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Abstract

Global public health is threatened by new pathogens, antimicrobial resistant microorganisms and a rapid
decline of conventional antimicrobials efficacy. Thus, numerous medical procedures become life-threating.
Sepsis can lead to tissue damage such as myocardium inflammation, associated with reduction of
contractility and diastolic dysfunction, which may cause death. In this perspective, growing interest and
attention are paid on host defence peptides considered as new potential antimicrobials. In the present study,
we investigated the physiological and biochemical properties of Cateslytin (Ctl), an endogenous
antimicrobial chromogranin A-derived peptide, in H9c2 cardiomyocytes exposed to lipopolysaccharide
(LPS) infection. We showed that both Ctl (L and D) enantiomers, but not their scrambled counterparts,
significantly increased cardiomyocytes viability following LPS, even if L-Ctl was effective at lower
concentration (1 nM) compared to D-Ctl (10 nM). L-Ctl mitigated LPS-induced LDH release and oxidative
stress, as visible by a reduction of MDA and protein carbonyl groups content, and by an increase of SOD
activity. Molecular docking simulations strongly suggested that L-Ctl modulates TLR4 through a direct
binding to the partner protein MD-2. Molecular analyses indicated that the protection mediated by L-Ctl
against LPS-evoked sepsis targeted the TLR4/ERK/JNK/p38-MAPK pathway, regulating NFkB p65, NFkB
p52 and COX2 expression and repressing the mRNA expression levels of the LPS-induced proinflammatory
factors IL-1B, IL-6, TNF-o. and iNOS. These findings indicate that Ctl could be considered as a possible
candidate for the development of new antimicrobials strategies in the treatment of myocarditis. Interestingly,
L-enantiomeric Ctl showed remarkable properties in strengthening the anti-inflammatory and anti-oxidant

effects on cardiomyocytes.
Keywords

Cardiomyocytes, Cateslytin, Antimicrobial Peptides, Inflammation, Oxidative Stress, Toll-like receptor 4
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1. Introduction

Evidences from epidemiological studies conducted on post-mortem individuals identified myocarditis as a
significant cause of unexpected death, representing a major reason of cardiovascular events. Myocarditis is a
potentially life-threatening disease and mostly occurs in young and adult people [1]. Accordingly, biopsy-
proven myocarditis was reported in 9-16% of adult patients and a prevalence of myocarditis of 2-42% of
cases in young people was registered [1 and references therein]. Several viral and bacterial infections
represent etiological agents of myocarditis. Among them, the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) can cause myocarditis as evinced by numerous recent investigations reporting cases of
acute myocarditis or myocardial inflammation in coronavirus disease 2019 (COVID-19) [2,3 and references
therein]. Also, direct infection of the heart muscle by bacteria and bacteria-produced toxins can be
responsible of myocarditis and severe myocardial damage. Bacterial myocarditis is usually observed in the
context of a severe sepsis, such as an infection induced by Gram-negative bacteria, that can lead to multi-
organ failure, including heart dysfunction and arrhythmias that can occur in around 60% of septic patients
[4]. Clinical and experimental studies have extensively reported how decreased contractility and impaired

myocardial compliance constitute major factors causing myocardial dysfunction in sepsis [5].

Lipopolysaccharide (LPS) represents the major component of the outer membrane of Gram-negative bacteria
that belongs to the pathogen-associated molecular patterns (PAMPs). During myocardial inflammation, LPS
interacts with the key member of pattern-recognition receptors (TLRs), the toll-like receptor 4 (TLR4),
expressed on the surface of host cardiomyocyte, stimulating the innate immune system and inducing the
inflammatory response [6]. TLR4 activation by LPS induces the myeloid differentiation factor 88 (Myd88)-
dependent pathway, converging on nuclear transcription factors activation, such as nuclear factor-kB
(NFkB). This, in turn, induces the production of pro-inflammatory cytokines leading to inflammatory
cascades that are associated with several cardiovascular diseases, including myocarditis and heart failure [7

and references therein].

The identification of new classes of drugs to include in the therapeutic options for inflammatory dilated
cardiomyopathy and myocarditis, for which the availability of specific treatment remains limited, is of
crucial clinical interest. This is particularly important also given the global increasing impact of antibiotic-
resistant infections on health and economic outcomes [8]. In this context, antimicrobial peptides (AMPs) are
antimicrobial agents active against infections that do not show the typical disadvantages of more
conventional antibiotics related to possible gastrointestinal or allergic reactions, and associated to antibiotic-

resistant bacteria [9].

Chromogranin A (CgA), a member of the chromogranin/secretogranin family, is a pro-hormone localized in
the secretory vesicles of neurons, neuroendocrine cells, granulocytes, immune cells and cardiomyocytes [10-
12]The intravesicular proteolytic processing of CgA under physiological or stress conditions generates
several protein fragments with different biological activities [12], ranging from the regulation of innate

immunity, antimicrobial activities and inflammation to neuroprotection and cardiovascular protection
3
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[13,14,15]. One of the CgA cleavage products, the bioactive peptide Catestatin (Cst, human CgAss>—372) was
initially described as a potent inhibitor of catecholamines release via the nicotinic receptor [16].
Experimental evidences report that Cst may affect the heart function and the blood pressure both directly and
indirectly, playing a crucial regulatory role in cardiovascular system under physiological and pathological
conditions [13,17]. Accordingly, Cst is able to counteract the cardiac effects following adrenergic
stimulation, and to protect the heart against ischemia/reperfusion injury, acting as a post-conditioning
protective agent [13]. It is also known that Cst contributes to the immune system regulation and can mitigate

severe inflammatory response, thus preserving tissues function [17].

