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Abstract 

Aims: The antimicrobial peptide cathelicidin (Camp) has multifunctional immunomodulatory 

activities. However, its roles in inflammation-related myocardial ischemia/reperfusion (MI/R) 

injury remain unclear.  

Methods and results: In this study, adult male C57BL/6 wild-type (WT) mice were 

subjected to MI/R injury by left anterior descending coronary artery ligation for 45 minutes 

followed by 3 or 24 hours of reperfusion. An abundant cardiac expression of cathelicidin was 

observed during ischemia and reperfusion, which was mainly derived from heart-infiltrating 

neutrophils.  Knockout of Camp in mice reduced MI/R-induced myocardial inflammation, 

infarct size, and circulating cTnI levels (an indicator of heart damage). CRAMP (the mature 

form of murine cathelicidin) administration of WT mice immediately before MI/R exerted 

detrimental effects on the reperfused heart. CRAMP exacerbates MI/R injury via a TLR4 and 

P2X7R/NLRP3 inflammasome-dependent mechanism, since I/R-induced myocardial 

infarction was reserved by inhibition of TLR4, P2X7R, or NLRP3 inflammasome in 

CRAMP-treated WT mice. Depletion of neutrophils before MI/R abrogated the amplification 

of infarct size in CRAMP-treated WT mice. Heart-infiltrating neutrophils were found to be 

one of major cellular sources of myocardial IL-1β (a “first line” pro-inflammatory cytokine) 

at the early stage of MI/R. At this stage, CRAMP administration just before MI/R induced 

pro-IL-1β protein expression in heart-infiltrating neutrophils, but not in non-neutrophils. In 

vitro experiments showed that LL-37 (the mature form of human cathelicidin) treatment 

promotes the processing and secretion of IL-1β from human neutrophils via stimulating TLR4 

signaling and P2X7R/NLRP3 inflammasome.  

Conclusions: Our findings reveal that, at the early stage of MI/R, neutrophil-derived 

cathelicidin plays an injurious role in the heart. Cathelicidin aggravates MI/R injury possibly 

by over-activating TLR4 signaling and P2X7R/NLRP3 inflammasome in heart-infiltrating 

neutrophils, which leads to the excessive secretion of IL-1β and subsequent inflammatory 

injury.  

Keywords: Cathelicidin; neutrophils; TLR4; P2X7R; NLRP3 inflammasome; 

ischemia/reperfusion 
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1. Introduction 

Acute myocardial infarction (AMI), characterized by blockage of coronary blood flow, 

remains a leading cause of morbidity and mortality worldwide
1
. Early reperfusion of occluded 

coronary artery is a prerequisite for salvaging ischemic myocardium, but rapid restoration of 

blood flow to the ischemic region paradoxically leads to additional tissue damage, which is 

referred to as myocardial ischemia/reperfusion (MI/R) injury and may account for up to 50% 

of final infarct size
2
. Despite paramount clinical interests, no effective interventions are 

currently available to reduce MI/R injury in patients with AMI, demonstrating an incomplete 

understanding of the pathogenesis of MI/R injury. 

The toll-like receptor 4 (TLR4) signaling pathway-induced inflammation has been 

considered to be a crucial link to MI/R injury. Blockage of TLR4 signaling via genetic 

depletion
3
 or pharmacological inhibitors

4
 attenuates I/R-induced myocardial inflammation 

and tissue injury. The P2X purinoreceptor 7 (P2X7R) expression, the NACHT, LRR, and 

PYD domains-containing protein 3 (NLRP3) inflammasome levels, and IL-1β release are 

observed to significantly increase in the infarcted heart at early stage
5
. P2X7R aggravates 

cardiac dysfunction after myocardial infarction through inducing inflammatory responses via 

the NLRP3/IL-1β pathway
5
. When exposed to MI/R injury, mice deficient in NLRP3

6
 or 

given with a NLRP3 inhibitor
7
 have a reduced myocardial IL-1β level, smaller infarct size 

and better cardiac function than WT mice. Accordingly, targeting the early activation of 

P2X7R/NLRP3 inflammasome to attenuate IL-1β-mediated downstream inflammatory 

cascades has been proposed to protect the heart against MI/R injury.   

The antimicrobial peptide cathelicidin is an evolutionarily conserved component of the 

innate immune system that plays a crucial role in protecting the host from a wide range of 

pathogens
8
. This peptide is found in neutrophils, epithelial cells, keratinocytes, lymphocytes, 

monocytes and mast cells, and can be locally induced to a high level at the sites of 

inflammation and infection
9
. The cathelicidin gene Camp encodes a propeptide pro-CRAMP 

in mice and hCAP-18 in humans that is proteolytically cleaved to generate the mature 

bioactive peptide CRAMP
10

 or LL-37
11

, in mice or in humans, respectively. CRAMP and 

LL-37 have many similarities in terms of structure, function and tissue distribution
12

, 

suggesting that CRAMP is a functional homolog of LL-37 in mice. Besides its microbicidal 

activities, cathelicidin has been found to neutralize lipopolysaccharide (LPS)
13

 and activate a 

broad variety of receptors, such as the formyl-peptide receptor-like 1 (FPRL1), chemokine 

(C-X-C motif) receptor 2, and P2X7R
14

,
 
to mediate its multifunctional immunomodulatory 

activities
15

. In contrast to its established roles in the immune system, the roles of cathelicidin 

in cardiovascular diseases remain largely unknown. Several studies showed that cathelicidin 

mediates the development of atherosclerosis by activating platelet
16

, recruiting inflammatory 

monocytes
17

, and acting as a self-antigen
18

. However, a very recent study reported that the 

CRAMP peptide is reduced post-MI/R and protects against MI/R injury in mice
19

, raising a 

question on the bona fide role of cathelicidin in MI/R injury.  

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



4 

 

Here, we showed that neutrophil-derived cathelicidin is highly expressed in the ischemic 

and reperfused myocardium in mice and that this peptide contributes to MI/R injury via a 

TLR4 and P2X7R/NLRP3 inflammasome-dependent mechanism. 

2. Methods 

2.1 Animals 

Male C57BL/6 wild-type (WT) mice were purchased from Hunan SJA Laboratory Animal 

(Changsha, China). Camp knockout (KO) mice (stock 017799) and Ckmm-Cre mice (stock 

006475) were purchased from the Jackson Laboratory. Tlr4 KO mice were a generous gift 

from Dr. Hongliang Li at Collaborative Innovation Center of Model Animal Wuhan 

University
 20

. Tlr4
fl/fl

 mice were kindly provided by Dr. Philipp E. Scherer at University of 

Texas Southwestern Medical Center
21

 and crossed with Ckmm-Cre mice
22

 to generate skeletal 

and cardiac muscle-specific Tlr4 KO (Tlr4
MKO

) mice. Littermates not carrying the Ckmm-Cre 

transgene (Tlr4
fl/fl

) served as controls. Mouse genotypes were determined by PCR 

(Supplementary Figure 1A-E). All primer information can be found in Supplementary 

Table 1. All mice used in this study were on a C57BL/6 background. Age-matched WT 

littermates were used as experimental controls. Considering that male sex predisposes the 

animal to an earlier onset and worsened cardiac phenotype than that of females, all 

experiments were performed in 10-12-week-old male mice. All mice were housed in a 

pathogen-free and temperature-controlled environment with 12-hour light/dark cycles and 

received food and water ad libitum. All animal experiments conformed to the Guide for the 

Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH 

Publication Eighth Edition, 2011) and were approved by the ethics committee of Central 

South University. 

