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ARTICLE INFO ABSTRACT

Keywords: Neutrophils are the first line defenders in the innate immune response, and rapidly migrate to an infected or
Neutrophil injured area. Recently, bidirectional migration of neutrophils to the wound and the corresponding functions
Retention o have become popular research pursuits. In zebrafish larvae, CXCR1/CXCLS8 is the predominant chemoattractant
Reverse migration pathway to recruit neutrophil to wound, while CXCR2/CXCL8 pathway mediate neutrophil dispersal in wound
f\;{y_l?/lg_l;gR after injury. Here, we found that both CXCR1/CXCL8 and LTB4/BLT1 signals are activated in zebrafish heart

after cryoinjury. And with a CXCR1/2 selective inhibitor (SB225002) treatment, the recruitment of neutrophils
was not affected, but reverse migration of neutrophils was inhibited after cryoinjury of heart. We suggested that
the neutrophil recruitment to cryoinjured area might be mediated by LTB4/BLT1 signals at the presence of
SB225002. Therefore, SB225002 treatment resulted more accumulation and long retention of neutrophils in the
injured heart. The long retention of neutrophils in the wound promoted revascularization in the injured heart;
however, the AKT/mTOR pathway was inhibited and the regeneration was impaired. Our findings suggest that
retention of neutrophils is a well-orchestrated process and might regulate regeneration by the AKT/mTOR

Heart regeneration

pathway.

1. Introduction

Neutrophils act as one of the first inflammatory cells in removing
infection or harmful agents in response to tissue injury or pathogen
invasion [1]. It is widely believed that migration and retention of
neutrophils to the injured or infected tissue is directly or indirectly
orchestrated by chemokines, such as CXCL8, LTB4, etc. [1,2]. Neu-
trophils in zebrafish share many characteristics with mammalian neu-
trophils, such as similar morphology, biochemistry and functional fea-
tures. The zebrafish provides several advantages for studying
neutrophil migration, such as transparent larvae, easy genetic manip-
ulation, and many transgenic lines to utilize [3,4]. The chemokine
CXCL8 is one of the most potent and best-studied neutrophil che-
moattractants in both humans and zebrafish [2,5]. In zebrafish larvae,
it is reported that CXCR1/CXCL8 mediates neutrophil recruitment to
the fin wound, and CXCR2/CXCL8 mediates neutrophil recruitment to
infection. Additionally, neutrophil reverse migration is regulated

through the CXCR2/CXCLS8 signal pathway [2,6,7] and crosstalk with
macrophage redox signaling [8]. These observations suggest that the
mechanism of neutrophil recruitment varies by signal pathway. How-
ever, both the recruitment and dispersal of the neutrophil can be in-
hibited by CXCR1/2 selective inhibitor (SB225002) [2,6,9]. Moreover,
LTB4 is an additional neutrophil chemoattractant in zebrafish, and the
BLT1/LTB4 signal is independent of the CXCR1/CXCL8 pathway re-
cruiting neutrophils [2,10-12].

Neutrophils are predominately phagocytic and produce reactive
oxygen species (ROS) and cytotoxic granule components which can
eliminate infection [3]. Besides their role in phagocytosis, mature
neutrophils contain many proteins including growth factors or pro-an-
giogenic factors, which can be rapidly released after activation and
directly contribute to tissue repair and angiogenesis [13]. Interestingly,
heart function is worsened and mice progressively develop heart failure
after myocardial infarction when neutrophils are absent [14]. Neu-
trophils are also necessary for the blastemal formation in axolotl limb
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Abbreviations ROS Reactive Oxygen Species
MI Myocardial infarction

