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Abstract
Immune response plays a crucial role in post-myocardial infarction (MI) myocardial remodeling. Neogenin (Neo1), a mul-
tifunctional transmembrane receptor, plays a critical role in the immune response; however, whether Neo1 participates in 
pathological myocardial remodeling after MI is unclear. Our study found that Neo1 expression changed significantly after 
MI in vivo and after LPS + IFN-γ stimulation in bone marrow-derived macrophages (BMDMs) in vitro. Neo1 functional 
deficiency (using a neutralizing antibody) and macrophage-specific Neo1 deficiency (induced by Neo1flox/flox;Cx3cr1cre mice) 
increased infarction size, enhanced cardiac fibrosis and cardiomyocyte apoptosis, and exacerbated left ventricular dysfunc-
tion post-MI in mice. Mechanistically, Neo1 deficiency promoted macrophage infiltration into the ischemic myocardium 
and transformation to a proinflammatory phenotype, subsequently exacerbating the inflammatory response and impairing 
inflammation resolution post-MI. Neo1 deficiency regulated macrophage phenotype and function, possibly through the 
JAK1-STAT1 pathway, as confirmed in BMDMs in vitro. Blocking the JAK1-STAT1 pathway with fludarabine phosphate 
abolished the impact of Neo1 on macrophage phenotype and function, inflammatory response, inflammation resolution, 
cardiomyocyte apoptosis, cardiac fibrosis, infarction size and cardiac function. In conclusion, Neo1 deficiency aggravates 
inflammation and left ventricular remodeling post-MI by modulating macrophage phenotypes and functions via the JAK1-
STAT1 signaling pathway. These findings highlight the anti-inflammatory potential of Neo1, offering new perspectives for 
therapeutic targets in MI treatment.
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Graphical abstract
Neo1 deficiency aggravated inflammation and left ventricular remodeling after MI by modulating macrophage phenotypes 
and functions via the JAK1-STAT1 signaling pathway.

Keywords  Neogenin · Myocardial infarction · Proinflammatory macrophage · Inflammation resolution

Abbreviations
BMDMs	� Bone marrow-derived macrophages
Flu	� Fludarabine phosphate
MI	� Myocardial infarction
JAK1	� Janus kinase 1
Neo1	� Neogenin
STAT1	� Signal transduction and activator of transcrip-

tion 1

Introduction

Myocardial infarction (MI) is irreversible cardiomyocyte 
necrosis caused by sudden hypoxia and ischemia in the 
heart. Pathological myocardial remodeling after MI contrib-
utes to several adverse events, such as malignant arrhythmia, 
heart failure and sudden death, which affect the prognosis of 
patients with MI [1, 2]. The inflammation triggered by MI 
contributes to pathological myocardial remodeling, during 
which several immune cells are activated and a large number 
of cytokines are produced in cardiac tissue [3]. For exam-
ple, monocytes quickly invade after MI, with the Ly6Chigh 
monocytes predominating in the early stage (the first 3 days) 
and Ly6Clow monocytes exhibiting remarkable tissue repair 
function in the late phase (between 4 and 7th day after MI) 
[4]. Several studies have revealed that inhibiting excessive 
inflammation and promoting inflammation resolution have 

beneficial effects on myocardial remodeling after MI [5, 6]. 
The CANTOS clinical trials showed that anti-inflammatory 
therapy targeting interleukin-1β (IL-1β) with canakinumab 
could further reduce the risk of recurrent cardiovascu-
lar events in patients with previous MI based on standard 
pharmaceutical therapy [7], directly indicating that anti-
inflammatory therapy could improve the prognosis of MI 
patients and that inflammation may play an important role in 
myocardial remodeling after MI. Therefore, it is imperative 
to further explore inflammatory mechanisms and identify 
critical targets for regulating the inflammatory response in 
myocardial remodeling after MI, which will contribute to 
the treatment of patients with MI.

In the early stage of MI, the microenvironment promotes a 
proinflammatory macrophage phenotype (M1 macrophages), 
which contributes to the secretion of a large number of 
cytokines [8]. The excessive maintenance of proinflamma-
tory macrophages leads to the deterioration of cardiac func-
tion and myocardial remodeling. Inhibiting proinflammatory 
macrophages or increasing reparative macrophages in differ-
ent ways exerted a protective effect on myocardial remod-
eling after MI [9, 10]. Li et al. [10] revealed that the abla-
tion of hypoxia-induced mitogenic factors could attenuate 
myocardial remodeling after MI by promoting macrophage 
transformation to the reparative phenotype. A decrease in 
M1 macrophages induced by dectin1 depletion could lead 
to improvements in myocardial remodeling and cardiac 
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function [11]. Therefore, macrophages play a critical role 
in myocardial remodeling after MI, and identifying a novel 
target to regulate macrophage function is necessary in the 
treatment of myocardial remodeling after MI.

Neogenin (Neo1), a multifunctional transmembrane 
receptor, belongs to the immunoglobulin (Ig) superfamily. 
Neo1 contains one extracellular domain that consists of 4 
immunoglobulin-like regions and 6 fibrin FNIII functional 
regions, one transmembrane region and one intracellular 
domain and is the receptor of netrin1 and repulsive guidance 
molecules (RGMs) [12, 13]. In the nervous system, Neo1 is 
associated with several pathophysiological processes, such 
as nerve development, axon guidance and the regulation 
of neuronal activity [14–16]. In addition, studies suggest 
that Neo1 can regulate inflammation in several inflamma-
tory diseases, such as autoimmune encephalitis, peritonitis 
and hepatic ischemia–reperfusion injury [17–19]. Neo1 is 
expressed in human macrophages, and Neo1 inhibition could 
increase macrophage efferocytosis of apoptotic neutrophils, 
promoting inflammation resolution and tissue regeneration 
[20]. In neuromyelitis optica, RGMs could increase the 
expression of CXCL2 by binding to Neo1 in macrophages, 
inducing neutrophil infiltration and inflammatory reactions 
[21]. These results suggest that Neo1 plays a critical role 
in macrophage function and that targeting Neo1 may be a 
promising strategy to regulate inflammation and myocardial 
remodeling after MI. Therefore, in this study, we explored 
the regulatory effect of Neo1 on the macrophage phenotype 
and myocardial remodeling after MI.

Materials and methods

Animals

WT C57BL/6 mice (male, aged 8–10 weeks old, 23–25 g) 
were purchased from Gempharmatech Co., Ltd. (Nanjing, 
China). Cx3cr1cre mice and Neo1flox/flox (Neo1F/F) mice 
were obtained from Cyagen Biosciences (Suzhou, China) 
and Gempharmatech Co., Ltd., respectively, and were used 
to generate macrophage-specific Neo1 knockout mice, 
Neo1F/F;Cx3cr1cre mice. Both Cx3cr1cre mice and Neo1F/F 
mice have a C57BL/6 background. Spleen macrophages 
were stained with CD45+CD11b+F4/80+ and obtained 
with fluorescence-activated cell sorting. Then spleen mac-
rophages were processed to extract RNA and to perform 
reverse transcription and RT-qPCR. The results verified 
that Neo1 was specifically knocked down in macrophages 
in Neo1F/F;Cx3cr1cre mice (Fig. S1a and b). All mice were 
maintained at the Cardiovascular Research Institute of 
Wuhan University in a standard laboratory environment 
(70% relative humidity, 22 °C, 12:12-h (h) light–dark cycle). 
In this study, all animal experiments were performed in 

accordance with the principles of blinding and randomiza-
tion, and all efforts were made to minimize animal suffer-
ing. All animal experiments complied with the guidelines 
of directive 2010/63/EU of the European Parliament and 
were approved by the Animal Care and Use Committee of 
Renmin Hospital of Wuhan University (WDRM20181215), 
Wuhan, China.

MI surgery

After being acclimatized to the new environment for 1 week, 
WT, Neo1F/F and Neo1F/F;Cx3cr1cre mice underwent MI sur-
gery by permanent ligation of the left anterior descending 
(LAD) coronary artery, as described with minor modifica-
tions [22, 23]. In brief, after the mice were anesthetized 
using pentobarbital sodium (50 mg/kg, intraperitoneal injec-
tion) and underwent thoracotomy, the proximal LAD artery 
was encircled and ligated by a 7–0 proline suture. The LAD 
artery in the sham group was encircled but not ligated. At 
different time points after MI, echocardiography was per-
formed, the mice were euthanized by CO2 inhalation, and 
cardiac tissue was obtained for further analysis.

