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Background: The consistent upsurge in antimicrobial resistance globally is threatening the
world population with the prospect of facing the post-antibiotic era. Dry pipelines and a drastic
decrease of antimicrobial drug development accompany this rise in antimicrobial resistance.
Governments and health authorities are calling for the development of novel classes of anti-
microbial agents that would tackle this problem. Antimicrobial peptides represent a promising
group of molecules for antimicrobial drug development due to their potency and rapid mode
of killing. However, several obstacles, such as high mammalian cell toxicity and lack of target
selectivity, have challenged the development of such agents.

Methods: We have recently designed a novel hybrid peptide named H4 that exhibits potent
antimicrobial activity and low toxicity in vitro. In order to confirm the potential therapeutic
efficacy and safety of the peptide, we evaluated the in vivo activity and toxicity of H4 against
Staphylococcus aureus peritonitis mice model.

Results: Our results indicate that H4 is highly potent in eradicating bacterial infections in vivo
with an effective dose, value of 4.55£0.89 mg/kg. Additionally, the acute systemic toxicity
results indicate that the peptide exhibits a high therapeutic index with no significant negative
effects on the function of major body organs.

Conclusion: H4 is a novel hybrid peptide with great potential for antimicrobial drug development.
Keywords: antimicrobial peptides, hybrid peptides, in vivo activity, hybridization, antimicrobial
resistance, drug development

Introduction

The issue of bacterial resistance continues to haunt all world health authorities. The
human population is currently facing microbial resistance on an unprecedented scale,
with some bacterial strains becoming pan-resistant and combating all types of anti-
biotics available in the clinic.! With over 3.5 billion years of continuous evolution,
bacteria have managed to develop highly efficient tools for evading the antimicrobial
activity of conventional antibiotics.? This remarkable inherent evolutionary trait of
bacteria, accompanied by the overuse and misuse of antibiotics by humans in recent
decades, has led to the emergence of this scale of microbial resistance worldwide.?
Conventional antibiotics, which were considered as “wonder drugs” in the previous
century, are not as effective anymore and the world is currently set to face the prospect
of a post-antibiotic era with catastrophic health and financial outcomes.**> Additionally,
this increasing trend of antimicrobial resistance is accompanied by a sharp decrease
in the number of antibiotics developed by the pharmaceutical industry and approved
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by health regulatory bodies.® Therefore, the development of
new classes of antibiotics is urgently needed.
Antimicrobial peptides (AMPs) represent an attractive
class of molecules for antimicrobial drug development.
These molecules are usually composed of short sequences of
peptides, ranging from 10 to 50 amino acids, and exhibiting
an amphipathic nature. AMPs have been proven to be very
effective in killing most types of bacterial strains rapidly and
efficiently, including the multi-drug resistant forms, in vitro.”
Despite the attractive characteristics of AMPs for antimicro-
bial drug development, they have faced several obstacles that
are mainly attributed to their significant cytotoxicity toward
mammalian cells, hampering their clinical development.® We
have recently reported the design of a novel hybrid peptide
AMP named H4 by merging two individual o-helical frag-
ments from two predefined native peptides.® This hybridiza-
tion strategy managed to reduce hemolytic and mammalian
cell toxicity of the resultant synthetic peptide (H4) signifi-
cantly, while achieving potent antimicrobial activity against
standard and multi-drug resistant bacterial strains. H4 is
capable of eliminating the growth of multi-drug resistant
bacteria with minimum inhibitory concentration values as low
as 5 uM. In this study, we have evaluated the activity of H4
in vivo in mouse models of peritonitis. Additionally, in order
to evaluate the peptide’s toxicity and confirm the previously
reported in vitro results, in vivo studies of H4 and its potential
acute systemic toxicity effects were evaluated accordingly.