In addition to several other AMPs resulting from the natural processing of CgA, such as vasostatin-1, the
core sequence of Cst, Cateslytin (Ctl; bovine CgAsss-3ss, with sequence RSMRLSFRARGYGFR), can also
act as host defense peptides (HDPs), due to its antimicrobial activities against a wide number of pathogens
[18]. In addition, compared to other CgA fragments with antimicrobial properties, Ctl is able to resist to the
degradation when treated with bacterial supernatants [19] and it is unable to induce resistance for the host

[20].

Based on these knowledges, the present work was undertaken to explore: i) the ability of the two
enantiomers of the Ctl (L or D amino acids) to mitigate the cardiomyocyte injury evoked by LPS infection;
ii) the potential ability of L-Ctl to affect TLR4 through interaction with the partner protein MD-2; iii) the
molecular mechanism of action underlying the effect of L-Ctl in the presence of LPS in HO9c2

cardiomyocytes.

2. Material & Methods
2.1. Peptides and chemicals

L-Ctl (CgAss4358, RSMRLSFRARGYGFR) and its derivate D-Ctl were synthesized by Proteogenix SAS
(Schiltigheim, France) according to the Merrifield Technique, a stepwise solid-phase peptide synthesis
approach with FMOC chemistry, and purified to >95% by using reverse phase high-performance liquid
chromatography (RP-HPLC) and controlled by MALDI-TOF mass spectrometry. As negative controls, the
scrambled L-Ctl and D-Ctl (FMRLRYRSSAFGGRR, in L-and D-aminoacid forms, respectively) have been
used. Both L-Ctl and D-Ctl were dissolved in sterile water before use (UltraPure RNase/DNase-free distilled
water, Invitrogen, California, USA). Lipopolysaccharides (LPS) from Escherichia coli O55:BS5, sodium
pyruvate and B-nicotinamideadenine dinucleotide disodium salt, 2,4 dinitrophenylhydrazine (DNPH), 2-
thiobarbituric acid (TBA), bovine serum albumin (BSA), butanol-1, butylated hydroxyanisole, diethyl ether,
ethylenediaminetetraacetic acid (disodium salt), streptomycin sulfate, tween-20 and urea were obtained from
Sigma Aldrich (St. Louis, MO, USA). Dimethyl sulfoxide (DMSO) was purchased from PanReac
AppliChem (Glenview, Illinois, USA). Absolute ethanol, ethyl acetate, hydrochloric acid, methanol and

trichloroacetic acid were purchased from Carlo Erba Reagents (Cornaredo, M1, Italy).
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2.2. Cell culture

HO9c2 cells (rat embryonic cardiomyocytes) were obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA) (Cat# CRL-1446_H9c2, RRID:CVCL_0286) and maintained in Dulbecco’s Modified
Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12, Gibco, Thermo Fisher Scientific, Waltham, MA, USA)
containing 10% fetal bovine serum (FBS, Gibco) and supplemented with 1% penicillin/streptomycin
(Thermo Fisher Scientific), incubated at 37°C in humidified atmosphere with 5% CO; [21]. When the cells
reached a density of 80% in 100-mm dishes, they were digested using 0.25% Trypsin-EDTA (1X) (Gibco)
according to a 1:2 ratio following manufacturer’s instructions (ATCC). For each experiment, the cells were

seeded and incubated for 48 h at 37°C, 95% O, and 5% CO,.
2.2.1. Cell viability assay

HOc2 cell viability was evaluated by 3-(4,5-dimethylthiazol-)2,5-diphenyl tetrazonium bromide (MTT)
assay, as previously described [21]. The cells were seeded at a density of 5x10° cells/well in 96-well plate
and exposed to the following treatments: Control (vehicle), L-Ctl (from 1 to 100 nM), D-Ctl (from 1 to 100
nM), LPS (10 pg/mL) alone, LPS + L-Ctl (from 1 to 100 nM), LPS + D-Ctl (from 1 to 100 nM), LPS +
scrambled L-Ctl (from 1 to 100 nM) and scrambled L-Ctl (from 1 to 100 nM) for 6 h [22]. The control was
treated with the vehicle (UltraPure RNase/DNase-free distilled water). At the end of the treatments, the cell
culture medium was replaced with 100 pl of 2 mg/ml MTT solution (Sigma Aldrich) and the cells were
incubated for 4 h at 37°C, 5% CO,. After incubation, the solution was removed and the formazan crystals
were solubilized by adding 100 pl of DMSO for 30 min. The absorbance was measured using a Multiskan
EX Microplate Reader Lab (Thermo Fisher Scientific) at 570 nm. The means of absorbance values of six
wells in each experimental group were expressed as the percentage of cell viability. The experiment was
repeated three independent times. Cell viability were reported as percentage of cells survival relative to

control cells.
2.2.2. Biochemical analyses of H9c2 cells
2.2.2.1. Lactate dehydrogenase (LDH) activity determination

The structural integrity of cultured H9c2 cardiomyocytes was evaluated by determining the level of LDH
released in the culture supernatant. To this aim, the cells were seeded in a 24-well plate at a density of 1 x
10° cell/ml and treated with vehicle (control), LPS (10 ug/mL), LPS + L-Ctl (1 nM) and L-Ctl (1 nM) alone
for 24 h. 100 pl of the culture supernatant per well was used for LDH activity determination. The enzyme
activity was evaluated spectrophotometrically (GENESYS 20 spectrophotometer, Thermo Fisher Scientific),
following the method of McQueen (1972) [23]. After incubation of reagents, absorbance at 340 nm was

recorded every min until steady-state was reached. The reaction velocity was determined by a decrease in
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absorbance at 340 nm, resulting from the oxidation of NADH indicative of LDH activity, that was expressed

in IU/L [24].

