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Abstract
Staphylococcus aureus is a most important reason of bacterial keratitis. The emergence of S. aureus resistance to methicillin 
necessitates searching for new antimicrobial components for keratitis. CM11 is a cationic peptide with strong antibacterial 
activity against a range of bacteria. In this study, in vitro bactericidal activity of CM11 was investigated using the time-killing 
assay. For this purpose, corneal methicillin-resistant S. aureus (MRSA)-infected rabbit models were experimentally developed 
through intrastromal injection of bacteria. The infected rabbits were treated in three groups by artificial tear, gentamicin, and 
CM11, and their conjunctiva, iris, and cornea were clinically examined using a slit lamp and histopathological examination. 
The variance analyses of microbial (colony counts) and pathological examinations on the harvested cornea samples showed 
a significant improvement in the treated groups (CM11 and gentamicin) compared to the control eyes (P ≤ 0.05). According 
to findings, CM11 and gentamicin could significantly reduce the CFU in comparison with the group received artificial tear. 
The mean bacterial counts (log CFU/ml) from corneal culture were 2.1, 5.02, and 8.89 for gentamicin, CM11, and control 
group, respectively (P ≤ 0.05). The above-mentioned findings displayed the efficacy of CM11 cationic peptide for curing 
the MRSA-mediated keratitis.
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Introduction

Among the ocular infections, bacterial keratitis is one of the 
most famous conditions which is mostly due to infection by 
Staphylococcus aureus in various populations around the 
world (Durrani et al. 2020). Patients suffering from diabetes, 
HIV, and epithelial trauma caused by foreign bodies as well 

as elderly persons and individuals wearing contact lenses 
are the main susceptible groups to S. aureus keratitis (Dur-
rani et al. 2020; Sharma 2018). Pathologic and immuno-
logic studies show there is a co-operation between bacterial 
products and host-associated factors in cornea destruction 
during keratitis. S. aureus-mediated keratitis results in an 
irreversible corneal scar, severe inflammation, visual acuity 
loss, pain, and corneal perforation (Robles-Contreras et al. 
2013). At present, β-lactam antibiotics such as cefazolin in 
combination with a fluoroquinolone or aminoglycoside are 
the selective drugs for treating the keratitis. However, treat-
ing S. aureus infections are specifically complicated because 
they have acquired resistance to many antibiotics (Lalitha 
et al. 2017; Miller 2017). Methicillin-resistant S. aureus 
(MRSA) was unfortunately developed in 1961, leading to a 
considerable increase in mortality due to MRSA-infection. 
Consequently, new antimicrobial formulations are required 
for novel treatments of S. aureus-induced keratitis (Lak-
hundi and Zhang 2018). One of the most promising mol-
ecules inferred to be potential antimicrobial and therapeutic 
agents are antimicrobial peptides (AMPs). Either bacteria, 
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viruses, fungi, and protozoa can be killed by AMPs as the 
essential part of the innate immunity system in eukaryotic 
hosts (Moravej et al. 2018). One of the most described anti-
microbial peptides is the cationic peptides group which are 
multifunctional agents present and functional on the skin and 
mucosal surfaces (Pfalzgraff et al. 2018). Generally, cati-
onic peptides disrupt the structure of microbial cell mem-
branes and disturb their function, or disorder the activity of 
ATP-dependent enzymes via interacting with ATP (Chen 
and Lu 2020). Cationic peptides exert their antimicrobial 
function by perturbing the microbial membranes through 
electrostatic interactions owing to their amphipathic struc-
ture and net positive charge. The physical perturbation of 
microbial membrane infers a direct mechanism for killing 
bacteria which is independent of the bacterial resistance 
strategies. Antimicrobial agents with this property provide 
a combat material against antibiotic-resistant pathogens 
(Hollmann et al. 2018; Moghaddam et al. 2015). The thera-
peutic potentials of these peptides motivated us to evaluate 
the antibacterial effect of a short cationic peptide (CM11 
peptide) on bacterial keratitis caused by S. aureus in vitro 
and in vivo. The CM11 peptide (WKLFKKILKVL-NH2), 
as a hybrid and synthetic cationic peptide is derived from 
cecropin A (residues 2–8) and melittin (residues 6–9), has 
been previously addressed for its high antimicrobial activ-
ity against several pathogens in human (Amani et al. 2015; 
Moghaddam et al. 2012).

