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ABSTRACT

This study evaluated the cytotoxicity and antimicrobial activity of analogs of cationic peptides
against microorganisms associated with endodontic infections. L-929 fibroblasts were exposed to
LL-37,KR-12-a5 and hBD-3-1CY and chlorhexidine (CHX, control), and cell metabolism was evaluated
with MTT. The minimal inhibitory concentration (MIC) and the minimal bactericidal/fungicidal
concentration (MBC/MFC) of the peptides and CHX were determined against oral pathogens antimicrobial peptides; cell
associated with endodontic infections. Enterococcus faecalis and Streptococcus mutans biofilms culture; microbial sensitivity
were cultivated in bovine dentin blocks, exposed to different concentrations of the most efficient tests

antimicrobial peptide and analyzed by confocal laser scanning microscopy. CHX and peptides

affected the metabolism of L-929 at concentrations > 31.25 and 500 ug ml~', respectively. Among

the peptides, KR-12-a5 inhibited growth of both the microorganisms tested with the lowest MIC/

MBC/MFC values. In addition, KR-12-a5 significantly reduced E. faecalis and S. mutans biofilms inside

dentin tubules. In conclusion, KR-12-a5 is a non-cytotoxic agent with potent antimicrobial and anti-

biofilm activity against oral pathogens associated with endodontic infections.
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Introduction are hBD-1, -2 and -3, produced by epithelial cells, includ-

In endodontic therapy the chemical-mechanical prepa- ing oral mucosa. They have immunomodulatory func-

ration does not allow full disinfection of the root canal
system due to complex systems of accessory and lateral
canals and the persistence of some microbial species.
This makes the use of intracanal medication (Bystrom
and Sundqvist 1981; Chavez De Paz et al. 2003) a neces-
sary practice. Gram-negative bacteria, commonly found
in primary infections, are generally eliminated from
root canal systems after chemical-mechanical treatment,
except for some anaerobic bacilli, such as Fusobacterium

tions that modify cell migration and maturation, inducing
cytokines and the release of histamine and prostaglandin
A2 from mast cells (Wiesner and Vilcinskas 2010). The
peptide fragment LL-37 is provided by the action of pro-
teases on human cationic peptide-18 and also produced
by epithelial cells. LL-37 has broad antimicrobial activity
(Vandamme et al. 2012) and exerts immunomodulatory
effects, including the chemotactic effect of neutrophils and
eosinophils (Tjabringa et al. 2006), prostaglandin E2 pro-

species. However, Gram-positive bacteria are commonly
present in these conditions, particularly Streptococcus,
Actinomyces and Enterococcus species, among others
(Iglesias-Linares et al. 2013).

Defensins and cathelicidins are the most common and
important cationic antimicrobial peptides (CAMP) found
in the oral cavity. The most common p-defensins (hBDs)

duction in gingival fibroblasts (Chotjumlong et al. 2013),
attenuation of cytokine production induced by lipopoly-
saccharides (LPS) and the expression of chemokines in
fibroblasts (Jonsson and Nilsson 2012).

Short peptides or analogs of peptides based on original
CAMP have attracted attention because of their poten-
tial low production cost and the possibility of optimizing
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their antimicrobial and immunological properties (Taylor
et al. 2008; Wang 2008; Jacob et al. 2013; Kreling et al.
2016). Taylor et al. (2008) synthesized an analog of hBD-3,
called hBD-3-1CV, with five of the six cysteines changed
to alanines, leaving only the fifth cysteine in its original
position. This peptide analog was equally chemotactic
for monocytes and T cells and maintained the inhibitory
effect against Pseudomonas aeruginosa and Staphylococcus
aureus when compared to the original hBD-3. The analog
of LL-37, KR-12-a5 exhibited potent antimicrobial activ-
ity against important Gram-positive and Gram-negative
bacteria and the highest LPS-binding activity (Jacob
et al. 2013). The objective of this study was to evaluate
the cytotoxicity and antimicrobial activity of analogs of
CAMP against microorganisms associated with endodon-
tic infections.