2.2 Reagents  

CRAMP (GLLRKGGEKIGEKLKKIGQKIKNFFQKLVPQPEQ) and LL-37 

(LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLVPRTES) were synthesized with 99% 

purity, as confirmed by mass spectroscopy by Kaijing Biotech (Shanghai, China). We 

purchased TAK242 from MedChem Express (cat. HY-11109), A-804598 (cat. S8752) and 

MCC950 (cat. S7809) from Selleck, 16673-34-0 from Aladdin (cat. C124772), clodronate 

liposomes (Clo-Lip) (cat. F70101C-A) and control liposomes (Con-Lip) (cat. F70101-A) 

from FormuMax Scientific, monoclonal anti-Ly6G neutralizing antibody (clone 1A8, cat. 

BP0075-1) and isotype (cat. BP0089) as a control from BioXCell, LPS (Escherichia coli 

0111:B4) (cat. L2630) and ATP (cat. A2383) from Sigma-Aldrich. 

2.3 Isolation of human peripheral blood neutrophils  

This experiment was approved by the Ethics Committee of Central South University. Human 

peripheral blood neutrophils were isolated from anticoagulated whole blood of healthy adult 

male volunteers. Blood was carefully added to Polymorphprep
TM

 (Axis-Shield, cat. 

AS1114683) in a 15 ml centrifuge tube. After centrifugation, the lower band of 

polymorphonuclear leukocytes (PMNs) were harvested. Erythrocyte contamination was 
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removed by ammonium chloride lysis buffer (0.83% (w/v) NH4Cl, 10 mM Hepes-NaOH, 

pH7.4). Human neutrophils (1X10
6 
cells/well) were suspended in RPMI1640 medium (Gibco) 

supplemented with 2% fetal bovine serum (FBS) (Gibco) and cultured in 24-well culture 

plates for stimulation experiments.  

2.4 Murine MI/R model 

Surgical procedures were performed as previously described
23

. Briefly, mice were 

anesthetized by intraperitoneal (i.p.) injection of sodium pentobarbital (70 mg/kg), and 

ventilated with positive pressure on a TOPO
TM

Dual Mode Ventilator (Kent Scientific). Body 

temperature was maintained at 37°C with a heating pad (ATC-2000, WPI). The thoracotomy 

was performed and the left anterior descending coronary artery (LAD) was ligated with an 

8-0 nylon monofilament suture with a section of PE-10 tubing placed over the LAD. The 

ligation was tightened to occlude the artery to induce ischemia. The occlusion was confirmed 

by observing the change of color (becoming pallor) of the anterior wall of the left ventricle 

(LV). After occlusion for 45 minutes, reperfusion was initiated by loosening the ligation by 

removing the tubing. Sham-operated mice underwent the same procedure without ligation.  

2.5 Infarct size measurements 

At 24 hours after reperfusion, the chest was re-opened and the LAD ligation was re-tied. 1% 

Evans blue (Sigma-Aldrich) was infused into the aorta and coronary arteries to visualize the 

area at risk for infarction (AAR). The LV was harvested and sliced into 4 transverse sections, 

which were incubated with 2% triphenyltetrazolium chloride (TTC) solution (Sigma-Aldrich) 

to visualize the unstained infarcted area (IA). Each section of the heart was imaged with a 

Motic SMZ168 stereoscopic zoom microscope (MOTIC) and a Moticam 2306 digital camera 

(MOTIC). Viable myocardium stained red, infarcted tissue appeared white, and remote 

non-ischemic myocardium was blue. IA, AAR, and the total LV area from each section were 

determined using Motic Images Plus 2.0 software. The AAR/LV ratio and the IA/AAR ratio 

were calculated to evaluate the homogeneity of surgery and the severity of myocardial 

infarction, respectively. 

2.6 Quantitative real-time PCR  

Total RNA was extracted from heart tissues, MACS sorted cells or cultured human 

neutrophils by using Trizol (Invitrogen) and quantified with a UV-Vis Q5000 

spectrophotometer (Quawell). cDNA was synthesized using RevertAid First Strand cDNA 

Synthesis Kit (Thermo Fisher Scientific) according to the manufacturer’s instructions and 

then amplified on an ABI 7900HT using FastStart Universal SYBR Green Master (Roche). 

Relative expression level of mRNAs was calculated by the comparative Ct (∆Ct) method 

using Gapdh as a housekeeping gene. The primers used are as follows: 5’- 

TCCACCACCCTGTTGCTGTA- 3’ and 5’-ACCACAGTCCATGCCATCAC- 3’ for mouse 

Gapdh; 5’-ACAGCCTCAAGATCATCAGC-3’ and 5’- 

GGTCATGAGTCCTTCCACGAT-3’ for human Gapdh; 5’- 

GGGGTGGTGAAGCAGTGTAT- 3’ and 5’-TGAACCGAAAGGGCTGTG- 3’ for Camp; 
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5’- GATAAGCTGGAGTCACAGAAGG- 3’ and 5’-TTGCCGAGTAGATCTCAAAGTG- 3’ 

for Il-6; 5’-GTCTGTGCTGACCCCAAGAAG-3’ and 

5’-TGGTTCCGATCCAGGTTTTTA-3’ for Ccl-2; 5’- CGATGGGTTGTACCTTGTCTAC- 

3’ and 5’- GCAGAGAGGAGGTTGACTTTC- 3’ for Tnf-α; 

5’-TGACGTCACTGGAGTTGTACGG- 3’ and 5’- GGTTCATGTCATGGATGGTGC- 3’ 

for Tgf-β; 5’- AGCTGAAGACCCTCAGGATGCG- 3’ and 5’- 

TCATTCATGGCCTTGTAGACACCTTG- 3’ for Il-10; 5’- 

GCCCACTCTACAGCTGGA-3’ and 5’-CAGTTATATCCTGGCCGCCT-3’ for human 

pro-IL-1β. 

2.7 Western blotting 

Murine heart tissues or MACS sorted cells were lysed in RIPA lysis buffer (Beyotime). Total 

protein concentration was measured using Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific). Equal amounts of protein lysates or equal volume of plasma (for the measurement 

of circulating pro-CRAMP) was separated by SDS-PAGE for pro-CRAMP, TLR4, pro-IL-1β 

and GAPDH or 10-20% Tris-Tricine gels (Invitrogen, cat. EC6625A) for CRAMP. Separated 

proteins were then transferred onto PVDF membranes (PALL Life Sciences), blocked with 

5% non-fat dry milk and incubated with appropriate primary antibodies against CRAMP 

(1:1000 dilution, Innovagen, cat. PA-CRPL-100), TLR4 (1:1000 dilution, Cell Signaling 

Technology, cat.14358), pro-IL-1β (1:500 dilution, Cell Signaling Technology, cat. 63124), 

or GAPDH (1:1000 dilution, Cell Signaling Technology, cat. 2118) overnight at 4°C. 

Membranes were then washed with TBST and incubated with appropriately matched 

horseradish peroxidase (HRP)-conjugated secondary antibodies (1:5000 dilution, Promega) 

for 1 hour at room temperature (RT). Bands were visualized using Western lightning 

plus-ECL (PerkinElmer). Membranes were scanned with a Molecular Imager® ChemiDoc
TM

 

XRS+ Western Blot Detection System (BIO-RAD) for quantitative analysis using Image 

Lab
TM

 software. The expression level of GAPDH or IgG served as an internal control for 

protein loading. 

2.8 ELISA 

Murine plasma cTnI (CUSABIO, cat. CSB-E08421m), IL-6 (4A biotech, cat. CME0006), 

CCL-2 (4A biotech, cat. CME0046) and TNF-α (eBioscience, cat. 88-7324-88) levels, as well 

as human IL-1β (Invitrogen, cat. 88-7261-22) levels in cell culture supernatants were 

measured by commercially available ELISA kits according to the manufacturer’s protocols. 

