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Abstract

Background Cathelicidin, an antimicrobial peptide, plays a key role in regulating bacterial killing and innate
immunity; however, its role in skeletal muscle function is unknown. We investigated the potential role of cathelicidin
in skeletal muscle pathology resulting from acute injury and Duchenne muscular dystrophy (DMD) in mice.
Methods Expression changes and muscular localization of mouse cathelicidin-related antimicrobial peptide (Cramp)
were examined in the skeletal muscle of normal mice treated with chemicals (cardiotoxin and BaCl2) or in dystrophic
muscle of DMD mouse models (mdx, mdx/Utrn+/� and mdx/Utrn�/�). Cramp penetration into myofibres and effects
on muscle damage were studied by treating synthetic peptides to mouse skeletal muscles or C2C12 myotubes. Cramp
knockout (KO) mice and mdx/Utrn/Cramp KO lines were used to determine whether Cramp mediates muscle
degeneration. Muscle pathophysiology was assessed by histological methods, serum analysis, grip strength and
lifespan. Molecular factors targeted by Cramp were identified by the pull-down assay and proteomic analysis.
Results In response to acute muscle injury, Cramp was activated in muscle-infiltrating neutrophils and internalized
into myofibres. Cramp treatments of mouse skeletal muscles or C2C12 myotubes resulted in muscle degeneration
and myotube damage, respectively. Genetic ablation of Cramp reduced neutrophil infiltration and ameliorated muscle
pathology, such as fibre size (P < 0.001; n = 6) and fibrofatty infiltration (P < 0.05). Genetic reduction of Cramp in
mdx/Utrn+/� mice not only attenuated muscle damage (35%, P < 0.05; n = 9–10), myonecrosis (53%, P < 0.05),
inflammation (37–65%, P < 0.01) and fibrosis (14%, P < 0.05) but also restored muscle fibre size (14%, P < 0.05)
and muscle force (18%, P < 0.05). Reducing Cramp levels led to a 63% (male, P < 0.05; n = 10–14) and a 124%
(female, P < 0.001; n = 20) increase in the lifespan of mdx/Utrn�/� mice. Proteomic and mechanistic studies
revealed that Cramp cross-talks with Ca2+ signalling in skeletal muscle through sarcoplasmic/endoplasmic reticulum
Ca2+-ATPase1 (SERCA1). Cramp binds and inactivates SERCA1, leading to the activation of Ca2+-dependent calpain
proteases that exacerbate DMD progression.
Conclusions These findings identify Cramp as an immune cell-derived regulator of skeletal muscle degeneration and
provide a potential therapeutic target for DMD.
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Introduction

Skeletal muscles respond to damage by modulating cross-talk
between intrinsic muscle and environmental factors. When
acutely injured, muscle undergoes degeneration and repair
via sequential exertion of calcium (Ca2+)-dependent myofibre
damage, removal of damaged fibres by inflammatory cells,
satellite cell (SC)-dependent new fibre formation and matura-
tion of regenerated muscle.1 In contrast, chronic dystrophic
muscles represent progressive necrosis and inflammation
that overtakes the restorative capacity of muscle. Duchenne
muscular dystrophy (DMD) is the most common and severe
form of muscular dystrophy and is caused by mutations in
the dystrophin gene on the X chromosome.2

Ca2+-dependent proteolytic cascades trigger injury-induced
muscle degeneration and are abnormally activated in dystro-
phic muscles of DMD. Upon injury, Ca2+ influx stimulates Ca2
+-dependent calpain proteases and the mitochondrial uptake
of Ca2+, activating cellular necrosis and pro-apoptotic
signalling.3 Cytosolic Ca2+ levels in muscle are largely modu-
lated by Ca2+-handling proteins located in sarcoplasmic retic-
ulum (SR), including sarcoplasmic/endoplasmic reticulum Ca2
+-ATPase (SERCA), calsequestrin (CSQ) and ryanodine recep-
tor (RyR).3 Of these, SERCA1 Ca2+ pump plays a critical role
in reducing cytosolic Ca2+ levels by taking Ca2+ up into the
SR in fast-twitch skeletal muscles.4 Previous investigations
established that preserving SERCA activity or its forced ex-
pression significantly attenuates DMD severity.5–7 However,
the molecular factors linking Ca2+ signalling and myonecrosis
are not fully understood.

Antimicrobial peptides (AMPs) are small protein molecules
that kill a wide range of microorganisms.8 Cathelicidins and
defensins are two major families of endogenous AMPs in
mammals. Mouse cathelicidin-related antimicrobial peptide
(Cramp) and its human homologue LL-37 are generated
through cleavage of their precursor proteins, pro-Cramp and
hCAP18, respectively. Unlike cathelicidins, defensins comprise
a large family of cationic peptides including many α-defensin
and β-defensin isoforms.9 These AMPs function as potent im-
mune modulators by killing bacteria, neutralizing bacterial li-
popolysaccharide, functioning as chemoattractants for im-
mune cells and/or activating innate immune responses.10,11

The pleiotropic promotion or protective roles of cathelicidins
have recently been elucidated in the context of tissue degen-
eration associated with sterile inflammation.12–15 The role of
cathelicidins in skeletal muscle pathology and their molecular
targets have yet to be explored.

Here, we report that antimicrobial peptide Cramp actively
participates in the injury-induced degeneration of skeletal
muscle. We show that immune cell-derived Cramp translo-
cate to muscle cells and disturb Ca2+ signalling by inactivating
SERCA1. Therefore, our study uncovers the roles of Cramp in
muscle pathology and may provide a therapeutic target for
muscular dystrophy.