Materials and methods
Peptide synthesis

The peptides used in this study and their amino acid
sequences were: LL-37 (LLGDFFRKSKEKIGKEFKRIVQ-
RIKDFLRNLVPRTES-NH,) (Ji et al. 2007), KR-12-a5
(KRIVKLILKWLR-NH,) (Jacob etal. 2013) and hBD-3-1CY
(GIINTLQKYYARVRGGRAAVLSALPKEEQIGKA-
STRGRKCARRKK-NH,) (Taylor et al. 2008). All peptides
were synthesized at the Institute of Chemistry, UNESP,
Araraquara, SP, Brazil. Solid phase peptide synthesis was
performed manually (Crusca et al. 2011) using the method
previously described by Merrifield (1963) and Kaiser et al.
(1970), using Fmoc (9-fluorenylmethyloxycarbonyl) pro-
tocols on the Rink-amide resin. The molecular masses
of the peptides were determined using mass spectrom-
etry, with a positive ion-mode electrospray ionization
(ESI) apparatus (Bruker GmbH, Bremen, Germany) and
were in agreement with corresponding calculated values.
Purification of synthesized peptides was performed in a
semi-preparative reverse-phase high performance liquid
chromatography (RP-HPLC) Beckman System Gold on
a reverse phase C18 column (2.1 x 25 cm, Phenomenex,
Torrance, CA, USA). Final purity levels of peptides
reached at least 95% on a Shimadzu chromatography
equipped with an analytical C18 reverse phase column
(0.46 x 25 cm, Kromasil, Bohus, Sweden).

Circular dichroism spectroscopy

Spectra were obtained at wavelengths between 190 and
260 nm using a JASCO J-815 circular dichroism (CD)
spectrophotometer with nitrogen flush in 1 mm path
length quartz cuvettes at room temperature. In order
to investigate the conformational changes, spectra were
recorded in an aqueous and lysophosphatidylcholine
(LPC) 10 mM solution. The peptide concentration was

30 uM. CD spectra were typically recorded as an average
of five scans and the resultant spectra were normalized to
residual molar ellipticity [0].

Preparation of antimicrobial agents

Peptides were weighed with an analytical balance (OHAUS
Corporation, Parsippany, NJ, USA) at a concentration of
4 mg ml™" and dissolved in sterile deionized water, except
for hBD-3-1CV, which was dissolved in 0.045% (v v~!) tri-
fluoroacetic acid (TFA)/H,O. Chlorhexidine digluconate
(CHX) (Sigma-Aldrich, St Louis, MO, USA) was dissolved
in sterile deionized water at 20 mg ml~'. All solutions were
filtered using 0.2 um syringe filters (Kasvi, Curitiba, PR,
Brazil). All subsequent experiments were performed in
triplicate, in three independent assays.

Cytotoxicity assays

Cytotoxicity assays were conducted according to Bedran
etal. (2014). Briefly, L-929 fibroblast cultures were grown
in Dulbecco’s modified Eagle’s medium (DMEM; Gibco,
Grand Island, NY, USA) supplemented with 10% fetal
bovine serum (FBS; Gibco) and 100 IU ml™ of penicil-
lin, 100 pg ml™ of streptomycin and 2 mmol 1! of glu-
tamine (Gibco) in a humidified incubator under 5% CO,
and 95% air at 37°C (Isotemp Fisher Scientific, Pittsburgh,
PA, USA). After the formation of a monolayer, L-929 cul-
tures were submitted to trypsin treatment (TrypLETM
Express, Life Technologies, Carlsbad, CA, USA) for 5 min
at 37°C. Trypsin inhibitor at 0.3 mg ml™ was added to the
cultures and cells were harvested by centrifugation (500 g
for 5 min), suspended in fresh medium and seeded in a
96-well microplate (200 ul well ™!, 7x10° cells ml™"). After
24 h incubation, cells were stimulated with peptides and
the control CHX at 1.95-2,000 ug ml™'. The cell metabo-
lism was assessed by the methyl tetrazolium (MTT) assays
after 24 h exposure (Bedran et al. 2014). The means were
calculated for the groups and transformed into percentage
cell viability in relation to the negative control (DMEM),
which was defined as having 100% cell metabolism.