2.9 Flow cytometry 

For flow cytometric analysis of heart tissues, the chest was opened and the heart was perfused 

with cold PBS. Heart tissue was then removed, weighted, washed, minced and enzymatically 

digested with digestion buffer containing collagenase I (450 U/ml, Sigma-Aldrich, cat. 

C0130), collagenase XI (125 U/ml, Sigma-Aldrich, cat. C7657), Hyaluronidase (60 U/ml, 

Sigma-Aldrich, cat. H3506) and DNase-I (60 U/ml, Sigma-Aldrich, cat. D4527). The digested 

tissue was then filtered through a 40-µm nylon mesh (Falcon) in FACS buffer (eBioscience). 
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After centrifugation and resuspension, absolute cell numbers were determined using a 

TC20
TM

 automated cell counter (BIO-RAD). After blocking with anti-CD16/CD32 

monoclonal antibody (clone 93, BioLegend, cat. 101320), the cells (1X10
6
) were incubated 

using antibodies including APC/Cy7-CD45 (BioLegend, cat. 103116), PerCP/Cy5.5-CD11b 

(clone M1/70, BioLegend, cat. 101228), APC/Cy7-Ly6G (clone 1A8, BioLegend, cat. 

127624), FITC-Ly6C (clone HK1.4, BioLegend, cat. 128005) and APC-F4/80 (clone BM8, 

BioLegend, cat. 123116) for surface staining. For intracellular labeling of CRAMP, the cells 

were fixed with Fixation Buffer (BioLegend, cat. 420801) and then resuspended in 

Intracellular Staining Perm Wash Buffer (BioLegend, cat. 421002). Resuspended cells were 

stained intracellularly with CRAMP (Innovagen, cat. PA-CRPL-100) or Isotype (Innovagen, 

cat. PA-0000-1000) followed by incubation with PE Donkey anti-rabbit IgG (clone Poly4064, 

BioLegend, cat. 406421). For flow cytometric analysis of blood, peripheral blood was 

collected into K2EDTA-coated tubes (BD, cat. 365974). Erythrocytes were lysed by RBC 

lysis buffer (Invitrogen, cat. 00-4300-54), blocked with anti-CD16/CD32 monoclonal 

antibody (clone 93, BioLegend, cat. 101320), and then incubated with antibodies including 

APC/Cy7-CD45 (clone 30-F11, BioLegend, cat. 103116), PerCP/Cy5.5-CD11b (clone 

M1/70, BioLegend, cat. 101228), FITC-Ly6C (clone HK1.4, BioLegend, cat. 128005), 

APC-Ly6G (clone 1A8, BioLegend, cat. 127614). The samples were stored in FACS buffer at 

4°C in the dark before analysis. Flow cytometry was carried out on a FACSCanto II flow 

cytometer (Becton Dickinson) and data were analyzed with FlowJo software (Tree Star). 

2.10 MACS sorting 

For MACS sorting of heart tissues, the heart was perfused with cold PBS, removed, minced 

and enzymatically digested. After enzymatic dissociation, the samples were passed through a 

40-µm cell strainer (Falcon), washed with autoMACS running buffer (Miltenyi Biotec), 

centrifuged and resuspended. The cells (1X10
6
) were stained with PE-conjugated anti-Ly6G 

antibody (clone 1A8, BioLegend, cat. 127608) or PE-conjugated anti-F4/80 antibody (BM8, 

BioLegend, cat. 123110), washed with autoMACS running buffer and incubated with Anti-PE 

MicroBeads (Miltenyi Biotec). The cells were then loaded on a MACS
® 

LS column (Miltenyi 

Biotec), which is placed in the magnetic field of a MACS Separator (Miltenyi Biotec), to 

collect magnetically labeled Ly6G
+
 or F4/80

+
 cells, which were adhered to columns, and 

flow-through (unlabeled Ly6G
-
 or F4/80

-
 cells). The flow-through was repeatedly subjected to 

the above operation using PE-conjugated anti-CD11b antibody (M1/70, BioLegend, cat. 

101208) to finally collect the following cellular populations: Ly6G
+
, Ly6G

-
, CD11b

+
Ly6G

-
, 

CD11b
-
Ly6G

-
, F4/80

+
, CD11b

+
F4/80

-
, and CD11b

-
F4/80

-
. For all MACS sorting, two LVs 

were pooled for each group in each experiment. For MACS sorting of blood, peripheral blood 

was collected and erythrocytes were lysed by RBC lysis buffer (Invitrogen, cat. 00-4300-54). 

After incubation, the blood was centrifuged, and then the pellet was resuspended and a cell 

count was performed. The next staining and sorting for Ly6G
+
 cells in blood was the same as 

that of heart tissues. All collected cells were then subjected to Western blotting or real-time 

PCR. For Western blotting analysis, since the number of heart-infiltrating neutrophils is 
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small, we analyzed all the protein lysates obtained from the MACS sorting without protein 

quantification. 

2.11 Echocardiography 

Transthoracic echocardiography was performed in Camp KO mice and their WT littermates 

under normal conditions using a Vevo2100 imaging system (VisualSonics). Mice were 

anaesthetized with 3% isoflurane and oxygen at 2L/min on a mask. Two-dimensional 

parasternal long axis views of the LV were obtained for guided M-mode measurements of the 

LV internal diameter at the diastole end and the systole end, as well as the interventricular 

septal wall thickness and posterior wall thickness. All measurements were conducted at the 

level of the papillary muscles. The investigator was blinded to group assignment. 

2.12 Statistical analysis 

All data are expressed as mean ± SEM. Two groups were compared using a two-tailed, 

unpaired Student’s t-test. Comparisons between multiple groups were performed using 

one-way or two-way ANOVA followed by Bonferroni’s post hoc test. GraphPad Prism 6.0 

software (GraphPad Software, Inc., La Jolla, CA, USA) was used for statistical analysis. A 

value of P < 0.05 was considered to be statistically significant. 

3. Results 

3.1 Cathelicidin is induced in the murine myocardium by MI/R challenge 

We examined the expression profile of cathelicidin in the myocardium using a mouse 

model of MI/R. Camp levels were low in the heart of mice subjected to a sham operation, 

whereas cardiac ischemia for 45 minutes led to a significant increase in Camp transcripts with 

the maximal expression observed in the ischemic area of the LV 3 hour post-reperfusion 

(Figure 1A). At the protein level, full-length cathelicidin expression was low in the 

sham-operated heart, but was significantly elevated upon ischemia, which was continually 

up-regulated 3 hours post-reperfusion (Figure 1B). The protein levels of the mature CRAMP 

peptide in the injured zone of the LV were markedly increased at both ischemia and 3 hours 

post-reperfusion (Figure 1C). No obvious alterations in plasma cathelicidin levels were 

detected at ischemia or 3 hours post-reperfusion (Supplementary Figure 2). These data 

suggest that MI/R-induced cathelicidin plays an important local role in the heart.  