1A injured area Dpc Days post cryoinjury
PCNA Proliferating cell nuclear antigen alox5a  arachidonate 5-lipoxygenase activity
embCMHC embryonic cardiomyocyte heavy chain CXCL CXC chemokine ligand
TUNEL Terminal deoxynucleotidyl transferase dUTP nick end la- CXCR CXC chemokine receptor

beling AKT Protein kinase B
DMSO  Dimethyl sulfoxide mTOR  mechanistic target of rapamycin
qRT-PCR quantitative real time polymerase chain reaction vegf vascular endothelial growth factor
ECM Extracellular matrix mpx myeloperoxidase
Tnf-a Tumor necrosis factor-a mepg macrophage-expressed gene
n-1p Interleukin 1 beta NRG1 Neuregulin 1
LTB4 Leukotriene B4 HRP Horseradish peroxidase
BLT1 leukotriene B4 receptor 1 PVDF polyvinylidene difluoride

regeneration [15]. However, excessive neutrophils in tissue can result
in chronic inflammation, such as in atherosclerosis, MI, autoimmune
disease, and cancer [6,16]. In zebrafish larvae and mouse, inhibition of
neutrophils in the wound accelerates regeneration in the injured fin and
liver, respectively [2,17,18]. In our previous study, we demonstrated
that neutrophils are rapidly recruited to the wound after injury, peak at
1 day post cryoinjury (dpc) and then gradually disperse by 4 dpc [19].
Additionally, we found excessive leukocyte accumulation in the wound
promoted apoptosis and prevented regeneration in cryoinjury heart
[20]. However, the dispersal of neutrophils is mainly through “reverse
migration” and “apoptosis” in zebrafish and mammals, respectively.
The dispersal of neutrophils in the tissue is critical for wound healing
and maintenance of tissue homeostasis [21]. Neutrophils rapidly in-
filtrate the ischemic border zone of the ischemia/reperfusion (I/R) in-
jury site producing ROS and other inflammatory cytokines, resulting in
acute inflammation, cardiomyocyte apoptosis, and worsening heart
functioning. A high number of neutrophils retention in heart is con-
sidered detrimental for patients with MI [22], and is an indicator of
adverse clinical outcomes in patients with acute coronary syndrome
[23,24]. However, the mechanism of neutrophil mediated-inflamma-
tion worsening cardiac function after MI is not clear.

In the present study we demonstrate that inhibition of the CXCR1/
2/CXCL8 signal pathway using SB225002 didn't impair neutrophils
recruitment to the cryoinjured area. However, we find retention of
neutrophils in the wound was prolonged. The expression of cxcl8, cxcrl,
cxcr2, alox5a, bltl was induced after cryoinjury, suggesting that BLT1/
LTB4 signals might be another alternative pathway independent of the
CXCR1/2/CXCL8 mediated neutrophil recruitment to the wound after
heart cryoinjury. Here we found the prolonged retention of neutrophils
in the wound promoted revascularization. Finally, we revealed that the
AKT/mTOR signal pathway is inhibited and heart regeneration is
blocked with prolonged retention of neutrophils in the injured area.

2. Materials and methods
2.1. Zebrafish maintenance

Zebrafish wild-type (AB) strain, Tg (flila: eGFP) and Tg (corola:
GFP; lyz: Dsred) were maintained at The City University of Hong Kong
fish facility at 28 + 1°C under a 14:10 light/dark cycle [20]. All ex-
perimental procedures and animals in the present study were approved
by the Department of Health, Hong Kong, SAR, China (refs (14-118) in
DH/HA&P/8/2/5 Pt.3). The experiments were conducted in accordance
with the relevant guidelines and regulations in Hong Kong, SAR, China.

SB225002 (SML0716; Sigma-Aldrich) was dissolved in DMSO at
20 mM and stored at —20 °C. Subsequently, SB225002 was diluted to
5uM in the fish water just prior to use [2,6,9]. Fish water and the in-
hibitor SB225002 were changed once a day.
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2.2. Cryoinjury

Zebrafish (12-15 months old) were anesthetized with 0.05%
Tricaine (E10521; Sigma-Aldrich) and placed on a moist sponge for
surgery. The ventricle was exposed and subjected to cryoinjury using
methods described by Chablais et al. [25]. Immediately after injury, the
fish were put in the fish water with 5 M SB225002 or 0.25% DMSO as
the vehicle control.

2.3. Histological techniques

Zebrafish were sacrificed with an overdose of tricaine treatment,
and the heart was collected at different timepoints. The hearts were
fixed with 4% PFA at room temperature for 2h, and paraffin sections
were prepared. The injured area of the ventricle was determined by
Picrosirus red staining (ab150681, Abcam) and percentage of scar vo-
lume in the ventricle was calculated as described previously [19].