Material and Methods

Microorganisms and Growth Conditions

Methicillin-resistant Staphylococcus aureus (MRSA) strains 
were provided from the clinical diagnostic laboratory of the 
Khatam-al-Anbia hospital (Tehran, Iran). The standard S. 
aureus ATCC 29213 was obtained from the Iranian Research 
Organization for Science and Technology (IROST), Karaj, 
Iran. Both bacterial strains were grown in Mueller–Hin-
ton agar (MHA) (Sigma, USA) at 37 °C and kept at 4 °C. 
The stokes of bacteria were stored at − 80 °C for future 
assessments.

MIC Determination of the CM11 Peptide

A solution with 1 mg/ml concentration was prepared from 
peptides in phosphate buffer saline (PBS: pH 7.2). The anti-
bacterial activity of the peptide was measured by minimal 
inhibitory concentration (MIC) test according to the pro-
cedures outlined by the Clinical and Laboratory Standards 
Institute (CLSI). For this purpose, the micro-dilution method 
was performed using an initial inoculum of 1.5 × 108 CFU/
ml in the Mueller–Hinton broth medium (Wayne 2009). 

Bacteria inoculums were added to different concentrations 
of peptide/PBS from 1 to 128 mg/L and incubated for 18 h in 
a shaking bath at 37 °C. MIC was defined as the lowest pep-
tide concentration that was able to inhibit bacterial growth. 
All experiments were performed in triplicate (Amani et al. 
2015).

In Vivo Animal Testing

Animals

New Zealand white rabbits, all weighing 2.0–3.0 kg were 
used. Animals were treated according to the guide for the 
Care and Use of Laboratory Animals (Albus 2012) and the 
Association for Research in Vision and Ophthalmology 
(ARVO). Ethical approval was obtained from the ethics 
committee of the Baqiyatallah University of Medical Sci-
ences (IR.BMSU.REC.1398.225). For rabbit anesthesia, a 
mixture of xylazine hydrochloride (100 mg/ml) and keta-
mine hydrochloride (100 mg/ml) with a 1:5 ratio was sub-
cutaneously administered. One drop of proparacaine hydro-
chloride ophthalmic solution (0.1%) was instilled into each 
eye for additional anesthesia (Holve et al. 2013).

Determination of the CM11 Toxicity on Eye

First, the toxicity effect of CM11 peptide was evaluated on 
the rabbits’ eyes via the Draize scoring system. The Draize 
scale includes scoring the redness, chemosis, and discharge 
of conjunctivae, the ocular irritation of iris, as well as the 
opacity degree and involved area of the cornea (Wilhelmus 
2001). For this purpose, one drop of CM11 at MIC and 
2 × MIC was instilled into one of the rabbits’ eyes every 
1 h for 10 h. The signs and symptoms of CM11 toxicity 
effect on the eye were determined by an ophthalmologist. 
The MMTS irritation scores were used as the following 
classification: 0.0–0.5 Nonirritating; 0.6–2.5 Practically 
Nonirritating; 2.6–15 Minimally Irritating; 15.1–25 Mildly 
Irritating; 25.1–50 Moderately Irritating; 50.1–80 Severely 
Irritating; 80.1–100 Extremely Irritating; 100.1–110 Maxi-
mally Irritating.

Induction of Keratitis

To induce the keratitis, MRSA strain was grown to log phase 
in MH broth at 37 °C. Then, the bacterial suspension was 
diluted in PBS to approximately 10,000 CFU/ml. The rab-
bits were anesthetized as described previously. The corneal 
epithelium was scratched by an Amoils epithelial scrub-
ber. After that, a quota of bacterial suspension containing 
approximately 100 CFU (10 µl of  104 CFU/ml S. aureus) 
was injected intrastromal into the rabbits’ cornea.
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Treatment

The rabbits were divided into three groups (one test group, 
one positive group, and one control group) each consisting 
of five rabbits. Rabbits in test groups were immediately 
treated by a single topical drop of CM11 (25 µl equaling 
to 2 × MIC) every one hour, over a 10-h duration. Treat-
ment was continued on the second and third days with a 
single topical drop every 4 h. Rabbits in the positive group 
were treated with gentamicin (10 mg/ml) by a similar time 
course, and the other group was considered as the control 
group receiving PBS in the same pattern.

