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Abstract

in vitro and in vivo studies.
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Background: Melittin is one of the most studied antimicrobial peptides, and several in vitro experiments have
demonstrated its antibacterial efficacy. However, there is evidence showing melittin has non-promising effects such
as cytotoxicity and hemolysis. Therefore, concerns about unwanted collateral toxicity of melittin lie ahead in the
path toward its clinical development. With these considerations, the present study aimed to fill the gap between

Methods: In the first step, in vitro toxicity profile of melittin was assessed using cytotoxicity and hemolysis tests.
Next, a maximum intraperitoneal (i.p.) sub-lethal dose was determined using BALB/c mice. Besides toxicity,
antimicrobial efficacy of melittin against extensively drug-resistant (XDR) Acinetobacter baumannii, methicillin-
resistant Staphylococcus aureus (MRSA), and KPC-producing Klebsiella pneumonia (KPC-KP) pathogens were tested

Results: Melittin showed extensive hemolysis (HDsq = 0.44 ug/mL), and cytotoxicity (ICsq=6.45 ug/mL) activities
with i.p. LDsq value of 4.98 mg/kg in BALB/c mice. In vitro antimicrobial evaluation showed melittin MIC range from
8 to 32 pg/mL for the studied pathogens. Treatment of infected mice with repeated sub-lethal doses of melittin
(24 mg/kg) displayed no beneficial effect on their survival and peritoneal bacterial loads.

Conclusions: These results indicate that melittin at its safe dose could not exhibit antimicrobial activity, which
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Background

Antibiotics have saved millions of lives around the world
since the early 20th century. However, in the last decade,
the emergence of drug-resistant pathogens has repre-
sented a serious threat to public health [1]. Antibiotic re-
sistance may occur naturally, but misuse and overuse of
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antibiotics, lack of standard treatment guidelines, and
misuse in animal husbandry are responsible for acceler-
ating the process [2]. According to estimates of the U.S.
centre for disease control and prevention, antibiotic re-
sistance causes at least 2.8 million infections and 35,900
deaths per year in the United States alone. As antibiotics
become less effective, management of a growing list of
infections is becoming challenging and occasionally im-
possible. Therefore, antibiotic resistance is considered
the most significant public health problem of our time
[3]. Currently, high rates of antibiotic resistance for
common bacterial infections such as urinary tract
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infections, sepsis, and some forms of diarrhea are report-
ing worldwide [4]. These accumulating reports indicate
the fact that we are running out of effective antibiotics.
Subsequently, it is crucial to develop new effective treat-
ments against highly resistant bacteria. There are differ-
ent patterns of resistance among bacteria, including
multiple drug resistance (MDR), extensively drug-
resistant (XDR), and pandrug-resistant (PDR) [5].

Currently, three promising alternative approaches to
fight these resistance patterns are antimicrobial peptides
(AMPs), nanoparticles, and the design of novel combina-
torial therapies [6].

AMPs are ancient components of the innate im-
mune defense system in all life classes and recently
have emerged as promising candidates for drug de-
velopment. To date, more than 3000 AMPs have
been characterized and evaluated, but a limited num-
ber of them approved by the U.S. Food and Drug
Administration [7]. Melittin, the main component of
the bee venom, is one of the most studied AMPs
with a broad spectrum of biological activities. It con-
tains 26 amino polypeptides with a molecular mass
of 2840 Da. The N terminal of this polypeptide has
4" charges, whereas its C terminal has 2" charges at
physiological pH. As a result, in normal physiological
conditions, melittin forms a monomeric alpha-helix
when bound to the cell membrane’s lipid bilayer,
which helps it penetrate the cell membrane and mo-
lecularly act on cellular sub-structures [8]. A series
of recent studies indicated that melittin has a wide
range of bactericidal activity against susceptible and
resistant bacteria [9-12]. Despite a tremendous
amount of works done in beneficial activities of
melittin, some studies have highlighted the potential
specific toxic effects of this peptide [7, 13, 14]. Many
experimental studies have only focused on investigat-
ing the benefits of melittin, and the in vivo data on
its effectiveness and safety in systemic administration
is quite limited.

Hence, this study was firstly designed to determine
in vitro and in vivo toxicity of melittin. In the next step,
the efficacy (in vitro and in vivo) of the safe dose of
melittin was investigated against the three most com-
mon nosocomial bacterial pathogens, including XDR
Acinetobacter baumannii, methicillin-resistant Staphylo-
coccus aureus (MRSA), and KPC-producing Klebsiella
pneumonia (KPC-KP).

Methods

Peptide synthesis

The synthetic melittin peptide was obtained from a yeast
expression system as previously described [15]. Briefly,
the sequence of melittin was cloned in the pPIC9 vector
and then transformed into the Pichia pastoris GS115.
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Finally, a product yield of 105 ug melittin/L was
achieved. During the peptide synthesis and purification,
a standard melittin peptide obtained from Sigma-Aldrich
(St. Louis, MO, USA) was used.