Methods

Mice and treatments

Cramp knockout (KO) (B6.129X1-Camptm1Rlg/J) and mdx/Utrn
(B10ScSn.Cg-Utrntm1KedDmdmdx/J) mice were purchased from
Jackson Laboratory. To generate mdx/Utrn/Cramp KO lines,
male Cramp�/� mice were crossed with female mdx�/

�/Utrn+/� mice. The F1 male mdx-/Y/Utrn+/+/Cramp+/� mice
were backcrossed with female mdx�/�/Utrn+/� mice to pro-
duce male mdx-/Y/Utrn+/�/Cramp+/� and female mdx�/

�/Utrn+/�/Cramp+/� mice, and the resultant F2 offspring
were intercrossed until experiments were conducted. Age-
matched, sex-matched and background-matched mice were
used in all experiments. Roughly similar numbers of male
mice were used in most cases. Sample size was determined
according to our prior research experiences. Mouse survival
was recorded as time to natural death. Each figure legend in-
dicates the mouse gender, age and treatments. All experi-
ments were approved by the Chosun University Institutional
Animal Care and Use Committee (IACUC approval no.
CIACUC2018-A0029).

To induce acute muscle injury, mice were anaesthetised
through isoflurane inhalation and TA muscles were treated
with 50 μL of 10 μM cardiotoxin (CTX) or 1.2% barium chlo-
ride (BaCl2) via intramuscular (IM) injection in one site of
TA muscle.16 Reagents and antibodies used are listed in
Tables S1 and S2, respectively. For neutrophil depletion, mice
were intraperitoneally treated with 400 μg of control or Ly6G
antibody. The biological analysis service for IVIS Spectrum
was provided by the staff of the Korea Basic Science Institute
(KBSI). Neutrophil influx was visualized under IVIS Spectrum
in mice 10 min after IP injection of luminol.

Cell culture and treatments

C2C12 myoblasts maintained in 10% FBS/DMEM were
differentiated into myotubes in 2% horse serum/DMEM for
4–5 days. To stain myotubes and proliferating cells, cells were
treated with 10 μM EdU for 1 h, fixed with 4% paraformalde-
hyde (PFA), permeabilized with 0.2% TX-100 and stained with
MF20 Ab and the EdU imaging kit.

Histology and immunostaining

Muscles were frozen using optimal cutting temperature
(OCT) solution in isopentane pre-cooled in liquid nitrogen
and sectioned into 10 μm thickness. Histological analysis
using haematoxylin and eosin (H&E) or oil red O staining
was performed as described previously.16 Fibrosis was de-
tected using picrosirius red staining kit. Alizarin red staining
was performed using a standard method.
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For immunostaining, frozen sections were sequentially in-
cubated for 10 min each with 4% PFA, 0.2% TX-100 and
0.3–3% H2O2 at room temperature and then blocked with
10% normal goat serum for 1 h. Sections were incubated with
each primary antibody overnight at 4°C and processed using
an IHC staining kit or with fluorescent-dye conjugated sec-
ondary antibodies for IF. The eMyHC and Pax7 staining were
performed using a tyramide signal amplification (TSA) kit as
described previously.16 The TSA kit was also used for Ly6G,
CD68 and myosin IIa. To detect myosin heavy chains, sections
were fixed in cold acetone but not in PFA. Images were cap-
tured using an EVOS FL Auto2 microscope (Invitrogen). All
histological images were blinded before they were obtained,
except for cell culture experiments. Fibre cross-sectional area
measurements were performed in blinded studies using lam-
inin staining as described previously.17 Histological data were
quantified using ImageJ program.

RNA analysis

Muscles were homogenized in Tri reagent and total RNA was
isolated using a standard method. cDNA was synthesized
using oligo dT primer and reverse transcriptase. Quantitative
polymerase chain reaction was carried out using SYBR green
premix on a 7500 Real-Time PCR System (Applied
Biosystems). Values were normalized to Gapdh. Primers are
summarized in Table S3.

Western blot analysis

Whole muscle lysates were prepared as described
previously.17 Equal amounts of extracts were resolved on
tris-glycine or tris-tricine (for Cramp) SDS-PAGE gels, trans-
ferred onto nitrocellulose membranes and probed with anti-
bodies. Quantifications were performed using ImageJ
program.

Pull-down experiments and in vitro binding assays

Muscles were homogenized in suspension buffer containing
50 mM NaCl, 20 mM Tris (pH 7.4), 0.3 mM DTT, 1 mM PMSF
and protease/phosphatase inhibitor cocktail. 10X detergents
were added to final concentrations of 1% NP-40 and 1% TX-
100. Lysates were pre-cleared using streptavidin-coated
beads for 2 h. Supernatants were incubated with biotinylated
peptides overnight. Streptavidin beads were added and fur-
ther incubated for 2 h. Beads were washed four times with
lysis buffer, once with 150 mM NaCl, and protein complexes
were eluted with 2X sample buffer. Samples were resolved
on SDS-PAGE gels and stained with imperial stain kits. We
used biological analysis services for proteomic analysis, which

were conducted by staff at the KBSI. For this, the gel slices
were sent to the KBSI for in-gel digestion and LC-MS analysis.

To analyse in vitro interactions, HEK293 cells transfected
with expression constructs were lysed in extraction buffer
(50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40
and cocktails of protease and phosphatase inhibitors).
HA-tagged proteins were captured using anti-HA beads and
incubated with 10 μg Cramp in extraction buffer for 1 h at
4°C. Additionally, 4 μg of Serca1 recombinant protein tagged
with C-terminal Myc/DDK pre-bound to anti-Flag beads was
incubated with 4 μg Cramp in extraction buffer. Beads were
washed four times with extraction buffer, once with
150 mM NaCl, and then eluted with 2X sample buffer.