3.2 Cathelicidin is mainly derived from infiltrating neutrophils during MI/R 

Next, we sought to determine the cellular origin of cathelicidin in the heart during 

ischemia and reperfusion. Flow cytometric analysis showed that, after cardiac ischemia, 

nearly all CRAMP-expressing cells simultaneously stained positive for the myeloid 

cell-specific marker CD11b and the neutrophil-specific marker Ly6G in both the injured 

(Figure 2A) and remote uninjured (Supplementary Figure 3A) myocardium, suggesting that 

ischemia-induced cathelicidin mainly originates from neutrophils in the heart. To confirm 

this, we utilized two different experimental approaches. First, we sorted CD11b
+
F4/80

-
 

myeloid cells, F4/80
+
 macrophages, and CD11b

-
F4/80

-
 non-myeloid cells from the whole 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



9 

 

hearts of WT or Camp KO mice by MACS sorting. Western blotting revealed that cathelicidin 

protein expression was detected only in CD11b
+
F4/80

-  
cells from sham-operated or 

ischemia-challenged WT but not Camp KO hearts (Figure 2B). By using the same method, 

cathelicidin was detected only in Ly6G
+
 neutrophils from sham-operated or 

ischemia-challenged WT hearts, but not in Ly6G
-
 non-neutrophils (Figure 2C). Next, we 

depleted neutrophils in WT mice by a single injection of anti-Ly6G neutralizing antibody or 

control IgG (Supplementary Figure 4). Neutrophil depletion before MI/R almost completely 

abolished ischemia-induced cathelicidin protein expression in both the injured (Figure 2D) 

and remote uninjured (Supplementary Figure 3B) zone of the LV. These data suggest that 

neutrophils are the major site where cathelicidin is released in the heart during ischemia. 

Notably, ischemia significantly induced the mRNA and protein expression of 

cathelicidin in cardiac Ly6G
+
 cells (Supplementary Figure 5A, B). Given that ischemia for 

45 minutes may not be sufficient to induce the de novo synthesis of cathelicidin, we 

speculated that the increase in cathelicidin levels at ischemia may be due to the infiltration of 

circulating neutrophils with highly expressed cathelicidin into the heart. Indeed, we found 

that, at steady state, circulating Ly6G
+
 cells had significant higher cathelicidin mRNA and 

protein levels compared to heart-resident Ly6G
+ 

cells (Supplementary Figure 5C, D). Upon 

ischemia, the number of neutrophils in the blood, remote non-ischemic zone and ischemic 

zone was markedly increased (Supplementary Figure 5E-G), suggesting a quick recruitment 

of circulating neutrophils into the injured myocardium through the uninjured region, leading 

to increased cardiac cathelicidin levels observed during ischemia.  

Similarly, depletion of neutrophils before MI/R significantly attenuated 

reperfusion-induced cathelicidin protein expression in both the injured (Figure 2E) and 

remote uninjured (Supplementary Figure 3C) zone of the LV, suggesting that infiltrating 

neutrophils are a main cellular source of cathelicidin in the heart at early reperfusion. 

3.3 MI/R-induced cathelicidin contributes to myocardial injury  

To dissect the physiological function of MI/R-induced cathelicidin expression in vivo, we 

compared the extent of MI/R injury between Camp KO mice and WT littermates. 

Echocardiographic analysis revealed no cardiac functional deficits in Camp KO mice under 

basal conditions (Supplementary Table 2). Whereas AAR was similar between WT and 

Camp KO mice (Figure 3A), the IA/AAR ratio was greatly reduced in Camp KO mice 

compared with WT mice 24 hours post-reperfusion (Figure 3A). Meanwhile, plasma cardiac 

troponin I (cTnI) levels, an indicator of myocardial damage, were significantly declined in 

Camp KO mice compared to WT littermates (Figure 3B). Consistently, mice with CRAMP 

administration just before MI/R displayed larger infarct size (Figure 3C) and elevated 

circulating cTnI levels (Figure 3D). These data suggest that cathelicidin plays a detrimental 

role during MI/R. 

3.4 Camp deficiency attenuates myocardial post-reperfusion inflammation  
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To test whether MI/R-induced cathelicidin influences myocardial inflammatory 

responses to reperfusion, we examined the expression of multiple pro-inflammatory genes in 

the heart 3 hours post-reperfusion. When compared to WT mice, Camp deficiency 

significantly decreased Tnf-α, Il-6, and Ccl-2 transcript levels in the injured myocardium 

(Figure 4A-C), whereas no difference was found in the remote uninjured myocardium 

(Supplementary Figure 6A-C). The circulating levels of these pro-inflammatory cytokines 

were similar between Camp KO and WT mice (Supplementary Figure 6D-F). Camp 

depletion did not alter the expression of anti-inflammatory genes Tgf-β and Il-10 in the whole 

heart 3 hours post-reperfusion (Supplementary Figure 6G-J). Flow cytometric analysis 

(Figure 4D) revealed that Camp deficiency significantly reduced the infiltration of 

CD11b
+
Ly6G

+ 
neutrophils (Figure 4E) and CD11b

+
Ly6G

-
Ly6C

hi
 pro-inflammatory 

monocytes (Figure 4F) in the ischemic myocardium 24 hours post-reperfusion compared 

with WT mice. These data suggest that MI/R-induced cathelicidin stimulates a 

pro-inflammatory signaling at the sites of heart injury at early stage.  

3.5 Cathelicidin exacerbates MI/R injury via activating TLR4 signaling  

Next, we attempted to clarify the molecular mechanism involved in the deleterious roles 

of cathelicidin in MI/R. TLR4 has been demonstrated to critically mediate myocardial 

inflammation and tissue injury in murine models of MI/R
3,4

. Considering that MI/R-induced 

cathelicidin promotes local inflammation and heart damage in our experimental model, we 

asked whether its detrimental roles are mediated by directly or indirectly activating TLR4 

signaling. Inhibition of TLR4 using TAK242, a selective inhibitor for TLR4, before MI/R 

completely abrogated the extension of myocardial infarction in CRAMP-treated WT mice 24 

hours post-reperfusion (Figure 5A). Similar protection was also seen in Tlr4 KO mice 

(Figure 5B). Moreover, TAK242 pretreatment fully reversed CRAMP-stimulated 

pro-inflammatory gene expression in the ischemic myocardium 3 hours post-reperfusion 

(Figure 5C-E). These data suggest that activation of TLR4 signaling is required for the action 

of cathelicidin during MI/R.  

To further clarify in which types of cells TLR4 critically mediates the injurious roles of 

cathelicidin in MI/R, we generated skeletal and cardiac muscle-specific Tlr4 KO (Tlr4
MKO

) 

mice by crossing Tlr4
fl/ fl

 mice to Ckmm-Cre mice (Supplementary Figure 1A-E). Ablation 

of TLR4 in cardiac myocytes exacerbated myocardial infarction in CRAMP-treated Tlr4
MKO

 

mice 24 hours post-reperfusion (Supplementary Figure 7A). Similarly, cardiac macrophage 

depletion before MI/R by a single injection of clodronate liposomes (Supplementary Figure 

8) led to a larger infarct size in CRAMP-treated WT mice (Supplementary Figure 7B). On 

the other hand, depletion of neutrophils before MI/R almost completely abrogated the 

amplification of infarct size in CRAMP-treated WT mice (Supplementary Figure 7C). 

These data suggest that neutrophils may be a major cellular target of cathelicidin during 

MI/R. Indeed, we found that, at ischemia, cardiac Ly6G
+ 

neutrophils from the injured zone 

had a significant higher TLR4 protein expression compared to cardiac CD11b
+
Ly6G

-  
myeloid 

cells or CD11b
-
Ly6G

-  
non-myeloid cells (Supplementary Figure 9), supporting a pivotal 
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contribution of TLR4 signaling in neutrophils to the action of cathelicidin at the early stage of 

MI/R.  

