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Abstract

of inflammation-related diseases.

Although several explications of anti-inflammatory therapeutic substances for treating inflammatory-related diseases
have been broadly discussed within the last few decades, peptide-based compounds display the potential to be
novel inflammation treatment agents. Here, we evaluated the anti-inflammatory activity and other inflammation-
associated activities, including anti-oxidative stress and anti-apoptosis properties, of the cationic peptides KT2 and
RT2. Nitric oxide (NO) and other inflammatory markers were evaluated in lipopolysaccharide (LPS)-stimulated RAW
264.7 cells co-incubated with peptides. The levels of interrelated gene and protein expressions were quantified.
Peptides formed complexes with LPS and displayed anti-inflammatory properties by reducing NO and pro-inflam-
matory cytokine production in inflamed RAW 264.7 cells. These peptides also exhibit a strong suppressive effect on
mMRNA expression levels of inducible nitric oxide synthase, tumor necrosis factor-a, signal transducer and activator of
transcription 1, c-Jun N-terminal protein kinase (JNK)-1, nuclear factor kappa B (NF-kB), and p38 mitogen-activated
protein kinase (MAPK), which affects the decay of phosphorylated JNK-1, p38 MAPK, and NF-kB p65 protein expres-
sion. Both peptides induce up-regulation of anti-inflammatory mRNA and protein expression levels of extracellular
signal-regulated kinase and mRNA expression levels of MAPK phosphatase-1. Also, the production of reactive oxygen
species was observed to be markedly reduced. Furthermore, peptides exhibited an anti-apoptotic property. To our
knowledge, this is the first report of the multi-functional peptides KT2 and RT2 exerting broad biological activity
related to anti-inflammatory effects. These peptides have potential for delivering a medical method for the handling
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Introduction

Bacterial infections are one of the main reasons for acute
and chronic inflammation. In light of this knowledge,
the endotoxin lipopolysaccharide (LPS), a constituent of
Gram-negative bacterial outer membranes, acts as a key
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positive stimulator of macrophages, a type of inflamma-
tory-response immune cell, resulting the activation of
Toll-like receptor 4 signaling cascading through a pro-
tein adaptor, the LPS-binding protein [1]. The resulting
inflammatory process leads to up-regulated of produc-
tion of pro-inflammatory cytokines and inflammatory
signaling molecules on immune cells [2, 3] via pathway
activation for nuclear factor-kappa B (NF-kB) and activa-
tor protein-1 (AP-1) [4]. Uncontrolled inflammation can
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promote the progress of various diseases and organ dis-
orders [5-9].

Moreover, a connection between inflammation and
oxidative stress has been proved. Immoderate reactive
oxygen species (ROS) generation is the key marker of
oxidative stress occurrence. Verification indicates that
this molecule is presented in various chronic inflamma-
tory diseases [10]. Furthermore, the reactive species can
react with the ring structure of guanine in DNA, yield-
ing chemical modification of the bases, together with
a breakdown of the DNA strand, which leads to cell
apoptosis [11]. In parallel, excessive oxidative stress and
inflammation are documented to be involved in carcino-
genesis disorders, leading to the formation of cancers
[12]. Hence, the inhibition of the inflammation process
might be an effective way to reduce cell damage from oxi-
dative stress, the apoptosis process, and cancer develop-
ment as well (Additional file 1: Fig. S1).

Recent investigation proved that cationic antimicrobial
peptides exhibit an anti-inflammatory property and sup-
press the inflammation initiated by bacteria [13]. Never-
theless, very few pieces of evidence have demonstrated
a peptide associated with other inflammation-related
activities and broad biological activities. Previously, KT2
and RT2, modified cationic Leucrocin I peptides, have
been shown to exhibit broad antimicrobial activity [14,
15]. Furthermore, these peptides possess anti-cancer
properties [16, 17]. However, their anti-inflammatory and
other related properties are completely unknown. Thus,
this research targeted their inflammatory prevention
behavior and related mechanisms induced by these cati-
onic peptides. The collective results reveal that KT2 and
RT2 can act as truly multi-functional peptides, and that
they possess antimicrobial, anti-inflammation, anti-oxi-
dative stress, anti-apoptosis, and anti-cancer activities.
The features discovered in this study may make KT2 and
RT?2 appealing for use as candidates for treating bacterial
infection and other inflammation-associated diseases.