Methods

Animals

The in vivo experiments conducted in this study employed
Balb/C mice (male, 18-22 g) and in order to establish the
infection model, the mice were immunosuppressed by intra-
peritoneal administration of cyclophosphamide (200 mg/kg)
4 days before the establishment of the infection. Ketamine
(100 mg/kg) and xylazine (10 mg/kg) were administered to
the mice to ensure complete anesthesia before conducting any
invasive operation. All animal experiments were conducted
in accordance with institutional guidelines and approved by
the Animal Studies Committee at the Jordan University of
Sciences and Technology. The mice were randomly marked
to permit individual identification.

Establishment of the peritonitis infection
model and determination of effective
dose , (ED,))

The establishment of the peritonitis mouse model was
performed by administering the immunocompromised

mice intraperitoneally with 0.5 mL of overnight cultured
and harvested Staphylococcus aureus bacterial suspension.
Several different doses of the bacterial suspension (1.0x107
CFU/mL, 1.0x10® CFU/mL, 1.0x10° CFU/mL, and 0.5 mL,
six mice per group) were administered to the mice in order
to identify the lethal bacterial inoculum concentration which
was capable of causing a 100% mortality after 48 hours of
infection. Additionally, and in order to identify the ED, of the
hybrid peptide H4, the lethal dose ((LD, ) was administered
to each mice followed by the administration of H4 in different
doses (0.5, 1, 2, 4, 6, and 12 mg/kg, six mice per group), 1
and 6 hours post-infection. Mice survival was monitored for
7 days post-infection for determination of the ED_,.

In vivo toxicity studies

The median LD, of H4 was employed for the determination
of the peptide’s acute systemic toxicity in mice. The mice
employed in the study were randomly distributed into six
groups, each with six mice. PBS dissolved H4 peptide was
administered intraperitoneally at different concentrations
(12.5, 14.9, 17.7, 21.0, and 25.0 mg/kg and 0.2 mL/20 g).
Mice survival was determined after 7 days of peptide treat-
ment and LD, determined accordingly. Additionally, the
potential toxicity of H4 in the major organs of the mice,
including the kidney and the liver, was determined by ran-
domly distributing the mice into a PBS control group and H4
treated group, with ten mice incorporated into each group.
The mice in the treated group received the ED, intraperitone-
ally twice daily for 3 days. Blood samples were collected from
all the mice included in the treatment and control groups 72
hours after initial administration for blood analysis, including
alanine transaminase (ALT), aspartate transaminase (AST),
creatinine, urea nitrogen and sodium ion levels.

Results
In vivo efficacy of H4 against S. aureus

peritonitis mouse model

The effectiveness of the in vivo antimicrobial activity of
H4 was based on the S. aureus mouse model. Mice were
subjected to cyclophosphamide in order to compromise
their immunity and induce severe immunosuppression. The
LD,, causing 100% mortality was determined by admin-
istering different microbial concentrations and measuring
the survival rate 48 hours post-infection. Accordingly, the
lethal bacterial dose was determined to be 1x10® CFU/mL.
This lethal bacterial dose was employed for all subsequent
efficacy experiments by introducing this inoculum size
while administering the H4 peptide. H4 managed to display
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In vivo antimicrobial activity of the hybrid peptide H4

significant anti-infective activity with an ED,  value of
4.55+0.89 mg/kg (Table 1).

In vivo evaluation of acute toxicity

The in vivo acute toxicity of H4 was evaluated by determining
the median LD, . Accordingly, and as detailed in the method-
ology section, the LD, value of peptide H4 was 192.4 mg/
kg, which corresponds to the dose at which half of the mice
are killed after peptide treatment (Table 2). Additionally,
and in order to evaluate the potential toxicity of H4 on the
major organs of the mice, including the liver and kidney in
addition to the balance of electrolytes, several levels of major
enzymes such as ALT and AST were compared between the
H4 treated group vs the control group. Other physiological
indicators such as the levels of creatinine, urea nitrogen and
sodium were also monitored between the two groups. The
treatment regiments consisted of administering the ED, of
H4, administered intraperitoneally at the ED,  twice a day for
3 days; the results are summarized in Table 2. No significant
changes in the levels of the major liver enzymes or other
functional parameters in the blood were detected between
the H4 treated group and the control.