Cytotoxicity assay

The Human primary fibroblast cell line (C654, Pasteur
Institute of Iran, Iran) was grown in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10 % fetal
bovine serum (FBS) (Biosera Co. France). Once estab-
lished, fibroblast cultures were trypsinized (Gibco,
Canada) and transferred into a polystyrene 96-well plate
with 3 x 10® cells per well in 200-uL medium and incu-
bated at 37 °C in 5 % CO,, for 12-h or when they reached
80 % confluence. Afterward, the medium was replaced
with PBS (phosphate-buffered saline) overnight for cell
starving, and then cells were exposed to melittin at the
two-fold concentration (0.625-10 pg/mL) for 24-h at
37 °C in 5% CO2. The control wells were maintained
with PBS. The 3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) dye was used for
cytotoxicity evaluation. The cells were rinsed with PBS
and incubated with 0.5 mg/mL MTT diluted in complete
DMEM for 4-h. Then, supernatants were removed, and
150 mL of dimethyl sulfoxide was added, and the plate
was incubated for 10 min. The absorbance was read at
570 nm using a 96-well ELISA plate reader (BioTek,
Vermont, USA). Five replicates for all concentrations
were performed. The percentage of cell viability was cal-
culated as follows: percentage of cell viability = [(A treat-
ment — A blank)/(A control — A blank)] x 100 (where,
A = absorbance)[16].

Hemolysis assay
The hemolysis assay was carried out as previously re-
ported by Evans et al. [17]. Briefly, heparinized blood
samples were collected from healthy volunteers. Red
blood cells (RBCs) were extracted from the whole hu-
man blood sample by removing white blood cells and
platelets through centrifugation (500 rpm, 5 min). The
remained RBCs were washed in PBS. The melittin was
dissolved in PBS and added to the suspension of RBCs
(2% final in v/v in PBS) at a concentration range from
0.061 to 15.6 ug/mL and incubated at 37 °C for 1-h. The
samples were centrifuged (500 rpm, 5 min), supernatants
collected, and 100 uL of each sample’s supernatant was
transferred into a 96-well plate. The hemoglobin release
was evaluated by measuring the absorbance (A-sample)
of the samples at 540 nm. For negative and positive con-
trols, PBS (A-blank) and Triton X-100 (A-Triton) (0.2 %
v/v) were used, respectively. The percentage of
hemolysis was calculated according to the equation.
Percentage of hemolysis = [(A-sample — A-blank)/ (A-
Triton — A-blank)] x 100.
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In vivo toxicity assessment
Animals
Male adult BALB/c mice (8-week old) weighing 20-25 g
were used in the present study. All animals were housed
in polypropylene cages in a temperature-controlled
room (24 +2°C) with 30-35 % relative humidity and a
12-h light/dark cycle. Mice were given free access to
water and standard chow during the study period. All
procedures involving animals were in accordance with
the national guides in care and use of Laboratory Ani-
mals in Scientific Affairs provided by the Iranian Minis-
try of Health and Medical Education (2020). The
guideline complies with the ARRIVE guidelines [18].
Moreover, all the study protocols, including the animal
experiments, were approved by the Mashhad University
of Medical Sciences Ethics Committee (permit code:
IRMUMS.MEDICAL.REC.1399.151).

In the present study, two main types of experiments
were used to assess melittin toxicity in mice:

() Acute toxicity assessment upon single-dose admin-
istration of melittin.

(II) Sub-acute toxicity assessment upon multi-dose ad-
ministration of melittin with different intervals.

Acute toxicity experiment

A two-fold concentration gradient test was carried out
to determine the in vivo LDs, (median lethal dose) value
for melittin. Accordingly, four different doses (1.2 mg/
kg, 2.4 mg/kg, 4.8 mg/kg, and 9.6 mg/kg) were tested.
For each concentration, five mice were injected intraper-
itoneally (i.p.) once and monitored for five days [19].

Sub-acute toxicity

Evaluation of sub-acute toxicity was conducted with
two-time intervals (12-h vs. 8-h) to assess the probable
cumulative toxic effect. Firstly, melittin at the dose of
2.4 mg/kg (sub-lethal dose determined in acute assay)
was injected (i.p.) into mice (n = 10 each), every 12-h for
five consecutive days (totally 11 injections). During the
study period, animals were monitored daily for mortality,
changes in their fur, eyes, mucous membranes, and be-
havioral signs (salivation, tremors, convulsions, diarrhea,
and lethargy). In order to determine the safe dosing
interval, additional multi-dose treatments were per-
formed by injection of 2.4 mg/kg of melittin into other
mice (n=10 each), every 8-h for five consecutive days
(totally 16 injections) [19]. Finally, animals were anesthe-
tized with ketamine-xylazine (100:10 mg/kg i.p.), and
blood samples were collected via cardiac puncture.
Blood samples of half of the mice from each group were
collected into tubes containing no anticoagulants. Sam-
ples allowed to clot, centrifuged (3000 g for 15 min), and
sera were obtained for blood chemistry. Biochemical
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evaluation of creatinine, urea, aspartate transaminase
(AST), and alanine transaminase (ALT) were performed.
The blood samples of another half of the mice from each
group were collected in ethylene diamine tetra-acetic
acid (EDTA) tubes for hematological evaluation. Imme-
diately after the blood collection, liver and kidney (left
kidney) were dissected out, weighed, and fixed in 4%
paraformaldehyde solution for histological evaluation.