Serca1 ATPase activity assays

Serca1 activity was measured in SR membrane fractions or
whole-muscle homogenates using an ATPase activity assay
kit (Sigma-Aldrich). Enriched SR fraction was isolated from
GA muscles in accordance with previous reports.7 The proce-
dures were identical except for initial homogenization using
glass-to-glass homogenizer (10 strokes) and final solubiliza-
tion in assay buffer (40 mM Tris, 80 mM NaCl, 8 mM MgAc2,
1 mM EDTA, pH 7.5). To extract whole-muscle homogenates,
TA muscles were homogenized in assay buffer using glass-
to-glass homogenizer (15 strokes). Homogenates were
cleared by centrifugation (3000 rpm for 10 min, then 13
000 rpm for 20 min) and quantified using BCA assay. SR
membrane fractions (100 ng) or muscle homogenates
(500 ng) were incubated with increasing concentrations of
CaCl2 and 750 nM A23187 in assay buffer for 10 min. ATP
(1 mM final concentration) was added to initiate the reac-
tion and incubated for 30 min, and then the reagent was
added and the mixture incubated for 30 min to generate
the colorimetric product. Relative Serca1 activity was plot-
ted with added Ca2+ concentration or maximal Serca1 activ-
ity was determined.

Grip strength test and serum creatine kinase
activity assay

Mouse muscle force was measured based on forelimb grip
strength using a grip strength meter (Bioseb, BIO-GS3). Mice
were allowed to grip the metal bar and then pulled horizon-
tally by the tail. The test was performed three times, and the
average force was recorded for each mouse. Measurements
of grip strength were performed in blinded studies. Values
were normalized to the body weight.

Whole-body muscle breakdown was measured in serum
using the creatine kinase (CK) activity assay kit (BioVision).
Blood was harvested at the end of experiments, and serum
samples were obtained by allowing the blood to clot at room
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temperature for 40 min and centrifuging at 4000 rpm for
15 min. CK enzyme activity was determined using a colori-
metric method.

Calpain activity assay

Calpain activity was measured using a manufacturer-
recommended protocol (BioVision). Muscles were homoge-
nized in extraction buffer with 15 strokes in glass-to-glass ho-
mogenizer and centrifuged for 5 min at 4°C. Protein amounts
were measured using the Bradford assay. Calpain activity was
determined using a fluorometric method.

Statistical analysis

Data are expressed as individual values. The mean and SEM
values were computed using GraphPad Prism V8.0.2. The
number of biological replicates and P values are indicated in
the figures. n indicates the number of mice or independent
experiments (in vitro experiments). Student’s unpaired two-
tailed t-test was used for comparisons between two condi-
tions. A one-way analysis of variance with Dunnett’s post
hoc test was used for multiple comparison. Survival curves
were analysed using the Gehan–Breslow–Wilcoxon test.
Kruskal–Wallis test with Dunn’s correction was used to obtain
the median lifespan of mdx/Utrn�/� mice. Statistical signifi-
cance is defined as P < 0.05.

Results

Acute muscle injury increases Cramp levels in
neutrophils and damaged myofibres

To explore the potential roles of AMPs in muscle pathology,
we treated mouse tibialis anterior (TA) muscles with BaCl2
for 3 or 8 days to induce degeneration and regeneration,
respectively,18 and examined the mRNA levels of defensins
and Cramp (Figure S1A). Compared with untreated muscles,
BaCl2-injured muscles showed a robust and transient
up-regulation of Cramp on Day 3, whereas defensins, includ-
ing Defa2-Defb4, were unchanged or moderately increased.
Western blot analysis confirmed strong induction of both pre-
cursor and peptide forms of Cramp 3 days after injury
(Figure 1A). Immunostaining revealed a prominent accumula-
tion of Cramp in degenerating myofibres (Figure 1B). Cramp
levels returned to basal levels 8 days after injury.

Analysis of CTX-injured muscles at earlier time points
showed rapid induction on Day 1, followed by a gradual re-
duction in both Cramp mRNA and protein levels (Figure
S1B and S1C). Immunohistochemical studies showed high
levels of Cramp in whole muscle regions (Figure 1C) and in

structures like neutrophil granules (Figure 1D) 1 day after in-
jury. Two to three days after injury, Cramp displayed addi-
tional punctate localization patterns. Interestingly, Cramp
was also concentrated within the degenerating myofibres
(Figure 1C).

To verify the cellular source of elevated Cramp in dam-
aged muscle, we co-stained Cramp with several neutrophils,
macrophages, SCs or T cell-specific markers. Notably, the ma-
jority of Cramp was detected in neutrophils in 1-day injured
muscles (Figure 1E). Although a small population of
macrophages was positive for Cramp (Figure S1D), it was
not detected in SCs or T cells (Figure S1E). We used
bioluminescence imaging to quantitatively monitor
tissue-infiltrating neutrophils19 and found that the injections
of neutrophil-neutralizing antibody reduced both neutrophil
accumulation and Cramp induction in damaged muscles
(Figures 1F and S1F). These results suggest that Cramp is pro-
duced by locally recruited neutrophils and then localized to
degenerating myofibres.

Cramp is internalized by skeletal muscle and causes
muscle damage

To examine whether neutrophil-derived Cramp translocated
to myofibres, we traced the internalization of biotinylated
Cramp (Biotin-Cramp). Two unrelated AMPs, HP (2-20) or
magainin2, which have potent antimicrobial activities,20,21

were used as control peptides. Notably, Biotin-Cramp was
internalized into MF20-positive long myotubes rather than
MF20-negative single cells (Figure 2A). Further, Cramp
injected into TA muscles was distributed across individual
long myofibres rather than being randomly diffused
(Figure 2B), confirming that Cramp infiltrates myofibres.

We next investigated the effects of internalized Cramp on
muscle damage and architecture. One day after administering
Cramp, Cramp-transduced myofibres appeared to be dam-
aged, as determined by IgG uptake (Figure 2B), a marker of
myonecrosis. On Day 10, Cramp induced massive necrosis
with severe inflammation (Figure 2C and 2D). Interestingly,
alizarin red staining showed abnormal calcification in
Cramp-treated muscle. In contrast, no obvious changes in
muscle integrity were found in muscles treated with control
peptides, except for local activation of muscle regeneration
following injection.

