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Abstract

We developed a novel cationic antimicrobial peptide, AG30/5C, which demonstrates angiogenic properties similar to those
of LL-37 or PR39. However, improvement of its stability and cost efficacy are required for clinical application, Therefore, we
examined the metabolites of AG30/5C, which provided the further optimized compound, SR-0379. SR-0379 enhanced the
proliferation of human dermal fibroblast cells (NHDFs) via the PI3 kinase-Akt-mTOR pathway through integrin-mediated
interactions. Furthermore SR-0379 promoted the tube formation of human umbilical vein endothelial celis (HUVECs) in co-
culture with NHDFs. Thlskcompound also displays. antimicrobial activities against a number of bacteria, including drug-
resistant microbes and fungi. We evaluated the effect of SR-0379 in twa different would-healing models in rats, the full-
thickness defects under a diabetic condition and an acutely infected wound with full-thickness defects and inoculation with
Staphylococcus aureus. Treatment with SR-0379 significantly accelerated wound healing when compared to fibroblast
growth factor 2 (FGF2). The beneficial effects of SR-0379 on wound healing can be explained by enhanced arigiogenesis,
granulation tissue formation, proliferation of endothelial cells and fibroblasts and antimicrobial activity. These results
indicate that SR-0379 may have the potential for drug development in wound repair, even under especially critical
colonization conditions.
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Introduction

Antimicrobial peptides are produced by multicellular organisms
as a defense mechanism against competing pathogenic microbes
[1]. Currently, more than 1,200 antimicrobial peptides have been
discovered in animals and plants [2]. In addition to their
antimicrobial functions, some peptides, such as LL-37, are known
to have other functions. For example, LL-37 is chemotactic for
monocytes, T cells, neutrophils and mast cells and also stimulates
mast cell histamine release and angiogenesis [3]. These observa-
tions have led to the development of a therapeutic concept using
antimicrobial peptides as multifunctional effector molecules to
prevent infection directly and to promote wound healing in
various ulcers. Indeed, many researchers have tried to develop
antimicrobial peptides for topical use and systemic application [4]
[5]. Before these peptides can be used in clinical applications,
several improvements must be made, including 1) increased
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stability, 2) reduced cytotoxicity and 3) improved antimicrobial
activity [6]. To improve the stability of antimicrobial peptides,
converting amino acids from L to D conformations has been
attempted [7]. Antimicrobial peptides are usually positively
charged, between 12 and 100 amino acids in length and form
amphipathic structures. The production of shorter analogs may
also resolve the cost issue for clinical applications.

We previously developed an antimicrobial peptide named
AG30 (angiogenic peptide 30) that contained 30 amino acids
and possessed both angiogenic and antibacterial functions [8] [9].
For clinical application in the treatment of drug-resistant ulcers,
we have modified AG30 to enhance its angiogenic activity,
broaden its antibacterial function, enhance its stability and reduce
its cost. In this study, we have demonstrated the production of a
stable, shorter peptide, SR-0379, that contains twenty amino
acids, including one lysine residue that has been converted to D-
lysine. This peptide exhibited antimicrobial activities against a
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number of bacteria, including drug-resistant bacteria, and induced
the proliferation, tube formation, migration and contraction of
human dermal fibroblast cells.

Treatment with SR-0379 significantly accelerated wound
healing in a skin ulcer model. In the intracellular mechanism of
wound healing, we focused on the PI3K/Akt/mTOR pathway. It
has been reported that Akt/mTOR activation, by the ablation of
Pten and Tscl, dramatically increased epithelial cell proliferation,
migration, and cutaneous wound healing, while pharmacological
inhibition of mTOR with rapamycin delays wound closure [10].
Indeed, SR-0379 would activate the Akt/mTOR pathway which
lead to accelerate wound healing. Further application of SR-0379
might provide a new therapeutic option to treat various ulcers,
such as diabetic ulcers and severe burns.