In vitro and in vivo antibacterial efficacies

Bacterial strains and reagents

In the present study, different strains of the three most
common pathogens responsible for nosocomial infec-
tions were used. The pathogens were including XDR A.
baumannii, MRSA, and KPC-KP. DNA sequencing ana-
lysis was performed for confirming A. baumannii using
16 S rRNA specific primer and PCR method. S. aureus
strains were also confirmed using standard culture and
biochemical tests. Multiplex PCR was used to detect
XDR (blaypyp, blaviv, and blanpy genes) and MRSA
(mceA gene) strains as previously reported [20, 21]. In
addition, a clinical isolate of KPC-producing Klebsiella
pneumonia (KPC-KP-C11) with positive KPC, NDM,
and OXA-48 genes was chosen from previous work [22].
All media, including Mueller-Hinton broth (MHB),
Mueller-Hinton agar (MHA), Brain heart infusion Broth
(BHIB), Blood-agar (BA), and Trypticase soy broth
(TSB), were purchased from Merck (Germany). Antibi-
otics including colistin sulfate (CAS No. 1264-72-8) and
vancomycin hydrochloride (CAS No. 1404-93-9) were
purchased from Sigma (USA).

In vitro antibacterial evaluation
The minimum inhibitory concentrations (MICs) of
melittin, vancomycin and colistin were determined by
the broth microdilution method proposed by the Clinical
and Laboratory Standards Institute [23]. Briefly, the
numbers of 1.5 x 10° (CFU/mL) bacteria were added to
each well of a polystyrene 96-well plate containing dif-
ferent concentrations of melittin (2-100 pg/mL), vanco-
mycin (0.125-128 pg/mL), and colistin (0.25-128 pg/
mL) and incubated at 37° for 16—20 h. All experiments
were performed in duplicate. The MIC was defined as
the lowest concentration of the agent (peptide or anti-
biotic) to produce complete inhibition of visible growth.

In the next step, to determine the minimum bacteri-
cidal concentrations (MBCs) of melittin, vancomycin,
and colistin, two 10puL samples from each well contain-
ing no visible growth were sub-cultured on MHA
medium and incubated at 37° for 12-18. The MBC was
defined as the concentration that killed all the tested
bacteria (99.9 % killing) [9].

In order to observe the dynamic picture of the bacteri-
cidal activity of melittin, the time-killing curve (TKC)
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assay was carried out as previously described [9]. Briefly,
a strain from each of the studied organisms was cultured
in MHB medium at 37 °C for 24-h. Afterward, 10’ CFU/
mL of each strain was added to every well of a polystyr-
ene 96-well plate in the presence of melittin at 1-4x
MICs. Eventually, 10pL from each well was sampled at
different time points (0, 0.5. 2, 3, 5, and 24-h) after incu-
bation and sub-cultured on MHA medium at 37 °C for
24-h. Experiments were performed in duplicate. TKCs
were constructed by plotting mean colony count (log 19
CFU/mL) [19].

In vivo antibacterial evaluation

After in vivo toxicity assessment of melittin and deter-
mination of sub-lethal dose, this phase of the study was
performed. The in vivo antibacterial efficacy of melittin
was evaluated in three mouse models of intraperitoneal
infection induced by the three most common nosoco-
mial pathogens.

Mouse peritoneal model of A. baumannii

A mouse model of XDR A. baumannii sepsis was devel-
oped as previously described [24, 25]. Briefly, all mice
were rendered neurotropic by i.p. injection of cyclophos-
phamide at 150 mg/kg (200 pL), 4 and 1 days before in-
fection. Firstly, the minimal lethal dose of A. baumannii
was determined by pilot experiments in which different
doses of A. baumannii (XDR-CI66) (10°-10° CFU/
mouse) were administrated (single i.p.) to the neuro-
tropic animals. The minimal lethal dose was considered
a dose able to kill 100 % of the infected neurotropic ani-
mals (LD;oo) over 72-h. The minimal lethal dose of A.
baumannii (XDR-CI66) was determined as 107 CFU/
mouse.

For survival analysis, the neurotropic mice were in-
fected by the LDy of A. baumannii (10’ CFU/mouse
dissolved in 500uL PBS) and then randomly were di-
vided into three main groups (n=10 each), including
untreated, melittin treated, and colistin treated. PBS,
melittin (2.4 mg/kg), and colistin (1.5 mg/kg) were ad-
ministrated (i.p.) to control untreated, melittin treated
and colistin treated groups respectively started 1-h post-
infection and repeated every 12-h up to 36-h (totally
four injections). The animals were monitored for five
days.

In order to estimate the peritoneal load of A. bauman-
nii, mice were infected by a sub LD;y, dose of A. bau-
mannii (10° CFU/mouse). Then, the infected animals
were randomly divided into three groups (n =15 each),
including untreated (PBS), melittin treated (2.4 mg/kg),
and colistin treated (1.5 mg/kg). Treatments were started
1-h post-infection and repeated every 12-h up to 36-h
(totally four injections). Every 12-h post-infection, five
mice from each group were euthanized, their peritoneal
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cavities were lavaged with 5mL sterile chilled saline, and
their blood samples were also collected. Blood samples
were used for bacterial culture, and lavage fluids were
firstly aliquoted into 10-fold serial dilutions and then
cultured on the BA medium to quantify the number of
viable A. baumannii in the respective samples.

Mouse peritoneal model of Staphylococcus aureus (MRSA)
Like the A. baumannii peritoneal model, mice were im-
munosuppressed and then subjected to LD;go and a sub-
lethal dose of MRSA for survival and antibacterial evalu-
ations. The LDy, of MRSA was determined through
pilot experiments in which different doses (10*-10°
CFU/mouse) of S. aureus (MRSA-CI66) were adminis-
trated. The LD;o, was considered a dose able to kill
100 % of the infected neurotropic animals over 36-h
[26]. The LD, for the tested S. aureus was determined
as10” CFU/mouse.