Functionality deficiency of Neo1 in animals

To implement the functionality deficiency of Neo1 in WT 
C57BL/6 mice, mice were administered a Neo1 neutralizing 
antibody (anti-Neo1) or IgG control (2 µg per mouse, dis-
solved in PBS, intravenous injection (i.v.)) 2 h before MI or 
sham surgery and subsequently once per week after surgery. 
The dose of Anti-Neo1 and dosage regimen were determined 
by previous studies [20, 24] and were verified by a preex-
periment in our study. Both goat Anti-Neo1 (#AF1079) and 
goat IgG control (#AB-108-C) were purchased from R&D 
Systems (Minnesota, USA).

Bone marrow‑derived macrophage (BMDM) 
isolation and culture

BMDMs were obtained from C57BL/6 J mice, as described 
previously [25]. In brief, after C57BL/6 J mice (8–10 weeks, 
male) were euthanized and sterilized, the tibias and femurs 
were isolated. Then, the marrow cavity was exposed and 
washed with RPMI 1640 medium, and the cell suspension 
was obtained. After the cell suspension underwent filtra-
tion (a 70 μm strainer), erythrocyte lysis (using a red blood 
cell lysis buffer (Servicebio, China) for 3 min) and washing, 
the target bone marrow cells were resuspended in 10% FBS 
(in RPMI 1640 medium with 1% penicillin/streptomycin). 
Then, macrophage colony-stimulating factor (M-CSF, 20 ng/
ml) was used for one week to allow BMDM differentiation. 
The differentiated BMDMs were treated with LPS (100 ng/
ml) and IFN-γ (10 ng/ml) to induce a proinflammatory 
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phenotype, and the sham group was treated with PBS. 
Anti-Neo1 or IgG (5 μg/ml) [20] was administered 0.5 h 
before stimulation with LPS and IFN-γ. After stimulation 
for 12 h, the cultured cells were used for further analysis. 
LPS (#L2880) was purchased from Sigma (USA). M-CSF 
(#315–02-10) and IFN-γ (#315–05-20) were obtained from 
Peprotech (Rocky Hill, USA).

To overexpress Neo1 in BMDMs, adenoviral vectors of 
Neo1 (Ad-Neo1, purchased from Hanbio, Shanghai, China) 
were added to the culture medium of BMDMs. After 48 h 
of Ad-Neo1 supplementation, LPS and IFN-γ were admin-
istered to stimulate BMDMs for 12 h.

Blockade of the STAT1 signaling pathway 
by fludarabine phosphate (Flu)

Flu (#A8317, APExBIO, USA) was used to block STAT1 
signaling pathway activation. In mice, Flu was adminis-
tered via intraperitoneal injection at a dose of 100 mg/kg 
(dissolved in 90% PBS + 10% DMSO, 1 day before MI and 
every other day from day 1 to day 21 after MI) [26, 27]. 
In BMDMs, Flu (100 μM) [28] was added to the culture 
medium 1 h before stimulation with LPS and IFN-γ.

Echocardiography

Echocardiography was performed on the mice as described 
previously [29]. After the mice were anesthetized with 
1.5% isoflurane, left ventricular function was evaluated by 
a VINNO 6 device (VINNO Technology Co., Ltd, Suzhou, 
China) with a linear probe working at a frequency of 
23 MHz. The analyzed items included heart rate, left ven-
tricular end diameter in diastole (LVEDd), left ventricular 
end diameter in systole (LVEDs), left ventricular ejection 
fraction (LVEF) and left ventricular fraction shortening 
(LVFS).

Triphenyl tetrazolium chloride (TTC) staining

Hearts were isolated 3 d after MI and stored at − 20 °C for 
30 min [30]. Then, hearts were sectioned into 3 mm short 
axis slices that were immediately incubated with TTC solu-
tion at 37 °C for 30 min in the dark and subsequently fixed 
with 4% paraformaldehyde. The infarction size was calcu-
lated as the percentage of infarction area (white)/the whole 
area of the heart.

Real‑time qPCR (RT–qPCR)

RNA was extracted from the cardiac infarction border [31] 
tissue of mice by TRIzol reagent [29] (Invitrogen Life Tech-
nologies, USA). A Transcriptor First Strand cDNA Synthe-
sis kit (Roche, Germany) was used to synthesize cDNA, 

and LightCycler 480 SYBR Green Master Mix (Roche, 
Germany) was used for subsequent PCR amplification. The 
human qPCR primers included Neo1 and GAPDH. The 
mouse primers included Neo1, atrial natriuretic peptide 
(ANP), brain natriuretic peptide (BNP), collagen I, colla-
gen III, serum tumor necrosis factor α (TNF-α), interleukin 
(IL)-1β, IL-6, monocyte chemoattractant protein-1 (MCP-1), 
and GAPDH. All primers are shown in Table S1.

Western blotting

Protein was extracted with RIPA buffer from the cardiac 
infarction border tissue of mice and BMDMs and further 
separated as described previously [29]. Primary antibod-
ies included: Neo1 (R&D system), collagen I (Servicebio), 
Bax (Abcam), Bcl-2 (Abcam), cleaved-caspase3 (GeneTex), 
phospho (p)/total (T)-P38 (CST), p/T-ERK (CST), p/T-JNK 
(CST), p-janus kinase 1 (JAK1) (CST), T-JAK1 (Abcam), 
p-JAK2 (CST), T-JAK2 (Abcam), p-signal transduction and 
activator of transcription 1 (STAT1) (Abcam), T-STAT1 
(CST), p/T-P65 (Abcam), p/T-STAT6 (CST), GAPDH 
(GeneTex), Chemerin receptor 23 (ChemR23) (Santa Cruz), 
formyl-peptide receptor-2 (FPR2) (Santa Cruz), and G pro-
tein-coupled receptor 37 (GPR37) (Santa Cruz). Then, the 
blots were incubated with a secondary antibody (goat anti-
rabbit antibody or rabbit anti-mouse antibody; CST, Boston, 
USA).

Flow cytometry analysis

For cardiac tissue of mice, flow cytometry was used as 
described in our previous study [32]. In brief, left ventricu-
lar tissue was digested with 0.1% collagenase II and 2.4 U/
ml dispase II for 30 min to prepare a single-cell suspension 
that was subsequently filtered with a 70 μm strainer and 
managed with red blood cell lysate (Servicebio, China) for 
3 min. Then, anti-CD16/32 antibody (BD Biosciences) was 
used to block Fcγ receptors, and Fixable Viability Stain 510 
(BD Biosciences) was used to separate viable and nonvi-
able cells. Finally, for cell surface markers, primary anti-
bodies were used for flow cytometry, including anti-CD11b 
(PE-cy7, eBioscience), anti-F4/80 (APC, eBioscience), 
anti-Ly6C (Bv605, BD Biosciences), anti-CD86 (Bv421, 
BD Biosciences), and anti-MerTk (PE, eBioscience). After 
the primary antibodies were incubated for 30 min in the 
dark, the cells were analyzed with CytExpert (Beckman, 
USA) or MoFlo XDP (Beckman, USA). The gating strat-
egy: cardiac macrophages, CD11b+F4/80+; cardiac proin-
flammatory macrophages, CD11b+F4/80+Ly6Chigh (Fig. 
S2a) or CD11b+F4/80+Ly6ChighCD86+ (Fig. S2b); cardiac 
proresolving macrophages, CD11b+F4/80+Ly6ClowMerTk+ 
(Fig. S2c).
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To detect neutrophils phagocytized by macrophages 
and analyze the ratio of neutrophils associated with mac-
rophages to total neutrophils, primary antibodies against 
CD11b, Ly6G (Bv421, BD Biosciences) and F4/80 were 
used to label cell surface markers for 30 min. Then, the cell 
suspension underwent fixation and permeabilization. After 
that, Ly6G antibody was used to label the neutrophils phago-
cytized by macrophages. The ratio of neutrophils associated 
with macrophages (CD11b+Ly6G+F4/80+) to total neutro-
phils (CD11b+Ly6G+) was used to evaluate macrophage 
efferocytosis for apoptotic neutrophils (Fig. S2d).

In mice, the spleen was ground and subsequently filtered 
with a 70 μm strainer to prepare a single-cell suspension. 
After splitting with red blood cell lysate, the cell suspension 
was managed using anti-CD16/32 antibody and fixable via-
bility stain 510. Then, several primary antibodies were used 
for flow cytometry, including anti-CD45 (APC-Cy7, BD 
Biosciences), anti-CD11b and anti-Ly6C. The gating strat-
egy: spleen monocytes, CD45+CD11b+ or CD11b+; spleen 
proinflammatory monocytes, CD45+CD11b+ Ly6Chigh or 
CD11b + Ly6Chigh.

For BMDMs, cells in culture dishes were digested 
with 0.25% trypsin to prepare BMDM suspensions. Then, 
anti-CD16/32 antibodies (BD Biosciences) were used 
to block Fcγ receptors, and Fixable Viability Stain 510 
(BD Biosciences) was used to separate viable and nonvi-
able cells. The primary antibodies included anti-F4/80 and 
anti-CD86. The gating strategy: proinflammatory BMDM, 
F4/80+CD86+.

