation of mRNA levels
of VEGF, TGFp, FGF and HGF was observed in sorted
Mos/Mps from injured hearts in the RvEl-treated mice
(Figure SE).

Ly6C'" Mos/Mps recruited into infarcted hearts may
originate from either circulating Mo subsets or local Ly6Chi
Mo differentiation (Hilgendorf et al., 2014). Therefore, we
examined the effect of the RvE1 treatment on Ly6C™ Mo
transformation in the infarcted hearts, using an adoptive
transfer assay. Ly6C™ Mos were sorted from CD45.1* mice
and injected into congenic CD45.2* mice after LAD
ligation (Figure 6A). CD45.1% Mos/Mps were sorted from
the infarcted hearts 3 days after the adoptive transfer for
differentiation analysis (Figure 6B). Indeed, the total infil-
trated CD45.1" Mos were significantly reduced by the
RvE1 treatment (Figure 6C), whereas the Ly6C'" Mos dif-
ferentiated from CD45.1% Ly6C™ Mos were not notably af-
fected (Figure 6D). Collectively, RvE1 treatment reduced
proangiogenic factors secretion by inhibiting recruitment
of Ly6C'®" Mo/Mp which involved in repair, to the in-
farcted hearts.

RVE1 inhibits the migration of Mps through
ChemR23 receptors

Functionally, Ly6C™and Ly6C'®" Mps are similar to M1- and
M2-type Mps in the context of inflammation (Nahrendorf
and Swirski, 2013). Mps can be differentiated in vitro toward
M1 and M2 polarization by LPS and IL-4 respectively. We
monitored migration capacities of RvEl-treated M1- and
M2-type Mps in response to the chemotactic factors CCL2
and CXCL3. Consistent with the observations in the in-
farcted hearts, we noted that RvE1 inhibited the migrations
of both M1- and M2-type Mps (Figure 7A). RvE1 can bind to
two different receptors: BLT; and the chemerin receptor
ChemR23. As previously described (Arita et al., 2007),
ChemR23, but not BLT; receptors, were abundantly
expressed in Mps (Figure 7B), and ChemR23 receptor expres-
sion was down-regulated in Mps by LPS stimulation
(Supporting Information Figure S2A, B). Accordingly, knock-
down of ChemR23, but not of BLT; receptors (Figure 7C),
abolished the suppressed migration of RvE1l-treated Mps in
response to both MCP-1 and CXCL3 (Figure 7D). Cardiac fi-
broblasts play an important role in cardiac inflammation
and repair after MI (Shinde and Frangogiannis, 2014). Expres-
sion of both ChemR23 and BLT; receptors was relatively low
in cardiac fibroblasts (Supporting Information Figure S3A). Si-
lencing of either ChemR23 or BLT; receptors in cardiac fibro-
blasts did not affect Mp migration in the co-culture system
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Figure 3

Early treatment with RvVE1 suppresses pro-inflammatory Ly6Chi monocyte/macrophage (Mo/Mp) recruitment in hearts of mice after MI. (A-B) Ef-
fect of RvET treatment (days 1-7) on expression of pro-inflammatory markers in heart tissues in mice at day 3 (A) or day 7 (B) after Ml. (C) Effect of
RVET treatment (days 1-7) on expression of pro-angiogenic cytokines in hearts of mice at day 14 after MIl. (D) Gating strategy for
CD11b*CD45*Ly6G F4/80*Ly6C" and CD11b*CD45"Ly6G F4/80"Ly6C'*™ Mos/Mps in hearts from RvE1-treated mice after M. (E-G) Effect
of RVET treatment on the recruitment of total Mos/Mps (E), Ly6Ch' (F) and Ly6C'°W (G) Mos/Mps in injured hearts from RvE1-treated mice on
day 1, day 3 and day 14 after MI. All data were from experiments on two separate occasions, *P < 0.05, significantly different from corresponding
PBS value. (A) PBS, n=5; RvE1, n=5. (B) PBS, n=8; RvE1, n=5.(C) PBS, n=5; RvE1, n=5. (E-G) day 1: PBS, n=6; RVE1, n=6; day 3: PBS, n=6;
RVET, n=7; day 14: PBS, n=5; RvEl, n=5.
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Figure 4