2.2.2.2. Evaluation of malondialdehyde (MDA) concentration

The concentration of MDA (as an indicator of lipid peroxidation following ROS generation) in H9c2 cell
lysates was determined by thiobarbituric acid reactive substances (TBARS) assay, as previously described
[25-27]. The cells were seeded in a 24-well plate at a density of 1 x 10° cell/ml and treated as described
above for 6 h. Subsequently, cells were washed with cold phosphate buffered saline (PBS), centrifuged at
300 x g for 10 min and the supernatant was removed. The precipitate obtained was resuspended in 1 mL of a
cold sodium phosphate buffer 10 mM (containing 1 mM ethylenediaminetetraacetic acid and 1 mM butylated
hydroxyanisole in 0.15 % ethanol), pH = 7.2 and crushed by ultrasonic wave. MDA concentration was
estimated spectrophotometrically (GENESYS 20 spectrophotometer, Thermo Fisher Scientific). The
absorbance difference A (535-600 nm) was converted to MDA equivalents using the extinction coefficient

for MDA 1.55 x 10° M'em!. Lipid peroxidation was expressed in mM MDA.
2.2.2.3. Estimation of protein carbonyl content

The assessment of the protein carbonyl content (as an indicator of protein damage following oxidative stress)
was evaluated in H9c2 cells by 2,4 dinitrophenylhydrazine (DNPH) assay, following the method of Reznick
and Packer (1994) [28] and as previously described [26, 27]. Cells were seeded in a 24-well plate at a density
of 1 x 10° cell/ml and treated as described above for 6 h. Subsequently, they were washed with cold PBS,
centrifuged at 300 x g for 10 min and the supernatant was removed. The precipitate obtained was
resuspended in 1 mL of a cold phosphate buffer 50 mM, pH 6.7, containing 1 mM
ethylenediaminetetraacetic acid and crushed by ultrasonic wave. The protein carbonyl content (expressed in
uM) was evaluated spectrophotometrically (GENESYS 20 spectrophotometer, Thermo Fisher Scientific) by

absorbance detected at 375 nm, using the extinction coefficient for DNPH (22 mM! cm™).
2.2.2.4. Superoxide dismutase (SOD) enzyme activity assay

SOD activity was determined by measuring the inhibition of pyrogallol autoxidation following the method of
Marklund S. and Marklund G. (1974) [29] and as previously described [30]. The cells were seeded in a 24-
well plate at a density of 1 x 10° cell/ml and treated as described above for 6 h. Subsequently, the cells were
washed with cold PBS, centrifuged at 300 x g for 10 min and the supernatant was removed. The precipitate
obtained was resuspended in Tris buffer 50 mM, pH 8.2, containing 100 mM ethylenediaminetetraacetic acid
and the reaction was initiated by adding 8 mM pyrogallol (prepared in 1 mM HCI). The SOD activity in the

cell extract was measured by monitoring the autoxidation of pyrogallol for 5 min at room temperature using
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a GENESYS 20 spectrophotometer (Thermo Fisher Scientific) at 420 nm. SOD activity was assessed as the

degree of inhibition of the pyrogallol autoxidation rate.
2.2.3. Western blot

At the end of treatments with vehicle (control), LPS (10 pg/mL), LPS + L-Ctl (1 nM) and L-Ctl (1 nM)
alone, the H9¢c2 cardiomyocytes were washed with DPBS (Gibco) and the proteins were extracted using
RIPA lysis buffer (Sigma Aldrich) suitably supplemented with a mixture of protease inhibitors [(aprotinin 20
pg/mL, phenylmethylsulfonyl fluoride 1%, sodium orthovanadate 2 pM (Sigma-Aldrich)]. Cells were
scraped and transferred in microcentrifuge tubes, incubated on ice for 30 min with intermittent mixing, and
then centrifugated at 12,000 g for 15 min at 4°C. The supernatant was collected for protein concentration
determination by Bradford reagent using bovine serum albumin (BSA) as a standard. Equal amounts of
protein (30 pg) were loaded on 10% SDS-PAGE gel [for toll like receptor 4 (TLR4), phospho-extracellular-
signal-regulated kinase 1/2 (p-ERK1/2), ERK1/2, phospho-c-Jun N-terminal kinase 1/2 (p-JNK1/2), INK1/2,
p-p38 mitogen-activated protein kinase (p-p38 MAPK), nuclear factor kappa-light-chain-enhancer of
activated B cells (NFkB) p52, p-NFkB p65, NFkB p65 and cyclooxygenase-2 (COX2)], exposed to
electrophoresis, and transferred to polyvinyl difluoride membranes (GE Healthcare, Chicago, USA).
Membranes were blocked in 5% non-fat dried milk at room temperature for 1 h, and then incubated
overnight at 4°C with primary antibodies specific for the above antigens diluted 1:1000 (for TLR4, p-
ERK1/2 and ERK1/2) or 1:500 (for p-JNK1/2, INK1/2, p-NFkB p65, NFkB p65, NFkB p52 and COX2) in
tris-buffered saline containing 0.2% Tween 20 (TBST) and 5% BSA.

Antibodies against B-actin, ERK1/2, INK1/2, p38-MAPK and NFkB p65 were used as internal controls.
Following incubation with primary antibodies, all membranes were washed three times with TBST for 5 min
and then incubated with secondary antibodies at room temperature for 2 h (anti-mouse and anti-rabbit
peroxidase-linked, Santa Cruz Biotechnology, California, USA), diluted 1:2000 in TBST containing 5% non-
fat dried milk. Immunodetection was carried out using the enhanced chemiluminescence kit (GE Healthcare).
Membranes were exposed to X-ray films (Hyperfilm ECL, Amersham), the densitometric analyses of the
bands areas and the pixel intensity were performed and the background was subtracted. The analyses were
carried out using ImageJ 1.6 (National Institutes of Health, Bethesda, Maryland) as previously described
[31,32].