Antimicrobial activity

Microbial strains and growth conditions

The following standard strains were used: facultative
anaerobic bacteria — Enterococcus faecalis (ATCC 51299),
Streptococcus mutans (ATCC25175) and Actinomyces israelii
(ATCC 12102); strict anaerobic bacteria — Porphyromonas
gingivalis (ATCC 33277) and Fusobacterium nucleatum
(NCTC 11326) and the aerobic yeast Candida albicans
(ATCC 26790), all of those kindly provided by Oswaldo
Cruz Foundation (FIOCRUZ - Rio de Janeiro, Sdo Paulo,



Brazil). Microbial suspensions were prepared from cul-
tures previously grown in brain heart infusion agar (BHIA;
Difco Laboratories, Detroit, MI, USA) for S. mutans, A.
israelii and E. faecalis and incubated at 37°C for 24 h in
a 5% CO, atmosphere (Incubator Ultra Safe, HF212-UV,
Heal Force, Shangai, China). Candida albicans was cul-
tured in Sabouraud dextrose agar (SDA) (Difco) contain-
ing 40 mg ml™!' of chloramphenicol (Sigma-Aldrich) at
37°C under aerobic conditions. P. gingivalis and E nuclea-
tum were grown in blood-agar (Difco) containing BHIA,
5 mg ml™ of hemin, 10 mg ml™' of menadione, yeast extract
powder (YE, Difco) and 5% defibrinated sheep blood at
37°C in an anaerobic chamber (10% H,, 10% CO, and 80%
N,) (Don Whitley Scientific MG500, Shipley, UK). For sub-
sequent microbiological assays, standard optical density
was established for each microorganism: 0.5 for facultative
anaerobic bacteria and E nucleatum (1-5 x 103 CFU ml™1),
0.2 for P. gingivalis (1-5 x 10* CFU ml™) and 0.3 for
Candida albicans (1-5 x 10° CFU ml™!) at 550-600 nm
(Biotek Instruments, Winooski, VT, USA).

Determination of MIC and MBC/MFC concentrations

Minimum inhibitory concentrations (MIC) and mini-
mum bactericidal or fungicidal concentrations (MBC/
MFC) were obtained using the microdilution method
with 96-well microtiter plates, based on the criteria of the
CLSI M27-A3 (2008) for yeast, the CLSI M7-A9 (2012)
for bacteria, and modifications proposed by Mor et al.
(1994). The final concentration of bacterial suspension
inside wells was 1-5 x 10° CFU ml 'for bacteria and
1-5 x 10° CFU ml™! for C. albicans. CHX was used as
positive control and cultures without antimicrobial agents
were used as negative controls. All antimicrobial agents
were serially diluted in sterile deionized water (or TFA/
water for hBD-3-1CV) at concentrations ranging from
1.95 to 4,000 pg ml'. The microplates were incubated at
37°C for 4 and 24 h for all microorganisms, except E nucle-
atum and P. gingivalis, which were incubated for 48 and
72 h, respectively. After incubation with 0.01% resazurin
staining (Sigma-Aldrich) for 4 h, the MIC was defined as
the last blue well (microbial inhibition) on the side of the
first pink well (microbial growth). MBC or MFC were
obtained when the antimicrobial agents killed 100% of the
microbial strains, after plating the content of the blue wells
in BHIA for S. mutans, A. israelii and E. faecalis, SDA for
C. albicans and blood-agar for F. nucleatum and P. gingi-
valis and counting of colonies forming units (CFU ml™).