Results

Design of SR-0379

For use in clinical applications, we first modified AG30 to
improve its stability and reduce its cost. To perform the lead-to-
drug-candidate optimization, various approaches to improve
stability were evaluated. The metabolic stability of AG30/5C
was evaluated by using matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI-TOF MS) (Figure. S1 in
File S1). The major metabolites were 20 amino acids (aa), 18 aa
and 17 aa, which overlap the N terminus AG30/5C and 12 aa in
the middle of AG30/5C (Fig. 1A). The metabolites of AG30/5C
were cleaved by endopeptidases and exopeptidase at multiple sites,
with most cleavage sites present in the C-terminus. Those
metabolites were synthesized (Fig. 1B), and their proliferation in
HUVEC:S, tube formation in co-culture of HUVECs and NHDFs
and antibacterial activities against Escherichia coli, Pseudomonas
acruginosa and Staphylococcus aureus were evaluated. Treatment with
the 20-aa peptide (SR-0007) yielded significant increases in
proliferation of HUVEGs (Fig. 1C), whereas other metabolites
did not have significant effects (data not shown). The stimulatory
effects of SR-0007 were equivalent to the effects of AG30/5C
(Fig. 1C). Furthermore, the treatment with SR-0007 (10 pg/ml)
induced tube form in co-culture of HUVECs and NHDFs with the
same level of AG30/5C (Fig. 1D). SR-0007 exhibited similar
antibacterial activities against Escherichia coli, Pseudomonas aeruginosa
and Staphylococcus aureus as AG30/5C (Table 1). These results
revealed that SR-0007, which consists of 20 amino acids, is a
potent candidate metabolite like AG30. However, SR-0007 was
rapidly degraded by rat and human sera at 37°C (Figure 1E).
Therefore, we further modified SR-0007 to improve its stability.
The lysine in SR-0007 was replaced with D-form lysine, and the
resulting compound was named SR-0379. As shown in Fig. 1E,
the stability of SR-0379 was significantly improved, suggesting that
SR-0379 might be resistant to the actions of known natural
peptidases [11].

Antibacterial activity of SR-0379 in drug-resistant/
sensitive strains

We examined the antibacterial effects of AG30/5C, SR-0007
and SR-0379 against E. coli, P. aeruginosa and S. aureus (Table 1).
Importantly, SR-0379 exhibited more potent antibacterial activity
against E. coli compared to the original SR-0007 peptide, whereas
the minimal inhibitory concentration (MIC) of SR-0379 against P.
aeruginosa was equivalent to that of SR-0007. A number of strains
were then evaluated for their sensitivities to SR-0379 (Table 2).
SR-0379 demonstrated potent antibacterial activity against gram-
positive and gram-negative acrobes and anaerobes. Additionally,
SR-0379 exhibited antibacterial effects against fungi such as
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Candida krusei. Notably, the antimicrobial spectrum of SR-0379 is
broader than the spectra for antibiotics such as chloramphenicol
or amphotericin B (Table 2) failed to exhibit an inhibitory activity
against fungi or bacteria, respectively. Furthermore, we tested the

_antibacterial effects of SR-0379 on antibiotic-resistant/sensitive

strains for use in clinical applications. Unexpectedly, SR-0379
exhibited similar inhibitory effects on various antibiotic-resistant
strains, such as methicillin-resistant S. awreus (MRSA) and
multidrug-resistant Acinetobacter baumannii, compared to the sensi-
tive strains (Table 3). As antimicrobial peptide functional
mechanisms are related to the disruption of the bacterial
membrane [12], SR-0379 may exhibit potent antibacterial effects
against other antibiotic-resistant strains.

Cellular functions of SR-0379 and its molecular
mechanisms

We investigated the effects of SR-0379 on the proliferation,
migration and contraction capacity of neonatal normal human
dermal fibroblasts (NHDFs) and examined the angiogenic activity
of HUVEC: in co-culture with NHDFs. In the proliferation assay,
the treatment with SR-0379 (1, 3 and 10 pg/ml) resulted in
significant increase in the proliferation of fibroblasts in a dose-
dependent manner (Fig. 2A). Whereas Normal Human Epidermal
Keratinocytes (NHEKSs) were treated with SR-0379 (1, 3 and
10 pg/ml), SR-0379 did not affect cell proliferation (Figure S2 in
File S1). Similarly, in the tube formation assay, the treatment with
SR-0379 (0.5, 2.5 and 10 pg/ml) significantly induced tube
formation of HUVEGs in co-culture with NHDFs as angiogenic
activity (Fig. 2B). In the migration assay, the treatment with SR-
0379 (1 and 10 pg/ml) also resulted in significant increases in
migration activity (Fig. 2C). In the fibroblast-collagen-matrix
contraction assay, the treatment with SR-0379 (I, 3, 10 and
30 pug/ml) significantly induced contraction as a measure of
wound healing activity (Fig. 2D). When compared to the activities
of FGF2 (0.3 pg/ml), the contraction activity of SR-0379 (30 pg/
ml) was more potent, while the other activities were equivalent or
less potent in SR-0379. Interestingly, the treatment with SR-0379
significantly increased the mRINA expression of interleukin-8 (IL-
8) which was attenuated with pretreatment of Wortmannin
(PI3kinase inhibitor, 100 nM) (Figure S3A in File S1). Similarly,
the treatment with SR-0379 increased IL-8 protein expression in a
dose dependent manner Figure S3B in File S1).

