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Abstract

The emergence of multidrug resistant
bacteria is a global health threat and the dis-
covery of new antimicrobial agents is an
absolute priority. In this context endoge-
nous peptides are emerging as novel poten-
tial candidates. In this work, we assessed
the antimicrobial effects of orexins and
ghrelin neuropeptides against gram-nega-
tive  (Escherichia  coli, Salmonella
typhimurium, Klebsiella pneumoniae) and
gram-positive (Staphylococcus aureus) bac-
teria. Orexin-B and ghrelin showed a potent
bactericidal effect at concentration equal to
or greater than 25 pg/ml. No antimicrobial
activity has been observed for orexin-A.
Furthermore, we investigated the antiviral
proprieties of the three peptides against /er-
pes simplex virus 1 (HSV-1). We found that
orexin-B, but not orexin-A is effective for
HSV-1 infectivity inhibition.

Introduction

Nowadays, antibiotics resistance is a
major public health concern. The identifica-
tion of new antimicrobial compounds is a
top priority to face this situation. In this sce-
nario neuropeptides are emerging as novel
promising antimicrobial agents.

Synthesized in neurons, neuropeptides
act as neurotransmitters in the central and
peripheral nervous system. These peptides
have a key role in the control of several bio-
logical processes included immune and
inflammatory responses.!? In the recent
past, some neuropeptides, such as the
vasoactive intestinal polypeptide and neu-
ropeptide Y, have been reported having
antimicrobial activities.*>

In this work we explored both the
antimicrobial and antiviral proprieties of
orexins and ghrelin.

Orexin-A and orexin-B are neuropep-
tides produced in the lateral hypothalamus.®
® The two peptides are synthetized from a
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precursor, prepro-orexin, that is then
cleaved to generate the active molecules.!*-
12 Orexin-A is a 33 amino acids peptide
including 4 cysteines linked by two intra-
chain disulfide bonds.'*!* Post-translational
modifications of this peptide include a
pyroglutamyl cyclization at the N-terminal
and a C-terminal amidation. Orexin-B is a
28 residue neuropeptide and like orexin-A
is characterized by a C-terminal amida-
tion.!®!* The two neuropeptides share 46%
of sequence homology.!° Two-dimensional
NMR spectroscopy analysis of soluble
orexin-B revealed that its structure consists
of two o—helices linked via a flexible loop.'*
The lateral hypothalamus, where the neu-
ropeptides are generated, is responsible for
eating behavior and energy homeosta-
sis.®151¢ Indeed, orexins play a key role in
feeding behavior and body weight regula-
tion, sympathetic activation, control of
metabolic status and energy expenditure,
sleep-wake cycles,'” and regulation of glu-
cose level in the blood.®!®! These neu-
ropeptides fulfill their functions interacting
with two G-protein-coupled receptors
(orexin receptor 1 and 2).¢ Recently, orexin-
B has been reported having bactericidal
effects.?

Another neuropeptide suggested to pos-
sess some antimicrobial activity is the
appetite peptide ghrelin.?! Ghrelin, also
known as lenomorelin, is 28-amino-acid
(3,3kDa) peptide hormone that was first iso-
lated and identified from rat stomach
endocrine cells.?> Tt is produced mainly
from the enteroendocrine cells in the
mucosal layer of the stomach,? but it was
found also in the pancreas, kidney, small
and large intestines** and in salivary
glands.?

The human Ghrelin gene (GHRL)
encodes a 117 residue precursor (pre-
proghrelin), that is cleaved by endoproteas-
es to produce the mature ghrelin peptide.
The ghrelin peptide exists in two forms acy-
lated ghrelin and desacylated ghrelin, the
functions of the latter are poorly under-
stood. Ghrelin is characterized by the pres-
ence of an n-octanoyl group on the serine in
third position (in some species on the threo-
nine) that increases the hydrophobicity of
the ghrelin molecule?® and it is important for
the activity of the peptide. Ghrelin has been
discovered as a natural ligand of the growth
hormone secretagogue receptor.?’
Increasing evidence supports a role for
ghrelin in the regulation of hunger and
metabolism.?® Ghrelin induces orexigenic
signaling in the brain and regulates food
intake, body weight and glucose
metabolism.?’ Moreover, this peptide boosts
up the immune response® and inhibits the
production of proinflammatory cytokines.>
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We investigated the antimicrobial activ-
ity of orexin-A, orexin-B and ghrelin
against Escherichia coli, Salmonella
typhimurium, Klebsiella pneumoniae and
Staphylococcus aureus. Moreover, we eval-
uated the antiviral proprieties of the same
peptides against herpes simplex virus 1
(HSV-1).