Materials and methods

Reagents and peptides

Antibiotic/antimycotic (penicillin/streptomycin/ampho-
tericin B), fetal bovine serum, RPMI 1640 medium and
trypsin-EDTA were obtained from Gibco (MA, USA).
3-(4,5-Diamethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (MTT) was received from Eugene (OR,
USA). Dimethyl sulfoxide and LPS from Escherichia coli
O111: B4 were provided from Sigma-Aldrich (Steinheim,
Germany). TRIzol® reagent was received from Thermo
Fisher Scientific (MA, USA). KT2 and RT2 peptides were
obtained from Anunthawan et al. [14]. Other reagents
were purchased at the highest quality available.
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Cell culture

A murine macrophage cell line (RAW 264.7) was
obtained from the American Type Culture Collec-
tion (VA, USA). It was seeded in RPMI 1640 complete
medium containing 100 pg/ml of antibiotic/antimycotic
and was allowed to incubate at 37 °C in a 5% CO, humid-
ified atmosphere incubator.

Cell viability

A 96-well plate of RAW 264.7 cells 1 x 10* cells/well was
incubated overnight (approximately 80% confluence).
Consequently, cells were incubated with KT2 and RT2
(2-500 pg/ml) for 24 h. The cells’ viability was assessed
using the MTT assay as reported by Maijaroen et al. [17]
with modifications. In brief, an aliquot of 10 pl of 0.5 mg/
ml MTT solution was pipetted to each well and incu-
bated for 30 min at 37 °C. After that, the solution was
removed. Dimethyl sulfoxide was used to suspend the
formazan product. Then, the absorbance at 550 nm was
evaluated. As a result, the viability of non-treated cells
or cells treated with 100 ng/ml LPS was calculated to be
100%.

Evaluation of nitric oxide

The inflammation of RAW 264.7 cells was inducted using
100 ng/ml LPS. Concisely, the inflamed cells were further
treated with or without peptides (5-30 pg/ml) co-incu-
bated for 24 h at 37 °C. Then, 100 pl of Griess reagent was
mixed thoroughly with 100 pl of culture medium. The
mixing solution was incubated for 10 min at room tem-
perature. After that, the determination of absorbance at
540 nm was carried out employing a microplate reader
(BioRad, Model 680, CA, USA).

Molecular docking of LPS-bound peptides

The molecular docking of KT2 and RT2 bound to LPS
was performed using GOLD Suite 5.5 (Cambridge, UK)
[18]. The peptide was constructed in the PEP-FOLD
Peptide Structure Prediction Server (http://bioserv.rpbs.
univ-paris-diderot.fr/services/PEP-FOLD/), and the
modification of C-terminal carboxylic group to amino
group was carried out using Discovery Studio 2017 R2
Client (Dassault Systéemes BIOVIA, BIOVIA Workbook,
Release 2017) [19]. The Protein Databank was used to
receive the LPS structure (ID: 1QFG), which was set a
receptor. The automated molecular docking was per-
formed by setting the binding site with a radius of 20 A
from the H2 atom of the glucosamine II in lipid A and
the backbone of the peptide was fixed to rigid, whereas
the side chains of the peptide were flexible [20]. The
GOLD score was used as the scoring function with 1000
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GA, and all other parameters were defaults. The possible
interaction between peptide and LPS was obtained from
the complex with the highest score.

Determination of pro-inflammatory cytokine production
levels in LPS-induced RAW 264.7 cells

The Biotrak" ELISA kit (GE Healthcare, IL, USA)
was used to quantify the concentration of secreted
interleukin-1p (IL-1p), IL-6, and tumor necrosis factor-o
(TNF-a) according to the manufacturer’s protocol [21].
Briefly, cell culture supernatants were added to 96-well
plates that were first coated with a capture antibody
against each respective cytokine. After the detection anti-
body was added, avidin-horseradish peroxidase and TMB
substrate solution were sequentially added and incu-
bated for 30 min each. Then, the reaction was stopped by
the addition of 100 pl stop solution. The reaction plates
were read at absorbances of 450 nm and 570 nm using
a microplate spectrophotometer. The unknown cytokine
concentration was calculated using each corresponding
cytokine standard curve.