3.6 Cathelicidin aggravates MI/R injury in a P2X7R/NLRP3 inflammasome-dependent 

manner 

IL-1β is a “first line” cytokine responsible for initiating the inflammatory cascade and 

plays a central role in promoting MI/R injury
24

. Activated neutrophils are one of major 

sources of IL-1β in inflammatory diseases. Based on the finding that the human cathelicidin 

LL-37 promotes the processing and release of IL-1β from monocytes via the activation of 

P2X7R
25

, we asked whether cathelicidin contributes to MI/R injury via promoting IL-1β 

secretion from neutrophils by stimulating TLR4 signaling (to induce pro-IL-1β synthesis
26

) 

and P2X7R/NLRP3 inflammasome (to cleave pro-IL-1β into its active form
27,28

) (Figure 6A). 

Myocardial infarction was prevented by pretreating with A-804598 (a P2X7R antagonist) 

(Figure 6B) or 16673-34-0 (a NLRP3 inflammasome inhibitor) (Figure 6C) in 

CRAMP-injected WT mice 24 hours post-reperfusion, indicating that cathelicidin exacerbates 

MI/R injury involving the activation of the P2X7R/NLRP3 inflammasome pathway.  

Using MACS sorting followed by Western blotting, we found that, at 3 hours after 

reperfusion, cardiac Ly6G
+
 neutrophils from the injured area had a pro-IL-1β protein level 

comparable to that of cardiac Ly6G
-
 non-neutrophils (Figure 6D), suggesting that neutrophils 

are one of major cellular sources of myocardial IL-1β at the early stage of MI/R. CRAMP 

administration of WT mice just before MI/R significantly induced the protein expression of 

pro-IL-1β in cardiac Ly6G
+
 neutrophils, but not in Ly6G

-  
non-neutrophils, 3 hours 

post-reperfusion (Figure 6D), further supporting that neutrophils are a main cellular target of 

cathelicidin during MI/R. In agreement with this, in vitro experiments using neutrophils 

isolated from human peripheral blood showed that LL-37 greatly increased pro-Il-1β mRNA 

levels, which was inhibited by TAK242 pretreatment (Figure 6E). Additionally, treating the 

cells with LL-37 or LPS+ATP, a positive control, rapidly induced the secretion of mature 

IL-1β (Figure 6F), while pretreatment with TAK242, A-804598 or MCC950 (a NLRP3 

inflammasome inhibitor) markedly suppressed this stimulatory effect of LL-37 or LPS+ATP 

on IL-1β (Figure 6F). The data from in vitro experiments indicate that cathelicidin facilitates 

the processing and secretion of IL-1β from neutrophils via stimulating TLR4 signaling and 

P2X7R/NLRP3 inflammasome. 

4. Discussion 

Neutrophils, which are the first innate immune cell recruited to the injured myocardium 

following AMI
30

, have long been considered as a key contributor to MI/R injury
31

. Clearance 

of neutrophils from the ischemic myocardium is critical for the resolution of inflammation 

and limitation of tissue injury
32

. Previous studies mainly focus on the mechanisms by which 

neutrophils are attracted to and activated in the I/R-challenged heart
33,34

. However, how 

heart-infiltrating neutrophils contribute to MI/R injury remains largely elusive. In this study, 

we observed a significant increase in the number of circulating neutrophils and 

heart-infiltrating neutrophils as early as 45 minutes after ischemia, which is accompanied by 
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upregulation of cardiac cathelicidin expression at this time point, revealing a relatively 

prompt activation of the cardiac innate immune response
35

. We showed that heart-infiltrating 

neutrophils are a major source of cathelicidin during ischemia and reperfusion, which leads to 

MI/R injury via activating the TLR4 and P2X7R/NLRP3 inflammasome signaling pathways. 

In addition to the above mechanism, we further assume that neutrophil-secreted cathelicidin 

promotes local inflammation and heart injury partly by suppressing neutrophil apoptosis 

and/or promoting neutrophil recruitment, which results in the amplified inflammation and 

tissue damage via the uncontrolled release of neutrophil content at the ischemic sites, since 

LL-37 has been reported to prolong the life span of activated neutrophils via the activation of 

FPRL1 and P2X7R
36

 and chemoattract human peripheral blood neutrophils by interacting with 

FPRL1
37,38

.  

Although TLR4 has been demonstrated to play a critical role in the activation of 

inflammatory cells and cardiomyocyte injury following MI/R
3
, the exact mechanisms 

responsible for its actions remain poorly understood. In this study, we showed that activation 

of TLR4 signaling is essential for the action of cathelicidin during MI/R, since blockade of 

TLR4 signaling by pharmacological inhibitor or genetic depletion almost fully abrogates the 

extension of infarct size in CRAMP-treated WT or Tlr4 KO mice post-MI/R. Nevertheless, 

we also found that Tlr4 deficiency in cardiac myocytes leads to a greater infarct size in 

CRAMP-treated Tlr4
MKO

 mice post-MI/R, demonstrating that TLR4 expressed on 

cardiomyocytes mediates a cardioprotective role in MI/R injury, which is in line with 

previous in vitro studies
39

, and suggesting that cardiomyocytes are unlikely to be a main 

cellular target of cathelicidin during MI/R. Indeed, it has been reported that TLR4 signaling 

participates in LPS preconditioning-induced cardiac protection in MI/R injury via iNOS- and 

soluble guanylate cyclase (sGC)-dependent mechanisms
40

 and this protective role may be 

mediated by TLR4 expressed on cardiomyocyte. To the best of our knowledge, our study is 

the first to demonstrate the myocardial protection of cardiomyocyte TLR4 in MI/R injury by 

using cardiac muscle-specific Tlr4
 
KO mice. However, the exact mechanisms by which 

cardiomyocyte TLR4 contributes to cardiac protection in MI/R injury remain unclear, which 

may be the same as that of TLR4 in LPS preconditioning and need to be further clarified. 

Based on these findings, we further speculate that TLR4 signaling in cardiomyocytes may 

protect the heart against CRAMP-induced myocardial injury in this study. However, we 

found that the protein levels of TLR4 in cardiomyocytes were much lower than that in 

heart-infiltrating neutrophils, and thus the cardiac protection mediated by cardiomyocyte 

TLR4 may be masked by the detrimental roles mediated by TLR4 in inflammatory cells in the 

ischemic heart. Also, it is impossible for macrophages to mediate the injurious roles of 

cathelicidin in MI/R, since macrophage depletion aggravates myocardial infarction in 

CRAMP-treated WT mice post-MI/R. In contrast, depletion of neutrophils almost fully 

abolished the deleterious effects of CRAMP on the MI/R-challenged myocardium. This made 

us to conclude that neutrophils might be a main cellular target of cathelicidin in the heart 

during MI/R, and thus direct or indirect activation of TLR4 signaling in neutrophils by 

cathelicidin might be a key mechanism by which TLR4 participates in MI/R injury. Notably, 

in this study, we did not rule out the possibility that TLR2 is involved in mediating the 
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activities of cathelicidin in our experimental model, since TLR2 has also been considered to 

mediate myocardial inflammation and tissue injury during MI/R
41

.  

In addition to TLR4, we also found that P2X7R, a known receptor for LL-37, is involved 

in mediating the activities of cathelicidin in MI/R injury. It is well-known that generation of 

active IL-1β requires two separate stimuli: 1) a priming stimulus to promote the synthesis of 

pro-IL-1β, such as LPS, which induces pro-IL-1β synthesis through the activation of TLR4
26

, 

and 2) a secretion stimulus to initiate the posttranslational processing and release of IL-1β, 

such as extracellular ATP, which stimulates mature IL-1β secretion through the engagement 

of P2X7R
27,28

. In this study, we showed that CRAMP aggravates MI/R injury in a TLR4 and 

P2X7R/NLRP3 inflammasome-dependent manner, which made us to speculate that IL-1β 

secretion stimulated by cathelicidin via activating TLR4 signaling and P2X7R/NLRP3 

inflammasome may be a key mechanism by which cathelicidin promotes myocardial 

inflammation and tissue injury. In support of this hypothesis, pro-IL-1β was specifically 

induced in heart-infiltrating neutrophils by CRAMP administration during MI/R. 