Materials and Methods

Peptide synthesis

Peptides were prepared by standard 9-
fluorenylmethoxycarbonyl polyamine
solid-phase synthesis, using a PSSM8 mul-
tispecific peptide synthesiser (Shimadzu
Corporation Biotechnology Instruments
Department, Kyoto, Japan). The TGA resin
(substitution 0.3 mmol g') was used as the
solid-phase support, and syntheses were
performed on a scale of 100 mmol. All
amino acids, 4 equiv. relative to resin load-
ing, were coupled according to the
TBTU/HOBT/DIEA method: 1 equiv. of
Fmoc-amino acid, 1 equiv. of TBTU, 1
equiv. of HOBT (1 M HOBT in DMF) and
2 equiv. of DIEA (2 M DIEA in DMF). The
Fmoc protecting group was removed with
30% piperidine in DMF (v/v). Peptides
were fully deprotected and cleaved from the
resin by hydrofluoric acid treatment: 89%
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trifluoroacetic acid (TFA) solution contain-
ing 5.5% thioanisole, 3.3% ethandithiol and
2.2% anisole as scavengers; the crude pep-
tides were precipitated with ice-cold ethyl
ether, filtered, re-dissolved in water and
lyophilised. The crude peptides were puri-
fied to homogeneity by preparative reverse-
phase high-pressure liquid chromatography
(HPLC) on a Waters Delta Prep 3000 chro-
matographic system, equipped with an UV
Lambda Max Mod. 481 detector. The sam-
ples were injected on a Jupiter
(Phenomenex) C18 column (21.20 mmx25
cm, 15 um) eluted with a H,0/0.1% TFA
(A) and CH;CN/0.1% TFA (B) solvent mix-
ture. A linear gradient from 20 to 75% of B
over 55 min at a flow rate of 20 mL min!
was employed. The collected fractions were
lyophilised to dryness and analysed by ana-
lytical reverse-phase HPLC on a Shimadzu
class-LC10 equipped with a diode array
detector SPD-M10AV using a Phenomenex
C18 analytical column (10x250 mm, 10
um); a linear gradient from 20 to 75% of B
over 55 min at a flow rate of 1 mL min™! was
used. The identity of purified peptides was
confirmed by Maldi spectrometry. Their
sequences, molecular weight and net
charges are indicated in Table 1. All purified
peptides were obtained with high yields
(50-60%).

Cells and viruses

African green monkey kidney cells
(Vero) (ATCC CCL-81) were grown in
Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal
bovine serum. HSV-1 (strain SC16), carry-
ing a lacZ gene driven by the CMV IE-1
promoter to express [-galactosidase, was
propagated on Vero cells monolayers. The
following bacterial strains were included in
our study: the Gram-negative bacteria E.
coli ATCC 11219, Pseudomonas aerugi-
nosa ATCC 13388, Salmonella enterica
serovar typhimurium ATCC 14028, and K.
pneumoniae ATCC 10031 and the Gram-
positive bacterium S. aureus ATCC 6538.
To standardize the bacterial cell suspension
for assay of antibacterial activity, some

colonies of each strain grown overnight on
MHA plates were resuspended in MHB and
incubated at 37°C until visibly turbid. This
log-phase inoculum was resuspended in
0.9% sterile saline to reach an appropriate
optical density at 600 nm (OD600) (with a
Bio-Rad microplate reader; Bio-Rad
Laboratories, Hercules, CA) corresponding
to a concentration of about 1x108 CFU/ml.
This standardized inoculum was diluted
1:10 in MHB, and the inoculum size was
confirmed by colony counting.

Antimicrobial-activity assay
Susceptibility testing was performed
using the broth microdilution method out-
lined by the Clinical and Laboratory
Standards Institute using sterile 96-well
microtiter plates (Falcon, NJ). Serial 2-fold
dilutions (from 100 to 0,78 pg/ml) of each
peptide were prepared in cation-adjusted
MHB at a volume of 100 pl/well. Each well
was inoculated with 5 pl of the standardized
bacterial inoculum, corresponding to a final
test concentration of about 5x10° CFU/ml.
Antimicrobial activities were expressed as
the % reduction of microbial growth
observed after 24 h of incubation at 37°C.
Each assay was performed in triplicate, and
the mean antimicrobial activity is reported.