2.4. Immunofluorescence and TUNEL staining

Following deparaffinization and rehydratization, antigen retrieval
was performed by heating the sections in 10 mM sodium citrate buffer
(0.05% Tween 20, pH 6.0) at 95°C for 15 min. Non-specific binding
sites were blocked by incubating the sections in blocking buffer (5%
BSA, 10% goat serum, 0.5% Tween-20, 0.5% Triton X-100) for 1 h at
room temperature. The primary antibodies used in the study were
mouse anti-PCNA (sc-56; Santa Cruz), rabbit anti-PCNA (sc-7907; Santa
Cruz), rabbit polyclonal anti-GFP (ab13970; Abcam), mouse anti-vi-
mentin (ab8978; Abcam), mouse anti-RFP (ab62341; Abcam), mouse
anti-myosin heavy chain (MF-20; DSHB), and mouse anti-embCMHC
(N2.261; DSHB), anti-Collagen Type I (SP1.D8, DSHB). The secondary
antibodies used were Cy3-conjugated goat anti-mouse (A10521;
Invitrogen) or Alexa Fluor 488-conjugated goat anti-rabbit (A11034;
Invitrogen) antibodies. Apoptotic cells were determined by TUNEL
staining using the DeadEnd™ Fluorometric TUNEL System kit (G3250;
Promega) according to the manufacturer's instructions [20]. Nuclei
were stained with DAPI. Images were captured using an Olympus BX61
microscope.

2.5. qRT-PCR
Total RNA extraction and qRT-PCR were performed as described
previously [20]. The expression of each gene was analyzed in four bio-

replicates using 2 — AACt method. The primer sequences of each genes
are listed in Table 1.

2.6. Western blotting

Three zebrafish hearts were pooled together and treated with RIPA
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Table 1

qRT-PCR primer sequences of the genes.
tnf-a-F ACAAGGCAATTTCACTTCCA
tnf-a-R AGCTGATGTGCAAAGACACC
il-1B-F TTGTGGGAGACAGACAGTGC
il-1B-R GATTGGGGTTTGATGTGCTT
B-actin-F GCTGACAGGATGCAGAAGGA
B-actin-R TAGAAGCATTTGCGGTGGAC
mpx-F AGAACCATCCTCAGTTTCCCAGT
mpx-R CCAATCAATCCACGGAGCA
bltl-F GGGAGTTTGGACCTGTCGTT
bltl-R TGGTTTGGTAACAGCGAGCC
cxerl-F TTCAGTTCGGCTGCACTATG
cxerl-R GGAGCAACTGCAGAAACCTC
cxer2-F TGACCTGCTTTTTTCCCTCACT
cxcr2-R TGACCGGCGTGGAGGTA
mpeg-F GTGAAAGAGGGTTCTGTTACA
mpeg-R GCCGTAATCAAGTACGAGTT
alox5a-F CCAGCTACACGGTGACTGTT
alox5a-R TATGAGTCCACCGCTCCTCT
vegf-c-F GGCCTCAACAGAGCTTCAAC
vegf-c-R TCTCTTGGGGTCCACGTTAC

Lysis and Extraction Buffer (89901, Thermo scientific) according to
manufacturer's instructions. Four biological replicates were performed.
Protein concentration was determined with the BCA Protein Assay kit
(23225; Thermo Scientific). A sample of 10 ug protein was separated on
10% SDS-PAGE gel, and transferred onto polyvinylidene difluoride
(PVDF) membrane (10600023; GE Healthcare life science). Membranes
were blocked with 5% no fat milk in PBST (0.05% Tween 20 in PBS),
incubated in the appropriate primary antibody overnight at 4 °C, fol-
lowed by incubation in the corresponding HRP-conjugated secondary
antibody at room temperature for 2 h. Proteins were detected with EMD
Millipore Luminata Western HRP chemiluminescence substrate
(WBLUFO0500; Millipore). The following primary antibodies were used:
mouse anti-GAPDH (60004-1; Proteintech Group, Inc.) at 1:10000,
rabbit anti-NRG1 antibody (ab27303, Abcam), rabbit anti-Foxp3 anti-
body (GTX16590, Gentex), rabbit anti-Akt (pan) (C67E7) (4691, CST),
rabbit anti-Phospho-Akt (Ser473) (D9E) (4060, CST), rabbit anti-
Phospho-mTOR (Ser2448) (2971, CST), rabbit anti-Caspase-3 (9662,
CST). For secondary antibodies, HRP-conjugated rabbit anti-mouse IgG
(AP160P; Millipore), and HRP-conjugated goat anti-rabbit IgG
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(AP307P; Millipore) were used.