Flow cytometric sorting and splenic macrophage 
extraction

A single-cell suspension of spleen was generated as 
described above. Then, the cell suspension was managed 
using anti-CD16/32 antibody and fixable viability stain 510. 
Primary antibodies, including anti-CD45, anti-CD11b and 
anti-F4/80, were used to sort and obtain spleen macrophages 
that subsequently were used to perform RNA extraction, 
reverse transcription and QT-qPCR, analyzing whether Neo1 
was specifically deleted in macrophages from mice.

Untargeted lipidomics

For sample preparation and lipid extraction, lipids were 
extracted according to the MTBE method. Briefly, the left 
ventricular tissue (50 mg) was spiked with appropriate 
amounts of internal lipid standards and homogenized by 
an MP homogenizer. Then, the mixture underwent MTBE 
administration, ultrasound and sitting. After that, the mixture 
was centrifuged, and the upper layer solution was obtained 

and dried under nitrogen. The lipid extracts were redissolved 
in 90% isopropanol/acetonitrile and centrifuged at 14,000 × g 
for 15 min, and 3 μL of the upper layer was injected.

For untargeted lipidomics analysis, the extracts were 
analyzed by LC‒MS at Shanghai Applied Protein Tech-
nology Co., Ltd. In brief, lipids were separated on a 
Waters ACQUITY PREMIER CSH C18 Column (1.7 μm, 
2.1*100 mm) under the following chromatographic condi-
tions: mobile phase A (acetonitrile:water = 6:4, v/v) and 
mobile phase B (acetonitrile:isopropanol = 1:9, v/v) at a 
flow rate of 300 μL/min and column oven temperature at 
45 °C. The gradient started with 30% of B and was held 
for 2 min. Then, the gradient was increased to 100% of B 
over 23 min, which was returned to 30% B over 1 min and 
was finally equilibrated for 9 min. To avoid the influence of 
signal fluctuation, a random injection sequence was used for 
analysis of samples.

Then, MS detection was performed using a Thermo 
Scientific™ Q Exactive mass spectrometer equipped with 
an ESI (Electron Spray Ionization) ion source. Data were 
acquired in both positive and negative ion modes. Data-
dependent acquisition methods were used for MS/MS analy-
ses of the lipidome. Finally, LipidSearch 4.0 software was 
used for peak detection and annotation of lipids or internal 
standards. For statistical analysis, lipids with significant dif-
ferences were identified based on a combination of statisti-
cally significant thresholds of variable influence on projec-
tion (VIP > 1) values obtained from the orthogonal partial 
least squares discriminant analysis (OPLS-DA) model (mul-
tidimensional statistical analysis) and two-tailed Student’s 
t test (P < 0.05).

Hematoxylin–eosin (HE), Masson and picrosirius red 
(PSR)

Hearts were fixed with 4% paraformaldehyde for 3 days and 
subsequently embedded in paraffin. Hearts on the short axis 
(papillary level) were sliced into 5 μm sections that were 
stained with HE, Masson and PSR as described previously 
[33]. Based on HE and Masson staining, infarction size was 
calculated as total infarct circumference divided by total LV 
circumference × 100, as described previously [34]. Based on 
PSR staining, fibrosis was calculated as the total fibrosis 
area divided by the total area of LV tissue. These data were 
measured and calculated using ImageJ software (National 
Institutes of Health, Bethesda, USA).

Immunofluorescence

These sections were used to perform immunofluorescence 
(IF), as described in our previous study [35]. The primary 
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antibodies included cleaved-caspase3 (GeneTex), Neo1 
(R&D), F4/80 (Servicebio), CD86 (ServiceBio), induc-
ible nitric oxide synthase (i-NOS) (CST), CD206 (R&D), 
Ly6G (Servicebio), p-STAT1 (Abcam), p-P65 (Abcam) 
and p-STAT6 (CST). After being incubated with primary 
antibodies overnight at 4 °C, the sections were incubated 
with the appropriate secondary antibodies for 1 h at 37 °C. 

The nuclei were stained with 4,6-diamidino-2-phenylindole 
(DAPI). Images were obtained using a fluorescence micro-
scope (Olympus Dx51, Japan) or a confocal laser scanning 
microscope (Leica, Germany).
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TdT‐mediated dUTP nick‐end‐labeling (TUNEL) 
assay

To determine cardiomyocyte apoptosis, TUNEL staining 
was performed with a TUNEL kit (Millipore, USA) accord-
ing to the manufacturer’s instructions, as described previ-
ously [35]. cTnI staining was performed using cTnI antibody 
(Servicebio). Images were obtained using a fluorescence 
microscope (Olympus Dx51, Japan).

Measurement of TNF‑α and IL‑1β

Serum was obtained from the mice on day 3 after MI. The 
serum levels of TNF-α and IL-1β were measured using 
enzyme-linked immunosorbent assay (ELISA) kits (Neo-
bioscience, China) according to the instructions.

Pathway enrichment analysis

Gene expression profiles of left ventricular tissue in mice 
challenged with MI and sham operation were downloaded 
from the Gene Expression Omnibus (GEO) database within 
the series GSE71906. Using the microarray approach, the 
series provided mRNA expression data from C57BL/6 
mouse hearts subjected to ligation of the left anterior 
descending coronary artery or sham operation, and hearts 
were obtained 8 h after surgery. A total of 12 samples in 
the series were recorded, of which 6 were from MI hearts 
and 6 were from sham hearts. Gene set reannotation was 
performed with the R package AnnoProbe version 0.1.6. In 

brief, to identify the Axon guidance signaling pathway, gene 
set enrichment analysis (GSEA) (http://​www.​broad​insti​tute.​
org/​gsea) was performed using GSEA software 4.2.3 (Broad 
Institute) and visualized as a heatmap using the R package 
pheatmap. Genes in each gene set were obtained from the 
Molecular Signatures Database (MSigDB) version 7.5.1 
(https://​www.​gsea-​msigdb.​org/​gsea/​msigdb) [36, 37].

Statistical analysis

All data are expressed as the mean ± standard error of the 
mean (SEM) and analyzed by GraphPad Prism 7 software. 
Differences between two groups were analyzed by unpaired 
Student’s t test. Differences among the four groups were ana-
lyzed by two-way analysis of variance (ANOVA) followed by 
Tukey’s test or one-way ANOVA followed by Tukey’s test. To 
determine the expression of Neo1 in mice at different points 
after MI, differences among groups were analyzed by one-way 
ANOVA followed by Tukey’s test. Significance was assumed 
to be p < 0.05.

Results

Neo1 expression in the left ventricular tissue 
and macrophages

We first performed gene set enrichment analysis using the 
published genotyping array datasets of the left ventricu-
lar tissue in mice 8 h after MI and sham operation. The 
source data are available in Gene Expression Omnibus 
(GSE 71906). Then, the axon guidance signaling path-
way was enriched and analyzed (Fig. 1a and b) since it has 
a strong ability to regulate inflammation [38, 39]. In the 
axon guidance signaling pathway, we found that Neo1 was 
the top gene of core enrichment. Compared to the control 
group, Neo1 expression was significantly decreased in the 
MI group (Fig. 1b and c). In addition, Netrin1 and Netrin3 
were also significantly decreased in the MI group (Fig. 1b 
and c). Since Neo1 is a shared receptor for Netrin1 and 
Netrin3 [40], the function of Neo1 in MI was regarded as 
the research emphasis in our study. Then, to clarify the asso-
ciation between Neo1 and MI, Neo1 expression was further 
measured by RT–qPCR and western blotting in the infarc-
tion border zone of mice at different time points. The results 
(Fig. 1d–f) revealed that Neo1 expression was significantly 
decreased 1 d after MI and gradually increased during the 
subsequent period (3 d, 7 d, 14 d, 28 d). A previous study 
suggested that Neo1 is expressed in human macrophages 
[20]. In our study, we demonstrated that Neo1 was expressed 
in macrophages in the hearts of mice after MI (Fig. 1g). 
In addition, in LPS- and IFN-γ-induced proinflammatory 
macrophages, Neo1 expression was significantly decreased 