Biofilm assays

Dentin block preparation and bacterial infection
Biofilm assays for confocal laser scanning microscope
(CLSM) analysis were conducted with E. faecalis and
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S. mutans, testing the peptide with the most efficient
antimicrobial activity (MIC/MBC assays) and CHX.
For this analysis, bovine roots were prepared according
to the method proposed by Ma et al. (2011) with some
modifications. Briefly, bovine roots (n = 3/group) were
sectioned horizontally 1 mm below the cement-enamel
junction to obtain a dentin block with a length of 4 mm.
Root canals were enlarged with Gates Glidden drill#6
(1.5 mm diameter) (Dentsply Sirona, York, PA, USA) at
300 rpm at low speed. Each cylindrical dentin block was
fractured into two semi cylindrical halves. The outer sur-
faces of halves were ground by 600-grit silicon carbide
paper to achieve a standard thickness of 2 mm and then
shaped with a fine carbide bur until reaching the final
size of 3 x 3 x 2 mm. The blocks were cleaned in an ultra-
sonic bath using initially 17% EDTA solution (for 3 min)
and then distilled water (for 5 min). After cleaning, the
blocks were dried, sterilized and inserted in a microtube
with the canal side up. Gaps between the dentin block
and inner wall of tube were sealed by resin composite
(3M ESPE, Maplewood, MN, USA) and light cured for
40 s. Five hundred microliters of E. faecalis or S. mutans
suspension at 10 CFU ml™! in BHI broth were added to
each microtube with dentin blocks inside. The micro-
tubes were sequentially harvested at 1,400, 2,000, 3,600
and 5,600 g, twice each, for 5 min. A fresh suspension of
bacteria was inserted between every centrifugation and
the last solution was discarded.

Dentin blocks were incubated individually in 24-well
plates in BHI broth for seven days, replacing the culture
medium every 48 h. After this period, blocks were washed
twice with sterile saline and transferred, under aseptic
conditions, to a new plate and exposed to KR-12-a5 and
CHX at 250 and 500 pug ml™! for 24 h. After that, dentin
blocks were washed twice again and cut into transverse
slices of 1 mm thickness using a precision cutter and pol-
ished with 1,200 grit sandpaper disks.

Confocal laser scanning microscope (CLSM) analysis

After washing with sterile water, dentin blocks were
stained with 100 pl of fluorescent LIVE/DEAD BacLight
Bacterial Viability stain (L13152, Molecular Probes,
Eugene, OR, USA) containing SYTO9 and propidium
iodide, according to the manufacturer’s instructions.
The excitation/emission wavelengths were 480/500 nm
for SYTO 9 and 490/635 nm for propidium iodide. Two
additional uninfected specimens were stained using the
same protocol as negative controls. The mounted speci-
mens were observed using a 63 x NA1.4 oil immersion
lens. CLSM images were acquired using the software
LAS AF (Leica Microsystems, Buffalo Grove, IL, USA).
The Z stack was obtained from the top until the bottom
of the biofilms. Using a 0.5 pm interval stack between
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each frame, five randomly selected areas of each dentin
specimen were made for each sample. Each 2-D image
was obtained by the max projection of the Z stack. The
3-D image was reconstructed using Image J software
(Rasband, W.S., Image J, US National Institutes of Health,
Bethesda, MD, USA, https://imagej.nih.gov/ij/, 1997-
2016). The ratio of red fluorescence to green-and-red
fluorescence in the 2-D images indicated the proportion
of dead cells for each antimicrobial agent/concentration.
The quantification of biofilm thickness was determined
using 3-D image reconstructions.

Statistical analysis

All results are presented as mean values + standard devi-
ation (SD). Differences between groups were analyzed by
analysis of variance (ANOVA) followed by Tukey’s mul-
tiple comparison test using statistic software SPSS 17.0
(SPSS Inc., Chicago, IL, USA).

Results
HPLC analysis

The relative hydrophobicity of peptides was determined
by the differences in the elution times obtained from
RP-HPLC. In this case, a relationship between hydro-
phobicity and biological activity was not observed.
Regarding the net charges of the peptides, a relation-
ship between absolute positive charge and antimicrobial
activity was also not observed (Table 1). However, a
correlation between the percentage of positive charge
and antimicrobial activity was observed. KR-12-a5
presented 42% positive residues, whilst LL-37 and
hBD-3-1CV presented 29 and 28% positive residues,
respectively.