Virus entry assays

Peptides were dissolved in DMEM
without serum and used at serial 2-fold dilu-
tions (from 100 to 0,78 pg/ml). Experiments
were conducted in parallel with scrambled
peptides and no-peptide controls. To assess
the effect of peptides on inhibition of HSV
infectivity, a co-treatment assay was per-
formed. The cells were incubated the pep-
tides at each dilution in the presence of viral
inoculum for 45 min at 37°C. After inacti-
vation of nonpenetrated viruses by citrate
buffer (pH 3.0), cell monolayers were incu-
bated for 48 h at 37°C in DMEM supple-
mented with carboxymethylcellulose.
Finally, monolayers were fixed, stained
with X-gal (5-bromo-4-chloro-3-indolyl-b-
D-galactopyranoside), and plaque numbers
were scored. Experiments were performed
in triplicate and the percentage of inhibition

Table 1. Sequences, molecular weights and net charges of the peptides.

CPress

was calculated with respect to no-peptide
control experiments.

Cytotoxicity against eukaryotic cells
Peptide cytotoxicity was measured by a
lactate dehydrogenase (LDH) assay and
was carried out according to manufacturer’s
instructions using a cytotoxicity detection
kit (Roche Diagnostic SpA, Milan, Italy).
Release of LDH from the cytosol to culture
is a marker of cell death. The increase of
LDH activity in the supernatant was related
with the percentage of necrotic cells. Vero
cells were cultured in a 96-well plate at a
density of 3x10* cells/well for 24 h, fol-
lowed by treatment with investigated con-
centrations of each peptides for 24h.
Maximal LDH release was obtained after
the treatment of control cells with 1% solu-
tion of Triton X-100 (Sigma Chemical
Company) for 10 min at room temperature.
One hundred microliter of supernatant from
the top of all the wells was mixed with the
prepared detection kit reagent. After 30 min
incubation, the absorbance (Abs) was mea-
sured at 490 nm by Tecan spectrophotome-
ter plate. For each experiment, at least
three replicate wells were examined.

Hemolytic assay

The hemolytic activity of the peptides
was determined using fresh human erythro-
cytes from healthy donors. Blood was cen-
trifuged and the erythrocytes were washed
three times with 0.9% NaCl. Peptides were
added to the erythrocyte suspension (5%,
vol/vol) at a final concentration ranging
from 0.78 to 100 pg/ml in a final volume of
100 pl. Samples were incubated with agita-
tion at 37°C for 60 min. The release of
hemoglobin was monitored by measuring
the Abs of the supernatant at 540 nm. The
control for zero hemolysis (blank) consisted
of erythrocytes suspended in the presence
of peptide solvent. Hypotonically lysed ery-
throcytes were used as a standard for 100%
hemolysis. The percent hemolysis was cal-
culated using the following equation:
[(Abssample — Absblank)/(Abstotal lysis —
Absblank)] x100.

Ghrelin Gly-Ser-Ser (n-octanoyl)-Phe-Leu-Ser-Pro-Glu-His-Gln-Arg-Val-GIn-Gln-Arg-Lys-Glu-Ser- 3370.9 5.1
Lys-Lys-Pro-Pro-Ala-Lys-Leu-Gln-Pro-Arg-OH

Orexin-B  Arg-Ser-Gly-Pro-Pro-Gly-Leu-GIn-Gly-Arg-Leu-Gln-Arg-Leu-Leu-Gln-Ala-Ser-Gly-Asn-His- 2899.36 4.1
Ala-Ala-Gly-Ile-Leu-Thr-Met-NH2

Orexin-A  GIn-Pro-Leu-Pro-Asp-Cys-Cys-Arg-Gln-Lys-Thr-Cys-Ser-Cys-Arg-Leu-Tyr-Glu-Leu-Leu-His-Gly- 3561.12 1.9

Ala-Gly-Asn-His-Ala-Ala-Gly-Ile-Leu-Thr-Leu-NH2

MW, molecular weights; TFA, trifluoroacetic acid.
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S. typhymirium

Results 1 120 £ 120
E 100 - - ] E 100

Antimicrobial-activity of orexins g 81 5 80
and ghrelin & 607 £ 60

We assessed the antimicrobial activity .E 407 .g 40
of the synthesized peptides orexin-A, orex- = 20 4 = 20
in-B and ghrelin on the bacterial strains E. oo e e et & o0 e I
coli, S. enterica serovar typhimurium, K. E E % g % -& lfb g lfb En % E % %5 % % ifb En 'Ban lfh
pneumoniae and S. aureus, following the EEEE-E R R R R 8RR 8 E8
broth microdilution method outlined by the LA Hew S - s 46 ol e
Clinical and Laboratory Standards Institute.
As shown in the Figure 1, a dose-dependent B Orexin A " Orexin B B Ghrelin
effect has been evidenced for orexin-B and
ghrelin from concentrations equal to 12.5 & B auiissistigitdag o i
pg/mL, or greater. In particular, at 25 pg/ml ® 120 = 5 120 )
or higher concentrations of orexin-B or S 100 9 100
ghrelin the relative % of viable bacteria was = 80 o 80
minimal, revealing a potent antimicrobial ;;\ 60 5\2 60
effect. Moreover, the results obtained for Y a0 ¢ w0
orexin-B and ghrelin are in accordance with _._'E 20 E 20
what has been reported previously reported = 0 & i
for E. coli,® whereas S. aureus, tested with EL2EEEERERE HELEREREEERE
the broth microdilution method, resulted TEFrryRoR Y TEFPrERTEY

e Rl ESERAR QS EE ES S A RS FE
sensitive. In contrast, no bacterial killing 5 = g xRS 5 b= (SR S it

effect has been observed for orexin-A, test-
ed on the four bacterial strains.