Fig. 1   Neogenin (Neo1) expression in the left ventricular tissue and 
macrophages, The gene expression profiles of left ventricular tissue 
in mice challenged with MI and sham operation were downloaded 
from the Gene Expression Omnibus (GEO) database within the 
series GSE71906 and data were analyzed and shown in (a–c). a Gene 
set enrichment analysis (GSEA) enrichment plot of the Axon guid-
ance signaling pathway in Sham vs. MI (8  h) group, n = 6; b Heat-
map of the top 20 core-enriched genes with differential expression 
in the Axon guidance signaling pathway, n = 6, the included genes 
have the absolute values of log2 (fold change) ≥ 1.5 and adjusted p 
value ≤ 0.05; c The expression levels of Neo1, Netrin1, Netrin3, 
Netrin4, DCC, Unc5b and Unc5c were shown in histogram, n = 6, 
unpaired Student’s t-test was used; d The mRNA levels of Neo1 at 
cardiac infarction border zone in mice at different time points, n = 4, 
one way analysis of variance (ANOVA) followed by Tukey’s test; 
e, f The protein bands and levels of Neo1 at cardiac infarction bor-
der zone in mice at different time points, n = 4, one way ANOVA 
followed by Tukey’s test; g Double-labelling immunofluorescence 
showed that Neo1 was expressed in F4/80+ macrophages in heart 
after MI, n = 4 in each group; h, i In bone marrow derived-mac-
rophages (BMDMs), lipopolysaccharide (LPS) and IFN-γ were used 
to induced the proinflammatory phenotype of macrophages, and Neo1 
expression was evaluated in vehicle and proinflammatory BMDM 
groups 12  h after LPS + IFN-γ stimulation, n = 4 in each group, 
unpaired Student’s t-test. Data are expressed as the mean ± SEM. In 
(c) *indicates p < 0.05; In d and f, *p < 0.05 vs. Sham group; In i, 
*p < 0.05 vs. Vehicle group

◂

http://www.broadinstitute.org/gsea
http://www.broadinstitute.org/gsea
https://www.gsea-msigdb.org/gsea/msigdb
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(Fig. 1h and i). Therefore, Neo1 may play a critical role in 
myocardial remodeling after MI by mediating macrophages.

Macrophage Neo1 deficiency exacerbated 
MI‑induced cardiac dysfunction and increased 
infarction size

First, Anti-Neo1 was used to implement Neo1 functionality 
deficiency. Cardiac function was evaluated by echocardi-
ography at day 21 after MI, including heart rate, LVEDd, 
LVEDs, LVEF and LVFS. Echocardiography showed that 
compared to that in the MI + IgG group, the administra-
tion of Anti-Neo1 further increased LVEDd and LVEDs 
and decreased LVEF and LVFS (Fig. 2a–e), indicating that 
Neo1 deficiency could exacerbate cardiac dysfunction after 
MI. No significant differences in heart rate were observed 
among these groups (Fig. S3a). TTC staining showed that 
the infarction size was significantly larger in the MI + Anti-
Neo1 group than in the MI + IgG group (Fig. 2f).

To evaluate the effect of macrophage Neo1 on MI in mice, 
mice with macrophage-specific Neo1 deficiency, which were 
generated by Neo1F/F mice and Cx3cr1cre mice, were used. 
Cardiac function was evaluated by echocardiography at mul-
tiple time points (day 0 (before MI), day 3, day 7 and day 
21) after MI. The results showed that compared to that in 
the MI + Neo1F/F group, LVEDd was significantly increased 
in the MI + Neo1F/F;Cx3cr1cre group at day 7 after MI, and 
LVEDs were increased in the MI + Neo1F/F;Cx3cr1cre group 
at day 7 and 21 after MI (Fig. 2g–i). Both LVEF and LVFS 
were significantly lower in the MI + Neo1F/F;Cx3cr1cre group 
than in the MI + NeoF/F group at day 3, 7 and 21(Fig. 2j and 
k). No significant differences in heart rate were observed 
between the two groups at different time points (Fig. S3b). 
Therefore, macrophage-specific Neo1 deficiency could dra-
matically exacerbate left ventricular dysfunction after MI. In 
addition, HE and Masson staining found that the infarction 
size was significantly higher in the MI + Neo1F/F;Cx3cr1cre 

group than in the MI + Neo1F/F group (Fig. 2l–n). In sum-
mary, Neo1 deficiency could effectively exacerbate cardiac 
dysfunction and increase infarction size after MI.

Macrophage Neo1 deficiency enhanced 
cardiomyocyte apoptosis and cardiac fibrosis 
after MI

PSR staining showed that in the context of cardiac fibrosis, 
Anti-Neo1 could increase the cardiac fibrosis area in mice 
21 days after MI (Fig. 3a and b). The mRNA expression 
levels of collagen I and III were significantly higher in the 
MI + Anti-Neo1 group than in the MI + IgG group (Fig. 3c 
and d). Western blotting also demonstrated that Anti-Neo1 
could enhance the expression levels of collagen I after MI 
(Fig. S4a). In addition, the mRNA levels of ANP and BNP 
were also evaluated, and the results showed that Anti-Neo1 
significantly increased ANP and BNP expression (Fig. S4b 
and c). Cardiomyocyte apoptosis was evaluated by west-
ern blotting and IF analysis. The results showed that MI 
increased the expression of Bax and cleaved-caspase3 and 
decreased Bcl-2 expression, and these changes were sig-
nificantly enhanced by the administration of Anti-Neo1 
(Fig. 3e–i). In addition, the TUNEL assay showed that the 
number of TUNEL-positive cells was significantly increased 
by the administration of Anti-Neo1 (Fig. 3j and k). These 
results indicated that functionality deficiency of Neo1 could 
significantly exacerbate MI-induced cardiac fibrosis and car-
diomyocyte apoptosis.

Similarly, PSR staining showed that compared to that in 
the MI + Neo1F/F group, the cardiac fibrosis area was sig-
nificantly increased in the MI + Neo1F/F;Cx3cr1cre group 
(Fig. 3l and m). For cardiomyocyte apoptosis, western blot-
ting found that Bax expression was significantly higher and 
Bcl-2 expression was lower in the MI + Neo1F/F;Cx3cr1cre 
group than in the MI + Neo1F/F group (Fig. 3n and o). Dou-
ble IF staining of TUNEL and cTnI also found that the 
number of TUNEL-positive cardiomyocytes was higher in 
the MI + Neo1F/F;Cx3cr1cre group than in the MI + Neo1F/F 
group (Fig. 3p and q). These results indicated that mac-
rophage-specific Neo1 deficiency could effectively enhance 
cardiac fibrosis and cardiomyocyte apoptosis.

Macrophage Neo1 deficiency promoted 
macrophage infiltration and transformation 
to a proinflammatory phenotype

The infiltration and polarization of macrophages were first 
evaluated by flow cytometry. Our study showed that com-
pared to that in the MI + IgG group, CD11b+F4/80+ mac-
rophages were significantly increased in the heart in the 
MI + Anti-Neo1 group 3 days after MI (Fig. 4a–c). MCP-1 
plays key roles in attracting macrophages to the infarcted 

Fig. 2   Macrophage neogenin (Neo1) deficiency exacerbated cardiac 
dysfunction and increased infarction size in mice challenged with 
myocardial infarction (MI), a–e The left ventricular (LV) function 
in different groups 21  days after MI, including LV end diameter in 
diastole (LVEDd), LV end diameter in systole (LVEDs), LV ejection 
fraction (LVEF) and LV faction shortening (LVFS), was evaluated 
by Echocardiography, n = 8 in each group, two way analysis of vari-
ance (ANOVA) followed by Tukey’s test; f The infarction size was 
evaluated by triphenyl tetrazolium chloride (TTC) staining 3  days 
after MI, n = 5 in each group, unpaired Student’s t-test; g–k The LV 
function in MI + Neo1F/F and MI + Neo1F/F;Cx3cr1cre groups at dif-
ferent time points after MI, n = 10, unpaired Student’s t-test at dif-
ferent time points; l–n Based on HE staining and Masson staining 
21  days after MI, infarction size was analyzed in MI + Neo1F/F and 
MI + Neo1F/F;Cx3cr1cre groups, n = 5, unpaired Student’s t-test. Data 
are expressed as the mean ± SEM. In (b–f) *p < 0.05 vs. Sham + IgG 
group, #p < 0.05 vs. MI + IgG group; in (h–k) and (n), #p < 0.05 vs. 
MI + Neo1F/F group; n.s. indicates no significance

◂



	 J. Zhang et al.

1 3

324  Page 10 of 23

myocardium. In our study, along with the infiltration of mac-
rophages, the expression levels of MCP-1 were increased in 
the MI + IgG group and were further enhanced by treatment 
with Anti-Neo1 (Fig. S5a). The infiltrated macrophages in 
the infarcted myocardium after MI could be supplemented 
by systemic monocytes/macrophages that always migrate 
from the spleen [41] and the bone marrow [42, 43]. The 

appropriate infiltrated macrophages can facilitate the clear-
ance of necrotic debris and tissue repair. However, the exces-
sive infiltrated macrophages can lead to a burst of inflam-
mation, which contributes to the aggravation of myocardial 
remodeling after MI. Our study revealed that compared to 
that in the MI + IgG group, the administration of Anti-Neo1 
significantly further decreased the number of spleen CD11b+ 
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and CD11b+Ly6Chigh monocytes (Fig. S6a-d), contributing 
to the migration of spleen monocytes/macrophages to the 
heart in mice challenged with MI. Then, we evaluated the 
effect of Anti-Neo1 on the macrophage phenotype in vivo 
by flow cytometry and IF analysis. The results showed 
that compared to the MI + IgG group, supplementation 
with Anti-Neo1 significantly increased the proportion of 
proinflammatory macrophages (CD11b+F4/80+Ly6Chigh) 
(Fig. 4d–f). IF staining also verified this effect, as illustrated 
by the increases in CD86+ macrophages (Fig. 4g) and i-NOS 
expression (Fig. 4h). In summary, functionality deficiency 
of Neo1 could accelerate macrophage infiltration into the 
ischemic myocardium and promote macrophage transfor-
mation to a proinflammatory phenotype in mice challenged 
with acute MI.