Mice were infected by a single ip. injection of the
LD;yo dose of MRSA (10” CFU/mouse). The infected
mice were randomly allocated into three main groups
(n =10 each) including, untreated (PBS), melittin treated
(2.4 mg/kg), and vancomycin treated (200 mg/kg). The
dose of vancomycin was optimized according to previous
works and pilot experiments in which three doses of this
drug (25, 150, and 200 mg/kg ) were tested. Vancomycin
(200 mg/kg subcutaneously) was only administrated
once at 0.5-h after infection [27]. The untreated and
melittin treated groups were treated with PBS, and
melittin (2.4 mg/kg i.p.) respectively initiated 1-h post-
infection and every 12-h up to 36-h (totally four injec-
tions). Similar to A. baumannii sepsis, survival analysis
was performed for MRSA.

In order to estimate the peritoneal load of MRSA,
mice were infected by a sub LD;qq dose of MRSA (10°
CFU/mouse). Then, the infected animals were randomly
divided into three groups (n =15 each) including, un-
treated (PBS), melittin treated (2.4 mg/kg), and vanco-
mycin treated (200 mg/kg). Treatments were similar to
those performed in survival assessment. Every 12-h post-
infection, five mice from each group were euthanized,
their blood and lavage samples were collected and used
for bacterial culture and quantifying the number of vi-
able MRSA in the respective samples.

Mouse peritoneal model of Klebsiella pneumonia (KPC-KP)
Mice were immunosuppressed as described above. Like
the other studied bacteria strains, the LDy, of KPC-KP
was determined. Briefly, different doses (10°-10° CFU/
mouse) of KPC-KP were administrated, and the mini-
mum dose that was able to kill 100 % of the infected
neurotropic animals over 72-h was considered as LD
[28]. The minimal lethal dose of K pneumonia (CI1
KPC-KP) was determined as 10° CFU/mouse.
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The immunosuppressed mice were infected by a single
i.p. injection of the LD;qo of KPC-KP (10° CFU/mouse).
The infected mice were randomly allocated into three
main groups (7 =10 each), including untreated (PBS),
melittin  treated (2.4 mg/kg), and colistin treated
(12.5 mg/kg). The colistin dose was optimized according
to previous works and pilot experiments in which three
doses of this drug (2.5, 12.5, and 25 mg/kg) were tested.
Treatments with PBS, melittin (2.4 mg/kg), and colistin
(12.5 mg/kg) were initiated at 1-h post-infection and re-
peated every 12-h up to 72-h (totally seven injections).
For survival analysis, the animals were monitored for five
days.

In order to estimate the peritoneal load of KPC-KP,
the immunosuppressed mice were infected by a sub
LD;oo dose of KPC-KP (10° CFU/mouse). Then, the in-
fected animals were randomly divided into three groups
(n =15 each). Grouping and treatments were similar to
those performed in the survival assessment. Blood and
lavage samples were collected at 24, 36, and 48-h post-
infection and used for bacterial culture and quantifying
the number of viable KPC-KP in the respective samples.

Statistical analysis

Data are presented as mean + standard deviation (SD)
for each group unless otherwise specified. Differences in
quantitative measurements were assessed by one-way
analysis of variance followed by Dunnett T3 post-hoc
multi-comparison test, Kruskal Wallis, and Student’s t-
tests, when appropriate. A log-rank test was run to de-
termine differences in the survival distribution for the
different types of intervention. The number of
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repetitions is given in the method. Differences were con-
sidered significant when P < 0.05.

Results

In vitro toxicity results

The cytotoxicity evaluation of melittin in human fibro-
blast cells was performed by MTT test. The results re-
vealed that the viability was affected by melittin at
concentrations greater than or equal to 2.5 pg/mL
(Fig. 1 A). The melittin IC5y was calculated using a lin-
ear regression equation, and it was 6.45 pg/mL.

In vitro hemolysis test was performed using human
RBCs. Melittin exhibited a significant hemolytic activity
(Fig. 1B). The melittin concentration for 50 % hemolysis
(HDsp) was 0.44 pg/mL, and at concentrations more
than 1 pg/mL, its hemolytic activity was about 80—90 %.

Acute toxicity results

Based on the acute toxicity assay results, the i.p. LDsq
value for melittin was 4.95 mg/kg. The maximum i.p.
sub-lethal dose for melittin was 2.4 mg/kg (Fig. 1 C).

Sub-acute toxicity results

In cumulative toxicity assessment, repeated injections
(11 injections in 12-h-interval or 16 injections in 8-h-
interval experiments) of the sub-lethal dose of melittin
(2.4 mg/kg) were performed in mice for five consecutive
days. The results showed that 10 of 10 injected mice in
sub-acute experiments (both studied intervals) were sur-
vived. However, the behavioral assessment showed that
all mice presented clinical signs of pain immediately
after the melittin injection, including back-arching,
belly-pressing, twitching, and staggering. These signs
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were disappeared over the course of a few minutes (up
to 5 min) after injection.