To test if Cramp is also toxic to cultured myotubes, we
treated C2C12 myotubes with Cramp for 24 h and analysed
the number of MF20-positive differentiated cells and
EdU-incorporated proliferating cells. Treatment with 10–
20 μM of Cramp significantly damaged myotubes without af-
fecting myoblast proliferation (Figure 2E and 2F), whereas a
higher concentration of Cramp (40 μM) decreased both myo-
tube integrity and cell proliferation, indicating specific induc-
tion of myotube damage with 10–20 μM of Cramp. Human

3094 M.-C. Choi et al.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 3091–3105
DOI: 10.1002/jcsm.13065



LL-37 also decreased myotube integrity (Figure S2). Thus,
neutrophil-derived Cramp infiltrates myofibres and promotes
muscle damage.

Cramp deficiency reduces muscle damage and
neutrophil infiltration in the early phase of muscle
injury

To define the function of Cramp in muscle degeneration, we
used mice lacking Cramp in whole-body.22 Analysis of myosin
IIa, IIx and IIb in TA muscles showed no appreciable differ-
ence between Cramp WT and homozygous (HOMO) KO mice
(Figure S3A–C), indicating that loss of Cramp does not affect
normal muscle development.

We analysed the early cellular and molecular events occur-
ring in damaged muscles of Cramp WT and KO mice. WT TA
muscles showed necrotic fibres with inflammatory cells 2 days
after injury, whereas Cramp-null muscles showed slightly ele-
vated levels of inflammatory cells (Figure 3A). Given that
Cramp administration promotes muscle damage (Figure 2B),
we asked if loss of Cramp diminishes muscle damage caused

by injury. Analysis of IgG intensity showed reduced mem-
brane permeability in Cramp KO muscles (Figure 3A), indicat-
ing that muscles lacking Cramp are more resistant to damage.

Neutrophils contribute to muscle damage by secreting
toxic effectors while promoting muscle regeneration by re-
moving damaged debris23 and can express IL-1β in skeletal
muscles.24 It was reported that depletion of neutrophils (in
the CD18-null mouse) or treatment with a neutrophil
inhibiting antibody reduces muscle damage induced by inju-
ries or in mdx mice.25–27 Because Cramp and LL-37 have che-
motactic activity towards neutrophils,28 we examined if re-
duced muscle damage by Cramp KO is associated with a
decrease in neutrophil recruitment. Indeed, Cramp KO signif-
icantly decreased the number of neutrophil infiltrates at the
site of muscle trauma 1-day post-injury, and this was
sustained on Day 2 (Figure 3B). This finding was reproduced
via bioimaging analysis of living mice (Figure 3C). Further,
the absence of Cramp decreased IL-1β immunoreactivity
and mRNA levels in CTX-injured muscle (Figure 3D). These re-
sults suggest that neutrophil-expressing Cramp further re-
cruits peripheral neutrophils, contributing to muscle damage
in response to acute injury.

Figure 1 Neutrophils deposit Cramp at sites of muscle injury. (A,B) Transient up-regulation of Cramp in degenerating muscle. TA muscles from 8-week-
old male mice treated with BaCl2 for 3 or 8 days were analysed for protein expression (A) and intramuscular localization (B) of Cramp. Arrowhead and
arrow indicate the precursor and peptide forms of Cramp, respectively. Difference in migration between the detected bands and the synthetic Cramp is
likely due to salt content and protein quantities in the samples. Macrophage marker CD68 antibody and DAPI were used to detect inflamed regions and
DNA, respectively. (C) Patterns of Cramp expression and distribution in early degenerating muscle. TA muscles of 9-week-old male mice treated with
cardiotoxin (CTX) for the indicated time periods were analysed. (D) Cramp localization in neutrophil granule-like structures. (E) Co-localization of Cramp
and neutrophil marker Ly6G. (F) Effect of neutrophil depletion on Cramp levels. Eight-week-old female mice were treated with control IgG or Ly6G Ab
(clone 1A8) to deplete circulating neutrophils and with CTX to induce muscle damage. Reduced neutrophil invasion of damaged muscle (left) results in
decreased Cramp levels (right). UD, undamaged. Scale bars, 200 μm.
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Figure 2 Cramp penetrates myofibres and causes damage. (A) Internalization of exogenous Cramp into C2C12 myotubes. Myotubes were treated with
10 μM of biotinylated Cramp or control HP (2-20) peptide for 10 min, washed, fixed 3 h later and co-stained with FITC-Streptavidin and muscle differ-
entiation marker MF20 Ab. (B) Internalization of exogenous Cramp into mouse muscle. Longitudinal sections of TA muscles derived from Cramp HOMO
KO mice treated with 4 μg of Cramp for 24 h were immuno-stained with Cramp Ab for IHC (left) or with IgG for IF (right) to indicate increased mem-
brane permeability. (C,D) Effects of Cramp administration on muscle damage. TA muscles of 8-week-old male mice were treated with 50 μL of vehicle
or 0.1 mM peptides (approximately 20 μg Cramp) for 10 days. Muscle inflammation and calcification were determined via CD68 and alizarin red stain-
ing, respectively. (E,F) Effects of Cramp treatment on C2C12 myotube damage. Myotube integrity (MF20) and proliferation (EdU) were determined in
myotubes treated with vehicle or indicated peptides for 24 h. Approximately 1600 nuclei were counted per well (F). Scale bars, 200 μm.
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Five days after injury, small new fibres with centrally posi-
tioned myonuclei appeared and temporally expressed embry-
onic myosin (eMyHC), a marker of regenerating fibres (Figure
3E). We found that the degree of muscle regeneration was
decreased in Cramp-null muscles, as indicated by lower
eMyHC intensity and the presence of residual macrophages
(Figures 3E and 3F and S4). Measurements of the
cross-sectional area and the numbers of new fibres revealed
smaller, but similar number of myofibres in Cramp KO com-
pared with WT (Figure 3F), indicating delayed muscle regen-
eration. These results suggest that dysregulation of neutro-
phil influx due to Cramp deficiency may slow down muscle
damage and inflammatory responses, thus retarding the
clearance of damaged fibres and subsequent myogenesis in
acutely injured muscle.