The regulatory effect of Neo1 on macrophages was 
also evaluated in Neo1F/F;Cx3cr1cre mice. Flow cytom-
etry showed that compared to those in the MI + Neo1F/F 
group, the number and proportion of CD11b+F4/80+ 
macrophages were significantly increased in the hearts of 
mice in the MI + Neo1F/F;Cx3cr1cre group 3 days after MI 
(Fig. 4i–k). In the spleen, the numbers of CD45+CD11b+, 
CD45+CD11b+Ly6Chigh and CD45+CD11b+Ly6Cmid mono-
cytes were significantly lower in the MI + Neo1F/F;Cx3cr1cre 
group than in the MI + Neo1F/F group (Fig. S7a–d). For mac-
rophage polarization, compared to that in the MI + Neo1F/F 
group, the proportion of CD11b+F4/80+Ly6ChighCD86+ 
proinflammatory macrophages in the heart was signifi-
cantly increased in the MI + Neo1F/F;Cx3cr1cre group 3 days 
after MI (Fig. 4l–n). In addition, IF staining also showed 

that the CD86-positive cells were obviously increased in 
the MI + Neo1F/F;Cx3cr1cre group (Fig. 4o). These results 
suggested that macrophage-specific Neo1 deficiency pro-
moted monocyte/macrophage transfer from the spleen to the 
ischemic heart and facilitated the polarization of proinflam-
matory macrophages after MI.

Finally, the effect of Neo1 on macrophage phenotype was 
also evaluated in BMDMs in vitro. In this part, LPS + IFN-γ 
was used to induce the proinflammatory phenotype. Flow 
cytometry revealed that F4/80+CD86+ proinflammatory 
macrophages were more abundant in the LPS + IFN-γ group 
than in the vehicle group (Fig. 4p and q). The administra-
tion of Anti-Neo1 significantly enhanced this trend (Fig. 4p 
and q), suggesting that Neo1 deficiency could enhance mac-
rophage transformation to the proinflammatory phenotype 
in vitro. In summary, these in vivo and in vitro results indi-
cated that Neo1 deficiency could promote the infiltration 
of macrophages and proinflammatory polarization, which 
contributes to the deterioration of myocardial remodeling 
after MI.

Macrophage Neo1 deficiency exacerbated 
the inflammatory response and impaired 
inflammation resolution

RT–qPCR showed that proinflammatory cytokines, includ-
ing TNF-α, IL-1β and IL-6, were significantly increased 
at the infarction border zone after MI (Fig. 5a–c). ELISA 
showed that serum TNF-α and IL-1β were also increased 
in the MI + IgG group (Fig. 5d and e). The administration 
of Anti-Neo1 further significantly increased the expression 
of these proinflammatory cytokines at the infarction border 
zone (Fig. 5a-c) and in serum (Fig. 5d and e). In addition, 
the administration of Anti-Neo1 enhanced the expression 
of p-ERK but not P38 or JNK (Fig. S8a-d), indicating that 
the ERK signaling pathway might contribute to the increase 
in proinflammatory cytokines. Similarly, the mRNA levels 
of TNF-α, IL-1β and IL-6 were evaluated at the infarction 
border zone 3 days after MI in mice with macrophage-spe-
cific Neo1 deficiency. RT–qPCR showed that the mRNA 
levels of TNF-α, IL-1β and IL-6 were significantly higher in 
the MI + Neo1F/F;Cx3cr1cre group than in the MI + Neo1F/F 
group (Fig. 5f–h). These results indicated that macrophage 
Neo1 deficiency exacerbated the inflammatory response 
after MI.

Inflammation resolution has emerged as a critical 
endogenous process that protects the host from exces-
sive MI-induced inflammation, contributing to improve-
ments in myocardial remodeling and cardiac function [3]. 
Inflammation resolution can be illustrated by an increase 
in apoptotic neutrophils and an increase in macrophage 

Fig. 3   Macrophage neogenin (Neo1) deficiency enhanced cardiac 
fibrosis and cardiomyocyte apoptosis in mice challenged with myo-
cardial infarction (MI), a, b PSR staining was used to analyzed car-
diac fibrosis areas 21  days after MI, n = 5 in each group, unpaired 
Student’s t-test; c, d The mRNA levels of Collagen I and Collagen III 
after MI, n = 6 in each group, two way analysis of variance (ANOVA) 
followed by Tukey’s test; e, h Western blot bands of Bax and Bcl-2 
and the relative protein levels 3  days after MI, n = 4 in each group, 
two way ANOVA followed by Tukey’s test; i Cleaved-caspase3 
(c-caspase3) expression (red) was evaluated by immunofluorescence 
3 days after MI, n = 4 in each group; j, k TdT‐mediated dUTP nick‐
end‐labeling (TUNEL) assay (green) in each group 3 days after MI, 
n = 4, two way ANOVA followed by Tukey’s test; l, m PSR stain-
ing was used to analyzed cardiac fibrosis areas 21  days after MI in 
MI + Neo1F/F and MI + Neo1F/F;Cx3cr1cre groups, n = 5, unpaired Stu-
dent’s t-test; n, o Western blot bands of Bax and Bcl-2 and the rela-
tive protein levels 3 days after MI in Neo1F/F and Neo1F/F;Cx3cr1cre 
mice, n = 5, two way ANOVA followed by Tukey’s test; p, q Dou-
ble staining of TUNEL (green) and cTnI (red) was used to ana-
lyzed cardiomyocyte apoptosis 3 days after MI in MI + Neo1F/F and 
MI + Neo1F/F;Cx3cr1cre groups, n = 4, unpaired Student’s t-test. Data 
are expressed as the mean ± SEM. In (b–d), f–h and (k) *p < 0.05 vs. 
Sham + IgG group, #p < 0.05 vs. MI + IgG group; in (m), (0) and (q), 
*p < 0.05 vs. Sham + Neo1F/F group, #p < 0.05 vs. MI + Neo1F/F group
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efferocytosis/phagocytosis. A higher proportion of neu-
trophils phagocytized by macrophages will facilitate the 
resolution of acute inflammation. In this study, we found 
that both administration of Anti-Neo1 and macrophage-
specific Neo1 deficiency could reduce the proportion of 
CD11b+F4/80+Ly6ClowMerTk+ macrophages (Fig. 5i–l), 
which can phagocytize apoptotic cells, such as apoptotic 
neutrophils and cardiomyocytes, in the ischemic myo-
cardium. The ratio of neutrophils associated with mac-
rophages (CD11b+Ly6G+F4/80+) to total neutrophils 
(CD11b+Ly6G+) was significantly decreased by mac-
rophage-specific Neo1 deficiency (Fig. 5m and n). These 
results suggested that Neo1 deficiency could impair mac-
rophage phagocytosis and impede the inflammation resolu-
tion process. In addition, compared to that in the MI + IgG 
group, the number of apoptotic neutrophils was decreased by 
Anti-Neo1 (Fig. 5o), further emphasizing that the resolution 
of these infiltrated neutrophils was impaired.

Absolute quantitative lipidomics found that Anti-Neo1 
had a regulatory effect on lipid metabolism, in which 
PS(18:0/20:4)-H (Fig. S9a) was significantly decreased and 
LPC(18:0) + HCOO (Fig. S9a) were significantly increased 

(Fig. 5p and q). PS (phosphatidylserine) is expressed on apop-
totic cells and is an important “eat-me” signal. In efferocyto-
sis, PS mediates the recognition and subsequent phagocytosis 
of macrophages on apoptotic cells [44]. Lysophosphatidyl-
choline (LPC), which is the main component of oxidatively 
damaged low-density lipoprotein, can induce the migration 
of macrophages, increase the production of proinflammatory 
cytokines and promote the progression of inflammatory dis-
eases [45]. Therefore, the decrease in PS and the increase in 
LPC induced by Anti-Neo1 (Fig. 5p and q) also suggested that 
Neo1 deficiency impaired the clearance of apoptotic cells and 
the resolution of inflammation after MI.