Scoring of the Corneal Improvement

At the end of treatment, the rabbits’ eyes were examined 
and graded using a slit lamp. This evaluation has been pre-
viously explained by Beisel and colleagues (Beisel et al. 
1983). Accordingly, eye macroscopically identical to the 
state of the eyes previous to the bacterial injection were 
considered as grade 0; faint opacity in the injected area 
was considered as grade 1; dense opacity in the injected 
area was considered as grade 2; dense opacity covering 
the entire anterior segment was considered as grade 3, 
and observing perforation of the cornea was considered 
as grade 4. Finally, the total clinical score was calculated 
for all groups and the results of the three groups were 
compared using Kruskal–Wallis multiple comparisons 
(K–W test).

The Microbial Load of Treated Eyes

Control and infected corneas were prepared for bacte-
rial quantification after treatment. In brief, corneas were 
retrieved under aseptic conditions and vortexed in 1 ml of 
sterile PBS using a tissue homogenizer (8–10 strokes for 
10 s with 3 repeat). Next, a serial dilution was prepared from 
the 100 μl aliquot of homogenate in PBS. Duplicate aliquots 
were cultured on plates containing MH agar. After incuba-
tion for 24 h at 37 °C, the CFU number was counted and 
results were reported for each eye.

Histopathological Study

After seven days, the rabbits were sacrificed and the corneal 
samples from control and infected animal models were col-
lected and prepared for histopathology characterization. For 
this purpose, tissues were formalin-fixed in neutral buffered 
formalin (10%, pH 7.4) and embedded in paraffin wax. Then, 
samples were cut into sections with 4 mm thickness and 

stained by hematoxylin/eosin method. Finally, the stained 
sections were investigated for tissue abnormalities.

Statistical Analysis

The corneal improvement data were analyzed using the K–W 
test (a nonparametric one-way analysis of variance) and Wil-
coxon’s test. The bacterial count data were analyzed by the 
one-way ANOVA and Student’s t tests. P values ≤ 0.05 were 
considered as significant.

Results

MIC of the CM11 Peptide

In the first stage, we evaluated the sensitivity of MRSA S. 
aureus isolate to CM11 using MIC determination. The incu-
bation of S. aureus in the presence of CM11 peptide revealed 
the dose-dependent effect of CM11 on reducing bacterial 
growth. Accordingly, the MIC of CM11 for the standard and 
MRSA isolates was evaluated 2 and 4 µg/ml, respectively.

Determination of the CM11 Toxicity on the Rabbit’s 
Eye

The toxicity effect of the peptide on the rabbit’s eye was 
evaluated using the Draize method. Redness, chemosis, and 
discharge were not observed in the conjunctiva. Iris was nor-
mal and corneal epithelium defect was not visible in neither 
of rabbits. Generally, the Draize score for cornea, iris, and 
conjunctiva was almost near zero. Rabbits did not show any 
blinking or immediate wiping of the eye after instillation. 
The maximum mean total scores (MMTS) of the rabbits’ 
eyes treated with MIC (4 µg/ml) and 2 × MIC (8 µg/ml) con-
centrations of CM11 both were near zero (Fig. 1). No severe 
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Fig. 1  The result of the Draize testing demonstrating the maximum 
mean total scores (MMTS) of rabbits’ eyes treated with MIC (4 µg/
ml) and 2 × MIC (8 µg/ml) concentrations of CM11 and artificial tear. 
Score 0.0–0.5: nonirritating; score 0.6–2.5: practically nonirritating
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reaction was observed in the rabbits’ eyes after the CM11 
application. Also, there was no delayed toxicity in the treated 
groups 4 days after peptide instillation.