2.7. Statistical analysis

Angiogenesis was measured by quantification the ratio of GFP ex-
pression area to the injured area of the ventricle. The expression of
vimentin, enbCMHC, Collagen Type I was determined by quantifica-
tion the ratio of the expression area of these proteins to the injured area
with Image J. The hue value of the band in Western blotting was
quantified using Image J, and the expression level of the protein in
control group was normalized to 1 using GAPDH. Statistical analysis
was calculated using two-tailed t-test (Microsoft Excel 2013, GraphPad
prism 8), and a p value < 0.05 was considered statistically significant.
Data are presented as means * S.D. (standard deviation).

3. Results

3.1. SB225002 prolonged neutrophil retention in the wound after
cryoinjury

The CXCR1/2 selective inhibitor (SB225002) has been shown to
inhibit neutrophil recruitment into the wound of the zebrafish larvae fin
after amputation by the CXCR1/CXCL8 signal pathway, and inhibit
reverse migration by the CXCR2/CXCL8 signal pathway [2,6,9]. Re-
cently, we demonstrated neutrophils rapidly migrate into the cryoin-
jured area of the heart at 1 dpc [19]. Therefore, we wanted to know
whether SB225002 could inhibit neutrophil recruitment into the wound
of the heart after cryoinjury. To investigate this hypothesis, the fish of
Tg (corola: GFP; lyz: Dsred) were subjected to heart cryoinjury with
concurrent SB225002 treatment. Subsequently, the number of neu-
trophils in the wound at 1 dpc was quantified. Unexpectedly, our im-
munofluorescent results revealed that SB225002 treatment did not
block recruitment of neutrophils into the injured area of the heart at 1
dpc (Fig. 1A and B). Instead, the number of neutrophils in the wound of
SB225002 treated fish was slightly higher than the control group (albeit
non-significant), and the number of macrophages was lower than the
control group (Fig. 1A-C). To confirm this observation, the expression
of mpx and mpeg, markers of neutrophil and macrophages, respectively,
were quantified. Results of the qRT-PCR analysis showed expression of
mpx was upregulated, and mpeg was downregulated in the SB225002

Fig. 1. SB225002 inhibited neutrophil reverse
migration but not recruitment in zebrafish heart
after cryoinjury. A. Representative immuno-
fluorescent images showing neutrophils (yellow,
yellow arrowhead) and macrophages (green, green
arrowhead) in the injured area (IA, dashed line
bounded area) of the heart at 1 and 4 dpc with DMSO
and SB225002 treatment. Three times were per-
formed of the experiment. Scale bar: 100 um. B, C.
Bar chart showing the quantification of neutrophils
(B) and macrophages (C) in panel A, using a two-tail
t-test. Asterisk represents a significant difference at
p < 0.05(orp < 0.01 (**)level (n = 5-6). D, E.
qRT-PCR bar chart result showing the relative gene
expression in the heart of DMSO and SB225002
treated fish (D), and in the heart of fish with uninjury
and cryoinjury heart at 1 dpc (E) using a two-tail t-
test. Asterisk represents a significant difference was
observed at p < 0.05 (*), p < 0.01 (**) or
p < 0.001 (***) level (n = 4). (For interpretation of
the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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treated group, consistent with the previous immunofluorescent results
in Fig. 1A (Fig. 1D).

We have previously demonstrated neutrophil accumulation in the
wound at 1 dpc is rapidly dispersed by 4 dpc [19]; however, the
SB225002 inhibitor did not block neutrophil recruitment at 1 dpc in the
cryoinjured heart. Therefore, we wanted to know whether the
SB225002 inhibitor affects neutrophil reverse migration. We in-
vestigated the number of neutrophils in the wound at 4 dpc. Here, the
number of neutrophils in the cryoinjured heart of SB225002 treated fish
was significantly more than in control fish (Fig. 1A). Interestingly,
macrophages were unaffected. These results suggest SB225002 inhibits
reverse migration of neutrophils in the cryoinjured heart, hence, pro-
longs accumulation and retention of neutrophils in the cryoinjured
area, and results in higher expression of pro-inflammatory cytokines il-
1B and tnf-a in the heart (Fig. 1D). This pathogenesis is similar to
human chronic inflammation after MI.