Chemerin receptor 23 (ChemR23), formyl-peptide recep-
tor-2 (FPR2) and G protein-coupled receptor 37 (GPR37), 
which are all G protein-coupled receptors, are specialized pro-
resolving lipid mediators and can promote inflammation reso-
lution in MI or ischemic stroke [46–48]. In our study, we found 
that the expression levels of ChemR23, FPR2 and GPR37 were 
inhibited by the administration of Anti-Neo1 (Fig. S10a–f), 
which might impair inflammation resolution mediated by these 
receptors. Based on these results, we concluded that Neo1 defi-
ciency effectively impaired macrophage-mediated inflamma-
tion resolution and aggravated the inflammatory response after 
MI.

Neo1 deficiency promoted macrophage 
polarization to the proinflammatory phenotype 
through the JAK1‑STAT1 signaling pathway

Previous studies suggested that the STAT1, STAT6 and 
P65 signaling pathways play key roles in the regulation of 
macrophage polarization and function [49]. To clarify the 
mechanisms by which Neo1 regulates macrophage polariza-
tion, the expression of p-STAT1, p-STAT6 and p-P65 in vivo 
was analyzed by western blotting and IF analysis. The results 
revealed that Anti-Neo1 could significantly increase the 
expression of p-STAT1 but not p-STAT6 or p-P65 3 days 
after MI (Fig. 6a, d–f). IF double staining showed that the 
expression of p-STAT1 in macrophages was higher in the 
MI + Anti-Neo1 group than in the MI + IgG group (Fig. 6g). 
However, there was no significant difference in p-STAT6 and 
p-P65 between the MI + IgG and MI + Anti-Neo1 groups 
(Fig. S11a and b). JAK1 and JAK2 are upstream molecules 
of STAT1 and were subsequently evaluated by western 
blotting. The results showed that Anti-Neo1 could signifi-
cantly increase the expression of p-JAK1 but not p-JAK2 
(Fig.  6a–c), indicating that Neo1 inhibition regulated 
macrophage phenotype and function possibly through the 
JAK1-STAT1 signaling pathway. In addition, JAK1-STAT1 
pathway was also evaluated in mice with macrophage-spe-
cific Neo1 deficiency. Western blotting showed that com-
pared to the MI + Neo1F/F group, the expression levels of 
p-JAK1 and p-STAT1 were also significantly increased in 

Fig. 4   Macrophage neogenin (Neo1) deficiency promoted mac-
rophage infiltration and transformation to a proinflammatory phe-
notype, a–c CD11b+F4/80+ macrophages in ischemic heart were 
analyzed by Flow cytometry 3  days after MI, and CD11b+F4/80+ 
macrophages / total cell ratio and CD11b+F4/80+ macrophages 
number were calculated, n = 5 in each group, unpaired Student’s 
t-test; d–f Proinflammatory macrophages (CD11b+F4/80+Ly6Chigh) 
were analyzed by Flow cytometry 3  days after MI and the number 
and proportion of proinflammatory macrophages were also calcu-
lated, n = 5 in each group, two way analysis of variance (ANOVA) 
followed by Tukey’s test; g CD86 positive macrophages (green) 
were evaluated by immunofluorescence 3  days after MI, n = 4 in 
each group; h Inducible nitric oxide synthase (i-NOS) (red) expres-
sion was evaluated by immunofluorescence 3  days after MI, n = 4 
in each group; i–k CD11b+F4/80+ macrophages in ischemic heart 
were analyzed by Flow cytometry 3  days after MI in MI + Neo1F/F 
and MI + Neo1F/F;Cx3cr1cre groups, and CD11b+F4/80+ mac-
rophages / total cell ratio and CD11b+F4/80+ macrophages num-
ber were calculated, n = 5, unpaired Student’s t-test; l–n Proin-
flammatory macrophages (CD11b+F4/80+Ly6ChighCD86+) were 
analyzed by Flow cytometry 3  days after MI in MI + Neo1F/F and 
MI + Neo1F/F;Cx3cr1cre groups, and the number and proportion of 
proinflammatory macrophages were also calculated, n = 5, unpaired 
Student’s t-test; o CD86 positive macrophages (green) were evalu-
ated by immunofluorescence 3  days after MI in MI + Neo1F/F and 
MI + Neo1F/F;Cx3cr1cre groups, n = 4; p, q In bone marrow derived-
macrophages (BMDMs), and the F4/80+CD86+ proinflammatory 
phenotype was evaluated by flow cytometry in each group 12 h after 
LPS + IFN-γ stimulation, and an Anti-Neo1 was administered 0.5  h 
before LPS + IFN-γ stimulation, n = 3, two way ANOVA followed by 
Tukey’s test. Data are expressed as the mean ± SEM. In (b–c) and (e–
f), *p < 0.05 vs. Sham + IgG group, #p < 0.05 vs. MI + IgG group; In 
(j–k) and (m–n), #p < 0.05 vs. MI + Neo1F/F group; in (q), *p < 0.05 
vs. Sham + IgG group, # p < 0.05 vs. LPS + IFN-γ + IgG group
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MI + Neo1F/F;Cx3cr1cre group (Fig. 6h–j), which further 
emphasized that Neo1 may regulate macrophage polariza-
tion through JAK-STAT1 signaling pathway.

The mechanisms by which Neo1 affects macrophage 
polarization were also explored in vitro. In BMDMs, we 
demonstrated that the administration of LPS + IFN-γ 
increased the expression of p-JAK1 and p-STAT1 (Fig. 6k), 
which was further increased by treatment with Anti-Neo1 
(Fig. 6k). Confocal microscopy showed that Anti-Neo1 
not only increased p-STAT1 expression but also promoted 
p-STAT1 entry into the nucleus (Fig. 6l), resulting in the 
proinflammatory polarization. Therefore, Neo1 deficiency 
could promote macrophage transformation to the proinflam-
matory phenotype via the JAK1-STAT1 signaling pathway.

Blockade of the STAT1 signaling pathway abolished 
the effect of Neo1 on macrophage polarization, 
the inflammatory response and inflammation 
resolution

Flu was used to inhibit STAT1 activation. In our study, we 
demonstrated that Flu significantly decreased the expression 
of p-STAT1 (Fig. 7a). Compared to that in the MI + Anti-
Neo1 group, Flu significantly inhibited the increased infil-
tration of CD11b+F4/80+ macrophages (Fig. 7b) in left 
ventricular tissue 3 days after MI. In addition, Anti-Neo1 

promoted macrophage transformation to the proinflam-
matory phenotype (CD11b+F4/80+Ly6Chigh), which was 
blocked by the administration of Flu in vivo (Fig. 7c). Simi-
larly, in LPS + IFN-γ-treated BMDMs, the administration of 
Flu abolished the effect of Anti-Neo1 on proinflammatory 
polarization (F4/80+CD86+) (Fig. 7d).

Next, the effect of Flu on the inflammatory response 
was evaluated by RT–qPCR. The results showed that sup-
plementation with Flu abrogated the Anti-Neo1-induced 
increase in the expression of TNF-α, IL-1β and IL-6 in the 
infarcted border zone of cardiac tissue in mice 3 days after 
MI (Fig. 7e). During inflammation resolution, we found 
that compared to MI + Anti-Neo1 treatment, Flu treatment 
increased the proportion of CD11b+F4/80+Ly6ClowMerTk+ 
macrophages (Fig. 7f), indicating that Flu could restore mac-
rophage efferocytosis and promote inflammation resolution.

Blocking the STAT1 signaling pathway abolished 
the effect of Neo1 on cardiomyocyte apoptosis, 
cardiac function, cardiac fibrosis and infarction size

First, cardiomyocyte apoptosis was evaluated. The results 
showed that Flu could abolish the increase in cardiomyocyte 
apoptosis induced by treatment with Anti-Neo1 3 days after 
MI in mice, as illustrated by the decreased expression of 
Bax and c-caspase3 (Fig. 8a). Then, cardiac function was 
analyzed by echocardiography before MI and at 3 d, 7 d, and 
21 d after MI. Neo1 inhibition exacerbated cardiac dysfunc-
tion at 3 d, 7 d and 21 d. However, Flu treatment blocked 
the Anti-Neo1-induced exacerbation of cardiac dysfunction 
at the indicated time points, as illustrated by the decreases 
in LVEDd and LVEDs (Fig. S12b and c) and the increases 
in LVEF and LVFS (Fig. 8b-d). There were no significant 
differences in heart rate among groups at different time 
points (Fig. S12a). In addition, to further evaluate myocar-
dial remodeling after MI, infarction size and cardiac fibro-
sis were analyzed. Compared to that in the MI + Anti-Neo1 
group, Flu treatment reduced infarction size 21 days after MI 
(Fig. 8e). Similarly, Flu treatment reduced the cardiac fibro-
sis area (Fig. 8f), as illustrated by PSR staining 21 days after 
MI. These results suggested that Flu could abolish Neo1 
deficiency-induced exacerbation of myocardial remodeling 
in mice challenged with MI.