The biochemical evaluation revealed no significant dif-
ference in biochemical parameters (AST, ALT, urea, and
creatinine) between control and melittin-treated mice
(Table 1.). However, the hematological assessment
showed that the WBC count of melittin-treated mice
was significantly lower than the control group (P=
0.004).

Comparison of the relative weights (g/100 g body
weight) of the liver (7.08 +0.75 vs. 7.19 + 1.45, P =0.87)
and kidney (0.96 + 0.09 vs. 0.80 + 0.23, P =0.35) showed
no statistical difference between control and melittin-
treated animals. In line with biochemical findings, histo-
pathological assessment of liver and kidney tissues
showed typical structure without any apparent alter-
ations in melittin-treated mice (Fig. 2).

In vitro antibacterial results

A melittin concentration range of 2-100 pug/mL was used
for MIC assay. In addition, the MBC of melittin was
assessed against 14 clinical isolated nosocomial patho-
gens. Results of MIC and MBC of melittin are displayed
in Table 2. The mean values of MIC (13.71 pug/mL) and
MBC (20.08 pg/mL) of melittin for XDR A. baumannii
and MRSA were equal. The MIC and MBC values of
melittin for KPC-KP were 32 pg/mL, and 50 pg/mL,
respectively.

The TKC assay was performed to monitor cell viability
versus time. The time-kill kinetic curves of melittin
against XDR A. baumannii, MRSA, and KPC-KP were
determined at 1xMIC, 2xMIC, and 4xMIC. Melittin in-
duced a bactericidal effect in both time-dependent and
concentration-dependent manners. We found that melit-
tin killed A. baumannii within 3-h, 5-h, and 24-h after
inoculation at 4xMIC, 2xMIC, and 1xMIC, respectively
(Fig. 3 A). However, melittin exhibited a lower anti-
microbial effect on MRSA, at the 1xMIC did not pose
significant efficacy up to 24-h post-incubation. Melittin
at 4xMIC and 2xMIC could kill the MRSA bacteria in
5-h, and 24-h post-incubation, respectively (Fig. 3B).
The bactericidal efficiency of melittin against KPC-KP
was similar to its effects on A. baumannii. Melittin at
4xMIC, 2xMIC, and 1xMIC killed the KPC-KP after 3-
h, 5-h, and 24-h, respectively (Fig. 3 C).
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In vivo antibacterial results

Results of survival analysis

Three survival experiments consisting of 30 infected
mice each were used to determine the efficacy of melit-
tin. In the first experiment, mice were infected with the
LD,gy of XDR A. baumannii and allocated into three
groups: untreated, melittin-treated (2.4 mg/kg/12-h), and
colistin treated (1.5 mg/kg/12-h). The results of survival
analysis (Mantel-Cox log-rank test) revealed a statisti-
cally significant difference between groups [ x2 (2) =
9.87, P=0.007] (Fig. 4 A). The pairwise comparisons
also showed that the survival rate of the colistin-treated
group was statistically higher than both untreated (P =
0.023) and melittin-treated (P =0.004) groups; mean-
while, there was no statistically difference between melit-
tin and untreated groups (P = 0.42).

In the second experiment, mice were infected with the
LDjgo of MRSA and allocated into three groups: un-
treated, melittin treated (2.4 mg/kg/12-h), and vanco-
mycin treated (200 mg/kg/once). The results of survival
analysis (Fig. 4B) showed that there were differences in
the survival distribution between the studied groups [
x2(2) =22.17, P<0.001]. The survival rate of the
vancomycin-treated group was statistically higher than
both untreated (P <0 0.001) and melittin treated (P <0
0.001) groups; meanwhile, there was no statistical differ-
ence between melittin and untreated groups (P = 0.98).

The third survival experiment was performed on thirty
mice infected with LD;oq of KPC-KP. The infected ani-
mals were divided into three groups (n =10 each), in-
cluding untreated, melittin treated (2.4 mg/kg/12-h), and
colistin treated (12.5 mg/kg/12-h.). The results of sur-
vival analysis (Fig. 4 C) showed that there was a statisti-
cally significant difference [x2 (2) =21.62, p<0 0.001]
between the studied groups. The pairwise comparisons
showed that the survival rate of colistin treated group
was statistically higher than both untreated (P <0 0.001)
and melittin treated (P<0 0.001) groups; meanwhile,
there was no statistical difference between melittin and
untreated groups (P =0.73).

Results of peritonitis models

To further evaluate the antimicrobial efficacy of melittin,
three peritoneal models of infection consisting of 45 in-
fected mice (each) were developed. BALB/c mice were
infected by sub LDjoy doses of XDR A. baumannii,

Table 1 Biochemical and hematological results in sub-acute experiment (16 injections with 8-h intervals)

Groups Urea (mg/dL) Creatinine AST ALT RBC WBC
(mg/dL) (U/L) (U/L) (10%/uL) (10°/uL)
Control 4433+225 0.55+0.05 79.00 + 26,39 5800+ 2137 964+ 086 65+0.23
Melittin 2.4 mg/kg 4683 +231 052+0.02 67.00 + 536 61.00 + 7.64 9.20+ 0,60 506+ 042
p-value (t-test) 0.08 022 032 075 032 0.004