Cramp deficiency improves muscle integrity after
long-term injury

To evaluate the function of Cramp in late stage muscle regen-
eration, we analysed 12-day treated TA samples from Cramp

WT and HOMO KO mice. Whereas damaged muscles from
both genotypes were regenerated by this time point, muscles
with Cramp KO showed significant reduction in interstitial
space between new myofibres (Figures 4A and S5A). A similar
low-grade inflammation and slightly smaller fibres were
found in Cramp KO muscle (Figures 4A and S5B).

Four weeks after muscle injury, Cramp loss resulted in a
slight increase in muscle weight and fibre size compared with
WT (Figure 4B). Histological analysis showed that Cramp KO
partially reduced the development of fibrotic and adipose tis-
sues within skeletal muscle (Figure S6A and S6B). To further
investigate the role of Cramp in chronic muscle injury, we ad-
ministered three injections of BaCl2 (BaCl2-3X) and analysed
the muscles 4 weeks after the last injection (Figure 4C). Nota-
bly, muscle weight and fibre size were significantly increased
in Cramp KO-injured muscles. Further analysis of fibre size
distribution showed a typical rightward shift towards larger
fibres in Cramp-null injured muscles (Figure 4D), indicating
that regeneration-associated muscle hypertrophy was accel-
erated by Cramp inactivation. Furthermore, fibrofatty tissues
were significantly diminished in Cramp-deficient muscles
(Figure 4E and 4F). Together, the larger myofibres and less

Figure 3 Cramp deficiency decreases acute injury-induced myofibre damage and neutrophil recruitment and delays the initial stage of muscle regen-
eration. (A) Reduced muscle damage in Cramp HOMO KO 2 days after CTX injury. TA muscles in 8–9-week-old male mice were stained with H&E and
IgG for histological studies and evaluation of muscle damage, respectively. (B) Inhibition of neutrophil infiltration by Cramp inactivation. TA muscles in
8–9-week-old male mice treated with CTX for 1 or 2 days were stained with the indicated antibodies. (C) Decreased influx of neutrophils by Cramp loss.
Neutrophil infiltrates of Cramp WT and HOMO KO muscles of 8-week-old male mice were compared via IVIS bioimaging. (D) Reduced expression of IL-
1β by Cramp inactivation. IL-1β immunoreactivity and mRNA expression were determined by IHC staining and qPCR in TA muscles from 8–9-week-old
male mice treated with CTX for 2 days. (E,F) Delayed muscle regeneration and increased macrophage inflammation in Cramp HOMO KO muscle 5 days
after BaCl2 injury. TA muscles in 8–9-week-old male mice were stained with H&E, embryonic myosin (eMyHC) to mark regenerating fibres or CD68. A
cross-sectional area of approximately 400 centrally nucleated fibres per muscle was quantified to determine the size of regenerating fibres. N = 9 for
each group. Scale bars, 200 μm.
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fibrofatty tissues in muscles lacking Cramp indicate the im-
proved pathology of skeletal muscle in response to
long-term multiple injury.

We also assessed whether Cramp haploinsufficiency
played a similar immunomodulatory role after injury. The
findings showed that heterozygous (HET) KO of Cramp did
not significantly affect neutrophil invasion on Day 2
following injury, nor macrophage accumulation on Day 5
(Figure S7A and S7B). Thus, complete inactivation of Cramp

is required for the regulation of muscle inflammation
induced by acute injury.

Cramp is activated in dystrophic muscles during
DMD development

DMD is associated with muscle wasting, cardiac failure and
premature death. Several mouse models have been used

Figure 4 Cramp loss ameliorates muscle phenotypes in response to multiple long-term injury. (A) Reduced muscle interstitium and comparable fibre
size in Cramp-null TA muscles 12 days after injury. Eight-week-old male mice were treated with BaCl2. N = 9 for each group. (B) Slightly increased hy-
pertrophy in Cramp KO muscle after 4 weeks of acute injury. Nine-week-old male mice were treated once with BaCl2. Muscle mass and fibre CSA were
measured. N = 7 for each group. (C,D) Highly increased hypertrophy in Cramp KO muscle after repetitive injection of BaCl2 (BaCl2-3X). 8–9-week old
male mice were treated. Muscle mass and fibre CSA (C) as well as fibre size distribution (D) are shown. UD, undamaged contralateral muscle. N = 6 for
each group. (E,F) Reduced fibrofatty tissues in Cramp KO muscle treated with BaCl2-3X. Muscles were stained with H&E, picrosirius red to identify in-
terstitial fibrosis or oil red O for lipid deposition. For CSA measurement, approximately 800 (A), 700 (B) and 1000 (C) myofibres per muscle were quan-
tified. Scale bars, 200 μm.
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to identify mechanisms underlying DMD as well as potential
treatments.29 Mdx mice, the most widely used model, show
relatively mild phenotypes compared with fatal human
DMD. Mice with additional KO of utrophin (mdx/Utrn�/�)
display severe disease phenotypes with shortened lifespans,
whereas utrophin haploinsufficiency (mdx/Utrn+/�) mice
exhibit intermediate phenotypes between mdx and
mdx/Utrn�/�. Analysis of TA muscles from 4-week-old mdx
mice revealed Cramp up-regulation in dystrophic muscles
and strong accumulation in dystrophic areas (Figure 5A
and 5B). At 8 weeks, elevated Cramp levels were detected
in all three dystrophic types, with positive correlation be-
tween Cramp levels and disease severity (Figure 5C). Cramp
was also induced in both skeletal and cardiac muscles of
mdx/Utrn+/� mice at 24 weeks of ages (Figure 5D). Thus,
Cramp is activated in dystrophic muscle developed in the
mouse model of DMD.