Efficacy of CM11 for Treatment of Infected Cornea

To evaluate the effectiveness of CM11 in treating the ocular 
infections, the rabbits’ eyes were infected with a clinical 
MRSA isolate and then treated with 2 × MIC of the pep-
tide (8 µg/ml). Variance analysis was performed after the 
calculation of the total clinical score for all treatment. The 
median corneal opacity scores of the test, positive, and con-
trol groups at the end of the treatment period (4 days) are 
shown in Fig. 2. The variance analysis showed a significant 
difference between the two treatment groups (CM11 and 
gentamicin) and the control group (P ≤ 0.05). Comparing 
the two treatment groups also showed a significant differ-
ence (P ≤ 0.05) as the peptide-treated group rabbits’ eyes 
displayed better scores (Fig. 2). As shown in Fig. 3, the rab-
bits’ eyes which were treated with CM11 were clear without 
any complications. While, in the control group which was 
treated with PBS, eyes were completely opac and the cornea 

was melted, and redness and hemorrhage were observed. 
On the other hand, only one rabbit in the gentamicin group 
showed a small opacification 4 days after treatment.

Bacterial quantification in treated eyes

As shown in Fig. 4, CM11 has significantly reduced the 
CFU (2.02  log10 CFU) in the test group compared to the 
control-group eyes (8.89  log10 CFU) (P ≤ 0.05). Besides, in 
the gentamicin-treated group compared to the control group, 
the mean bacterial count in corneal culture was reduced (4.1 
 log10 CFU), while in comparison with the peptide-treated 
group, this reduction was two units greater.

Histopathological Study

The results of histopathological examinations showed the 
effectiveness of peptide in treating the keratitis (Fig. 5). 
Such that after 8 days, the histopathologic outcomes demon-
strated that vascularization was inhibited in the CM11- and 
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Fig. 3  Rabbits’ eyes 4 days after treatments: a PBS, b CM11 (2 × MIC: 8 µg/ml), c gentamicin. As shown in the figure, similar to gentamicin, the 
peptide leads to the elimination of infection
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Fig. 4  Colony count of bacteria in infected rabbits’ cornea after treat-
ment with peptide (2 × MIC: 8 µg/ml), gentamicin, and PBS. CM11 
has significantly reduced the CFU (four units) compared to the 
negative control group treated by PBS (P ≤ 0.05), while in compari-
son with the gentamicin-treated group, this reduction was two units 
greater
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gentamicin-treated groups compared to the control group. 
Additionally, the corneal epithelial loss was reduced in the 
CM11-treated group compared to the control.

Discussion

Acute or chronic infections of conjunctiva (conjunctivitis) 
and cornea (keratitis) are among ocular infections with a 
wide range of consequences from conjunctival scarring to 
severe keratitis which may lead to loss of vision. These com-
plications usually appear due to the insufficient care and 
cleaning of contact lenses or occurring an injury in the ocu-
lar surface (Teweldemedhin et al. 2017; Yeu and Hauswirth 
2020). The increasing emergence of microbial resistance 
to antibiotics has arisen serious obstacles in the antibiotic 
therapy of ocular surface infection as a classically efficient 
treatment in clinical alleviation of these infection types 
(Brown 2007; Wang et al. 2015). Staphylococcus aureus (S. 
aureus), the coagulase-negative staphylococci (CNS) spe-
cies (e.g., S. epidermidis), and Pseudomonas aeruginosa are 
the most reported pathogenic agents underlying the ocular 
surface infection. S. aureus is the main cause of keratitis 
around the world being responsible for one-quarter of all 
cases (Chang et al. 2015; Deguchi et al. 2018). The two 
main empirically-proved antibiotics used against keratitis 
are fluoroquinolones and cephalosporins but they are losing 
their efficacy in treating or preventing the infection simul-
taneously with increasingly occurring methicillin-resistant 
isolates (Egrilmez and Yildirim-Theveny 2020). At present, 
MRSA constitutes over one-third of S. aureus isolates from 
the ocular sites embedding multiple mutations that also con-
fer fluoroquinolone-resistance (Suzuki 2011). This alarming 
incidence of antibiotic-resistant species of S. aureus from 
different anatomical sites vindicates the extensive researches 
exploring for novel compounds with antibiotic potential. 