Extraction of total RNA and cDNA synthesis

RAW 264.7 cells (3 x 10° cells/well) in a 12-well plate
were cultivated overnight (approximately 80% conflu-
ence). Afterward, LPS at a concentration of 100 ng/
ml was co-incubated with or without peptides (5, 15,
and 30 pg/ml KT2 or RT2) for 12 h. Cells were washed
twice with phosphate-buffered saline (PBS, pH 7.4) and
mechanically harvested by scraping. TRIzol® reagent
(Invitrogen, CA, USA) was used for RNA extraction, and
prior cDNA synthesis was conducted with a RevertAid
First Strand ¢cDNA Synthesis Kit (Thermo Fisher Scien-
tific, MA, USA) as specified by manufacturer’s protocol,
before the reagent was applied to the cDNA template for
real-time PCR amplification.

Gene expression quantification

Real-time PCR was done according to the manufacturer’s
protocol using an Applied Biosystems 7300 Real-time
PCR System (Applied Biosystems, MA, USA). Briefly,
10 ul of PCR reaction mixture was mixed thoroughly with
10 ng of cDNA template, 5 uM gene-specific forward and
reverse primers (Additional file 1: Table S1), and 5 pl of
Power SYBR® Green PCR Master Mix (Applied Biosys-
tems, MA, USA). Then, the PCR product was gener-
ated using a standard protocol: 95 °C for 5 min, then 35
amplification cycles of 95 °C for 45 s each, 30 s at each
annealing temperature, and 72 °C for 30 s. After comple-
tion, a melting curve was recorded by cooling to 37 °C for
5 min. The expression levels of PCR products were nor-
malized using glyceraldehyde 3-phosphate dehydroge-
nase as a control. The gene expression levels of untreated
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cells [peptide(—)/LPS(—)] was used as a negative control.
The relative changes in gene expression were calculated
according to Livak and Schmittgen [22].

Western blot analysis

The RAW 264.7 cells seeded at 3 x 10° cells/well in a
12-well plate were prepared for attachment (approxi-
mately 80% confluence). Then, 100 ng/ml of LPS co-incu-
bation with and without peptides (5, 15, and 30 pg/ml
KT2 or RT2) was performed. Cells were harvested after
12 h of incubation. Harvested cells were washed with
PBS (pH 7.4) and lysed using radioimmuno-precipitation
assay buffer. Twenty micrograms of protein samples were
separated by 10% sodium dodecyl sulfate—polyacryla-
mide gel electrophoresis. The separated proteins were
blotted onto a polyvinylidene fluoride membrane (What-
man, Dassel, Germany). Nonspecific binding proteins
were blocked by incubation of membranes in 5% skim
milk for 1 h at room temperature. Then, membranes were
treated with primary antibodies against phospho-p44/42
mitogen-activated protein kinase (MAPK) (Erk1/2), total
p44/42 MAPK (Erkl/Erk2), and phospho-p38 MAPK
(dilution 1:2000, 1:2000, and 1:2000, respectively; Cell
Signaling Technology, MA, USA); total p38 MAPK and
NF-xB p65 (1:2000 and 1:1000, respectively; Abcam,
Shanghai, China); and phospho-c-Jun N-terminal pro-
tein kinase (JNK) and total JNK (1:500 and 1:200, respec-
tively; BioLegend, CA, USA) at 4 °C overnight with slow
shaking. Mouse anti-human p-actin was used as a control
(1:10,000; Sigma-Aldrich; MO, USA). Then, the mem-
branes were treated with secondary antibodies, includ-
ing rabbit anti-mouse (1:3000) and mouse anti-mouse
(1:20,000; both from Thermo Fisher Scientific, MA, USA)
at room temperature for 2 h. The membranes were incu-
bated in enhanced chemiluminescence reagent (Sigma-
Aldrich; MO, USA). The apparent density of the bands
on membranes was captured by an ImageQuant” Imager
(GE Healthcare, IL, USA).