In order to explain why SB225002 can not inhibit the neutrophil
recruitment into the cryoinjured area of zebrafish heart, we first in-
vestigated the expression of cxcl8 and cxcrl, which mediate neutrophil
recruitment in the fin wound [6]. Similar to fin amputation [9], the
qRT-PCR results indicate that the expression of cxcl8 and cxcrl were
strongly induced at 1 dpc. Since SB225002 is a CXCR1/2 selective in-
hibitor, and did not inhibit neutrophil recruitment in our study, we
hypothesized that there were additional signals which mediate neu-
trophil recruitment in the cryoinjured heart. Subsequently, BLT1/LTB4
was investigated due to its importance in neutrophil recruitment in
zebrafish [2,7]. We investigated the expression of alox5a, which is in-
volved in the biosynthesis of LTB4 [26], and blt] using qRT-PCR. Our
results indicate that blt1 and alox5a were highly expressed in the heart
after cryoinjury (Fig. 1E). This result suggests that BLT1/LTB4 might be
another pathway of neutrophil recruitment in the wound of the
cryoinjured heart.

3.2. SB225002 treatment promoted revascularization in the cryoinjured
area of heart

It has been widely reported that neutrophils play an important role
in angiogenesis by releasing proangiogenic factors (i.e. VEGF) in
chronic inflammatory diseases and in tumors [27,28]. Thus, we won-
dered whether SB225002 induced prolonged neutrophil retention in the
wound could promote angiogenesis in the cryoinjured heart. To ascer-
tain this relation, Tg (flila: eGFP) zebrafish were subjected to cryoinjury
and blood vessels were visualized using anti-GFP staining at 7 dpc in
both SB225002 treated and DMSO control fish groups. We found new
blood vessel density in the SB225002 treated group was increased
compared to the control group (Fig. 2A and B). Additionally, the per-
centage of double positive cells (GPF*/PCNA™), which represent pro-
liferating endothelial cells, was significantly higher in the SB225002
treated group compared to the DMSO control group (Fig. 2C). Fur-
thermore, we determined the expression of vegf-c, due to VEGF gene
expression levels peaking at 1 dpc in the heart [29]. The qRT-PCR re-
sults demonstrate that vegf-c expression was higher in the cryoinjured
heart of SB225002 treated fish compared to DMSO control fish at 1 dpc
(Fig. 2D). Thus, these results reveal that SB225002 promotes re-
vascularization in the injured area of the heart.

3.3. Prolonged neutrophil retention induced apoptosis in the injured area

SB225002 inhibits reverse migration of neutrophils, which leads to
neutrophil accumulation in the injured area and a high expression of
pro-inflammatory cytokines, such as tnf-a and il-1f (Fig. 1). It has been
reported that high levels of tnf-a and il-1f expression in zebrafish induce
excessive apoptosis [20,30]. Thus, we quantified apoptotic cells in the
injured area of the heart at 1 dpc and 7 dpc in both SB225002 treated
and DMSO control fish groups using TUNEL staining. Our results show
that the number of apoptotic cells in the SB225002 treated group was
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significantly higher than in the DMSO control group at 7 dpc; however,
1 dpc was non-significant (Fig. 3A and B). Subsequently, the level of
Caspase 3 expression was investigated in the heart using Western blot,
as this protein has been shown to mediate the apoptotic cascade in
zebrafish [31]. The results reveal that the level of Caspase 3 expression
was markedly increased in the heart of the fish treated with SB225002
at 7 dpc (Fig. 3C).