What are the molecular mechanisms of these actions of SR-
0379? The phosphorylation effects of SR-0379 on FAK at Tyr397
and Tyr925 and on Akt at Ser473 were examined in NHDFs. As
shown in Fig. 3A, treatment with SR-0379 (10 pg/ml) increased
the phosphorylation of FAK Tyr397 and Akt Ser473 but not of
FAK Tyr925 after 30 minutes, similar to the well-known
antimicrobial peptide LL-37. The treatment with SR-0379 at
doses of 0.3 to 10 pg/ml also significantly increased the
phosphorylation of FAK Tyr397 and Akt Ser473 (Fig. 3B). The
involvement of integrins was also tested in NHDFs. Pretreatment
with RGD peptide (30, 100 and 300 pM), a small-molecule
integrin antagonist, inhibited the activation of FAK and Akt
induced by SR-0379 (Fig. 3C). Wortmannin (100 nM) and
Rapamycin (1 nM) also inhibited the activation of Akt induced
by SR-0379 (Fig. 3D, 3E). The treatment with SR-0379 (10 pg/
ml) resulted in a significant increase in cell proliferation of
fibroblast, whereas Akt knockdown using siRNA attenuated SR-
0379-induced cell proliferation (Figure 3F and Figure S4A in File
S1). Similarly, an inhibitor of Akt by Akt inhibitor IV (1 pM) also
attenuated SR-0379-induced cell proliferation (Figure S4B in File
S1). These results demonstrated the importance of Akt pathway in
the effect of SR-0379.
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Figure 1. Lead optimization from the angiogenic peptide AG30/5C. A) Major metabolites of AG30/5C determined by MALDI-TOF MS. The
parent compound (AG30/5C) was incubated with rat serum in vitro 60 minutes. The metabolites were identified by comparison with the pre-
incubation peptide. B) Sequences and net charges of AG30/5C and AG30/5C-derived peptides (SR-0007 and SR-0379). The lysine (K) of SR-007 was
replaced with D-lysine in SR-0379. C) Effect of AG30/5C (10 pg/ml) and SR-0007 (10 pg/ml) on HUVECs proliferation. N=3 per group. *P<<0.05 vs.
control. D) Effect of AG30/5C (10 pg/ml) and SR-0007 (10 pg/ml) on tube formation. The formation of capillary-like structures was observed in co-
cultures of HUVECs and NHDFs. N=5-12 per group. *P<<0.05 vs. control. E) Stability of SR-0007 and SR-0379 in rat and human sera. SR-0007 and SR-
0379 were quantified before or after incubation in vitro with rat and human sera for either 3 or 10 minutes, N=2.
doi:10.1371/journal.pone.0092597.g001

Acceleration of wound healing by SR-0379 in vivo To determine the utility of SR-0379 in a clinical situation, we

To evaluate the potential use of SR-0379 in clinical practice, a finally evaluated whether the compound could accelerate wound
full-thickness wound model with a skin flap was employed in a healing in an acute infection wound model, as the presence of
streptozotocin-induced diabetic rat model. On day 2, the wound infection largely diminishes the wound-healing process. After
area was quickly and significantly reduced in the SR-0379 creating full-thickness defects, . aureus was inoculated. Treatment
(0.2 mg/ml) group but not in the saline and FGF2 groups with SR-0379 (I mg/ml) significantly reduced the unhealed
(Fig. 4A, 4B). As shown in Fig. 4A, the color of the wound surface ~ wound size on days 8 and 15 compared to the saline and FGF2
on day 6 was red (bloody) in the SR-0379 treatment group. In groups (Fig. bA, 5B). The effects of SR-0379 on wound healing
contrast, the color of the wound surface was still dark with necrotic were more potent than the effects of FGF2, which is currently a
skin visible in both the saline and FGF2 groups. Reduced wound standard therapy (Fig. 4B, 5B). To determine the effect of SR-0379
area in the SR-0379 group was sustained on days 6 and 13 on wound healing, granulation tissue formation was analyzed by
(Fig. 4B). The skin wound was completely healed at day 19 with subcutaneously implanting a paper disc (Fig. 5C). Granulation

SR-0379 treatment, whereas the wound did not heal until day 24 tissue weight was significantly increased by treatment with SR-
with saline treatment (Fig. 4C). 0379 (100 pg/disc). To further evaluate the effect of SR-0379 on
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Table 1. MICs of several compounds against E. coli, P. aeruginosa and S. aureus.