Measurement of apoptotic cells

Apoptotic cell measurement was achieved using flow
cytometry [17]. In brief, the treated inflamed cells (in
12-well plate) after 24 h incubation were harvested and
re-suspended to a final density of 1x 10° cells/ml in
200 pl of binding buffer and further stained by mixing
with 5 pl of fluorescein isothiocyanate (FITC) conjugated
annexin V and 10 ul of propidium iodide (PI) for 15 min
at room temperature. At least 10,000 cells were injected
to a flow cytometer (BD FACSCanto'" II, BD Biosciences,
CA, USA) within 1 h after staining. The stained cells
were divided into four populations after identification:
Annexin V-FITC(—)/PI(—), Annexin V-FITC(+)/PI(—),
Annexin V-FITC(+)/PI(+), and Annexin V-FITC(-)/
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PI(+), which were considered as living cells, early apop-
totic cells, late apoptotic cells, and dead cells, respectively.
The percentages of each population and total apoptosis
was calculated according to Egs. 1 and 2, respectively.

N
P22 % 100 (1)
total

Population =

Total apoptosis = Population,,,, + Population,,,

(2)
where N, and Ny, are the number of cells from each
individual population and the total population, respec-
tively, and Population,,, and Population,, are the per-
centages of the populations of the early apoptotic phase

and late apoptosis phase, respectively.

early

Intracellular ROS levels assessment

The probe 2/, 7’-dichlorodihydrofluorescein diacetate
(H,DCFDA) was used to evaluate intracellular ROS lev-
els. The evaluation was performed as stated by Hernén-
dez-Ledesma et al. [12] with modifications. Briefly, the
treated inflamed cells (in 12-well plates) at 24 h were har-
vested and suspended in PBS (pH 7.4). Ten micromolar
H,DCFDA was mixed thoroughly with suspended cells
and incubated in the dark for 30 min (37 °C) before ROS
levels were measured with a flow cytometer (BD FACS-
Canto'" II, BD Biosciences, CA, USA).

Statistical analysis

All results were analyzed from the averaged data of trip-
licate experiments, and the data are expressed as the
mean + standard deviation (SD). Statistical significance
was evaluated with analysis of variance (ANOVA) fol-
lowed by the Duncan test using SPSS 16.0 (SPSS Inc., IL,
USA). A p value of<0.05 was considered statistically sig-
nificant and shown with different lowercase letters on the
top of each bar in the figures.

Results

Cell viability

KT2 and RT2 did not influence cell viability at a concen-
tration up to 62.5 and 250 pug/ml, respectively. However,
KT2 and RT2 reduced RAW 264.7 cell survival to 72 and
79% at concentrations of 125 and 500 pg/ml, respectively
(Additional file 1: Fig. S2). In addition, KT2 and RT2 at
a concentration ranging between 5 and 30 pg/ml did not
have negative effects on LPS-stimulated RAW 264.7 cells
Additional file 1: Fig. S3).

Effect of peptides on nitric oxide production in inflamed
RAW 264.7 cells

Generation of nitric oxide (NO) was considerably up-
regulated in the LPS-treated group, compared with the
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Fig. 1 Nitric oxide (NO) generation from tested macrophages
RAW 264.7 with KT2 (@) and RT2 (b). The 100% NO production was
calculated from lipopolysaccharide (LPS)-treated cells and used as a
reference. Bars depict the mean and standard deviations. Different
lowercase letters on the top of individual bars indicate statistically
significant differences (p <0.05)

non-stimulated cells (Fig. 1). Despite that, inflamed RAW
264.7 cells treated with KT2 and RT2 (at concentra-
tions ranging from 15 pug/ml of KT2 and 5 pg/ml of RT2)
exhibited meaningful declines in the triggering of NO
production. Residual NO production ranging between
97.5 and 53.5% (Fig. 1a) and 87.2 and 33.5% (Fig. 1b) was
obtained after treatment with different concentrations
(5-30 pg/ml) of KT2 and RT2, respectively.