Inactivation of Cramp mitigates DMD phenotypes

To investigate the functional significance of Cramp in DMD,
we generated diseased mice lacking Cramp and produced di-
verse genotypes by crossing mdx-/Y/Utrn+/�/Cramp+/� male
and mdx�/�/Utrn+/�/Cramp+/� female mice. We examined

muscle physical activity and whole-body muscle breakdown
by measuring forelimb grip strength and serum CK activity,
respectively. Eight-week-old mdx/Cramp+/� mice showed
enhanced grip strength compared with WT counterparts,
whereas the improvement was less prominent in
mdx/Cramp�/� mice (Figure 6A). Analysis of older mice with
more severe phenotypes (24-week-old mdx/Utrn+/�) revealed
that grip strength was markedly increased by Cramp
haploinsufficiency and moderately increased by Cramp
deficiency (Figure 6B). Serum CK activity was also significantly
decreased by Cramp HET KO. Cramp loss in either mdx/Utrn+/
� or mdx mice diminished serum CK activity, although this re-
duction was not statistically significant (Figures 6B and S8).
Moreover, myofibre size reduction occurred in mdx/Utrn+/�

mice was alleviated by both Cramp HET and HOMO KO. These
findings indicate that reducing Cramp levels improves DMD
pathophysiology.

As a further assessment of muscle abnormalities, we
analysed histological features. Strikingly, either reduction
or lack of Cramp substantially reduced membrane
breakdown, infiltrations of neutrophils and macrophages
and fibrosis of muscle interstitium (Figures 6C and S9).
Fat accumulation was not severe, even in mdx/Utrn+/
�/Cramp+/+ muscles, and no differences were detected be-
tween groups.

Figure 5 Cramp is persistently elevated in skeletal muscle of DMD mouse models. (A) Up-regulation of Cramp in TA muscle of 4-week-old mdx male
mice. Arrowhead and arrow indicate the precursor and peptide forms of Cramp, respectively. (B) Accumulation of Cramp around CD68-positive in-
flamed regions in TA muscle of 4-week-old mdx male mice. (C) TA muscles from 8-week-old mdx, mdx/Utrn

+/�
and mdx/Utrn

�/�
male mice were

analysed for Cramp protein expression. (D) Skeletal TA muscles and cardiac muscles from 24-week-old mdx/Utrn+/� male mice were analysed for
Cramp expression. WT indicates normal C57BL/6 mice. Non-specific signal (NS) was used as a protein loading control. Scale bars, 200 μm.
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Mdx/Utrn�/� mice phenocopy the severe features of pa-
tients with DMD, including premature death.29 To verify
whether targeting Cramp could be a potential treatment for
DMD, we monitored the lifespans of mdx/Utrn�/�/Cramp

KO lines. We found that Cramp haploinsufficiency markedly
extended the lifespans of both male and female mice (Figure
6D). Loss of Cramp significantly delayed the death of female
mice, but only slightly delayed the death of male mice. Spe-

Figure 6 Reducing or depleting Cramp levels restores muscle force, alleviates muscle damage and slows premature death in DMD mouse models. (A)
Body weight and forelimb grip strength of 8-week-old mdx/Cramp+/� and mdx/Cramp�/� male mice compared with mdx mice. N = 10 for Cramp WT,
n = 16 for HET KO and n = 10 for HOMO KO. (B) Body weight, increased grip strength, decreased serum CK activity and increased fibre size of 24-week-
old mdx/Utrn

+/�
/Cramp

+/�
and mdx/Utrn

+/�
/Cramp

�/�
male mice compared with mdx/Utrn

+/�
mice. N = 9 for Cramp WT, n = 10 for HET KO and

n = 10 for HOMO KO. For CSA measurement, approximately 500 (WT C57BL/6) and 1400 (mdx/Utrn+/� lines) myofibres per muscle were quantified.
(C) Improved muscle histology by reducing or depleting Cramp levels in TA muscles of 24-week-old mdx/Utrn

+/�
male mice. Muscles were stained with

IgG, Ly6G, CD68 or picrosirius red to mark muscle damage, neutrophils, macrophages or fibrosis, respectively. Relative fold changes were calculated
relative to Cramp (+/+). N = 9 for Cramp WT, n = 10 for HET KO and n = 10 for HOMO KO. (D) Kaplan–Meier survival curves for mdx/Utrn�/�/Cramp+/
+
, mdx/Utrn

�/�
/Cramp

+/�
and mdx/Utrn

�/�
/Cramp

�/�
male (left) and female (right) mice. (E) Scatterplot of mdx/Utrn

�/�
mice lifespan with a line

showing median survival. Scale bars, 200 μm.
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cifically, the median lifespans of mdx/Utrn�/�/Cramp+/+,
mdx/Utrn�/�/Cramp+/� and mdx/Utrn�/�/Cramp�/� mice
were 10.2, 16.6 and 15.3 weeks, respectively, for males and
11.9, 26.6 and 20.2 weeks, respectively, for females (Figure
6E). Collectively, these results suggest that Cramp inhibition
attenuates manifestations of dystrophic disease in DMD
mouse models.