RVET infusion from days 7 to 14 impairs cardiac recovery after Ml in
mice. (A) Representative images of tetrazolium chloride (TTC)-
stained heart sections 2 weeks post-MI, from RvE1-treated (days
7-14) mice. The dotted line denotes the infarct zone. Scale bar,
10 mm. (B) Infarct sizes from A were quantitated. *P < 0.05, signifi-
cantly different from corresponding PBS value; PBS, n = 8; RVE1,
n = 8. (C) HW/BW of mice was measured 2 weeks after MI.
*P < 0.05, significantly different from corresponding PBS value;
PBS, n=9; RvE1, n=9. (D) Representative CD68" inflammatory cell
staining images of infarcted hearts from PBS- and RvE1-treated (days
7-14) mice at day 14 after MI. Scale bar, 50 um. (E) Quantification of
CD68" inflammatory cells from D. *P < 0.05, significantly different
from corresponding PBS value; PBS, n=8; RvE1, n=10. (F) Represen-
tative CD31 staining in hearts from PBS- and RvE1-treated (days
7-14) mice at day 14 after MI. Scale bar, 100 pm. (G) Quantification
of CD317 cells from F. *P < 0.05, significantly different from corre-
sponding PBS value; PBS, n=8; RvEl, n=9.

(Supporting Information Figure S3B, C). In addition, RvE1
treatment had no significant influence on matrix protein
and cytokine expression in cardiac fibroblasts (Supporting
Information Figure S3D). Taken together, our data suggest
that RvE1 facilitated cardiac recovery in the early stages by
suppressing the infiltration of dominant Ly6C™ Mos/Mps in
the heart after MI, while late treatment impaired healing by
inhibiting recruitment of Ly6C'®" Mos/Mps which are in-
volved in repair (Figure 7E).

Discussion

The lipid mediator RvE1 exerts clearly beneficial effects by at-
tenuating inflammation in a variety of diseases, including
asthma, colitis, rheumatoid arthritis, atherosclerosis, dry eye
and retinopathy (Lim et al., 2015; Hesselink et al., 2016). In
the present study, we found that RvEl conferred early
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Figure 5

RVET suppresses recruitment of Ly6C™™ Mos/Mps in the infarcted
hearts of mice. (A) Effect of RvET treatment (days 7-14) on expres-
sion of pro-angiogenic cytokines in hearts in mice at day 14 after
MI. *P < 0.05, significantly different from corresponding PBS value;
PBS, n=7; RvE1, n=7). (B-D) Effect of RVE1 treatment starting from
day 7 on the recruitment of total Mos/Mps (B), Ly6Ch' (C), and
Ly6C'" (D) Mos/Mps in injured hearts from mice at days 8 and 10
after M| were quantified and plotted. (E) Effect of RVE1 treatment
starting from day 7 on VEGF, TGF-B, FGF, hepatocyte growth factor
and PDGF mRNA expression in Mos/Mps sorted from hearts of mice
at day 10 after MI. *P < 0.05, significantly different from correspond-
ing PBS value; PBS, n=5; RvE1, n=15). Data are from at least two sep-
arate occasions (B-D). *P < 0.05, significantly different from
corresponding PBS value; day 8: PBS, n = 6; RvE1, n = 6; day 10:
PBS, n=5; RvVET, n=5.

low

cardioprotection after MI by inhibiting recruitment of Ly6C™
Mo/Mp and secretion of pro-inflammatory cytokines,
thereby suppressing cardiomyocyte apoptosis during the
acute phase (days 1-7) after MI. Paradoxically, the Ly6ClOW
Mos/Mps which have repair and healing functions and also
infiltrate the infarcted hearts, were suppressed by RvE1 dur-
ing resolution of inflammation (days 7-14 after MI), which
resulted in a delayed recovery from MI. Thus, our findings
indicate that RvE1 may act as an early beneficial agent for
acute ML