Furthermore, our in vitro experiments showed that human cathelicidin LL-37 directly 

stimulated pro-IL-1β mRNA expression and mature IL-1β release from human neutrophils via 

a TLR4- and P2X7R/NLRP3 inflammasome-dependent manner. In this study, although we did 

not exclude the possibility that CRAMP has a direct effect on cardiomyocyte death, the fact 

that inhibition of TLR4, P2X7R or NLRP3 inflammasome almost fully abolished the 

deleterious effects of CRAMP administration on the I/R-challenged heart accompanied by 

attenuated inflammatory responses strongly supports the notion that the TLR4 and 

P2X7R/NLRP3 inflammasome/IL-1β signaling pathway-mediated inflammatory injury is a 

possible causative mechanism of MI/R injury in CRAMP-treated WT mice. 

Interestingly, our finding that CRAMP protein levels were significantly increased in the 

ischemic area of I/R-challenged heart is contradictory to a very recent study, which showed 

reduced CRAMP protein levels in the infarct zone of I/R-challenged heart
19

. This discrepancy 

may be related to different time points. In our study, heart samples were collected at ischemia 

and 3 hours after reperfusion, whereas in the reported study, heart samples were analyzed 24 

hours after reperfusion. In addition, different analytical methods may be one of the reasons 

for inconsistency. In our study, Western blotting was used to assess the mature CRAMP 

peptide levels in the myocardium, whereas Bei et al. utilized ELISA analysis to evaluate the 

protein levels of this peptide. Furthermore, myocardial full-length cathelicidin mRNA and 

protein levels were measured in our study, but not in the reported study. More importantly, 

we demonstrated that increased cathelicidin has a deleterious role in MI/R, which is in 

contrast to the findings of Bei et al showing that the CRAMP peptide protects against MI/R 

injury
19

. It should be pointed out that the experimental designs in these two studies are 

different. First, in our study, the majority of experiments were carried out in vivo in a mouse 

model of MI/R, whereas in the reported study, most of the experiments were performed in a 

rat cell model of anoxia/reoxygeneration. Second, the doses of CRAMP administration used 

in these two studies are different. In our study, the CRAMP peptide was administered i.p. just 

before MI/R at a single dose of 200 μg per mouse as previously reported
29

, whereas in the 
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reported study, mice were i.p. injected with the CRAMP peptide at 4 mg/kg/day for three 

consecutive days and then subjected to MI/R on the last day of CRAMP injection. Although 

these differences exist between the two studies, the exact reasons for the discrepancies remain 

unclear. 

In the present study, one limitation is that we did not evaluate the clinical relevance of 

our findings. Several studies reported that systemic LL-37 levels are decreased in AMI 

patients compared to control patients
19,42

. Active proteinase 3 (PR3), a well-known protease 

involved in hCAP-18 cleavage into LL-37
43

, is partly released from circulating neutrophils 

and rapidly inactivated in sera by irreversible binding to SERPIN A1
44,45

. Thus, little free PR3 

exists in sera, and it is mainly present as a PR3-SERPIN A1 complex
44

. Based on these 

findings, we speculate that the decreased serum LL-37 levels observed in AMI patients may 

be due to the increased inactivation of serum PR3, since a previous study has reported that 

serum levels of the PR3-SERPIN A1 complex are significantly increased in patients with 

AMI
46

. Notably, it has been proposed that SERPIN A1, a serum-borne inhibitor for PR3, may 

not have rapid access to extravascular sites where PR3 could be released post-AMI
46

. In 

agreement with this, local serum LL-37 levels in the culprit lesion are higher than that in the 

systemic circulation in patients with AMI
42

. These findings are consistent with our view that 

cathelicidin plays an important local role at the sites of inflammation and injury. 

Unfortunately, we did not evaluate the correlation of myocardial LL-37 levels with the 

severity of myocardial damage in patients with AMI, since it is difficult to obtain human heart 

samples. Additionally, we found that the protein levels of cathelicidin in the heart were 

significantly increased and peak 24 hours after MI induced by permanent coronary artery 

ligation, and then gradually drop to the basal levels 7 days after MI, which is parallel to the 

infiltration of neutrophils into the myocardium post-MI (data not shown). This result suggests 

that neutrophil-derived cathelicidin may also play a critical role in the cardiac remodeling 

post-MI, which needs to be clarified in the future studies. 

In conclusion, our work uncovers a previously unrecognized mechanism underlying 

MI/R injury (Supplementary Figure 10). We showed that soon after cardiac ischemia 

occurs, circulating neutrophils are recruited to the sites of heart injury where full-length 

cathelicidin is released and cleaved into the mature CRAMP peptide, leading to a great 

increase in the local CRAMP protein levels. Cleaved cathelicidin over-activates TLR4 

signaling and P2X7R/NLRP3 inflammasome in infiltrating neutrophils, which may lead to the 

excessive secretion of IL-1β from neutrophils and ultimately heart post-I/R damage.  
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Figure legends 

Figure 1 The expression profile  of cathelicidin in the I/R-challenged heart. (A) Cardiac 

Camp mRNA levels were evaluated by real-time PCR. The sham-operated heart was used as a 

control, and Gapdh as a housekeeping gene (n=3 mice per group). (B) Representative 

immunoblots of pro-CRAMP in sham-operated or I/R-challenged hearts (top) and 

semiquantification of band intensities (bottom). GAPDH was used as a loading control (n=4 

mice per group). (C) Immunoblots showing pro-CRAMP, CRAMP and GAPDH abundance 

in the hearts from WT mice subjected to sham operation or I/R challenge (n=3 mice per 

group). Data are shown as mean ± SEM. 
**

P < 0.01 and 
***

P < 0.001. NAAR, the non-area at 

risk for infarction; AAR, the area at risk for infarction. 

Figure 2 Cellular sources of cathelicidin in the injured myocardium during ischemia 

and reprefuison. (A) WT mice were exposed to 45 minutes of ischemia, and then the injured 

myocardium was collected and subjected to flow cytometry for CRAMP, CD11b and Ly6G 

staining (representative of 3 independent experiments). (B) Immunoblots showing 

pro-CRAMP and GAPDH abundance in CD11b
+
F4/80

-
 myeloid cells, F4/80

+
 macrophages 

and CD11b
-
F4/80

-
 non-myeloid cells isolated from the whole hearts of WT or Camp KO mice 

subjected to sham operation or 45 minutes of ischemia by MACS sorting (n=3 independent 

experiments). (C) Immunoblots depicting pro-CRAMP and GAPDH expression in isolated 

Ly6G
+
 neutrophils and Ly6G

-
 non-neutrophils from the whole hearts of sham-operated or 

ischemia-challenged WT mice by MACS sorting (n=3 independent experiments). (D) WT 

mice were treated with monoclonal anti-Ly6G neutralizing antibody (100 µg/mouse, i.p.) or 

isotype as a control. After 24 hours, the mice were subjected to 45 minutes of ischemia, and 

then the injured myocardium was collected and exposed to Western blotting. Representative 
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images of immunoblotting for pro-CRAMP (top) and semiquantification of band intensities 

(bottom) (n=3 mice per group).  (E) After neutrophil depletion, pro-CRAMP protein 

expression was measured in the injured zone of the LV in WT mice subjected to 45 minutes 

of ischemia followed by 3 hours of reperfusion. Representative images of immunoblotting for 

pro-CRAMP (left) and semiquantification of band intensities (right) (n=3 mice per group). 