Structural modeling of the peptides and LPS complex

To obtain further information on peptide-LPS interac-
tions, in silico model structure predictions were performed.
KT2-LPS and RT2-LPS complexes are shown as Fig. 2a, b,
respectively. First, 11 interactions of the KT2-LPS complex
were detected between critical amino acid residues and LPS
(Additional file 1: Table S2). In detail, Asnl used its amino
group to form an electrostatic interaction with 3-deoxy-a-
D-manno-octulosonic acid (KDO) at the inner core of LPS.
Furthermore, Trp10 bound to a fatty acid of lipid A of LPS
via hydrophobic interaction. Meanwhile, the side chains of
all critical amino acid residues, including Asnl, GIn4, Lys6,
Trpl10, Lysl1l, Trpl3, and Lys14, form 9 hydrogen bonds
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interaction with LPS is shown as a stick

Fig. 2 Complex structure of lipopolysaccharide (LPS)-bound KT2 (a) and RT2 (b). Each critical amino acid residue of KT2 (c) and RT2 (d) for

with LPS (Fig. 2¢, and Additional file 1: Table S2). The
model structure of RT2-LPS also demonstrated the inter-
action of the side chains of 7 critical amino acid residues,
including Asnl, Val3, GIn4, Lys6, Trp9, Trpl3, and Argl4
residues bound to LPS, resulting in 1 electrostatic interac-
tion between Trp9 and KDO of LPS (Pi-anion interaction)
and 12 hydrogen bonds (other critical amino acid residues)
(Fig. 2d, Additional file 1: Table S2).

Effect of peptides on pro-inflammatory cytokine
production levels in inflamed RAW 264.7 cells

The inflammatory markers, IL-1p, IL-6, and TNF-a,
secreted from RAW 264.7 cells were produced significantly
after activation with LPS (Fig. 3). The results show that KT2
could inhibit IL-1f at a concentration of 5 pg/ml, with no
significant difference in cells treated with 15 pg/ml KT2.
Regardless, when the peptide’s concentration was increased
to 30 pg/ml, the IL-1p production was markedly reduced to
18.8% (Fig. 3a). However, RT2 at a concentration of 5 pg/
ml could not substantially inhibit IL-1B production, while
15 and 30 pg/ml of RT2 co-incubation could decrease the
generation of IL-1B to 68 and 15%, respectively (Fig. 3b).
Meanwhile, the generation of IL-6 in inflamed RAW 264.7

cells was reduced to 92.8, 68.8, and 58.8% and 66.8, 27.3,
and 11% after treatment with KT2 and RT2 at concentra-
tions of 5, 15, and 30 pg/ml, respectively (Fig. 3c, d). Fur-
thermore, TNF-a generation was also inhibited in inflamed
RAW 264.7 cells. In cells treated with 30 pug/ml of KT2
or RT2, TNF-a production decreased to 24.2 and 28.9%,
respectively (Fig. 3e, f).

Effect of peptides on inhibition of iNOS, TNF-a, STAT1,
JNK-1, NF-kB, and p38 MAPK expression

Activation of macrophages with LPS caused a strong
increase in mRNA expression levels of inducible nitric
oxide synthase (iNOS), TNF-a, signal transducer and
activator of transcription 1 (STAT1), JNK-1, NF-«B, and
p38 MAPK (Fig. 4). A dose-related decrease in iNOS and
TNF-a mRNA expression was noted in cells treated with
KT2 and RT?2 (Fig. 4a, b). The mRNA expression levels of
iNOS in cells treated with 5, 15, and 30 pg/ml were 2.7-,
1.6-, and 1.2-fold (KT2 peptide treatment; Fig. 4a) and 2.7-,
1.5-, and 1.4-fold (RT2 peptide treatment; Fig. 4a), respec-
tively, while LPS-stimulated cells produce iNOS mRNA
at 4.0-fold compared with untreated cells. In addition,
TNF-a mRNA expression levels in cells incubated with 5,
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15, and 30 pg/ml KT2 and RT2 were 1.7-, 1.5-, and 1.1-fold
(Fig. 4b) and 1.7-, 1.6-, and 1.4-fold (Fig. 4b), respectively,
while LPS-stimulated cells produced TNF-a« mRNA at 3.1-
fold compared with untreated cells (Fig. 4b). In parallel,
KT2 and RT2 could also inhibit inflammatory transcrip-
tion factors (STAT1 and NF-kB), JNK-1, and p38 MAPK
mRNA expression levels. With regard to STAT1, JNK-1,
NF-«B, and p38 MAPK, the treatment of KT2 and RT2
could at least preserve the mRNA expression at 1.4- and
1.3-fold (Fig. 4c), 1.8- and fourfold (Fig. 4d), 1.3- and 1.3-
fold (Fig. 4e), and 1.2- and 2.8-fold (Fig. 4f), respectively.
Western blot analysis confirmed that peptides could reduce
inflammatory protein expressions (Fig. 5). The results