MI triggers an acute inflammatory response that is critical
for cardiac repair but also participates in cardiac remodelling
after ischaemia, which can contribute to heart failure. Pro-
inflammatory Ly6C™ and healing Ly6C'®" Mos are recruited
into the infarcted myocardium sequentially (Nahrendorf
et al., 2007). The Ly6Chi Mo subset accumulates, via CCL2,
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Effect of RVE1 treatment on trans-differentiation of Ly6Chi Mos to
Ly6CIOW Mos. (A) Schematic of protocol for adoptive transfer and ad-
ministration of RVE1 to mice. (B) Representative flow cytometric
analysis for CD11b*Ly6G Ly6C™ Mos 3 days after adoptive transfer.
(C) Quantification of infiltrated CD45.1* Mos/Mps in hearts after ML,
(D) Ratio of Ly6C'*"cells transdifferentiated from CD45.1% Ly6C™
cells. All data are from experiments on two separate occasions
(C-D). *P < 0.05, significantly different from corresponding PBS
value; PBS, n=7; RvE1l, n=7.

in the injured heart on the first day post-MI and peaks at day 5
(Dewald et al., 2005). Along with the resolution of inflamma-
tion in the myocardium, the Ly6C'®" Mo subset is recruited
later, via CX3CR1, and reaches its peak at day 7 post-MI
(Nahrendorf et al., 2007). Both subsets exhibit a similar
phagocytic capacity (Nahrendorf et al., 2007). Ly6Chi Mos
have highly inflammatory functions, as they secrete pro-
inflammatory cytokines, such as IL-1p, IL-6 and TNF-a,
whereas Ly6C'®" Mos show attenuated inflammatory and
pro-angiogenic properties by secreting pro-resolution cyto-
kines, such as VEGF and TGF (Nahrendorf and Swirski,
2013). Thus, at days 1-4 after MI, the milieu in the heart is
highly inflammatory, while during the recovery stage, the in-
flammatory reaction resolves and pro-angiogenic factors and
fibrotic proteins are released instead. We found that RvEl
inhibited the migration of both Ly6C™ and Ly6C'*" subsets
into the infarcted hearts. This facilitated cardiac repair by
suppressing pro-inflammatory cytokine expression at the
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Figure 7

RVvET inhibits transendothelial migration of Mps in vitro. (A) The ef-
fect of RVE1 on migration of polarized Mps through a confluent
HUVEC monolayer in a transwell assay. *P < 0.05, significantly differ-
ent from corresponding PBS value; PBS, n=7; RvE1, n= 7. (B) Rela-
tive mRNA levels for ChemR23 and BLT; receptors in murine
peritoneal Mps (n = 5). (C) Knockdown effects of siRNAs for BLT; re-
ceptors (right side) and ChemR23 receptors (left side) in primary
peritoneal Mps. Data are normalized to GAPDH levels. *P < 0.05, sig-
nificantly different from corresponding scrambled value; Scrambile,
n = 7; Si-ChemR23, n = 7; Si-BLT1, n = 7). (D) Effect of silencing
ChemR23 or BLT; receptors on RvEl-induced suppression of Mp
trans-endothelial migration in vitro. *P < 0.05, significantly different
from vehicle; vehicle, n = 7; RVET, n = 7. (E) Schematic diagram of
RvE1-mediated suppression on Ly6C™ and Ly6C'°" Mos/Mps re-
cruited in hearts after MI.

early stages after MI, but delayed cardiac healing by attenuat-
ing of pro-resolution factor secretion at later stages.

Ly6C™ Mos are able to convert to Ly6C'®" Mos in the cir-
culation (Yona et al., 2013) and in infarcted hearts
(Hilgendorf et al., 2014). The turnover of Mos/Mps in the
heart occurs very rapidly; the infiltrated Mos reside in injured
hearts for approximately 20 h (Leuschner et al., 2012). How-
ever, the dynamic alterations of Mos in infarcts have also
been observed in circulation after MI in mice (Nahrendorf
et al., 2007) and in patients with acute MI (Tsujioka et al.,
2009). Treatment with RvE1 does not influence the trans-
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differentiation of Ly6C™ Mos to Ly6C'®" Mos in infarcted
hearts. Thus, monitoring the Ly6C"/Ly6C'°" ratio in the
circulation may be helpful for guiding RvEl therapy for
acute MI.