2.2.4. Molecular docking

The molecular docking engine Autodock Vina [33] was used to simulate the binding of L-Ctl to the myeloid
differentiation protein 2 (MD-2), the partner protein of TLR4. The structure of MD-2 was extracted from the
entry 4G8A of the Protein Data Bank [34], which reports the crystallographic conformation of the complex
with human TLR4 (polymorphic variant D299G and T399I) and with several ligand species in the binding

site. All these molecules, including crystallographic waters, were not considered in the docking. Human Ctl
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(sequence SSMRLSFRARGYGFR, L-enantiomeric form) was built in extended conformation by using
UCSF Chimera [35].

Since the conformational space of Ctl is too large to be explored in a single simulation run, the search was
performed in a simplified way, in analogy with a protocol already described for simulating the docking of
peptides [36,37]. Full flexibility was guaranteed to seven consecutive residues [38], and the internal degrees
of freedom of the other eight were inhibited. The flexible region was then systematically varied along the
peptide sequence, from the N to the C terminus (SSMRLSF, SMRLSFR, ..., ARGYGFR), for a total of nine
distinct simulations. The search was performed in a volume (40 A x40 A x40A) larger than the binding site

of MD-2, and with exhaustiveness much greater (8-32 times larger) than the default value [39,40].

2.2.5. Quantitative Reverse-Transcription Real-Time PCR (qRT-PCR)

HOc?2 cells were grown in 6-well plate to 70-80% confluence and then treated with vehicle (control), LPS (10
pg/mL), LPS + L-Ctl (1 nM) and L-Ctl (1 nM) alone. Total RNA from cells was isolated using TRIzol
reagent (Invitrogen, Life Technologies, Carlsbad, CA, USA) according to the manufacturer’s protocol. The
purity and integrity of RNA were confirmed by spectrophotometric analysis.

1 pg of total RNA was reverse transcribed to provide complementary DNA (cDNA) using High-Capacity
cDNA Reverse Transcription Kit (Applied Biosystems™, Thermo Fisher Scientific). The cDNA was
amplified by qRT-PCR using SYBR™ Select Master Mix (Thermo Fisher Scientific) according to the
manufacturer’s instructions on Applied Biosystems™ QuantStudio™ 5 Real-Time PCR System apparatus
(Thermo Fisher Scientific). Samples were analyzed in triplicate (n=3 independent experiments) and the
relative mRNA expression levels of the different genes were normalized to rRNA18S and calculated on the
basis of the 2724 method [41,42].

Primers used for the amplification were: forward 5'-CCCAGGACATGCTAGGGAGCC-3" and reverse 5'-
AGGCAGGGAGGGAAACACACG-3" (IL-1B); forward 5-TGGAGTTCCGTTTCTACCTGG-3" and
reverse 5'-GGTCCTTAGCCACTCCTTCTGT-3' (IL-6); forward 5'-CACCACGCTCTTCTGTCTACTG-3’
and reverse 5-GCTACGGGCTTGTCACTCG-3' (TNF-a); forward 5'-AGCCCTCACCTACTTCCTGG-3'
and reverse 5'-CTCTGCCTGTGCGTCTCTTC-3" (NOS2); forward 5'-GCAATTATTCCCCATGAACG-3'
and reverse 5'-GGCCTCACTAAACCATCCAA-3' (18S).

2.2.6. Statistical Analysis

Data, expressed as mean + SEM, were analysed by one-way ANOVA and the non-parametric Newman-
Keuls Multiple Comparison Test (for post-ANOVA comparisons) and one-way ANOVA followed by
Dunnett's Multiple Comparison Test when appropriate. Values of *p =<0.05, **p =<0.01, ***p =<0.001
were considered statistically significant. The statistical analysis was carried out using Graphpad Prism 5

(GraphPad Software, La Jolla, California, USA).

3. Results
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3.1. Effect of L-Ctl and D-Ctl on cell proliferation in H9¢2 cardiomyocytes

In order to evaluate the effects of catestatin-derived peptides, L-Ctl and D-Ctl, on cell viability, H9c2 cells
were exposed to increasing concentrations of either peptide species and the MTT was performed. As shown
in Figure 1A, L-Ctl induced a significant increase in cell proliferation to each concentration tested (1-100
nM), while D-Ctl produced a significant increase in cardiac cell viability only at 5 nM, 10 nM and 100 nM
(Figure 1B).

3.2. Action of L-Ctl and D-Ctl on LPS-induced damage in H9¢c2 cells

The action of L-Ctl or D-Ctl on LPS-induced injury in H9c2 cardiac cells was then investigated. To this aim,
the cells were treated with LPS alone and in combination with increasing concentrations of L-Ctl or D-Ctl
and cell viability was evaluated (Figure 2). MTT revealed that the treatment with LPS was able to
significantly reduce cardiomyocytes viability; however, the cytotoxic effect exerted by LPS was reversed by
both L-Ctl (Figure 2A) and D-Ctl (Figure 2B) treatments. In particular, L-Ctl induced beneficial effects on
LPS-dependent cytotoxicity starting from 1 nM, and its effect was significant at each concentration tested
(up to 100 nM) (Figure 2A). In contrast, D-Ctl reduced the H9c2 mortality when co-administered with LPS,
only in the concentration range 10-100 nM (Figure 2B). Scrambled L-Ctl and D-Ctl were used as negative
controls. Figure 3 indicates that scrambled L-Ctl was inactive, since no significant effects have been
observed on viability of H9c2 cells at the concentrations range of 1-100 nM, in the absence (Figure 3A) or
in the presence of LPS (Figure 3B). Comparable data were obtained with the scrambled D-Ctl (data not