Discussion

In the present study, we have evaluated the in vivo efficacy
and toxicity of a recent in house designed antimicrobial pep-
tide named H4. The hybrid peptide was designed based on
hybridization of two o-helical fragments that were identified
from the primary sequence of two peptides named BMAP-
27 and OP-145 respectively. The rationale behind designing
such a peptide was to capture the o-helical parts of the parent
peptides to generate a novel peptide with uninterrupted heli-
cal activity and increased selectivity towards microbial cells.
Our results proved that the peptide was highly effective in
killing several strains of Gram-positive and Gram-negative

bacteria and in exhibiting a significant high therapeutic index
in vitro. To confirm the previously reported in vitro results,
we have evaluated the efficacy of H4 against S. aureus in a
peritonitis infection mouse model. The ED, value reported
for was 4.55£0.89 while the LD, value was reported to be
192.4 mg/kg. These results clearly show that H4 is highly
efficient in eradicating the bacterial infection in parallel with
a high therapeutic index. Other cationic antimicrobial pep-
tides, such as polymixin B, exhibit LD, values in the range
of 8-10 mg/kg which clearly shows the relatively safe and
effective antimicrobial behavior of H4.!° Additionally, the
acute systemic toxicity of H4 and its effects on major body
organs such as the liver and kidney as well as the electro-
lyte balance was evaluated and compared with the control
samples. As the results in Table 2 show, mice that were treated
twice daily for 3 days with the ED_, concentration of H4
did not display any significant differences with the control
group and retained the normal functions of the liver and
kidney in addition to other physiological parameters. These
results imply that H4 neither adversely affects the liver and
kidney functions nor disturbs the balance of electrolytes in
the blood under the tested regimen. In addition, all the mice
treated with the peptides were found to be in good condition,
without observable weight loss. Based on the results of our
previous study on the in vitro activity of H4 against clinical
isolates of multidrug resistant bacteria, we believe that the
hybridization of H4 as a design strategy improved its selectiv-
ity towards microbial cells and consequently, increased the
number of peptides targeting microbial cells and inducing
bacterial membrane destruction and cell lysis while reliev-
ing the mammalian cells from the destructive pressure and
keeping their membranes intact.

These results confirm the results of the in vitro studies
and indicate that H4 exhibits a strong potential for being
developed as a successful antimicrobial therapeutic agent.

Table | The efficacy of H4 hybrid peptide against Staphylococcus aureus in the peritonitis infection mouse model

Bacterial Minimum LD, H4 In vitro MIC (uM) LD, (mgl/kg) ED,, (mg/kg)
strain (CFU/mouse) peptide sequence
S. aureus I1x108 KFKKLFKKLSPVIGKEFKRIVERIKRFLR 10 192.4 mg/kg 4.55+0.89

Abbreviations: MIC, minimum inhibitory concentration; LD, lethal dose; ED, , effective dose.

Table 2 Liver and kidney functions as well as sodium ion concentration in the blood of mice in the control and treated groups

Treatment ALT AST Creatinine Urea nitrogen Sodium
group (IU/L) (IU/L) (uMIL) (mmol/L) (mmol/L)
Control 22.33+4.25 92.56+10.54 18.54+6.54 5.33£3.25 147.78+10.25
Peptide H4 25.54+6.22 79.99+15.55 16.54+7.55 7.55+3.48 155.48+15.78

Note: Data shown as mean = standard deviation.
Abbreviations: ALT, alanine transaminase; AST, aspartate transaminase.
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Several additional studies are needed to confirm the overall
efficacy and toxicity of the peptide but our preliminary results
can be considered very promising.
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