3.4. SB225002 inhibited heart regeneration after cryoinjury

Neutrophils are necessary for orchestrating wound healing by pro-
moting macrophage polarization in the mammalian heart after MI [14].
Furthermore, the accumulation of neutrophils in the ischemic border
zone after ischemia/reperfusion (I/R) injury results in inflammation
and deterioration in cardiac tissue and function [22]. Thus, we won-
dered whether prolonged retention of neutrophils in the injured area
affects heart regeneration. First, we assessed the expression of em-
bryonic cardiomyocyte heavy chain (embCMHC), which is an important
marker in zebrafish heart regeneration [32]. The immunofluorescence
results demonstrate that SB225002 inhibits the expression of
embCMHC in the border zone of the cryoinjured area of the heart
(Fig. 4A and B). In agreement with this observation, we found that
proliferating embCMHC (double positive embCMHC* and PCNA*) was
significantly less in the heart of SB225002 treated fish compared to

A
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Fig. 2. SB225002 treatment promoted angiogenesis in the heart after
cryoinjury. A. Blood vessels were visualized in heart of Tg (flila: eGFP) fish by
anti-GFP immunostaining, and the proliferating endothelial cells were double
labeled with GFP (green) and PCNA (red). Representative images showing
blood vessels (green) and proliferating endothelial cells (GFP*/PCNA ™, white
arrow) in the injured area. Scale bar: 100 um. Three times were performed of
the experiment. The white square in the right corner of each image exhibits the
magnification of the corresponding dash line area in the main images. B, C. Bar
charts showing the quantification of blood vessel density (B) and percentage of
proliferating endothelial cells (C) in panel A. Asterisk means a significant dif-
ference was observed between SB225002 treated and DMSO control fish groups
atp < 0.05 (") orp < 0.001 (***) level with a two-tail t-test (n = 6). D. qRT-
PCR bar chart result showing relative gene expression of vegf-c in the heart of
DMSO and SB225002 treated fish at 1 dpc. Asterisk (**) represents a significant
difference was observed at p < 0.01 level with a two-tail t-test (n = 4). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 3. SB225002 induced excessive apoptosis in
the cryoinjured heart. A. Representative images
showing apoptotic cells (pink) in the injured area
(IA) of heart at 1 dpc and 7 dpc in both SB225002
treated and DMSO control fish using TUNEL staining.
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DMSO control fish (Fig. 4A, C). Subsequently, proliferating cardio-
myocytes were investigated in both SB225002 treated and control
groups, as they are believed to restore lost or damaged tissue in the
injured heart [33]. We found the number of proliferating cardiomyo-
cytes, double labeled PCNA and MF20, was significantly reduced by
SB225002 (Fig. 3D and E).

In order to investigate the mechanism involved, the expression of
FOXP3 and NRG1 was assessed, which has been reported to play a
crucial role in cardiomyocyte proliferation [34,35]. However, no clear
difference of the expression level of FOXP3 and NRG1, between the
heart of SB225002 treated and control fish was noted (Fig. 4F).

FOXP3 NRG1

liferating cardiomyocytes (white arrow, positive
MF20" /PCNA™* /DAPI* cells) in the heart of both
SB225002 treated and DMSO control fish at 7 dpc.
Scale bar: 100 um. Two times were performed for the
experiment A and D. E. Bar chart showing the
quantification of proliferating cardiomyocytes in the
border (within 100 pm) of the injured area in panel
A. Asterisk (***) represents a significant difference
was observed at p < 0.001 level with two-tail t-test
(n = 6). F. Western blot showing the level of ex-
pression of each protein in the heart of SB225002
treated and DMSO control fish at 7 dpc, with GAPDH
as the reference. And two times were performed of
the experiment. G. Bar chart showing the quantifi-
cation of the relative expression of proteins in panel
F, and the expression of proteins in control group
was normalized to 1 using GAPDH. Asterisk (**) re-
presents a significant difference was observed at
p < 0.01 level with a two-tail t-test (n = 4). (For
interpretation of the references to colour in this
figure legend, the reader is referred to the Web ver-
sion of this article.)