shown).
3.3. Influence of L-Ctl on TLR4 expression in LPS-stimulated H9c2

Among the two Ctl enantiomers, L-Ctl has been showed to be more active (1 nM, that is referred to the first
effective concentration) compared to D-Ctl (10 nM, that is referred to the first effective concentration) in the
presence of LPS. Therefore, the cardiac molecular mechanism of L-Ctl was investigated. Western blot and
densitometric analyses of cell extracts showed that TLR4 expression was significantly increased in LPS-
treated cells with respect to the control group, whereas in the LPS + L-Ctl group the protein expression was

reduced (Figure 4).
3.4. Molecular docking

Molecular docking was used to investigate whether the presence of L-Ctl can affect TLR4. Bacterial
lipopolysaccharide and its precursor lipid A, as well as peptidomimetics with no structural similarity to the
physiological ligands of TLR4, do not bind this protein directly but anchor in the relatively large binding site
of its co-receptor MD-2 [34,43]. The conformation of MD-2 is similar in all these complex, and they only

differ by the molecular contacts formed with the various ligands. Thus, we performed the molecular docking
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of L-Ctl to a monomer of MD-2 extracted from a complex with human TLR4 [34], and isolated from any
other molecular species.

Ctl possesses 15 amino acid residues and 64 rotatable dihedral angles, which is a number far too large to be
exhaustively explored in a single molecular docking run. Therefore, the conformational space of the peptide
was explored in a simplified way, by allowing rotations in the main and side chains of seven consecutive
residues while the other eight residues were considered rigid, and systematically varying such flexible region

along the whole peptide sequence.

The results indicated that the central region of L-Ctl (sequence fragment LSFRARG) has the most favorable
affinity for MD-2, with a predicted binding energy of -10 kcal/mol. In contrast, the two peptide endings
showed a comparatively lower binding score, with -8 kcal/mol for the N-terminal region and -8.5 kcal/mol
for the C-terminal one. Due to the fact that the rigid portion of peptide structure was not optimized in the
simulations, these values should be considered as an upper limit for the (negative) binding energy, and may
reflect an even more favorable binding. The overall findings suggest a high affinity of L-Ctl for MD-2, with
a binding equilibrium constant in the nanomolar range. Figure 5 shows the structure or the most favorable
docking pose of L-Ctl to MD-2 obtained in the simulations. The peptide is deeply inserted in the core of the
protein binding site, and its position mostly overlaps with the location of the physiological ligands [34] in the

original crystallographic complex.

3.5. Involvement of inflammatory pathways in L-Ctl mechanism of action

Western blot and densitometric analyses of H9c2 cell extracts were carried out to determine the expression
levels of p-ERK1/2 (Figure 6A), p-JNK1/2 (Figure 6B), p-p38 MAPK (Figure 6C), NFkB p65 (Figure
6D), NFkB p52 (Figure 6E) and COX2 (Figure 6F) in H9c2 cells treated with LPS in the presence or
absence of L-Ctl. The expression of all the above proteins significantly increased following LPS treatment

and significantly decreased in the cells treated with LPS + L-Ctl (Figure 6).
3.6. Effect of L-Ctl on mRNA expression levels of inflammatory mediators

The L-Ctl molecular effect on the LPS-injured H9c2 cells was further investigated by assessing the mRNA
expression levels of selective inflammatory mediators. qRT-PCR analysis of cell extracts revealed that the
proinflammatory factors IL-1B (Figure 7A), IL-6 (Figure 7B), TNF-a (Figure 7C) and NOS2 (iNOS)
(Figure 7D) were significantly upregulated in LPS-stimulated H9c2 cells compared with the control group.
On the contrary, the mRNA expression levels of the above markers were significantly reduced in LPS + L-

Ctl experimental group.

3.7. Effect of L-Ctl on oxidative stress-related markers, SOD activity and LDH release in H9c2
exposed to LPS

To determine whether L-Ctl could affect the cellular oxidative balance under LPS treatment, oxidative stress-

related markers and the activity of the antioxidant enzyme SOD were measured. The MDA production and
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the content of protein carbonyl groups, used as lipid peroxidation and protein damage markers, respectively,
were assayed in H9c2 cell lysates. Figure 7 shows that MDA concentration (Figure 7A) and protein
carbonyl groups content (Figure 7B) were significantly increased in LPS group compared to the control,
while they were significantly decreased in the LPS + L-Ctl co-treatment. On the contrary, the percentage of
pyrogallol autoxidation (i.e. index of SOD activity) was significantly decreased in LPS-exposed H9c2, and
significantly increased in the LPS + L-Ctl group (Figure 7C). L-Ctl alone did not exert significant effects on
the above parameters compared to the vehicle exposed cells (Figure 7 A-C). As depicted in Figure 7D, LPS
treatment also significantly increased LDH, whose release in the H9c2 culture medium is considered an
indicator for cell membrane damage, whereas the co-treatment with L-Ctl reversed, to a significant extent,
the enzyme concentration released in response to LPS. L-Ctl treatment alone did not induce significant effect

in the LDH release compared to the control group (Figure 7D).
4. Discussion

The present study aimed to investigate the possible protective effects of Ctl in LPS-stimulated H9c2
cardiomyocytes. For the first time, we demonstrated that both L-Ctl and D-Ctl significantly increase cell
viability under LPS stimulation. Since the L-enantiomeric form of the peptide resulted more effective, it was
used for the subsequent analyses of the underlying mechanism of action. Our simulation results suggested
that Ctl may influence the biological activity of TLR4 through a direct binding to the partner protein MD-2.
In addition, molecular analyses showed that L-Ctl mitigates the LPS-dependent oxidative stress, the
reduction of SOD activity and the release of LDH in the cell medium. The peptide is also able to decrease the
expression of inflammatory signaling molecules (IL-1f, IL-6, TNF-a, iNOS) and the activation of important
inflammatory mediators (p-ERK 1/2, p-JNK, p-p38 MAPK, p-NFkB p65, p-NFkB p52, COX2). These data
are of interest in the context of myocarditis and in the field of antimicrobial peptides (AMPs) in regard to
their capability to counteract antibiotic resistance.