demonstrate that peptides reduce phosphorylation of JNK
(Fig. 5a, b), p38 MAPK (Fig. 5a, c), and NF-kB p65 (Fig. 5a,
d) in a dose-dependent manner.

Effect of peptides on up-regulation of ERK and MKP-1
expression

LPS-stimulated macrophages treated with co-incubation
of KT2 and RT2 resulted in a strong increase of mRNA
expression levels of extracellular signal-regulated kinase
(ERK) compared with the mRNA expression of LPS-
stimulated cells (Fig. 6a, b). In detail, ERK mRNA expres-
sion levels in cells treated with 5, 15, and 30 pg/ml of KT2
increased 1.0-, 1.5-, and 5.1-fold, respectively, compared
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with untreated RAW 264.7 cells (Fig. 6a). The high- also up-regulated up to 1.8- and 2.3-fold at a peptide con-
est ERK mRNA expression level was up-regulated up to  centration of 30 pg/ml, while MKP-1 mRNA expression
1.7-fold after treatment with 30 pug/ml of RT2 (Fig. 6b).  in LPS-stimulated cells was lower than that in untreated
This result correlated with protein expression (Fig. 5a, €).  cells by 0.7-fold (Fig. 6c, d).

A strong increase of phosphorylated ERK was detected

by western blotting analysis (Fig. 5a, e). Furthermore,

MAPK phosphatase-1 (MKP-1) mRNA expression levels

in LPS-stimulated cells treated with KT2 and RT2 were
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ratio of phosphorylated c-Jun N-terminal protein kinase (JNK)/total JNK (b), phosphorylated p38 mitogen-activated protein kinase (MAPK)/total p38
MAPK (c), phosphorylated nuclear factor kappa B (NF-kB) p65/total NF-kB p65 (d), and phosphorylated extracellular signal-regulated kinase (ERK)/
total ERK (e) from tested macrophages RAW 264.7. Bars depict the mean and standard deviations. Different lowercase letters on the top of individual
bars indicate statistically significant differences (p <0.05)
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Intracellular ROS generation

The fluorescent dye H,DCFDA was employed to assess
ROS levels in tested cells. As demonstrated in Fig. 7,
inflamed RAW 264.7 cells generated the highest amount
of intracellular ROS, which results in increased fluo-
rescence intensity. The result demonstrates that LPS-
induced cells produced the highest ROS level by 3.4-fold
over the untreated cells (Fig. 7a, b). Meanwhile, the intra-
cellular ROS production levels in all peptide treatment
groups were considerably decreased as compared with
the LPS treatment group (Fig. 7a, b). Among tested pep-
tides, KT2 at a concentration of 15 pug/ml could reduce
ROS in LPS-stimulated cells by 4.2-fold (Fig. 7a). In addi-
tion, RT2 at the same concentration (15 pg/ml) could
reduce ROS levels by 4.8-fold (Fig. 7b).