One of the recently of interest compounds with antibiotic 
properties is antimicrobial peptides (AMPs). These biomol-
ecules can damage the pathogens via stimulating the innate 
immunity of hosts (Moravej et al. 2018). The advantages 
of AMPs in comparison with the conventional antibiotics 
include less incidence of induced resistance, acting against 
an extensive spectrum of pathogens, specificity for Gram-
positive or Gram-negative bacteria, being less toxic for the 
hosts, and having a synergistic antimicrobial effect with 
other antibiotics as well as exerting their bactericidal effects 
fast (Epand and Epand 2009; Lei et al. 2019). A popular sub-
class of AMPs is the cationic antibacterial peptides (ABPs) 
with a size of 15–45 amino acids that kill bacteria by attack-
ing their membranes. ABPs are believed to be generally a 
constituent of the innate immune system in different eukary-
otic organisms including plants and animals (Moravej et al. 
2018). Some AMPs act specifically against a Gram-type of 
bacteria based on the presence of lipopolysaccharide (LPS, 
in Gram-negative bacteria) or lipoteichoic acids (LTA, in 
Gram-positive bacteria) (Epand and Epand 2009). LPS and 
LTA impact on the lipid composition and electrical charge 
of the bacterial outer membrane which favors the interac-
tion between the cationic AMPs and the negatively charged 
membrane of bacteria in a selective manner. In contrast, the 
mammalian membranes contain zwitterionic or dipolar ions 
which repel AMPs leading to their selectivity and specificity 
for bacterial cells rather than host cells (Griffith et al. 2017).

Accordingly, AMPs are addressing as highly promising 
and innovative alternatives with the potential of solving the 
increasing problem of multi-drug resistance. However, some 
AMPs embed side effects or are problematic because of their 
size which needs to be overcome. Referring to these prob-
lems, synthetic hybrid and short peptide analogs such as 
insect peptide cecropin and the bee venom peptide melittin 
are designed, produced, well-investigated, and introduced 
to be potent (Boman et al. 1989; Cao et al. 2010; De La 

Fig. 5  Histological finding of infected cornea after treatment. a Con-
trol: corneal tissue with ulcer, full thicknes chronic keratitis and vas-
cularization (v), post descemevt membrane scare tissue formation (s) 
and, corneal performation (p) (H&E staining; × 100); b Gentamicin 

tissue with focal vascularization (v), and mild chronic keratitis in the 
superficial and mid stroma (H&E staining; × 400); c peptide: normal 
cornea: epithelial (Ep), stroma (St) and endothelium (En) layers are 
intact without histopathological findings. (H&E staining; × 400)
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Fuente-Núñez et al. 2016). As mentioned earlier, CM11 
peptide is also a short hybrid derived from cecropin and 
melittin which was demonstrated in our previous study that 
has a strong antibacterial activity against multidrug-resistant 
pathogens such as Escherichia coli, Staphylococcus aureus, 
Pseudomonas aeruginosa, and Acinetobacter baumannii 
(Amani et al. 2015; Azad et al. 2017). But the side effect of 
toxicity still has remained a major problem with this power-
ful antimicrobial peptide. Regarding this problem, an in vivo 
study recently investigated the toxicity and histopathological 
effects of the CM11 by intraperitoneal injection to mice. 
In this study, different concentrations of this peptide were 
studied in terms of histopathological effects on the liver, 
kidney, and jejunum. Both histopathological and physiologi-
cal analyses showed different histological changes based on 
a concentration-dependent manner while no change was 
observed in physiological indexes such as aminotransferase 
activity, total serum bilirubin, and albumin levels (Ramandi 
et al. 2017). In the study of Amani et al., the MIC of CM11 
was evaluated to be in the range of 4–16 µg/ml for most 
antibiotic-resistant bacteria and the concentration of > 32 µg/
ml was shown to be cytotoxic against the eukaryotic cells 
(Amani et al. 2015). In the current study, the MIC of the 
peptide was measured as 4 µg/ml and the 2 × MIC (8 µg/ml) 
was used for treat keratitis animal models because of giving 
the possibility of interfering factors present in vivo. At the 
same time, these concentrations (4 & 8 µg/ml) were shown 
in previous assessments to have no significant cytotoxic 
effects. In the same regard, the Draize analyses revealed 
no significant eye complications and delayed toxicity in the 
peptide-treated group after 4 days of peptide instillation. 
Therefore, 2 × MIC (8 µg/ml) peptide concentration was 
selected to be used as the eye drop dose for treating the 
experimental infection models. Compared to the gentamy-
cin, our results demonstrated a significant infection control 
by CM11 peptide treatment leading to complete disappear-
ing of infection in the rabbits’ eyes from the test group. Also, 
the bacterial counting assessment showed that the number 
of bacteria was greatly reduced in the rabbits’ eyes of the 
peptide-treated group compared to the gentamicin-treated 
group (positive group). Additionally, the histopathological 
evaluations displayed a high similarity between the infection 
models treated with gentamicin and CM11. For example, the 
leukocyte infiltration was inhibited in both treated groups 
with the CM11 peptide and gentamycin. These findings 
confirms that CM11 can be used as an proper alternative to 
conventional antibiotics for effectively treating the MRSA 
keratitis.