Circular dichroism spectroscopy (CD spectra)

CD spectra of the peptides were carried out in aqueous
and LPC 10 mM solutions. When in LPC solution, LL-37
and KR-12-a5 exhibited a spectrum attributed mainly to
an a-helix structure (negative peak at 208 and 222 nm
and positive peak near 193 nm) (Figure 1A and B). In
addition, CD analysis of hBD-3-1C"Y in LPC displayed
a spectrum of a disordered structure containing a hel-
ical conformation. These results suggest a relationship

Table 1. Characteristics of the peptides: synthesis and purification.

between the antimicrobial activity and presence of helical
structure (Figure 1C).

Cytotoxicity tests

CHX severely affected L-929 cell metabolism at concen-
trations > 31.25 pg ml™!, while the peptides affected cell
growth at concentrations above 500 pg ml™!. KR-12-a5
and hBD-3-1CV were statistically different when applied
at 125-500 pg ml™ (p < 0.05). However, KR-12-a5 did
not differ from LL-37 for any of the concentrations tested
(Figure 2) (p > 0.05).

MIC and MBC/MFC assays

Among the peptides, KR-12-a5 had the highest bac-
tericidal activity for all exposure times, with the MIC
ranging from 1.95 to 62.5 pg ml™' and the MBC/MFC
from 3.91 to 62.5 ug ml™'. LL-37 showed antimicrobial
action against S. mutans, A. israelii, F. nucleatum and P.
gingivalis (MIC/MBC range: 3.91-1,000 pg ml™), but not
for E. faecalis (MIC/MBC range: 1,000-2,000 pug ml™).
The growth of C. albicans was affected only by KR-12-a5
and CHX, considering the concentrations tested in the
present study (<4,000 pg ml™'). A similar inhibitory
effect was observed for hBD-3-1CV and LL-37 against
S. mutans and A. israelii. Among the peptides, hBD-
3-1CV had the lowest effect against F. nucleatum (MIC/
MBC: 1,000 pg ml™!). However, hBD-3-1CY had higher
effects against P, gingivalis with MIC/MBC of 31.25 and
62.5 pg ml™!, respectively. KR-12-a5 and CHX had sub-
stantial antimicrobial effects at the non-toxic concen-
trations (Table 2).

Biofilm assays

Representative 2-D and 3-D CLSM images of E. faecalis and
S. mutans biofilms on dentin blocks exposed to KR-12-a5
and CHX can be observed in Figures 3 and 4. The analysis
of the proportion of dead cells obtained from 2-D images
showed that KR-12-a5 caused significant effects against E.
faecalis biofilms, similar to that observed with CHX. The
effects increased with the concentration. For S. mutans
there was also an increase in the anti-biofilm activity of
KR-12-a5 and CHX when comparing the concentrations

Peptide Sequence Retention Time (min) Mass (g mol") Net charge % Positive residues

LL-37 LLGDFFRKSKEKIGKEFKRIVQ 17.53 4,492.35 +4 29
RIKDFLRNLVPRTES

KR-12-a5 KRIVKLILKWLR 13.65 1,565.07 +5 42

hBD-3-1C GIINTLQKYYARVRGGRAAVLSAL 12.91 4,999.92 +11 28

PKEEQIGKASTRGRKCARRKK
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Figure 1. Circular dichroism of cationic peptides analogs in different environments. The spectra for LL-37 (A), KR-12-a5 (B) and hBD3-1C"
(C) were measured in aqueous (black lines) or 10 mM LPC solution (red lines) and determined the conformational changes. LL-37 and
KR-12-a5 exhibited a spectrum attributed mainly to an a-helix structure and hBD-3-1C" displayed a spectrum of a disordered structure

containing a helical conformation.
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Figure 2. Effect of different concentrations of cationic peptide analogs on the viability of fibroblasts cells (L-929). The results are expressed
as means + SDs. Means were calculated for the groups and transformed into percentage cell viability in relation to the negative control
(untreated cells), which was defined as having 100% cell metabolism. Different lower letters show statistical differences among the
groups (peptides and CHX), considering each concentration separately, according to ANOVA and Tukey tests.

of 250 and 500 pg ml™!. Regardless of the concentration,
CHX had a significantly higher effect against S. mutans
biofilms inside dentin tubules than KR-12-a5 (Figure 5).
A reduction in the biofilm thickness was observed when

KR-12-a5 and CHX were applied against both bacteria,
with the exception of CHX against S. mutans (Figure 6).
This effect increased when increasing the concentration
from 250 to 500 ug ml~.
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Table 2. The MIC and MBC/MFC values (ug ml~") obtained for the cationic peptide analogs and CHX at different exposure times.