Antibiotic resistance, primarily due to the overuse of these drugs, has emerged as a severe worldwide health
problem, as every year millions of people are affected by multi-drug resistant bacteria resulting in a high
case-fatality ratio. For this reason, growing energies and efforts are invested in this field trying to reduce
antibiotic prescription and to identify or design alternative drugs able to overcome resistance. Among the
molecules currently considered as novel anti-infective agents [44], a prominent position is occupied by
AMPs, major players in the innate defense, since they have a relatively low chance to establish resistance
[45]. AMPs exist across all major lineages, they represent highly conserved forms of innate immunity and
are active against numerous pathogens [46]. Their short amphipathic -cationic conformation seems to be a
key component of their antimicrobial activity, since it promotes the disruption of microbial membranes [47].
In particular, mammalian AMPs are able to directly kill the microbe and activate rapidly the immune

response [48].

Ctl, the shorter and active arginine rich N-terminus fragment of CgA-derived Cst peptide, can be fully

included among AMPs, being effective against many microbial strains [18-20]. In the present study we tested
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on an in vitro model of myocarditis, i.e. LPS-stimulated H9c2 cells [49], both the naturally occurring
enantiomeric species L-Ctl and its derived epipeptide D-Ctl, where all L-amino acids have been replaced by
D-amino acids. In this regard, it is known that LPS, expressed on the external membrane of Gram-negative
bacteria, represents a powerful inducer of immunity responses through the modulation of toll-like receptors 4
(TLR4) [7]; for this reason, it is widely used to reproduce inflammatory diseases, such as myocarditis [50].
Myocarditis, or inflammatory cardiomyopathy, is an inflammatory condition of the myocardium that, if
prolonged, leads to cardiac injury, cardiac dysfunction, cardiomyocytes death [49] and resistance of the

infectious agents to therapies [51].

In our experimental model, both L-Ctl and D-Ctl were able to improve cell viability, alone or when
administered together with LPS, while their scrambled L-Ctl and D-Ctl counterparts were unable to
significantly affect cell viability. Indeed, according to previous data [52], LPS alone reduces cell viability
and induces a significant release of LDH (an indicator of cytotoxicity) in the culture medium, indicating that
the model of myocarditis has been successfully established. Of note, L-Ctl showed greater effectiveness with
respect to the D-enantiomeric form in increasing cell viability and in relieving LPS effects at all the tested
concentrations. D-Ctl was produced, starting from its natural peptide, to promote the stability of the peptide
against bacterial proteases and, at variance with our results, it was much more effective against microbial
strains and more resistant to proteolytic degradation than L-Ctl [18,20]. Nevertheless, our study did not
include a microbiology approach but aimed to analyze an in vitro model of myocarditis and this may account
for the different potency observed for D-Ctl and L-Ctl in these diverse experimental sets. Moreover, it is
conceivable that, from a physiological point of view, H9c2 cells establish a more favorable interactions with
the natural occurring L-Ctl, since molecular chirality is a key feature in molecular host-guest recognition

[53]. Results have been further corroborated by the use of a scrambled/inert peptide.

Thus, we focused on the anti-bacterial/anti-inflammatory role of L-Ctl possibly mediated via the TLR4
pathway. It is well established that LPS activates TLR4 and its downstream cascade by the interaction with
its essential accessory protein, namely MD-2 [54]. LPS binds the hydrophobic pocket of MD-2 through 5 of
its acyl chains, allowing the engagement and the dimerization of TLR4 and the generation of the activated
LPS-MD2-TLR4 complex [54]. The crucial role of MD-2 in TLR4 inflammatory responses has been
supported by studies performed on MD-2 knockout mice, that showed hypo-responsiveness to LPS and
higher rate of survival to endotoxic shock [55]. Confirming previous experimental evidences, in our model
LPS induces an increase in TLR4 protein expression, generally regulated by transcriptional and post-
transcriptional mechanisms [56]. This supports the important contribution of TLR4 to the relationship
existing between inflammation and cardiovascular disorders. Since L-Ctl was able to mitigate the LPS-
dependent upregulation of TLR4, it is conceivable that a regulation of its expression at the MD-2 level may
exist. Accordingly, the molecular docking analysis clearly supported the interaction between the peptide and
MD-2, the TLR4 partner protein. Indeed, the results of our computational studies suggest a high affinity of
L-Ctl for MD-2, with a predicted binding energy of at least -10 kcal/mol. The peptide deeply plunged into
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the protein binding site with residues Phe7, Arg8 and Argl0. It is likely that the energetic penalty due to the
desolvation of the arginine side chains buried into the protein pocket was adequately compensated by
electrostatic and entropic effects at the peptide termini, which are exposed and relatively free to fluctuate in
the solvent, although such effects cannot be directly assessed by using molecular docking. A number of
interactions stabilized the anchoring of the peptide into MD-2, including electrostatic attraction with the
charged residue Glu92 of the protein, and hydrophobic interactions with several phenylalanine isoleucine
residues. Thus, our simulation results strongly suggest the possibility that Ctl may influence the biological
activity of TLR4 through a direct binding to the partner protein MD-2. Both the interaction energy and the
predicted location of binding of Ctl are fully consistent with an anchoring in the protein pocket, similar to the
one observed in the experiment for physiological ligands bound to MD-2. The interaction between Ctl and
MD-2 could thus represent the mechanism used by the peptide to suppress LPS inflammation, since a

competitive antagonism on this site can be postulated.