Neo1 overexpression inhibited macrophage 
transformation to a proinflammatory phenotype

To induce Neo1 overexpression, a Neo1-overexpressing 
adenovirus (ad-Neo1) was transfected into BMDMs, as 
evidenced by EGEP staining (Fig. S13a). Compared to the 
adenovirus-negative control (ad-NC), ad-Neo1 dramati-
cally increased the expression of Neo1 (Fig. S13b). Neo1 

Fig. 5   Macrophage neogenin (Neo1) deficiency exacerbated the 
inflammatory response and impaired the resolution of inflammation, 
a–c The mRNA levels of tumor necrosis factor α (TNF-α), interleu-
kin (IL)-1β and IL-6 3  days after myocardial infarction (MI), n = 6 
in each group, two way analysis of variance (ANOVA) followed by 
Tukey’s test; d, e Serum levels of TNF-α and IL-1β were evaluated 
3 days after MI, n = 5 in each group, two way ANOVA followed by 
Tukey’s test; f, h The mRNA levels of TNF-α, IL-1β and IL-6 3 days 
after MI in MI + Neo1F/F and MI + Neo1F/F;Cx3cr1cre groups, n = 5–6, 
two way ANOVA followed by Tukey’s test; i, j The proportion of 
CD11b+F4/80+Ly6ClowMerTk+ macrophages that have an obvious 
ability to phagocytize apoptotic neutrophils in the ischemic myocar-
dium and contribute to the resolution of inflammation, was evaluated 
in each group 3 days after MI, n = 5, two way ANOVA followed by 
Tukey’s test; k, l The proportion of CD11b+F4/80+Ly6ClowMerTk+ 
macrophages was also analyzed by flow cytometry in MI + Neo1F/F 
and MI + Neo1F/F;Cx3cr1cre groups, n = 5, unpaired Student’s 
t-test; m, n The ratio of neutrophils associated with macrophages 
(CD11b+Ly6G+F4/80+) to total neutrophils (CD11b+Ly6G+) were 
analyzed by flow cytometry, n = 5 in each group, unpaired Student’s 
t-test; o The double-labelling immunofluorescence of cleaved-cas-
pase3 (c-caspase3) (red) and Ly6G (neutrophil) (green) was analyzed 
3  days after MI, n = 4 in each group; p Absolute quantitative lipid-
omics were performed in MI + IgG and MI + Anti-Neo1 groups and 
heat map showed the differential lipid molecules (p < 0.05), n = 3 in 
each group; q PS(18:0/20:4)-H and LPC(18:0) + HCOO were shown 
in each group, n = 3, # indicating p < 0.05 and variable importance 
for the projection (VIP) > 1 vs. MI + IgG group. Data are expressed 
as the mean ± SEM. In (a–e) and (j) *p < 0.05 vs. Sham + IgG group, 
#p < 0.05 vs. MI + IgG group; in (f–h), (l) and (n) *p < 0.05 vs. 
Sham + Neo1F/F group, #p < 0.05 vs. MI + Neo1F/F group
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overexpression inhibited macrophage transformation to a 
proinflammatory phenotype in vitro, as illustrated by the 
decreased proportion of F4/80+CD86+ macrophages (Fig. 
S13c). Western blotting revealed that Neo1 overexpression 
inhibited the expression of p-STAT1 (Fig. S13d). Confo-
cal microscopy showed that Neo1 overexpression inhibited 
both the expression of p-STAT1 and the translocation of 
p-STAT1 from the cytoplasm to the nucleus (Fig. S13e). 
Therefore, Neo1 overexpression could inhibit macrophage 
transformation to a proinflammatory phenotype through the 
JAK1-STAT1 signaling pathway.

Discussion

In our study, we first revealed that the expression of Neo1 
was decreased during the early stage and was subsequently 
increased in the late stage at the infarction border zone in 
MI mice. Macrophage-specific Neo1 deficiency exacer-
bated inflammation and myocardial remodeling after MI, 
as illustrated by the exacerbation of the inflammatory 
response, dysregulation of inflammation resolution, increase 
in infarction size and aggravation of cardiac dysfunction, 
cardiomyocyte apoptosis and cardiac fibrosis. The mecha-
nisms may be associated with macrophage transformation to 

the proinflammatory phenotype, which is regulated by the 
JAK1-STAT1 signaling pathway.

Neo1, a multifunctional transmembrane receptor, belongs 
to the Ig superfamily. Neo1 has been shown to play a role 
in neural development by binding the axon guidance cue 
netrin-1 and RGMs [14–16]. In addition to its traditional 
function, Neo1 also plays a critical role in the immune 
response and inflammation [12]. A previous study revealed 
that Neo1 inhibition could promote the resolution of inflam-
mation in murine peritonitis, as evidenced by the suppression 
of neutrophil migration, increase in neutrophil apoptosis and 
increased endogenous biosynthesis of specialized proresolv-
ing mediators [20]. In rodents with MI, netrin-1 promoted 
the survival and migration of mesenchymal stem cells, pro-
tecting against MI-induced ischemic injuries [50]. Similarly, 
the protective effect of netrin-1 against ischemia–reperfu-
sion injury has also been reported in several studies, and 
the mechanisms might be associated with myeloid adeno-
sine A2b signaling [51], nitric oxide production [52] and 
the preservation of mitochondrial integrity [53]. Therefore, 
Neo1 may play a key role in MI by regulating inflamma-
tion. Since Neo1 is a critical molecule of the axon guid-
ance pathway, we first conducted enrichment and analysis 
of the axon guidance pathway in the left ventricular tissue 
of mice after MI. The results showed that Neo1 expres-
sion was significantly decreased in the MI group. Then, to 
clarify the association between Neo1 and MI, the expres-
sion levels of Neo1 were further evaluated at the infarction 
border zone of mice with MI. Our study revealed that the 
expression levels of Neo1 were significantly decreased in the 
early stage and were subsequently increased in the late stage 
after MI. Furthermore, we found that Neo1 was expressed 
in macrophages in vivo and in vitro, and its expression was 
decreased in proinflammatory macrophages. Then, a Neo1 
neutralizing antibody and Neo1F/F;Cx3cr1cre mice were sepa-
rately used to implement Neo1 deficiency. Our study showed 
that Neo1 deficiency exacerbated myocardial remodeling 
after MI in mice, as evidenced by the increase in infarction 
size, increase in cardiac fibrosis, exacerbation of cardiomyo-
cyte apoptosis and worsening of cardiac dysfunction.

Inflammation is an important mechanism of myocardial 
remodeling after MI. The extensive infiltration of immune 
cells and excessive secretion of inflammatory cytokines 
exacerbate cardiomyocyte apoptosis and adverse left ven-
tricular remodeling after MI [54]. However, the attenuation 
of inflammation through different methods, such as CD226 
deletion [55], IL-35 treatment [34] and inhibition of glucose 