LL-37 KR-12-a5 HBD-3-1CY CHX
4h S. mutans 250 (1,000) 3.91(3.91) 250 (250) 0.03(7.81)
A. israelii 3.91(3.91) 1.95(3.91) 7.81(7.81) 0.48 (0.98)
E. faecalis 1,000 (1,000) 31.25(31.25) 500 (> 4,000) 3.91(15.62)
C. albicans > 4,000 (> 4,000) 15.62 (15.62) > 4,000 (> 4,000) 7.81(7.81)
24h S. mutans 250 (1,000) 3.91(7.81) 250 (250) 0.24 (7.81)
A. israelii 7.81(7.81) 3.91(3.91) 7.81(7.81) 0.98(0.98)
E. faecalis 2,000 (2,000) 62.5 (62.5) 500 (> 4,000) 7.81(15.62)
C. albicans > 4,000 (> 4,000) 15.62 (31.25) > 4,000 7.81(7.81)
48-72h F. nucleatum 250 (250) 7.81(7.81) 1,000 (1,000) 1.95 (1.95)
P. gingivalis 7.81(7.81) 3.91(3.91) 31.25(62.5) 7.81(7.81)

Discussion

The persistence of some microorganisms in the root canal
and periapical tissues after treatment with conventional
endodontic materials has led to the search for new alter-
native products with broad range antimicrobial activity.
LL-37 and hBD-3 are recognized antimicrobial peptides,
but their use is limited by difficulties with chemical syn-
thesis and mammalian cell toxicity (Batoni et al. 2011).
This present study evaluated two analogs of these peptides,
KR-12-a5and hBD-3-1CY, respectively. KR-12-a5 was the
most effective peptide against the selected oral bacteria
and C. albicans. The antimicrobial activity of KR-12 and its
analogs was first tested against B. subtilis, S. epidermidis, S.
aureus (Gram-positive bacteria), E. coli, P. aeruginosa and
S. typhimurium (Gram-negative bacteria). Compared with
the parent peptide LL-37, all these peptides, including
KR-12-a5, showed equal or higher activity in the plank-
tonic condition (Jacob et al. 2013). In addition, KR-12-a5
presented the highest lipopolysaccharide (LPS)-binding
and neutralizing effect, improving its ability to control
bacterial infection (Jacob et al. 2013).

In the present study, it was demonstrated for the first
time that KR-12-a5 was also effective in reducing sev-
en-day preformed biofilms of E. faecalis and S. mutans
into dentin tubules. The original peptide LL-37 and its
fragments have shown their action against preformed bio-
films of P, aeruginosa (Overhage et al. 2008; Nagant et al.
2012) and Acinetobacter baumannii (Feng et al. 2013) and
in preventing biofilm formation by C. albicans, S. aureus
and E. coli (Luo et al. 2017). A recent study showed the
potential of KR-12-a5 and its analogs in inhibiting mul-
tidrug-resistant Pseudomonas aeruginosa biofilm forma-
tion, in concentrations much lower than LL-37 (Kim et
al. 2017). In the present study, KR-12-a5 was less efficient
than CHX in reducing S. mutans biofilms by CLSM. CHX
is a broad-spectrum antimicrobial agent with potent effect
against Gram-positive bacteria, particularly S. mutans
(Jarvinen et al. 1993; Gronroos et al. 1995). Although
CHX has been used as an efficient agent for oral biofilm
control (Zanatta et al. 2007), few studies evaluated the

effects of CHX on biofilms in a dose and time-dependent
manner (Hope and Wilson 2004; Silva et al. 2014). Silva et
al. (2014) showed that the minimal concentration to erad-
icate 18 h- preformed biofilm was 800 ug ml™!. However,
high concentrations of CHX showed in vitro cytotoxicity
(Lessa et al. 2010; Kreling et al. 2016) and over an extended
time may result in local adverse effects on the oral mucosa
(Hepso et al. 1988).