It is widely accepted that the activation of TLR4, such as under LPS stimulation, induces the downstream
MAPKSs cascade converging on NFkB, lastly able to promote the expression of pro-inflammatory actors,
including IL-1B, IL-6, TNF-a, NOS2 [57,58]. Of note, Ctl downregulates the expression of these proteins

corroborating its supposed anti-inflammatory action via TLR4 inhibition.

Moreover, it is known that NFkB importantly participates in immune responses [59] and its overactivation
contributes to the long-term inflammation responsible for acute myocardial lesions [60]. Indeed, NFkB is a
well established downstream player of LPS/TLR4, MAPKs and JNK activation [56,61,62], and a positive
regulator of COX2 expression, a key enzyme of inflammatory pathways [63]. Accordingly, our results
showed an increase of p-ERK 1/2, p-JNK, p-NFkB p65, p-NFkB p52, and inducible COX under LPS
stimulation, reversed by the addition of L-Ctl to the medium. Therefore, it is plausible that L-Ctl, by reducing
the LPS-induced NFkB expression, may also prevent the production and the release of proinflammatory
cytokines in cardiac myocytes [64], as showed in our experimental set. This finding can be further supported
by evidences indicating the ability of another CgA-derived peptide (chromofungin, CgA 4766) to exert
antiinflammatory effects by inhibiting the NFkB-mediated transcription [65]. Interestingly, in our LPS-
stimulated model p38 MAPK is more phosphorylated, according to the increased expression of NFkB,
conversely to what happens under Ctl treatment. Being NFkB a crucial target for MAP-kinases, such as p38
MAPK that is strongly involved in cardiac pathologies [66 and references therein], this result may be useful

in the view of future frontiers in therapeutics.

Another important aspect regards the well established ROS production, and its resulting oxidative stress,
detectable in septic myocardial inflammation [67,68]. According to these data, in our model LPS is a strong
stimulus for oxidative stress as visible by the increase of MDA and of protein carbonylation (used as markers
of lipid peroxidation and protein damage secondary to oxidative stress, respectively) and by the reduction of
SOD activity. The amelioration of oxidative balance following L-Ctl treatment, further describes the peptide

as a novel candidate in the treatment of septic cardiomyopathy. Moreover, in line with our results, LPS-
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induced oxidative stress may additionally contribute to the activation of NFkB that, in turn, may further

impact the cardiomyocytes inflammation that is finally mitigated/abolished by Ctl.
S. Conclusions

Taken together our results describe Ctl as a potential anti-inflammatory/anti-microbial therapeutic agent, and
its inhibition of TLR4 by targeting MD-2 could represent an effective tool to counteract sepsis and septic
shock induced by Gram negative bacteria in addition to its interesting and protective antioxidant properties.
These data are of interest considering that Ctl efficacy and resistance have been extensively demonstrated in
several microbial strains. Moreover, being a short and linear peptide, stable in a wide range of pH and
temperature, Ctl would be easily synthesized at a minimal cost making it an excellent candidate for future

drug development.
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487  Figure 1. Effects of L-cateslytin (L-Ctl) and D-cateslytin (D-Ctl) on cell viability in H9c2

488  cardiomyocytes.

489  HO9c2 cardiomyocytes were treated with vehicle (Control) or increasing concentration of A) L-Ctl (1-100
490 nM) or B) D-Ctl (1-100 nM) for 6 h. Cell viability was determined using MTT assay and was expressed as
491  the percentage of control cells only exposed to vehicle (indicated as Control). Results are represented as
492  mean £ SEM (n=6 per group). Significant differences were detected by one-way ANOVA followed by
493  Dunnett’s test, p<0.05 (*); p<0.01 (**) and p<0.001 (***) vs Control group.
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498  Figure 2. Effects of L-Ctl and D-Ctl in the presence of lipopolysaccharide (LPS) on H9c2
499  cardiomyocytes viability.

500  H9c2 cardiomyocytes were treated with vehicle (Control) or LPS (10 pg/mL) alone and in co-treatment with
501 increasing concentration of A) L-Ctl (1-100 nM) or B) D-Ctl (1-100 nM) for 6 h. Cell viability was
502  determined using MTT assay and was expressed as the percentage of control cells only exposed to vehicle

503  (indicated as Control). Results are represented as mean + SEM (n=6 per group). Significant differences were
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504  detected by one-way ANOVA and Newman-Keuls multiple comparison test. p<0.001 (***) vs Control
505  group; p<0.001 (###) vs LPS group.
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509  Figure 3. Effect of scrambled L-Ctl in the absence or in the presence of LPS on H9¢2 cardiomyocytes
510 viability

511  H9c2 cardiomyocytes were treated with vehicle (Control) or increasing concentration of scrambled L-Ctl (1-
512 100 nM) for 6 h A) Cell viability was determined using MTT assay and was expressed as the percentage of
513  control cells only exposed to vehicle (indicated as Control). Results are represented as mean + SEM (n=6 per

514  group). Statistical analysis was carried out by one-way ANOV A followed by Dunnett’s test.

17



515
516
517
518
519

520

521

522

523
524
525
526
527
528
529
530
531
532
533
534

HO9c2 cardiomyocytes were treated with vehicle (Control) or LPS (10 pug/mL) alone and in co-treatment with
increasing concentration of scrambled L-Ctl (1-100 nM) for 6 h B) Significant differences were detected by
one-way ANOVA and Newman-Keuls multiple comparison test. p<0.001 (***) vs Control group; p<0.01
(##) vs LPS group.

TLRA | e s s e - 95 kD2

B-actin - e — 43 kDa

Ratio of TLR4/B-actin

Figure 4. Influence of L-Ctl on toll like receptor 4 (TLR4) expression in H9c2 cardiomyocytes
stimulated with LPS.