Fig. 6   Neogenin (Neo1) deficiency promoted macrophage trans-
formation to the proinflammatory phenotype through the janus 
kinase 1 (JAK1)-signal transduction and activator of transcription 1 
(STAT1) signal pathway, not STAT6 and P65 pathways, a The pro-
tein bands of p/T-JAK1, p/T-JAK2, p/T-STAT1, p/T-P65, p/T-STAT6 
and GAPDH 3  days after myocardial infarction (MI), n = 5 in each 
group; b-f Quantitative analysis of p-JAK1, p-JAK2, p-STAT1, 
p-P65 and p-STAT6 in each group 3  days after MI, n = 5, two way 
ANOVA followed by Tukey’s test; g The double-labelling immuno-
fluorescence of p-STAT1 and F4/80 3  days after MI, n = 4 in each 
group; h The protein bands of p/T-JAK1 and p/T-STAT1 3  days 
after MI in Neo1F/F and Neo1F/F;Cx3cr1cre mice; i, j Quantitative 
analysis of p-JAK1 and p-STAT1 in each group 3  days after MI in 
Neo1F/F and Neo1F/F;Cx3cr1cre mice, n = 5, two way ANOVA fol-
lowed by Tukey’s test; k The protein bands and quantitative analysis 
of p/T-JAK1 and p/T-STAT1 in bone marrow derived-macrophages 
(BMDMs) 12  h after stimulation with LPS + IFN-γ, n = 3 in each 
group, two way ANOVA followed by Tukey’s test; l The immunofluo-
rescence of p-STAT1 in BMDMs was analyzed by a confocal laser 
scanning microscope, n = 3 in each group. Data are expressed as the 
mean ± SEM. In b-f, *p < 0.05 vs. Sham + IgG group, #p < 0.05 vs. 
MI + IgG group, n.s. indicating no significance; in i and j *p < 0.05 
vs. Sham + Neo1F/F group, #p < 0.05 vs. MI + Neo1F/F group; in k, 
*p < 0.05 vs. Sham + IgG group, #p < 0.05 vs. LPS + IFN-γ + IgG 
group
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Fig. 7   Blockade of STAT1 signaling pathway reversed the effect of 
neogenin (Neo1) on macrophage polarization, inflammatory response 
and inflammation resolution, a Fludarabine phosphate (Flu) was used 
to block the activation of signal transduction and activator of tran-
scription 1 (STAT1) and was administered on day 1 before myocar-
dial infarction (MI) and every other day from day 1 to day 21 after 
MI, and the protein level of p-STAT1 was evaluated after the admin-
istration of Flu, n = 6 in each group, unpaired Student’s t-test; b The 
infiltration of CD11b+F4/80+ macrophages in the ischemic myocar-
dium was analyzed by flow cytometry 3  days after MI, n = 4–5 in 
each group, one way analysis of variance (ANOVA) followed by Tuk-
ey’s test; c Proinflammatory macrophages (CD11b+F4/80+Ly6Chigh) 
in the ischemic myocardium were evaluated 3 days after MI, n = 4–5 
in each group, one way ANOVA followed by Tukey’s test; d The pro-
portion of F4/80+CD86+ macrophages in bone marrow derived-mac-

rophages (BMDMs) was evaluated 12  h after LPS + IFN-γ stimula-
tion, the Flu and the Neo1 neutrolizing Antibody (Anti-Neo1) were 
administered at 1 h and 0.5 h before LPS + IFN-γ stimulation, n = 3 in 
each group, one way ANOVA followed by Tukey’s test; e The mRNA 
levels of tumor necrosis factor α (TNF-α), interleukin (IL)-1β and 
IL-6 3 days after MI, n = 8 in each group, one way ANOVA followed 
by Tukey’s test; f The proportion of CD11b+F4/80+Ly6ClowMerTk+ 
macrophages in the ischemic myocardium was evaluated in each 
group 3 days after MI, n = 4–5, one way ANOVA followed by Tuk-
ey’s test. Data are expressed as the mean ± SEM. In (a), *p < 0.05 vs. 
Vehicle group; in (b–d) and (f), *p < 0.05 vs. IgG group, #p < 0.05 
vs. MI + IgG group, §p < 0.05 vs. MI + Anti-Neo1 group; in (d), 
*p < 0.05 vs. IgG group, #p < 0.05 vs. LPS + IFN-γ + IgG group, 
§p < 0.05 vs. LPS + IFN-γ + Anti-Neo1 group
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transporter 1 [56], could ultimately mitigate adverse left ven-
tricular remodeling after MI. Macrophages, which are the 
predominant innate immune cells, can rapidly infiltrate the 
ischemic myocardium and transform into the proinflamma-
tory phenotype in the early stage of MI, contributing to the 
excessive secretion of inflammatory cytokines [8, 57]. The 
decrease in proinflammatory macrophage polarization medi-
ated by Dectin-1 deficiency could exert a protective effect 
and improve cardiac remodeling in mice with MI [11], sug-
gesting that targeting macrophage polarization is a promis-
ing strategy to treat MI. In our study, Neo1 deficiency not 
only increased macrophage infiltration but also promoted 
proinflammatory macrophage polarization in  vivo and 
in vitro. As a result, the inflammatory response in the heart 
was significantly enhanced, and pathological left ventricular 
remodeling was further exacerbated. In contrast, Neo1 over-
expression inhibited proinflammatory polarization in vitro, 
which might attenuate inflammation and improve myocardial 
remodeling after MI.

Following MI, the natural resolution of inflammation is 
needed to avoid excessive inflammation. Natural resolu-
tion is initiated when neutrophils undergo apoptosis and 
are subsequently digested by macrophage efferocytosis/
phagocytosis [58]. Promoting neutrophil apoptosis could 
shorten the duration of inflammation, accelerating the res-
toration of immune balance [59]. During the clearance of 
apoptotic cells, PS that is expressed on apoptotic cells and 
is an important “eat-me” signal mediates the recognition of 
apoptotic cells by macrophages and promotes macrophage 
efferocytosis. In addition, neutrophil apoptosis could trigger 
macrophage efferocytosis and promote macrophage trans-
formation from a proinflammatory to an anti-inflammatory/
reparative phenotype [59, 60], leading to improvements in 
left ventricular remodeling after MI. Anti-inflammatory 
macrophages are also accompanied by an increase in effe-
rocytosis [61]. Several previous studies [62–64] have high-
lighted the crucial importance of MerTk+ macrophages 
in postischemic cardiac remodeling. MerTk deficiency in 
macrophages could damage efferocytosis, block inflamma-
tion resolution and exacerbate cardiac remodeling. However, 
these changes were significantly reversed in MerTk(CR) 
mice that were resistant to the cleavage of membrane MerTk. 
Consistent with previous studies, we found that Neo1 defi-
ciency delayed neutrophil apoptosis (evidenced by the 

decrease in Ly6G neutrophils that expressed c-caspase3), 
impaired the recognition of apoptotic cells (evidenced by 
the decrease in PS) and impeded macrophage efferocyto-
sis (evidenced by the decreased ratio of neutrophils associ-
ated with macrophages:total neutrophils and the decrease 
in MerTK + macrophage number). In addition, ChemR23, 
FPR2 and GPR37 are the receptors of specialized pro-
resolving lipid mediators and have positive effects on the 
resolution of inflammation in MI or ischemic stroke models 
[46–48]. In our study, Neo1 inhibition decreased the expres-
sion levels of these resolution receptors. In summary, Neo1 
deficiency delayed neutrophil apoptosis, impaired mac-
rophage efferocytosis and ultimately blocked inflammation 
resolution, resulting in the deterioration of pathological left 
ventricular remodeling after MI.

Previous studies suggested that the STAT1, P65 and 
STAT6 signal pathways have critical regulatory effects on 
macrophage polarization and phagocytosis [49, 65–67]. 
IFNγ can activate the JAK1/2-STAT1 pathway to induce 
the activation of macrophages, resulting in the transforma-
tion of macrophages to a proinflammatory phenotype [66]. 
Treatment with a JAK1/2 inhibitor can inhibit STAT1 path-
way and activate STAT6 pathway in macrophages in vitro, 
contributing to a switch from a proinflammatory to an anti-
inflammatory phenotype [68]. In addition, JAK1/2-STAT6 
pathway mediates the promoted effects of the 78 kilodalton 
glucose regulated protein on M2 macrophages [69]. The acti-
vation of STAT6 is essential for the secretion of arginase1 
and the maintaining of macropahge/microglia efferocyto-
sis, contributing to the attenuation of inflammation in stroke 
[67]. Therefore, in our study, to determine the molecular 
mechanisms by which Neo1 regulates macrophage function, 
the protein levels of these signaling pathways were evalu-
ated. We found that the STAT1 and P65 signaling pathways 
were activated and that the STAT6 signaling pathway was 
inhibited in MI. Neo1 deficiency enhanced the activation of 
JAK1-STAT1 but did not affect the JAK2, P65 and STAT6 
signaling pathways. Then, Flu, a specific inhibitor of STAT1 
activation, was used to clarify whether inhibition of the 
JAK1-STAT1 pathway could abolish the regulatory effect 
of Anti-Neo1 on macrophage polarization, inflammation 
resolution, myocardial remodeling and cardiac function in 
mice with MI. Our results revealed that compared to that in 
the MI + Anti-Neo1 group, inhibition of the JAK1-STAT1 
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pathway decreased the infiltration of macrophages, reduced 
the proportion of proinflammatory macrophages, inhibited 
the secretion of proinflammatory cytokines and promoted 
the resolution of inflammation, finally resulting in improve-
ments in cardiomyocyte apoptosis, myocardial fibrosis and 
cardiac function. Therefore, Neo1 deficiency exacerbated 
inflammation and myocardial remodeling after MI by regu-
lating the macrophage phenotype in a JAK1-STAT1 signal-
ing pathway-dependent manner.

In conclusion, Neo1 deficiency aggravates inflammation 
and left ventricular remodeling after MI by modulating mac-
rophage phenotype and function in a JAK1-STAT1 signaling 
pathway-dependent manner.
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