Cramp binds to muscle proteins associated with
Ca2+ signalling

Our results show that Cramp HET KO does not inhibit neutro-
phil invasion following acute injury but profoundly sup-
presses DMD progression. Accordingly, neutrophil inhibition
by Cramp can only contribute to, but cannot fully explain,
the molecular mechanisms targeted by Cramp. Moreover,
treatment of muscle cell culture with Cramp resulted in mus-

cle damage, implying the existence of intrinsic muscle factors
mediating Cramp action. To screen Cramp-interacting muscle
proteins, we performed pull-down experiments using bio-
tinylated peptides. Biotin-Cramp was incubated with muscle
lysates, and the protein complexes captured by streptavidin
beads were subjected to SDS-PAGE and liquid chromatogra-
phy–mass spectrometry (LC-MS) analysis (Figure 7A).
Interestingly, the protein complex contained Serca1 and its
isoforms, Dpf1, Cpt1b, Slc25a12, Jph2, Aifm1, Atp5f1a, Titin,
Frmd4b, Ptdss2, Cntnap1, Slc25a4 and the previously recog-
nized Gapdh in monocytes.30 Many of these have previously
been implicated in Ca2+ signalling, mitochondrial functioning
or both. Western blot analysis confirmed the binding of sev-
eral proteins (Figure 7B), including SR Ca2+ pump Serca1,
Cpt1b associated with mitochondrial fatty acid oxidation,31

Ca2+-binding mitochondrial carrier protein Slc25a1232 and
Slc25a4 associated with mitochondrial permeability
transition.33

Figure 7 Cramp binds to skeletal muscle proteins associated with SR Ca2+ signalling and mitochondrial functions. (A,B) Identification of Cramp-binding
skeletal muscle proteins via in vitro screening. Schematic illustration of the experimental strategy and proteins identified using LC–MS are shown. Pres-
ence of Cramp and green-coloured proteins: Serca1, Cpt1b, Slc25a12 and Slc25a4 in the precipitants were confirmed using Western blot analysis (B).
(C) In vivo interaction between Cramp and SR Ca2+-handling proteins (left) and mitochondrial proteins (right). TA muscles in 8-week-old Cramp HOMO
KO male mice were injected with Biotin-HP (2-20) or Biotin-Cramp (approximately 10 μg) for 24 h. Protein complexes in lysates were precipitated using
streptavidin-coated beads and subjected to Western blot analysis using the indicated antibodies. (D) In vitro binding of Cramp to Serca1-HA and
Csq1-HA purified from HEK293 cells transfected with expression constructs.
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To verify the interactions in vivo, we administered
Biotin-Cramp into TA muscles for 24 h, and proteins bound
to Biotin-Cramp were collected using streptavidin beads (Fig-
ure 7C). Again, Serca1 was pulled-down with Biotin-Cramp.
We further examined the interaction between Cramp and
other SR Ca2+ regulatory proteins, such as Ca2+-buffering pro-
tein Csq, and Ca2+ release channel RyR, although they were
not detected during the initial screening. As shown in Figure
7C, Csq, but not RyR, was co-precipitated with Biotin-Cramp.
Mitochondrial Cpt1b, Slc25a12 and Slc25a4 were also
precipitated.

To examine peptide–protein interaction in vitro, we incu-
bated Cramp with hemagglutinin (HA)-tagged Serca1 or
Csq1 purified from HEK293 cells transfected with expres-
sion constructs and found physical interactions between
Cramp and both Serca1 and Csq1 (Figure 7D). Stronger
binding to Csq1 than to Serca1 is likely a reflection of
higher quantities of Csq1 input. Moreover, Cramp bound
to recombinant Serca1 protein in vitro (Figure S10). To-
gether, these results indicate that Cramp binds to proteins
associated with SR Ca2+ signalling and mitochondrial
functions.

Cramp inhibits Serca1 activity and promotes
calpain activity

It has been known that Serca1 protects skeletal muscles from
DMD damage.5 To determine whether Cramp regulates
Serca1 activity, we analysed Ca2+-ATPase activity in SR mem-
brane fractions or muscle homogenates incubated with
Cramp in vitro. Under both conditions, Cramp markedly de-
creased Serca1 activity, independent of the quantities of
Ca2+ (Figures 8A and S11A) or ATP added (Figure S11B).

We also examined whether Cramp deficiency affects the
protein levels of SR Ca2+-handling factors in TA muscles of
mdx/Utrn+/� mice. We found that reduction or ablation of
Cramp significantly or partially elevated Serca1 levels, respec-
tively (Figures 8B and S12). In contrast, the levels of
neighbouring SR proteins, Csq and RyR, were affected less
by Cramp KO, indicating the specific up-regulation of Serca1.

To further elucidate Serca1 inhibition by Cramp during
DMD development, we compared Serca1 activity in muscle
homogenates and found that reducing or depleting Cramp
levels in mdx/Utrn+/� muscle restored the overall activity of
Serca1 (Figure 8C). Reinforcing this notion, both Cramp HET

Figure 8 Cramp inhibits Serca1 activity and promotes calpain activity in skeletal muscle. (A) In vitro inhibition of ATPase activity by Cramp. SR mem-
brane fractions were incubated with the indicated peptides for 1 h and Serca1 activity was measured using increasing concentrations of Ca2+ (pCa 6–
3.5) and 1 mM ATP. GA muscles of 8-week-old C57BL/6 male mice were used to obtain enriched SR membrane fractions. (B) Elevation of Serca1 pro-
tein levels by Cramp haploinsufficiency and deficiency in TA muscles of 24-week-old mdx/Utrn+/� male mice. The levels of Ca2+-handling proteins were
determined by Western blot analysis using the indicated antibodies and were normalized to Gapdh. (C) Restoration of Serca1 ATPase activity by Cramp
HET and HOMO KO in mice with DMD. ATPase activity was determined in pooled homogenates (left) or individual homogenate (right) of TA muscles
from 24-week-old male mice with the indicated genotypes. WT, 24-week-old C57BL/6J. n = 9 for Cramp WT, n = 10 for HET KO and n = 10 for HOMO
KO. (D) Reduced calpain activity in Cramp KO DMD muscles. TA muscles of 24-week-old male mice were used. N = 4 for each group. (E) Decreased Ca

2

+-dependent ATPase activity (left) and increased calpain activity (right) in Cramp-transduced TA muscles. Muscle homogenates from 8-week-old
C57BL/6 male mice injected with control HP (2-20) or Cramp for the indicated periods were analysed.

3102 M.-C. Choi et al.

Journal of Cachexia, Sarcopenia and Muscle 2022; 13: 3091–3105
DOI: 10.1002/jcsm.13065



and HOMO KO reduced the enzymatic activity of calpains
(Figure 8D). The calpain activity due to Cramp loss was also
reduced in the 12-week-old mdx mice (Figure S13).