Western blot analysis of TLR4 in H9c2 cardiomyocytes exposed to vehicle (indicated as Control), LPS (10
pg/mL), LPS + L-Ctl (1 nM) (n=3 independent experiments) [mouse monoclonal antibody against TLR4
(Cat# sc-293072, RRID:AB_10611320) and B-actin (Cat# sc-69879, RRID:AB_1119529) Santa Cruz
Biotechnology (Dallas, Texas, USA)]. Histograms represent the ratio of densitometric analysis of
protein:loading control. Significant differences were detected by one-way ANOVA and Newman-Keuls

multiple comparison test. p <0.05 (*).
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Figure 5. Binding of Ctl to myeloid differentiation factor 2 (MD-2).
Most favorable structure of Ctl (stick representation, with colored atoms) bound in the binding site of MD-2
(yellow cartoon representation), superimposed to the volume occupied in the same pocket by physiological

ligands (cyan spheres) in the crystallographic structure of the protein [34]. Image created with PyMol [69].

19



548

549

550
551

552

p-ERK 112

p-JNK 1/2

JNK 172

p-p38 MAPK

p38 MAPK

A

20 ek

15

1.0

0.5

0.0

Ratio of pERK 1-2/ERK 1-2

15

1.0

05

Ratio of pJNK 1-2/UNK 1-2

Ratio of p-p38 MAPK/p38 MAPK

p-NFkB p65

NFkB p65 |

NFkB p52

B-actin

N
n o

o - -
tn =) t

I
o

Ratio of NFkB-p52/-actin

[ =
£1
)
o
9)
O
[e]
o0
¢ o

o N B o ®» O

20



553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

Figure 6. Molecular mechanism activated by L-Ctl in H9¢c2 cardiomyocytes.

Western blot analysis of A) phospho- extracellular-signal-regulated kinase 1/2 (p-ERK1/2), B) phospho-c-
JunN-terminal kinase 1/2 (p-JNK1/2), C) phospho-p38 mitogen-activated protein kinase (p38 MAPK), D)
nuclear factor kappa-light-chain-enhancer of activated B cells (NFkB) p65 (p-NFkB p65), E) NFkB p52 and
F) cyclooxygenase-2 (COX2) in H9c2 cardiomyocytes exposed to vehicle (indicated as Control), LPS (10
pg/mL), LPS + L-Ctl (1 nM) and L-Ctl (1 nM) (n=3 independent experiments) for 6 h [mouse monoclonal
antibodies against p-ERK1/2 (Cat# sc-7383), ERK1/2 (Cat# sc-514302), NFkB p65 (Cat# sc-8008), NFkB
p52 (Cat# sc-7386, RRID:AB_2267131) Santa Cruz Biotechnology (Dallas, Texas, USA), p-NFkB p65
(#13346), Cell Signaling Technology, Inc, (Danvers, Massachusetts, USA), or rabbit polyclonal antibodies
against p-SAPK/JNK (#9251), SAPK/INK (#9252), p-p38 MAPK (#9211) or p38 MAPK (#9218), Cell
Signaling Technology, or COX2 (Cat# TA313292), OriGene Technologies (Rockville, Maryland, USA)].
Histograms represent the ratio of densitometric analysis of protein:loading control. Significant differences
were detected by one-way ANOV A and Newman-Keuls multiple comparison test. p <0.05 (*); p <0.01 (*%*);
p<0.001 (*%*).
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Figure 7. Effects of L-Ctl on the LPS-induced mRNA expression of inflammatory mediators in H9¢2
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cells.
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Evaluation of mRNA expression levels of A) interleukin (IL)-1p, B) IL-6, C) tumor necrosis factor (TNF)-a,
and D) nitric oxide synthase (NOS) 2 (inducible) by quantitative reverse-transcription real-time PCR (qRT-
PCR) in H9c2 cardiomyocytes exposed to vehicle (indicated as Control), LPS (10 pg/mL), LPS + L-Ctl (1
nM) and L-Ctl (1 nM) for 6 h. Samples were analyzed in triplicate, the relative mRNA expression levels of
the different genes were normalized to rRNA18S and calculated on the basis of the 2724 method. Data are
expressed as the mean = SEM of 3 separate experiments. Significant differences were detected by one-way

ANOVA and Newman-Keuls multiple comparison test. p <0.05 (*); p <0.01 (*¥%*); p <0.001 (**%*).
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Figure 8. Effect of L-Ctl on malondialdehyde (MDA) levels, protein carbonyl groups content,
superoxide dismutase (SOD) activity and lactate dehydrogenase (LDH) release in LPS-treated H9c2

cells.

MDA concentration A), protein carbonyl groups content B) and SOD activity C) in lysates of H9c2
cardiomyocytes treated with vehicle (Control), LPS (10 pg/mL), LPS + L-Ctl (1 nM) and L-Ctl (1 nM) for 6
h. MDA concentration was expressed as mmol/L, protein carbonyl groups content was expressed as pmol/L
and SOD activity was expressed as percentage of inhibition of the pyrogallol autoxidation rate. Data are
expressed as the mean + SEM of six separate experiments. Significant differences were detected by one-way

ANOVA and Newman-Keuls multiple comparison test. p <0.05 (*); p <0.01 (**); p <0.001 (***). LDH
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release in the supernatant of H9c2 cardiomyocytes treated with vehicle (Control), LPS (10 pg/mL), LPS + L-
Ctl (1 nM) and L-Ctl (1 nM) for 24 h D). The result of LDH activity was expressed as IU/L. Data are

expressed as the mean = SEM of six separate experiments. Significant differences were detected by one-way

ANOVA and Newman-Keuls multiple comparison test. p <0.001 (***).
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