AST: aspartate transaminase; ALT: alanine transaminase; RBC: red blood cell; WBC: white blood cell
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Fig. 2 Photomicrographs of liver and kidney sections stained with hematoxylin and eosin dyes (400X, scale-bars =50 um). (A) Liver micrograph
from an untreated mouse, displaying no damage. (B) Liver micrograph from multi-dose administration (16/8 h intervals) of melittin (2.4 mg/kg),
displaying no damage. (C) Kidney micrographs from an untreated mouse showing no damage. (D) Kidney micrograph from multi-dose
administration (16/8 h intervals) of melittin (2.4 mg/kg), also indicating no damage

Table 2 Result of in vitro antimicrobial activity

Strains Source MIC (ug /mL) MBC (pg/mL)

A. baumannii Melittin Colistin Vancomycin Melittin Colistin Vancomycin
XDR-CI3 Blood 16 0.5 N/A 16 05 N/A
XDR-CI12 Lung 8 0.25 N/A 8 025 N/A
XDR-CI32 Blood 16 0.5 N/A 16 05 N/A
XDR-CI33 Blood 16 0.5 N/A 16 05 N/A
XDR-Cl45 Lung 16 0.5 N/A 16 05 N/A
XDR-CI60 Lung 8 0.25 N/A 8 025 N/A
XDR-Cle6 Blood 16 0.5 N/A 16 05 N/A
XDR-CI86 Blood 16 0.5 N/A 16 05 N/A
Mean 13.71 042 - 13.71 042 -

S. aureus

MRSA-CI26 Wound 32 N/A 025 32 N/A 0.25
MRSA-Cl6 Lung 16 N/A 05 16 N/A 05
MRSA-CI39 Lung 8 N/A 025 8 N/A 0.25
MRSA-Cl46 Wound 16 N/A 025 16 N/A 0.25
MRSA-Cl47 Wound 32 N/A 0.25 32 N/A 025
Mean 20.08 - 03 20.08 - 03
K. pneumonia

KPC-KP-CI Blood 32 0.5 N/A 50 05 N/A

MIC: minimum inhibitory concentration; MBC: minimum bactericidal concentration; Cl: clinical isolate; XDR: extensively drug-resistant; MRSA: methicillin-resistant
Staphylococcus aureus; KPC-KP: KPC-producing Klebsiella pneumonia; N/A: not applicable
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Fig. 3 Time-kill curves performed on A. baumannii (A), S. aureus (B), and K. pneumonia (C) treated with 1xXMIC (green line), 2XMIC (yellow line),
and 4xMIC (red line) doses of melittin peptide
.

MRSA, and KPC-KP. The peritoneal CFU counts and  melittin-treated group, the remained mice died before
qualitative blood culture were performed at different 36-h (Fig. 5B). Nevertheless, vancomycin treatment
studied time-points. (200 mg/kg/once) significantly reduced peritoneal loads
Melittin treatment (2.4 mg/kg/12-h) could not de- of MRSA in all studied time points compared to un-
crease the peritoneal loads of A. baumannii XDR in 12—  treated groups (P=0.04, P=0.001, and P<0.001, re-
36 h post-infection (Fig. 5 A). On the other hand, colis-  spectively). The results of blood culture evaluation also
tin (1.5 mg/kg/12-h) could statistically reduce bacterial showed that 100 % (5/5) of blood samples of both un-
counts in 24-h and 36-h post-infection compared with  treated and melittin-treated groups were positive during
the untreated group (P=0.03, P=0.003 respectively). the studied period (Table 3). Vancomycin treatment
The results of blood culture also revealed that all blood could effectively (100 %) eliminate the MRSA from blood
samples of the untreated groups were positive up to 36-  at 24-h and 36-h post-infection.
h (Table 3). In line with the findings of the peritoneal Surprisingly, melittin treatment (2.4 mg/kg/12-h) in-
count, the results of blood culture also revealed that creased peritoneal counts of KPC-KP (Fig. 5 C).
about 80 % of samples (4/5) of melittin treated group  Melittin significantly increased KPC-KP loads in 36-h
were positive in all studied time points. However, and 48-h post-infection than the untreated group
colistin-treated animals’ positivity of blood culture was (P =0.002 and P =0.004, respectively). Nevertheless,
gradually decreased from 80 % (4/5) in 12-h to 60% (3/ then again, colistin (12.5 mg/kg/12-h) was able to re-
5) in 36-h. duce KPC-KP loads in all studied time points signifi-
Melittin also showed no efficacy in MRSA peritonitis.  cantly (P=0.03 at 24-h, P<0.001 at 36-h, and P<
Melittin treatment (2.4 mg/kg/12-h) did not significantly = 0.001 at 48-h). In line with the results of peritoneal
reduce MRSA loads in the peritoneal fluid than the un-  counts, assessment of blood samples revealed that
treated group at both 12-h and 24-h post-infection (P=  melittin treatment was unable to eliminate KPC-KP
0.13 and P=0.61, respectively). Moreover, in the from the bloodstream (Table 3). Contrariwise, colistin

-
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Fig. 4 The results of the survival experiment determined the efficacy of melittin, along with untreated and colistin/vancomycin controls. The
neutropenic mice (n =10 each) were inoculated with a lethal amount of A. baumannii (A-10” CFU/mouse), S. aureus (B-10" CFU/mouse), and K.
pnheumonia (C-10% CFU/mouse) and treated with phosphate buffered saline (PBS), melittin (24 mg/kg) and colistin/vancomycin as described in
methods. The difference was defined as significant as *p < 0.5
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Fig. 5 Results of peritoneal CFU assessment to determine the efficacy of melittin along with untreated and colistin/vancomycin controls. The
neutropenic mice (n =15 each group) were inoculated with a sub-lethal amount of A. baumannii (A-10° CFU/mouse), S. aureus (B-10° CFU/
mouse), and K. pneumonia (C-10” CFU/mouse) and treated with phosphate buffered saline (PBS), melittin (2.4 mg/kg) and colistin/vancomycin as
described in methods. Results are expressed as mean + SD. (n =5 each studied time point). Difference were defined as significant as *p < 0.5,

treatment (12.5 mg/kg/12-h) could decrease 40% of
positive blood cultures after 48-h of infection.