Akt p-Akt p-mTor

Subsequently, AKT/mTOR signaling, which also plays a key role in
regulating cardiomyocyte proliferation [36,37], was examined in the
heart of SB225002 treated fish after cryoinjury. Our data reveal that
SB225002 inhibits the expression of p-Akt and p-mTor, but not pan-Akt,
in the cryoinjured heart. These results suggest that the AKT/mTOR
signal pathway was blocked by SB225002 in the heart after injury.
One of the most serious consequence of MI is formation a permanent
collagen-rich scar which impairs heart function and even results in
heart failure [38]. In zebrafish, the collagen-rich scar is transiently
formed and then degraded by a regenerating process [25,39]. Thus, we
asked if scar formation and regression were affected by SB225002.
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First, the accumulation of vimentin positive fibroblasts, which are in-
volved in extracellular matrix production in the injured heart [39], was
investigated in the injured area at 7 dpc. We found that the accumu-
lation of vimentin positive fibroblasts was remarkedly increased in the
injured heart of SB225002-treated fish compared to control fish
(Fig. 5A and B). Collagen is a prominent extracellular matrix compo-
nent produced by fibroblasts in the wound after injury [39]. In ac-
cordance with this observation, collagen deposition in the injured area
of the heart in SB225002 treated fish was significantly more than in
control fish (Fig. 5C and D). Additionally, there was a larger collagen
rich scar in the heart of fish treated with SB225002 compared to control
fish at 30 dpc (Fig. 5E and F). Collectively, our data demonstrate that
SB225002 blocked scar degradation after cryoinjury.

4. Discussion

Tissue injury followed by an inflammatory response plays a crucial
role in wound healing and regeneration. Increasingly, studies show
inflammatory cells, such as macrophages and neutrophils, determine
scaring or regeneration after injury or physiological diseases (i.e. MI)
[40]. On the one hand, neutrophils involve in regulating macrophages
polarized to towards a reparative phenotype, which is essential to
wound healing; and inhibition the neutrophil recruitment via CXCR1/
CXCLS8 signals blocked tissue regeneration [14,15]. One the other hand,
neutrophils exert harmful effects on MI and tissue regeneration, ex-
acerbating cardiac function by eliciting acute and chronic inflammation
[41]. However, the mechanism behind neutrophils in heart function
deterioration after MI is not clear. Here, we showed the CXCR1/2 se-
lective inhibitor SB225002 does not block neutrophils recruitment into
the wound of zebrafish heart after cryoinjury, but prevent reverse mi-
gration during the dispersal phase, hence prolonging neutrophil re-
tention in the infarcted area of the heart. The prolonged neutrophil
retention in the wound contributed to angiogenesis, apoptosis, reduc-
tion of cardiomyocyte proliferation and AKT/mTOR signals; therefore,
blocking heart regeneration (Fig. 6).

In zebrafish larvae, CXCR1/CXCL8 and CXCR2/CXCL8 mediate
neutrophil recruitment to the wound in fin amputation and infection,
respectively; additionally, CXCR2/CXCL8 regulates neutrophil reverse
migration [6]. Using the selective CXCR1/2 inhibitor 5uM SB225002,
neutrophil recruitment to the fin wound and infection site in zebrafish
larvae is blocked [2,6,7,9]. For example, SB225002 inhibits neutrophil
recruitment into the damaged limb in axolotl [15]. However, our study
shows that SB225002 does not affect recruitment of neutrophils into the
cryoinjured area of the heart, although the expression of cxcl8, cxcrl,
cxcr2, bltl and alox5a (synthesis LTB4) was induced (Fig. 1). It is known
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Fig. 6. Proposed model showing migration and function of neutrophils in
cryoinjured heart. Upon heart cryoinjury in zebrafish, CXCR1/CXCL8 and
LTB4/BLT1 signal pathways are induced. SB225002 inhibit CXCR1/CXCL8 but
not LTB4/BLT1 signals. LTB4/BLT1 signals recruit neutrophils to the injured
area independent CXCR1/CXCL8. Thus, the recruitment of neutrophil to the
injured area of heart is not affected at the presence of SB225002. However,
CXCR2/CXCL8 is inhibited by SB225002, which blocks the reverse migration of
neutrophil and results more neutrophils accumulates in the injured area. The
neutrophils in the injured area removing debris, promoting angiogenesis, se-
creting pro-inflammatory cytokines, and regulating regeneration.

that BLT1/LTB4 is another pair of chemokines that regulate neutrophil
recruitment in zebrafish [2,7]. Thus, we suggest BLT1/LTB4 chemo-
kines might be another independent CXCR1/CXCL8 signal which
mediates neutrophil recruitment in the heart after cryoinjury (Fig. 6). In
the present study, SB225002 inhibited reverse migration of neutrophils,
which resulted in neutrophil accumulation in the wound and prolonged
inflammation. The pathogenesis is similar to that seen in humans with
MI [1,41]; therefore, this model is valuable for studying the mechanism
and therapies for myocardial infarction.