In recent years, several animal studies have been con-
ducted for treating different bacterial keratitis models 
using a variety of antimicrobial peptides. For instance, in a 
report by Edward Clemens et al., eleven designed peptides 
were synthesized and studied in term of healing effect on 

the bacterial keratitis in the murine model (Clemens et al. 
2017). Their synthetic peptides were derived from host 
defense peptides (HDPs)—cecropins and magainins—and 
first evaluated for their bactericidal effectiveness against 
some Gram-positive and Gram-negative bacteria, as well as 
some antibiotic-resistant species (e.g., MRSA and P. aerugi-
nosa). These peptides showed bactericidal potentials with 
MICs ranging from 2 to > 64 μg/ml. Among all peptides they 
investigated, the best results belonged to the RP444 peptide 
especially against P. aeruginosa and S. aureus showing the 
MICs of 4 and 8 μg/ml, respectively. Therefore, the thera-
peutic potential of this peptide on P. aeruginosa keratitis 
was further evaluated which demonstrated to be consider-
ably efficient in the murine model. The results of the latter 
study demonstrated that RP444 could decrease the ocular 
clinical scores of P. aeruginosa keratitis models in a signifi-
cant dose-dependent manner, reduce the bacterial load, and 
decrease the inflammatory cell infiltrates to a great extent. 
These observations are similar to those of our study with the 
difference that CM11 (11-amino acid) is shorter than RP444 
(23-amino acid) which makes CM11 more economically via-
ble for therapeutic purposes. In another study by Kolar et al., 
the anti-Pseudomonal activity of esculentin-1a(1-21)-NH2 
was investigated in vitro and in vivo. The in vitro studies 
on this synthetic 21-amino acid peptide, which originates 
from a frog skin antimicrobial peptide, showed a MIC of 
2–16 μM against different strains, including the antibiotic-
resistant P. aeruginosa (Kolar et al. 2015). In addition, escu-
lentin-1a(1-21)-NH2 did not show cytotoxic effects on the 
epithelial cells of human cornea up to the concentration of 
50 μM. Whereas, the drop installation of esculentin-1a(1-
21)-NH2 (40 μM) significantly reduced the mean ocular 
clinical scores (2.89 ± 0.26 compared to 3.92 ± 0.08 for the 
control group), recruitment of inflammatory cells (50%), 
as well as the Pseudomonal infection of the ocular surface 
in the P. aeruginosa keratitis murine models. The corneal 
level of viable bacteria significantly decreased in the treated 
group (4  log10 CFU) compared to the control group (7.7 
 log10 CFU). This is while the CM11 peptide in our study 
could reduce the microbial load by a quarter which is a less 
outcome compared to the esculentin-1a(1-21)-NH2 with the 
microbial load reduction by half. This difference between the 
results of CM11 and esculentin-1a(1-21)-NH2 peptides can 
be attributed to the fewer amino acids of CM11. In another 
study by Mannis, the antibacterial activity of COL-1 (in 
concentrations up to 50 μg/ml) against P. aeruginosa was 
investigated in the rabbit keratitis model (Mannis 2002). 
But this twenty-amino acid peptide showed no antimicro-
bial activity while exhibited cytotoxic effects on the rabbits’ 
cornea. These results emphasize the importance of further 
researches on the bactericidal efficacies and cytotoxic con-
sequences of newly introduced AMPs.
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Conclusion

These findings suggest that using antimicrobial peptides 
have the potential to be considered as a significant therapeu-
tic method for treating keratitis caused by antibiotic-resistant 
bacteria. Accordingly, using cationic peptide seems to be a 
simple and highly successful method for healing the infected 
ocular surface. In the same regard, considering its short 
sequence and effectiveness at low concentrations, CM11 
peptide displays to be highly advantageous for application 
against MRSA in the clinics.
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