Discussion

Increasing the incidence of nosocomial infections and
antimicrobial resistance threatens the effective control
against bacterial infections. The ESKAPE pathogens (En-
terococcus faecium, Staphylococcus aureus, Klebsiella
pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa, and Enterobacter species) are the leading
causes of nosocomial infections throughout the world. A
new approach is therefore needed for the development
of new antimicrobial agents. Currently, colistin is an
AMP that has become the only remaining alternative for
treating MDR Gram-negative bacterial infections. Due to

Table 3 Results of qualitative blood culture (number of
positive/ total)

Model of and Treatment Time of blood collection

12h  24h 36h 48h
A. baumannii  Untreated 5/5 5/5 5/5 N/A
Colistin 4/5 4/5 3/5 N/A
(1. 5 mg/kg/12 h)
Melittin 4/5 4/5 4/5 N/A
(2.4 mg/kg/12 h)
S. aureus Untreated 5/5 5/5 5/5 N/A
Vancomycin 4/5 0/5 0/5 N/A
(200 mg/kg/once)
Melittin 5/5 5/5 * N/A
(2.4 mg/kg/12 h)
K. pneumonia  Untreated N/A 5/5 5/5 5/5
Colistin N/A 5/5 3/5 3/5
(12.5 mg/kg/12 h)
Melittin N/A 5/5 5/5 5/5

(2.4 mg/kg/12 h)

N/A: not applicable. * representing no mouse was survived in the studied
time point

the colistin origin, AMPs have been highlighted as a
promising resource for developing novel antimicrobial
agents. In consequence, several AMPs have been charac-
terized and evaluated. Melittin, the major antimicrobial
component of bee venom, is one of the most studied
AMPs. However, the in vivo data on its effectiveness and
safety in systemic administration is quite limited.

In this study, we tested the safety profile of melittin
using different in vitro and in vivo methods. The next
step, the antimicrobial activity of melittin at its safe dose,
was investigated using mouse peritoneal infection
models against XDR- A baumannii, MRSA, and KPC-
KP pathogens.

Cell viability and hemolysis assay were performed to
evaluate in vitro toxicity of melittin. Cell viability was
assessed by colorimetric MTT assay, and its result re-
vealed that melittin displayed significant cytotoxicity
against normal human fibroblast cells (IC50=6.45 pg/
mL). In addition, melittin showed an extensive hemolytic
activity against normal human RBCs (HDsq=0.44 pg/
mL). When comparing our results to previous studies,
the cytotoxicity of melittin has been widely studied on
cancer cell lines, while data about normal cells are lim-
ited. Similar to our findings, Duffy et al, in a recently
published paper have reported that melittin exhibited
cytotoxic activity with ICsq values ranged from 2.94 to
7.45 pg/mL in HDFa (normal primary adult human der-
mal fibroblasts), MCF 10 A, and MCF-12 A cell lines
(human mammary immortalized epithelial cells, non-
transformed). In addition, they found that ICs, of melit-
tin in some breast cancer cell lines (human and murine
subtypes) were ranging from 5.58 to 11.7 ug/mL. Despite
this obvious overlap, they concluded that melittin was
significantly more potent against breast cancer cell lines
compared to normal cells [29]. Same results also re-
ported in earlier studies where melittin treatment caused
cytotoxicity in different normal and cancer cell lines
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with ICso values ranging from 1.7 pg/mL to 5.5 pg/mL
[16, 30, 31]. These findings are consistent with some
previous studies indicating melittin has poor cell select-
ivity [13, 30]. The result of the hemolysis assay was also
consistent with previous studies in which melittin
showed massive hemolytic activity, indicating HDs5q
ranged from 0.5 pg/mL to 2.84 pg/mL [31-33].
Hemolysis activity is one of the most accepted signs of
drug toxicity [34]. It is also the main cause of hampering
the clinical development of new potential drugs such as
AMPs [35]. To shed light upon the matter, we can com-
pare the hemolysis activity of melittin with colistin as a
clinically approved AMP. A recently published study
showed that colistin had no hemolytic activity at con-
centrations up to 256 pg/mL [36]. Also the colistin ICsq
value was reported about 113 pg/mL in RAW 264.7 cell
line (macrophage) [37].

As discussed, numerous studies have shown beneficial
effects of melittin on different pathogens and tumor cell
lines without investigating its efficacy in normal cells
and comparing it with clinically approved drugs. Al-
though melittin exhibited high cytotoxicity against sev-
eral bacteria and a broad spectrum of cancer cell lines,
at the same concentrations, the peptide is also highly
toxic to normal cells [14, 38, 39]. In some studies, the
peptide was used as a reference lytic peptide, indicating
its non-specific toxicity [35].