Figure 1. Histogram of antibacterial activities of orexin-A, orexin-B and ghrelin expressed

Anti-viral proprieties of orexin-B in %.
The ability of the peptides to reduce
HSV-1 infectivity has been evaluated by a

co-treatment assay. As negative control we g

included the medium in which the peptides £ 120 4 B Orexin A " Orexin B B Ghrelin
have been dissolved (vehicle) and as posi- E -

tive control the cytolytic peptide mellitin. R=

As shown in Figure 2, only for orexin-B a TE 80

significative, dose-dependent antiviral =

effect has been found. The effect started at 6 60 1 =

25 pg/mL, exceeding the IC 50 value at 100 F 40 1 -

pg/mL. No antiviral effect has been detect- -g

ed for orexin-A and ghrelin at the tested fu 20 = - -
concentrations. & " 2 i | i
Cytotoxicity of orexins and ghrelin Mellitin ~ Vehicle 100ug/ml  50ug/ml  25ug/ml  12,5ug/ml 6,25ug/ml

As shown in Table 2, orexin-A, orexin-

B and ghrelin are not cytotoxic. However, Figure 2. Histogram of relative % of viral inhibition of herpes simplex virus 1 infection.

Table 2. Cell viability and hemolysis caused by exposure to different concentration of peptides orexin-A, orexin-B and ghrelin. Cell via-
bility is expressed as percentage of lactate dehydrogenase released compared to a positive control (Vero cells treated with a 1% solution
of Triton X-100 for 10 min at room temperature). Hemolysis is expressed as percentage of released hemoglobin respect to a positive
control made of hypotonically lysed erythrocytes. All experiments were conducted in triplicate.

100 92 89 91 16 8 15
50 94 96 95 11 2 9
25 100 100 97 1 0 2
12,5 100 100 100 0 0 0
6,25 100 100 100 0 0 0
3,125 100 100 100 0 0 0
1,56 100 100 100 0 0 0
0,78 100 100 100 0 0 0
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we observed a slight reduction of cell via-
bility in Vero cells at the highest concentra-
tions tested (50-100 uM). The difference
between the cytotoxic effects of the three
peptides was mild, and slightly more
marked only at 100 uM, where orexin-B
was found to be the most endowed with a
mild cytotoxic effect.

The results of the hemolityc assays are
reported in Table 2. The peptides do not
induce hemolysis at concentrations less
than 25uM. A modest hemolityc effect
appears at 50 and 100uM concentrations for
all three peptides.

Discussion and Conclusions

In the last years several endogenous
peptides have been reported having antimi-
crobial activity, and among these some neu-
ropeptides. It has been suggested that these
cationic peptides bind to the negatively
charged bacterial cell wall exerting their
antimicrobial effect. In line with this, orex-
ins sequence is rich in positive charged
residues.?’

In this study we assessed the antimicro-
bial activity of orexin-A and orexin-B
against the gram-negative E. coli, S. thy-
phimurium and K. pneumoniae and the
gram-positive S. aureus.

Orexins share 46% of sequence homol-
ogy, despite this only orexin-B showed
antimicrobial proprieties.

We found that orexin-B was effective
against all the strains tested. Our results are
consistent with the results of Ohta et al.
reporting bactericidal activity of orexin-B
against E. coli and P. aeruginosa.”®
Furthermore, we assessed the antiviral
activity of these neuropeptides against
HSV-1. Orexin-B showed a dose-response
antiviral effect, exceeding the IC 50 value at
100 pg/mL. On the other hand, ghrelin did
not show antiviral activity at the assessed
concentrations. However, it was effective
against all the gram positive and gram neg-
ative tested bacteria. Ghrelin, like orexin-B,
is a cationic peptide and shows a similar
isoelectric point and it has been suggested
that it could share the same bactericidal
mechanism.?! Further studies are required to
investigate the mechanism underlying the
anti-viral activity of orexin-B. However,
taken together our results indicate that neu-
ropeptides represent promising candidates
as both antiviral and anti-bacterial agents.
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