Data are shown as mean ± SEM. 
*
P < 0.05, 

**
P < 0.01 and 

***
P < 0.001. AAR, the area at risk 

for infarction.  

Figure 3 Effects of cathelicidin deficiency or administration on MI/R injury. (A) Gross 

appearance of myocardial sections of the LV after Evans blue and TTC staining (top) (the 

infarct area is depicted with yellow line. scale bar, 1mm), and quantitative analysis for the 

area at risk for infarction (lower left) and the infarct area (lower right) in WT (n=12) and 

Camp KO (n=20) mice after 45 minutes of ischemia followed by 24 hours of reperfusion. (B) 

Plasma cTnI levels were analyzed in WT and Camp KO mice by ELISA 24 hours 

post-reperfusion (n=5 mice per group). (C,D) Effects of CRAMP (200 µg/mouse, i.p.) 

injection just before MI/R on infarct size (n=8 mice per group. scale bar, 1mm) (C) and 

circulating cTnI levels (n=6 mice per group) (D) in WT mice 24 hours post-reperfusion. Data 

are shown as mean ± SEM. 
**

P < 0.01 and 
***

P < 0.001. N.S., no significance; LV, the left 

ventricle; AAR, the area at risk for infarction; IA, the infarct area; I/R, ischemia/reperfusion. 

Figure 4 Myocardial post-reperfusion inflammation is attenuated in Camp KO mice. 

(A-C) Real-time PCR analysis of Tnf-α (A), Il-6 (B), and Ccl-2 (C) in the injured area of the 

LV in WT and Camp KO mice subjected to 45 minutes of ischemia followed by 3 hours of 

reperfusion (n=6-8 mice per group). (D-F) Gating strategy of flow cytometry (D) and effects 

of Camp deficiency on the number of neutrophils (CD11b
+
Ly6G

+
) (E) and pro-inflammatory 

monocytes (CD11b
+
Ly6G

-
Ly6C

hi
) (F) in the injured myocardium 24 hour post-reperfusion 

(n=6 mice per group). Data are shown as mean ± SEM. 
*
P < 0.05. AAR, the area at risk for 

infarction; I/R, ischemia/reperfusion. 

Figure 5 Activation of TLR4 signaling is required for the action of CRAMP during 

MI/R. (A) WT mice were pretreated with TAK242 (0.5 mg/kg, i.p.) for 30 minutes followed 

by vehicle or CRAMP (200 µg/mouse, i.p.) injection just before MI/R. Quantitative analysis 

of infarct size was performed 24 hour post-reperfusion (n=7-12 mice per group. scale bar, 

1mm). (B) Tlr4 KO mice and their WT littermates were injected with vehicle or CRAMP 

(200 μg/mouse, i.p.) just before MI/R. Effects of Tlr4 deficiency on infarct size were assessed 

24 hours post-reperfusion (n=8-13 mice per group. scale bar, 1mm). (C-E) WT mice were 

pretreated with TAK242 (0.5 mg/kg, i.p.) for 30 minutes followed by vehicle or CRAMP 

(200 μg/mouse, i.p.) administration immediately before MI/R. Quantification of Tnf-α (C), 

Il-6 (D), and Ccl-2 (E) gene expression in the injured region of the LV in WT mice 3 hours 

post-reperfusion (n=6 mice per group). Data are shown as mean ± SEM.
 *
P < 0.05, 

**
P < 0.01 

and 
***

P < 0.001. N.S., no significance; LV, the left ventricle; AAR, the area at risk for 

infarction; IA, the infarct area; I/R, ischemia/reperfusion. 
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Figure 6 Activation of P2X7R/NLRP3 inflammasome is essential for the activity of 

CRAMP during MI/R. (A) Proposed model for cathelicidin-activated inflammatory injury. 

(B,C) WT mice were pretreated with A-804598 (10 mg/kg, i.p.) for 1 hour (B) or 16673-34-0 

(100 mg/kg, i.p.) for 30 minutes (C), followed by vehicle or CRAMP (200 µg/mouse, i.p.) 

injection just before MI/R. Quantitative analysis of infarct size was performed 24 hour 

post-reperfusion (n=8-10 mice per group. scale bar, 1mm). (D) WT mice were injected with 

vehicle or CRAMP (200 µg/mouse, i.p.) and then challenged to ischemia for 45 minutes 

followed by reperfusion for 3 hours. Ly6G
+
 and Ly6G

-
 cells were isolated from the injured 

myocardium by MACS sorting, and then analyzed for pro-IL-1β protein expression by 

Western blotting (n=3-4 mice per group). (E) Human peripheral blood neutrophils were 

isolated, pretreated with TAK242 (10 μM) for 30 minutes, and then stimulated with LL-37 

(100 μg/ml) for 3 hours. Real-time PCR analysis of pro-Il-1β in the cells was carried out (n=3 

independent experiments). (F) Human peripheral blood neutrophils were pretreated with 

TAK242 (10 μM) for 30 minutes and then primed with LL-37 (100 μg/ml) or LPS (20 ng/ml) 

for 3 hours. After which, the cells were incubated with ATP (5 mM) and A-804598 (10 μM) 

for 45 minutes with the pretreatment of MCC950 (1 μM) for 1 hour. The cell culture 

supernatants were collected for the measurement of IL-1β by ELISA (n=3 independent 

experiments). Data are shown as mean ± SEM.
 *
P < 0.05, 

**
P < 0.01 and 

***
P < 0.001. N.S., 

no significance; LV, the left ventricle; AAR, the area at risk for infarction; IA, the infarct 

area; I/R, ischemia/reperfusion. 

Supplementary data 

Figure 1 Generation of mice lacking Tlr4 in skeletal and cardiac muscle. (A) Targeting 

strategy for the conditional disruption of the Tlr4 gene. (B) PCR analysis of tail-genomic 

DNA of mice bearing wild-type (wt) and/or floxed allele. PCR products of wt, floxed allele, 

and Cre are 260 bp, 343 bp, and 300 bp, respectively. (C) Schematic showing generation of 

Tlr4
MKO

 mice. Tlr4
fl/fl

 mice were mated to Ckmm-Cre mice to generate heterozygous mice 

(Tlr4
fl/+

; Ckmm-Cre
+
), which crossed to Tlr4

fl/fl
 mice to obtain Tlr4

MKO
 (Tlr4

fl/fl
; Ckmm-Cre

+
) 

mice. (D) PCR analysis of genomic DNA isolated from the indicated tissues of Tlr4
MKO

 mice. 

(E) Tissue expression of Tlr4 in Tlr4
MKO

 and their Tlr4
fl/ fl

 littermates (n=5 mice per group). 

Data are shown as mean ± SEM.
 **

P < 0.01. fl/fl, Tlr4
fl/fl

; MKO, Tlr4
MKO

.  

Figure 2 Plasma cathelicidin concentrations during MI/R. WT mice were subjected to 

ischemia for 45 minutes followed by reperfusion for 3 hours. Plasma was collected to 

examine pro-CRAMP levels by Western blotting (n=3-4 mice per group). Plasma collected 

from sham-operated mice was used as a control, and IgG as a loading control. Data are shown 

as mean ± SEM. N.S., no significance.   