Since our primary aim was to evaluate the in vivo
efficacy of melittin against nosocomial infections, the
in vivo toxicity of melittin was performed. Accord-
ingly, the LDso of melittin was determined by injec-
tions of a two-fold concentration gradient in BALB/c
mice. The LDsy, and the maximum sub-lethal dose
values for melittin were 4.96 mg/kg and 2.4 mg/kg,
respectively. There are limited studies in which the
LDso of melittin has been investigated. A same find-
ing (LDso=4 mg/kg) has been reported by Haber-
mann and Zeuner [40]. In addition to systemic
toxicity, Saeed et al. have reported that the intrader-
mal LDsq of melittin in CD-1 Swiss albino mice was
about 225 pg/mouse, equal to 7.5 mg/kg [41].

In clinical practice, single-dose therapy of antibiotics
rarely captures therapeutic results, and treatment
courses span days to weeks with the prescription of re-
peated doses of antibiotics. Therefore, we further deter-
mined cumulative toxicity by injection of 16 maximum
sub-lethal doses of melittin. The results of the sub-acute
toxicity assay showed that the repeated administration of
melittin sub-lethal dose (2.4 mg/kg/8-h i.p.) did not
show cumulative toxicity in mice. The histological exam-
ination of liver and kidney samples did not show any
devastating changes in line with biochemical results.
However, the hematological evaluation revealed that re-
peated injections of melittin (2.4 mg/kg/8-h) caused a
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significant decrease in WBCs count. However, the level
of WBCs was remained in the normal range [42]. Simi-
larly, Gui et al. found that a single administration of
melittin up to 3.15 mg/kg did not cause renal and hep-
atic alterations in mice [43].

Before in vivo experiments, we tested the efficacy of
melittin against clinical isolates of XDR- A. baumannii,
MRSA, and KPC-KP pathogens to determine MIC,
MBC, and TKC of melittin.

The MIC and MBC of melittin against XDR- A. bau-
mannii were higher than colistin (8—16 pg/mL vs. 0.25—
0.5 pg/mL). The results of TKC also showed that melit-
tin induced a bactericidal effect in both time-dependent
and concentration-dependent manners against A. bau-
mannii. Vila-Farres et al. have reported lower MIC and
MBC values than our study. They found that melittin
had the MIC value at 4 pg/mL for colistin-susceptible A.
baumannii and 2 pg/mL for colistin-resistant A. bau-
mannii [44]. Similar to our findings, Giacometti and col-
leagues reported that melittin showed MICs ranged
from 0.50 to 16 pug/mL against twenty clinical isolates of
MDR-A. baumannii [45].

The results of in vitro antibacterial effect of melittin
against clinical isolates of MRSA revealed that the MIC
and MBC values of melittin ranged from 8 to 32 pug/mL.
In Dosler and Gerceker’s study, the MIC and MBC
values of melittin against MRSA have been reported as 2
and 0.5-4 pg/mlL, respectively [9]. A recently published
study also showed that melittin exhibited antimicrobial
activity against MRSA with MIC and MBC values
6.7 pg/mL and 26.0 pg/mL, respectively. Also, they have
found that 1xMIC of melittin had 3-log® killing potential
against MRSA in 2-h [46]. However, we found that
melittin up to 4 xMIC could not reduce MRSA bacterial
count in the first 3-h. The TKC results of Dosler and
Gerceker’s study were in agreement with our findings.
They reported that melittin at 1xMIC could not sig-
nificantly reduce the bacterial count in 2-8 h post-
exposure [9].

We found that the MIC and MBC of melittin against
KPC-KP were 32 pg/mL and 50 pg/mL, respectively. To
our knowledge, there is no study investigating the anti-
bacterial efficacy of melittin against KPC-KP strains. A
previous study investigated the effect of melittin against
K. pneumonia (susceptible) and reported the MIC ranges
4-64 ug/mL [47].

In vivo antibacterial efficacy of melittin was tested
using a peritoneal mouse model of infections against
three nosocomial pathogens: XDR- A baumannii,
MRSA, and KPC-KP. The results of in vivo antibacterial
efficacy were frustrating. Only colistin and vancomycin
(approved drugs) showed a significant improvement in
survival outcomes of infected animals (50-90 %). Melit-
tin could not decrease peritoneal bacterial loads (in all
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models), while colistin and vancomycin significantly de-
creased bacterial counts in different studied time points.

To the best of our knowledge, a limited number of
studies evaluated the systemic efficacy of melittin in ani-
mal models of infection. For example, Choi et al. investi-
gated the effect of melittin (2.5-5 pg/mL) on the survival
rate of MRSA-infected mice. They have found that all
infected mice died following treatment with melittin at
2.5 mg/kg, but 50 % of the mice treated with 5 mg/kg of
melittin were survived after 24-h of infection. However,
they did not evaluate peritoneal bacterial loads in the
survived mice [12].

Conclusions

The results obtained from this study clearly showed that
melittin has high levels of toxicity, and at its safe dose,
could not exhibit a significant antimicrobial efficacy.
Without a doubt, these results indicate that the toxic po-
tential of melittin is overwhelming its antimicrobial ben-
efits. Therefore, severe toxicity and poor antimicrobial
activities of melittin hinder its application in clinical
practice. These findings indicate that in vitro results are
not necessarily translated to in vivo outcomes; conse-
quently, both studies are necessary to understand a
drug’s safety and efficacy.
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