To gain further insights into the roles of Cramp in Ca2+-de-
pendent myonecrosis, we determined whether Cramp ad-
ministration into skeletal muscle affects the activities of
Serca1 and calpain proteases. We found that Cramp de-
creased Ca2+-ATPase activity on both Day 1 and Day 5 after
treatment, whereas calpain activity was significantly in-
creased on Day 5 (Figure 8E). Collectively, these findings sug-
gest that functional interaction between Cramp and Serca1
contributes to DMD pathogenesis by exacerbating the Ca2
+-dependent proteolytic pathway.

Discussion

Increasing evidence suggesting the role of endogenous AMPs
in the pathogenesis of diverse non-infectious diseases
prompted us to investigate their function in muscle pathol-
ogy. Here, we found that Cramp plays a role in multiple facets
of skeletal muscle damage in mice, including inflammation,
immune cell-muscle cell interaction and myonecrosis. Cramp
appeared to promote muscle damage by exacerbating both
Ca2+-dependent myonecrosis and neutrophil-associated in-
flammation via different mechanisms in different places.

Our results demonstrate that Cramp contributes to acute
muscle damage, at least in part, by regulating neutrophil infil-
tration. Cramp also plays a role in neutrophil recruitment and
IL-1β expression in other tissues.15,34 β2 integrin CD18 and
formylpeptide receptors bind to Cramp and play a role in
neutrophil regulation and thus might be associated with
Cramp regulation of neutrophil invasion in skeletal
muscle.26,35–37 In this scenario, neutrophil-expressing Cramp
further recruits peripheral neutrophils, contributing to mus-
cle damage in response to acute injury.

Typically, neutrophils stimulate the recruitment of macro-
phages, the immune cells that exert pro-inflammatory func-
tion (M1 macrophages) and resolve inflammation with SC
stimulation for muscle recovery (M2 macrophages).38 How-
ever, despite a decrease in neutrophils, Cramp KO-injured
muscle showed increased macrophages. Similarly, a decrease
in neutrophil invasion following CD18 blockade after muscle
injury resulted in an accelerated influx of macrophages.26 This
study also demonstrated that injured muscles deficient CD18
display delayed regeneration during the early period but
larger myofibres during the late stage of muscle regeneration,
similar to Cramp-null damaged muscles. Hence, enhanced in-
flammation of macrophages in Cramp-null muscle might be at-
tributed to compensatory activation against abnormal neutro-
phil suppression, and this later stimulates muscle repair.

Ca2+ overload resulted from unstable sarcolemma integrity
of dystrophin-deficient muscle programs DMD progression.

Our initial observation that Cramp introduction causes mus-
cle calcification suggested a potential role for Cramp in Ca2+

signalling. Subsequent proteomic and mechanistic studies
identified Ca2+-SERCA1 axis regulated by Cramp. SERCA activ-
ity can be impaired in dystrophic muscles by its downregula-
tion, post-translational modification and/or direct inhibition
by SERCA inhibitory peptides,3 including sarcolipin (Sln) and
phospholamban (Pln). However, it is unlikely that the Cramp
is associated with Sln or Pln in mouse skeletal muscle, be-
cause they are barely detectable in the fast-twitch skeletal
muscles of rodents.39,40 We note that Cramp also forms com-
plexes with other Ca2+-associated factors such as Csq1 and
Slc25a12, implying that Ca2+ regulation by Cramp is not lim-
ited to the SERCA pump. Therefore, in contrast to conven-
tional SERCA inhibiting micropeptides located in muscle SR
membrane, Cramp is an inflammatory cell-derived peptide
that disrupts Ca2+ homoeostasis when muscle is injured. In-
terestingly, Cramp was also found to affect Serca1 levels, at
least in TA muscles of the mdx/Utrn+/� model. Although the
mechanistic basis behind this observation remains to be elu-
cidated, this two-way arrangement of Serca1 by Cramp might
facilitate efficient suppression of Serca activity in response to
chronic damage.

Most notably, this study showed that reducing Cramp
levels significantly extends lifespan by protecting dystrophic
muscles from deterioration. Unexpectedly, however, the total
loss of Cramp appeared not to be more beneficial on alleviat-
ing overall DMD than Cramp haploinsufficiency. We assume
that a small portion of elevated Cramp may be indispensable
for normal Ca2+ homoeostasis or for immune cell regulation.
This feature may be relatively common in Serca inhibitory
peptides, as Sln HET KO in mdx/Utrn�/� mice has been
shown to alleviate overall DMD more than Sln deficiency.6

We also noticed that the extended lifespan of mdx/Utrn�/�

mice following Cramp KO was more obvious in female mice
than in male mice. Given that female hormones are protec-
tive against muscle damage in mdx mice,41 it is interesting
to speculate that Cramp may also be involved in the regula-
tion of sex hormones.

In this study, we provide genetic evidence for the role of
Cramp in promoting the progression of DMD.
Cramp-deficient mice do not show overt abnormalities at
baseline, and the loss of one Cramp allele in mdx/Utrn�/�

mice can prolong survival. In this regard, Cramp inhibition
would be an attractive therapeutic approach against DMD
with minimal side effects.

Limitations of the study

Here, we investigated whether and how Cramp regulates
skeletal muscle degeneration in mice. Whether human
LL-37 is also up-regulated in the muscles of DMD patients
needs to be investigated. In addition, although we showed
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that Cramp inhibits Serca1 activity, we did not investigate the
structural inhibition of Serca1 activity. In-depth analyses are
necessary to fully elucidate the mechanism underlying regu-
lation of Serca1 by Cramp. Further, the study should be ex-
tended to cardiac muscles. It is essential to explore the trans-
lational significance of pharmacological inhibition of Cramp
and its benefits in DMD and associated cardiomyopathies.
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