Figure 3 Cellular sources of cathelicidin in the uninjured myocardium during ischemia 

and reprefuison. (A) WT mice were subjected ischemia for 45 minutes, and then the 

uninjured myocardium was collected for flow cytometry for CRAMP, CD11b, and Ly6G 

staining. Isotype was used as a negative control (representative of 3 independent 

experiments). (B,C) In WT mice, neutrophils were depleted by a single injection of 
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monoclonal anti-Ly6G neutralizing antibody (100 µg/mouse, i.p.) or isotype as a control.  

After 24 hours, the mice were subjected to ischemia for 45 minutes (B) followed by 

reperfusion for 3 hours (C), and then the uninjured myocardium was collected and analyzed 

for pro-CRAMP protein levels by Western blotting (n=3 mice per group). Data are shown as 

mean ± SEM.
 **

P < 0.01 and 
***

P < 0.001. NAAR, the non-area at risk for infarction. 

Figure 4 Depletion of neutrophils in blood in mice. WT mice were injected with an 

anti-Ly6G neutralizing antibody (100 μg/mouse, i.p.) or isotype as a control to deplete 

neutrophils in blood. Flow cytometry was carried out to confirm the depletion of neutrophils 

in blood 24 hours after injection (n=3-4 mice per group). Data are shown as mean ± SEM.
 

***
P < 0.001.  

Figure 5 Ischemia-induced cardiac cathelicidin originates from heart-infiltrating 

neutrophils. (A,B) WT mice were subjected to sham-operation or ischemia for 45 minutes, 

and then Ly6G
+
 cells from the whole heart were isolated by MACS sorting. Quantitative 

analysis of Camp (A) and pro-CRAMP (B) levels was performed by real-time PCR and 

Western blotting, respectively (n=4 independent experiments). (C,D) Ly6G
+
 cells were sorted 

from blood and hearts of WT mice by MACS sorting under basal conditions, followed by 

real-time PCR analysis of Camp (C) or Western blotting analysis of pro-CRAMP (D) (n=4 

independent experiments). (E-G) WT mice were subjected to 45 minutes of ischemia, and 

then blood (E), the uninjured (F) and injured (G) myocardium were collected to quantify 

neutrophils by flow cytometry. Blood and hearts from sham-operated mice were used as a 

control (n=5 mice per group). Data are shown as mean ± SEM.
 *
P < 0.05 and 

***
P < 0.001. 

AAR, the area at risk for infarction; NAAR, the non-area at risk for infarction. 

Figure 6 Effects of cathelicidin deficiency on pro-inflammatory cytokines in the 

uninjured myocardium and plasma, as well as anti-inflammatory cytokines in the heart 

post-MI/R. (A-C) WT and Camp KO mice were challenged to 45 minutes of ischemia 

followed by 3 hours of reperfusion. The mRNA levels of Tnf-α (A), Il-6 (B), and Ccl-2 (C) in 

the non-ischemic area of the LV were measured by real-time PCR (n=7-8 mice per group). 

(D-F) Plasma TNF-α (D), IL-6 (E), and CCL-2 (F) levels were measured by ELISA in WT 

and Camp KO mice 3 hours post-reperfusion (n=5-8 mice per group). (G,H) Tgf-β (G) and 

Il-10 (H) mRNA levels were evaluated by real-time PCR in the ischemic region of the LV in 

WT and Camp KO mice 3 hours post-reperfusion (n=4 mice per group). (I,J) Quantitative 

analysis of Tgf-β (I) and Il-10 (J) mRNA in the non-ischemic region of the LV in WT and 

Camp KO mice 3 hours post-reperfusion (n=4 mice per group). Data are shown as mean ± 

SEM. N.S., no significance; AAR, the area at risk for infarction; NAAR, the non-area at risk 

for infarction; I/R, ischemia/reperfusion. 

Figure 7 Neutrophils might be a main cellular target of cathelicidin in MI/R injury. (A) 

At 24 hours post-reperfusion, quantitative analysis of infarct size in Tlr4
fl/fl

 and Tlr4
MKO

 mice 

injected with vehicle or CRAMP (200 µg/mouse, i.p.) just before MI/R (n=8-10 mice per 

group. scale bar, 1mm). (B) WT mice were injected i.p. with Clo-Lip (200 μl/mouse) or 

Con-Lip as a control to deplete cardiac macrophages. After 24 hours, the mice were 
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administered with vehicle or CRAMP (200 µg/mouse, i.p.) just before MI/R, and then infarct 

size was measured 24 hours post-reperfusion (n=8-10 mice per group. scale bar, 1mm). (C) 

Anti-Ly6G (100 μg/mouse) or isotype control antibodies were i.p. injected in WT mice to 

deplete neutrophils. After 24 hours, the mice were treated with vehicle or CRAMP (200 

µg/mouse, i.p.) immediately before MI/R. Infarct size was determined 24 hours 

post-reperfusion (n=7-12 mice per group. scale bar, 1mm). Data are shown as mean ± SEM.
 

*
P < 0.05, 

**
P < 0.01 and 

***
P < 0.001. N.S., no significance; LV, the left ventricle; AAR, the 

area at risk for infarction; IA, the infarct area; I/R, ischemia/reperfusion; Con-Lip, control 

liposomes; Clo-Lip, clodronate liposomes. 

Figure 8 Depletion of cardiac macrophages in mice. WT mice were i.p. injected with 

Clo-Lip (200 μl/mouse) or Con-Lip as a control to deplete cardiac macrophages. The hearts 

were collected to confirm the depletion of cardiac macrophages by flow cytometry 24 hours 

after injection (n=3 mice per group). Data are shown as mean ± SEM. 
*
P < 0.05. Con-Lip, 

control liposomes; Clo-Lip, clodronate liposomes. 

Figure 9 Higher TLR4 protein expression in infiltrating neutrophils at ischemia. WT 

mice were challenged to ischemia for 45 minutes, and then the ischemic area of the LV was 

collected and subjected to MACS sorting followed by Western blotting. Representative 

immunoblots showing TLR4 and GAPDH abundance in Ly6G
+
 neutrophils, CD11b

+
Ly6G

-
 

myeloid cells, and CD11b
-
Ly6G

-
 non-myeloid cells (left) and semiquantification of band 

intensities (right) (n=3 independent experiments). Data are shown as mean ± SEM.
 *
P < 0.05 

and 
**

P < 0.01. AAR, the area at risk for infarction. 

Figure 10 Schematic diagram depicting the cathelicidin pathway in the heart in MI/R. 

① Upon cardiac ischemia, circulating neutrophils are rapidly recruited to the injured 

myocardium through the uninjured area, leading to a local release and cleavage of 

cathelicidin. ②  Cleaved cathelicidin stimulates TLR4 signaling and P2X7R/NLRP3 

inflammasome in infiltrating neutrophils, which leads to excessive secretion of IL-1β from 

neutrophils. ③ Secreted IL-1β results in myocardial inflammatory burst and ultimately 

tissue post-reperfusion injury. AAR, the area at risk for infarction; NAAR, the non-area at 

risk for infarction. 

Table 1 Primers used for genotyping analysis for Tlr4
f l/fl

 and Tlr4
MKO

 mice. 

Table 2 Echocardiographic data of WT and Camp KO mice. Baseline cardiac phenotype 

of 10-12 week-old Camp KO mice and their WT littermates. Data are shown as mean ± SEM.  
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Highlights 

1. Infiltrating neutrophil-derived cathelicidin is increased in response to myocardial 

ischemia/reperfusion 

2. Cathelicidin aggravates myocardial ischemia/reperfusion injury via a TLR4- and 

P2X7R/NLRP3 inflammasome-dependent mechanism 

3. Cathelicidin promotes IL-1β secretion from infiltrating neutrophils and enhances 

myocardial inflammation during myocardial ischemia/reperfusion injury 
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