RvEl is a potent anti-inflammatory and pro-resolving
lipid mediator biosynthesized from -3 fatty acids. It pro-
motes the resolution of acute inflammation by inhibiting
transendothelial migration of polymorphonuclear leuko-
cytes (PMNs), stimulating Mp phagocytosis and reducing
pro-inflammatory cytokine levels (Serhan, 2014). Two differ-
ent receptors (ChemR23 and BLT;) have been identified to
specifically bind RvE1 (Serhan, 2014). Moreover, RvE1 atten-
uates LTB4-induced NF-kB activation in PMNs and reduces
experimental peritonitis in a BLT; receptor-dependent man-
ner (Arita et al., 2007). We and others (Serhan, 2014) found
that ChemR23, but not BLT; receptors, are highly expressed
in Mos/Mps and that RvE1 initiates ChemR23 receptor acti-
vation, signals phosphorylation and facilitates phagocytosis
in human Mps (Ohira et al., 2010). Interestingly, ChemR23
receptors are highly expressed in human M1 Mps, but not
in M2 Mps (Herova et al., 2015). In the present study, we ob-
served that RvE1l suppressed Mo/Mp migration in the in-
farcted hearts and in vitro via ChemR23 receptors, thereby
reducing the secretion of both pro-inflammatory and pro-
resolving cytokines in the hearts of the mice at the early
and late recovery stages post-MI respectively. In ChemR23
receptor-deficient mice, Mp recruitment was sharply reduced
in zymosan-induced peritonitis (Cash et al., 2008). Similarly,
RvE1 also inhibits dendritic cell migration in the skin and at-
tenuates inflammatory responses (Sawada et al., 2015), as
ChemR23 receptors are abundantly expressed in dendritic
cells (Arita et al., 2005).

In summary, RvE1 confers cardioprotection after acute MI
at early stages through decreased recruitment of pro-
inflammatory Ly6C™ Mo/Mp to the infarcted areas but im-
pairs cardiac recovery at late stages through the suppression
of recruitment of Ly6C'*" Mo/Mp which mediate repair and
healing. These observations suggest that RvE1 could be used
as an adjuvant therapeutic agent only during the early stages
after acute MI.
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Table S1 Primers used for RT-PCR analysis.

Table S2 Effect of RvE] treatment during different periods
on cardiac healing after MI in mice.

Figure S1 Effect of early treatment of RvE1 (day 1-7) on
CD68" cell recruitment in hearts on day 14 after MI. (A) Rep-
resentative CD68" inflammatory cell immunofluorescence
images of infarcted hearts from RvE1-treated (day 1-7) mice

1216 British Journal of Pharmacology (2018) 175 1205-1216

on day 14 after MI. Scale bar, 50 um. (B) Quantification of
CD68" inflammatory cells from A (mean + SEM; PBS, n = 6;
RvE1, n =6).

Figure $2 ChemR23 expression levels in LPS-treated (A) and
IL-4-treated (B) murine Mps. ChemR23 expression were
analysed by RT-PCR (mean + SEM, n = 6; *, P < 0.05).
Figure S3 Effect of knock down of ChemR23 or BLT; recep-
tors in cardiac fibroblasts on Mo/Mp migration. (A) Relative
mRNA levels of ChemR23 and BLT; receptors in cardiac fibro-
blasts (ChemR23, n = 6; BLT;, n = 6). (B) Knockdown effi-
ciency of ChemR23 and BLT; receptors in cardiac fibroblasts
by siRNAs. Data are normalized to GAPDH levels (*P < 0.05
vs. Scramble siRNA; Scramble, n = 5; si-ChemR23, n = 5; si-
BLTy, n=35). (C) Mp transmembrane migration in co-culture
with cardiac fibroblasts pretreated with si-ChemR23 or si-
BLT; (n = 6). (D) Effect of RvE1 treatment on expression of
matrix protein and cytokine mRNA in cardiac fibroblasts
(n = 6). All plotted values are means + SEM.