In the current study, hBD-3-1CV presented antimicro-
bial activity against most of the bacteria tested. This hBD-3
analog caused a similar effect on S. mutans and A. israelii,
but a lower effect against E nucleatum and P. gingivalis
when compared with LL-37 and KR-12-a5. The findings
corroborated the results obtained by Ouhara et al. (2005)
for the original hBD-3, except for E nucleatum. Those
authors demonstrated excellent antimicrobial action for
both hBD-3 and LL-37 against several oral pathogens,
such as A. actinomycetemcomitans, P. gingivalis, P. inter-
media, E nucleatum, S. mutans, S. sobrinus, S. salivarius,
S. sanguinis, S. mitis and L. casei. The antimicrobial effect
of two peptide fragments of hBD-3 mouse orthologue
(D6-17 and D1-23) was recently tested against oral path-
ogens. In comparison with LL-37, peptide fragments have
demonstrated a superior effect against Streptococcus spp.
and a lower effect on Lactobacillus and Actinomyces spe-
cies (Kreling et al. 2016). Recombinant hBD-3 synthetic
peptides (rhBD-3) were effective against S. aureus and
some pathogenic microorganisms also found in endodon-
tic infections, such as S. mutans, A. naeslundii, E. faecalis,
C. albicans and F. nucleatum (Song et al. 2009). In this
present study, E. faecalis showed more resistance to hBD-
3-1CV. Anti-C. albicans activity was not found for hBD-
3-1CY, differently from the original peptide hBD-3 (Won
etal. 2011). The lower antimicrobial effect of hBD-3-1-CY
in comparison to original hBD-3 could be related to a
reduction in its hydrophobicity as a result of the replace-
ment of cysteines by alanines (Kliiver et al. 2005). Taylor
et al. (2008) developed the only study that evaluated the
antimicrobial activity of hBD-3-1CV and they found a
higher inhibitory effect against P. aeruginosa and S. aureus.
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Figure 3. Representative 2-D CLSM images of E. faecalis and S. mutans biofilms on dentin blocks exposed to different concentrations of

KR-12-a5 and CHX.

In order to evaluate the effects of the structure on the
biological activity of peptides, the conformations adopted
by the peptides were analyzed using CD spectra (Figure
1A, Band C). LL-37 and KR-12-a5, as observed in previous

studies (Johansson et al. 1998, 2013), showed a predom-
inantly disordered structure in aqueous solution. In LPC
solution, both peptides exhibited a spectrum attributed
mainly to an a-helix structure (negative peak at 208 and
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Figure 4. Representative 3-D CLSM images of E. faecalis and S. mutans biofilms on dentin blocks exposed to different concentrations of

KR-12-a5 and CHX.

222 nm and positive peak near 193 nm). In addition, CD
analysis of hBD-3-1C in LPC displayed an o spectrum of
a disordered structure containing a helical conformation.
These data show that hBD-3-1CV, which does not pres-
ent the three hBD-3 characteristic disulfide bonds, prob-
ably lost part of its secondary content, with anti-parallel
B-sheets and a helical segment (Schibli et al. 2002; Taylor et
al. 2008). In this study, the antimicrobial activities of LL-37

and KR-12-a5 were higher than those of hBD-3-1CV, sug-
gesting a relationship between the antimicrobial activity
and the presence of a helical structure. This relationship
was also observed in the study of Wang et al. (2017), which
reported high a-helical content for the GH12, synthetic
cationic peptide with potent inhibiting and killing activity
against cariogenic bacteria, with MICs of 4.0-8.0 ug ml™*
and MBCs of 8.0-32.0 pg ml™!. Amphipathic a-helical
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Figure 5. Proportion of dead cells obtained after 2-D CLSM analysis of E. faecalis and S. mutans biofilms on dentin blocks after exposure

to different concentrations of KR-12-a5 and -CHX. The results are expressed as means =+ SDs.
*Statistical difference between the groups, considering each bacterial species separately, according to ANOVA/Tukey tests (p < 0.05).
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Figure 6. Biofilm thickness (in um) obtained after 3-D CLSM analysis of E. faecalis and S. mutans biofilm on dentin blocks after exposure

to different concentrations of KR-12-a5 and CHX. The results are expressed as means + SDs.
*Statistical difference between the groups, considering each bacterial species separately, according to ANOVA/Tukey tests (p < 0.05).

peptides appear to require two features to be effective
antimicrobial agents: net positive charge, which attracts
them to the anionic microbial surface and the ability to
assume an amphipathic structure, which favors penetra-
tion through microbial membranes (Brogden 2005).