E. coli (ATCC25922)

Compound P. aeruginosa (ATCC27853) S. aureus (ATCC29213)
MIC {ug/ml)

AG30/5C 32 16/32 16/32

SR-0007 64 16/32 16/32

SR-0379 8 16/32 16

Tobramycin 0.25-1 0.25-1 0.12-1

Meropenem 0.008-0.06 0.25-1 0.03-0.12

Oxacillin = - 0.12-0.5

doi:10.1371/journal.pone.0092597.t001

wound healing, collagen production and proliferation were
measured using the incised wound rat model. The tensile strength

after SR-0379 treatment (5 lg) was significantly increased .

compared to saline treatment. Treatment with SR-0379 induced
granulation tissue formation and collagen production, which may
accelerate wound healing.

Collagen gel assay is a conventional method to investigate cell
behavior that more closely resembles cell behavior i vivo. As
shown in Figure 2D, the diameter of the collagen gel containing
went down by treatment of SR-0379. The promotion of the
wound healing with SR-0379 was supported by the enhanced
contraction n vitro.

Discussion

Recently, wet dressing has been strongly recommended to
accelerate the process of wound healing because epithelial cells
and dermal fibroblasts proliferate well under wet conditions [13].
However, wounds under wet conditions present an ideal

The scores indicate the MICs (mg/ml) for E. coli, P. aeruginosa and S. aureus. MICs represent the individual data from two independent experiments.

environment for bacterial growth due to the presence of moisture
and warmth. Wound infection has become one of the major risk
factors in the delay of wound healing [14], although physicians
take many precautions to prevent wound infection. Wound
colonization is defined as the presence of multiplying microor-
ganisms on the surface of a wound but with no associated clinical
signs and symptoms of infection [15]. Recently, the term critical
colonization has gained acceptance and is defined as the
borderline of colonization and infection. As wound colonization
is most frequently polymicrobial and involves numerous microor-
ganisms that are potentially pathogenic, the diagnosis of clinical
colonization is difficult for general physicians in a clinical setting.
Recombinant growth factor proteins, such as FGF2 and PDGF,
have been shown to stimulate ulcer-healing processes in clinical
applications [16,17]. However, the wound might fail to be healed
by these growth factors in the event of an infection, as these
growth factors have no antibacterial properties. Therefore, a
wound-healing drug with antibacterial properties would be ideal to
avoid the risk of infection during wound care.
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Table 2. In vitro activities of SR-0379 against Gram-positive and Gram-negative bacteria and fungi.
Gram staining Strain MIC (pg/ml)
SR-0379' Chloramphenicol
Bacteria Aerobes G{+)Bacilli Micrococcus luteus 2 1
B Bacillus subtih‘; . 2 4
G{-)Bacilli Salmonella Enteritidis 8 4
; Salmonelia Typhimufium 8 o4
Acinetobacter baumannii 8 16/32
Anaerobes G(—)Bacilli Propioniba’cte(ium acnes 16/32 - NT
Bacteroides fragilis 32 1
Fusobacterium nucleatum’ 16/32 " 0.25
Fungi Strain SR-0379 Amphotericin B
Penicillium glabrum 8/16 0.125
Fusarium solani 8 1
Alternaria alternata ; 32 1
Trichophyton mentagrophytes 32 0.125
Trichophyton rubrum ‘ 64 0.125
Candida krusei 32 2
The scores indicate the MICs {(mg/ml) for gram-positive and gram-negative bacteria and fungi. MICs represent the individual data from two independent experiments.
NT: Not tested.
doi:10.1371/journal.pone.0092597.t002
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Table 3. In vitro activities of SR-0379 against seven strains of drug-resistant bacteria.