VEGF mediates revascularization in the injured area of the heart,
occurring as early as 15h post cryoinjury [42]. Additionally, neu-
trophils are one of the first inflammatory cells that respond to damage.
Besides removing debris, neutrophils can release VEGF to support the
angiogenesis in the wound [27,43]. Our observation that the prolonged
retention of neutrophils in the injured area promotes revascularization
and expression of vegf-c in the heart (Fig. 2), is consistent with the
previous study [27]. The prolonged retention of neutrophils in the
wound elicits upregulation in the expression of pro-inflammatory cy-
tokines, such as il-1 and tnf-a (Fig. 1). Additionally, apoptosis in the
injured area of the heart was significantly increased (Fig. 3). These

SB225002

Fig. 5. SB225002 reduced collagen-rich scar de-
gradation in the heart after cryoinjury. A-D.
Representative immunofluorescent sections showing
the expression of vimentin positive fibroblasts (A,
red) and collagen type I (C, red) in the injured area
(IA) of the heart at 7 dpc. Bar chart showing the
expression level of vimentin positive fibroblasts and
collagen in B and D, respectively. Asterisk (*) re-
presents a significant difference was observed at
p < 0.05 level with two-tail t-test (n = 6). Two

g 1% = times were performed of the experiment. E.
g 8 Representative histological sections showing the
i 6 percentage of scar volume (dashed line bound area)
3 ‘2‘ in the heart at 30 dpc using picrosirius red staining.
(2 0 Scale bar: 100 um. F. Bar chart presenting the per-
= %0 QQ‘L centage of scar volume in panel E. Asterisk (*) re-
Qé,ﬂf’ presents a significant difference was observed at

%Q’ p < 0.05 level with two-tail t-test (n = 6). (For in-

terpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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results are in agreement with a previous study indicating neutrophils in
the infarcted heart promote cell death of cardiomyocytes [41].

AKT/mTOR signals are involved in protein synthesis, cell growth
and proliferation in cardiovascular physiology and pathology [37]. The
mTOR signal is activated in the heart during development and MI [44].
Hearts of mTOR knockout mice exhibit attenuation of cardiomyocyte
proliferation, decrease in cardiomyocyte number and an increase in
apoptosis, fibrosis, cardiac dysfunction and heart failure [44]. Our data
reveal that SB225002 inhibited reverse migration of neutrophils and
reduced proliferating cardiomyocyte (including embryonic cardio-
myocytes), and increased apoptosis and fibrosis, meanwhile p-Akt and
p-mTor was inhibited (Figs. 4 and 5). These results suggest prolonged
neutrophil retention in the wound of the heart blocked regeneration,
possibly through the AKT/mTOR signal pathway. In agreement with
our observation, it has been reported that heat shock protein A12B
(HSPA12B) reduces the infiltration of neutrophil to the wound and
attenuates cardiac dysfunction and improves cardiomyocyte survival
via PISBK/AKT/mTOR signal pathway [45]. Additionally, our results
were also consistent with a previous study that SB225002 inhibited
cancer cell proliferation by phosphorylation of AKT and mTOR [46].
Although reports of mTOR signals regulating neutrophil-mediated in-
flammation are known [47,48], the mechanisms behind prolonged
neutrophil retention affected mTOR signals in the present study should
be investigated further.

5. Conclusion

In the present study, we report for the first time that the CXCR1/2
selective inhibitor SB225002 did not block the recruitment of neu-
trophils, but prolonged neutrophil retention by preventing reverse mi-
gration. We found that excessive accumulation of neutrophils in the
injured heart blocked AKT/mTOR signals and impaired heart re-
generation. The present findings provide a potential mechanism that
neutrophil mediated inflammation worsens heart functioning in pa-
tients with MI.
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