The relative hydrophobicity of these peptides was deter-
mined by the differences in the elution times obtained
from RP-HPLC. Most natural CAMPs have a net positive
charge ranging from +4 to +6 and a 40-60% content of
hydrophobic residues (Giangaspero et al. 2001). The struc-
tural parameters of KR-12-a5 are within the optimal ranges

(net charge:+5 and positive residues: 42%), suggesting a
relationship between peptide net charge and hydrophobic-
ity and biological activity (Table 1). Although Jacob et al.
(2013) observed no linear correlation between the positive
charge of short KR-12 analogs and antimicrobial activity, a
delicate balance between hydrophobicity and charge of the
peptides was notable for optimal activity. Furthermore,
Rosenfeld et al. (2010) reported that an increase in the
ratio between hydrophobicity and the charge of peptides
could improve both antimicrobial and LPS neutraliza-
tion effects. In this context it is interesting to note that
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KR-12-a5 was designed to increase its hydrophobic angle
when compared to the original KR-12 (Jacob et al. 2013).
This study proposed that both structure (helicity) and rel-
ative positive charge are essential for the increase in the
antimicrobial activity.

The toxicity of peptides on host cells at therapeutic
concentrations may be a limitation for peptide use for
therapeutic purposes. Studies have shown that LL-37 was
toxic to human peripheral blood leukocytes and T-cell
line (Johansson et al. 1998) at concentrations > 13 uM
(58 ug ml!) and to epithelial cells above 20 uM
(90 pg ml™") (Kreling et al. 2016). hBD-3 showed tox-
icity against dendritic cells and keratinocytes at a range
of 18.2-35.9 pg ml™ (80-160 ug ml™!) (Leelakanok et
al. 2015). Kliver et al. (2005) investigated hBD-3 ana-
logs with differences in the location of disulfide bonds,
sequence length, net charge and hydrophobicity. Those
authors demonstrated that the substitution of cysteines
by alanines caused a reduction in the overall hydropho-
bicity, making hBD-3 analogs less cytotoxic to THP-
cells, a cell monocyte line, in comparison to the original
ones. In the present study, all peptides severely affected
the metabolism of fibroblast cells (L-929) at concentra-
tions > 500 pug ml~!. The cytotoxicity of KR-12-a5 was
statistically similar to LL-37, but it showed more toxicity
than hBD-3-1CY between 125 and 500 pug ml. Jacob et al.
(2013) showed that KR-12-a5 was toxic to macrophages at
concentrations above 12.5 pM (~ 20 pg ml™'). Compared
with the other KR-12 analogs, KR-12-a5 had the highest
hydrophobicity, which probably increased its cell toxicity
(Jacob et al. 2013). In the present study, all peptides were
less cytotoxic than CHX, considering the concentrations
tested.

The cationic property of CAMPs is important for
antimicrobial activity and could help to explain their
low toxicity. The cell membrane of bacteria has a
high concentration of acidic phospholipids, such as
phosphatidylglycerol and cardiolipin, and its surface
contains anionic molecules, such as lipopolysaccha-
rides (Gram-negative bacteria), teichoic acids and
lipoteichoic acids (Gram-positive bacteria). As such,
the membranes of bacterial cells are more negatively
charged than those of mammalian cells, being com-
posed of zwitterionic phosphatidylcholine and sphin-
gomyeli (Matsuzaki 2009).

In conclusion, KR-12-a5 is a non-cytotoxic agent with
potent antimicrobial and anti-biofilm activities against
oral pathogens associated with endodontic infections.
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