Bacteria Drug resistance MIC (ng/ml)
Pseudomonas aeruginosa Aminog!ycoside~resistént 16
Carbapenem-resistant 16-64
Fluoroquinolone-resistant 16/64
Staphylococcus aureus Methicillin-sensitive 32
Methicillin-resistant (1) 32
Methicillin-resistant (2) 32
Acinetobacter baumannii Multidrug-resistant ) 16

MICs represent the individual data from two independent experiments.
doi:10.1371/journal.pone.0092597.t003
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Figure 2. Cellular function of SR-0379. A) Effect of SR-0379 on NHDFs proliferation. NHDFs were treated with SR-0379 (1, 3 and 10 pg/ml) or
FGF2 (0.1 pg/ml). N=4 per group. *P<0.05 vs. control. B) The upper panel shows representative pictures of tube formation in a co-culture of HUVECs
and NHDFs (Control, FGF2: 0.2 pg/ml) and SR-0379 (10 pg/ml). The lower panel shows the effects of SR-0379 on tube formation in a co-culture of
HUVECs and NHDFs. N=5 per group. *P<<0.05, **P<0.01 vs. control. C) The upper panel shows representative pictures of the migration induced by
FGF2 (0.1 pg/ml) and SR-0379 (10 pg/ml). The lower panel shows the effects of FGF2 (0.1 pg/mi) and SR-0379 (1 and 10 pg/ml) on migration. N=4
per group. *P<0.05, **P<0.01 vs. control, #P<0.01 vs. SR-0379 (1 pg/ml). D) The upper panel shows representative pictures of the fibroblast-
collagen-matrix contraction assay with FGF2 (0.3 pg/ml) and SR-0379 (1, 3, 10 and 30 pg/mi). The lower panel shows the effects of FGF2 (0.3 pg/ml)
and SR-0379 (1, 3, 10 and 30 pg/ml) on fibroblast-collagen matrix contraction. N=3 per group. *P<<0.05, **P<0.01 vs. control.
doi:10.1371/journal.pone.0092597.g002
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Figure 3. Activation of the PI3 kinase/AKT/mTOR pathway by SR-0379 in NHDFs. A) Effects of SR-0379 on phosphorylated FAK (Tyr397 and
Tyr925) and phosphorylated Akt (Ser473) as determined by Western blot. The cells were treated with SR-0379 (10 pg/ml) for 0, 5, 15 and 30 minutes
or LL-37 (10 pg/ml) for 15 minutes. B) Effects of SR-0379 on phosphorylated FAK (Tyr397 and Tyr925) and phosphorylated Akt (Ser473) as determined
by Western blot. The cells were treated with SR-0379 (0.1, 0.3, 1, 3 and 10 pg/ml) for 30 minutes. C, D) Effects of RGD peptide and wortmannin on the
SR-0379-induced phosphorylation of FAK (Tyr397 and Tyr925) and Akt (Ser473) as determined by Western blot. The cells were preincubated with RGD
peptide (30, 100 and 300 pM, an inhibitor of integrin-ligand interactions) (C) or wortmannin (100 nM) (D) for 30 minutes and were then treated with
SR-0379 (10 pg/ml) for 30 minutes. E) Effects of RGD, wortmannin and rapamycin on the NHDFs proliferation stimulated by SR-0379. The cells were
preincubated with RGD (1000 puM), wortmannin (100 nM) or rapamycin (1 nM) for 2 hours and then were treated with SR-0379 (10 pg/ml). N=3 per
group. **P<0.01 vs. control, ## P<<0.01 vs. SR-0379 (10 pg/ml). F) Effects of Akt knockdown using siRNA on the NHDFs proliferation stimulated by
SR-0379. The cells were pretreated with Akt si RNA or Control si RNA for 24 hours and then were treated with SR-0379 (1, 3 and 10 pg/ml). N=4 per
group. **P<0.01 vs. control si RNA, # P<0.05 vs. SR-0379 (1 pg/ml) treated with control siRNA.

doi:10.1371/journal.pone.0092597.g003

Based on this idea, we developed AG30, an antibacterial compound to achieve 1) more stability upon exposure to serum,
peptide with angiogenic activity. Although our previous study 2) lower cost, 3) wider antibacterial activity and 4) rapid wound
demonstrated that AG30/5C is useful to in the treatment of ulcers healing. The initial analysis using the metabolites of AG30/5C
[8,9], cost and stability are problems for clinical applications. revealed that a  core  sequence of 20 aa
Therefore, in this study, we modified AG30/5C as a lead MLKLIFLHRLKRMRKRLKRK; SR-0007) was endugh to
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