Apoptosis analysis

Flow cytometry using a double-staining assay revealed
the anti-apoptosis activity of the peptides against
inflamed RAW 264.7 cells (Figs. 8 and 9). In detail, the
results demonstrated that LPS markedly increased RAW
264.7 cell apoptosis to 2.6+£0.5% (early apoptosis) and
19.4£2.2% (total apoptosis) (Figs. 8b, f and 9b, f). How-
ever, when inflamed cells were incubated with KT2 and
RT2, they markedly reduced RAW 264.7 cell apopto-
sis. The early and total apoptotic cells constituted up to
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Fig. 7 Effect of peptides KT2 (a) and RT2 (b) on intracellular reactive
oxygen species (ROS) generation. ROS production from tested
macrophages RAW 264.7 is stated as the fluorescence intensity.
Bars depict the mean and standard deviations. Different lowercase
letters on the top of individual bars indicate statistically significant
differences (p <0.05)
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Fig. 8 Anti-apoptosis activity of KT2. Apoptotic cells of tested
macrophages RAW 264.7 were assigned by Annexin V-FITC/
propidium iodide (Pl) staining and investigated by flow cytometry.
Profiles of Annexin V-FITC/PI staining of untreated cells (a), inflamed
cells (b), inflamed cells treated with 5 ug/ml of KT2 (c), inflamed
cells treated with 15 pug/ml of KT2 (d), and inflamed cells treated
with 30 ug/ml of KT2 (e) are shown. Representative percentages of
apoptotic cells, where the population of cells stained by Annexin
V-FITC(+)/PI(—=) and Annexin V-FITC(4)/PI(4) were indicated as early
and late apoptosis, respectively. Total apoptosis is indicated as the
sum of percentages of early and late apoptosis (f). Bars depict the
mean and standard deviations. Different lowercase letters on the top
of individual bars indicate statistically significant differences (p <0.05)

2.3£0.15% and 2.7 £0.26% (30 ug/ml of KT2; Fig. 8e, f)
and 1.2£0.49% and 1.7 +£0.55% (30 pg/ml of RT2; Fig. 9e,
f), respectively.
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Fig. 9 Anti-apoptosis activity of RT2. Apoptotic cells of tested
macrophages RAW 264.7 were assigned by Annexin V-FITC/
propidium iodide (PI) staining and investigated by flow cytometry.
Profiles of Annexin V-FITC/PI staining of untreated cells (a), inflamed
cells (b), inflamed cells treated with 5 ug/ml of RT2 (c), inflamed cells
treated with 15 of ug/ml RT2 (d), and inflamed cells treated with
30 ug/ml RT2 (e) are shown. Representative percentages of apoptotic
cells, where the population of cells stained by Annexin V-FITC(+)/
PI(—) and Annexin V-FITC(+)/PI(+) are indicated as early and late
apoptosis, respectively. Total apoptosis is indicated as the sum of
percentages of early and late apoptosis (). Bars depict the mean
and standard deviations. Different lowercase letters on the top of
individual bars indicate statistically significant differences (p < 0.05)

Discussion

Previously, the cationic peptides KT2 and RT2 have
displayed broad antibacterial and anti-cancer activ-
ity [14-17]. Other studies indicated that some cati-
onic peptides not only exhibit antimicrobial action but
also suppress the inflammation initiated by bacteria
[23-25]. This might result from the positively charged
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peptides interacting with LPS and blocking LPS-bind-
ing protein [26]. However, other anti-inflammatory
mechanisms have also been proposed, which usually
implicate the alteration of gene and protein expression
levels [27-29]. The primary results of this study dem-
onstrated that KT2 and RT2 could suppress production
levels of NO (Fig. 1) and other inflammatory mark-
ers, including IL-1p, TNF-a, and IL-6, secreted from
inflamed RAW 264.7 cells (Fig. 3) by forming a pep-
tide-LPS complex that may obstruct the LPS-binding
protein (Fig. 2). In detail, the positively charged amino
acids attract LPS through electrostatic interactions.
Hydrophobic interaction resulting from hydrophobic
amino acids is necessary for the engagement between
LPS (acryl chain of lipid A) and peptides. Apart from
those hydrophobic amino acids, basic amino acids are
also required for LPS binding to peptides. Correspond-
ingly, the indole ring of Trp was positioned close to the
acyl chain of lipid A [30]. This evidence agreed with
our findings. As mentioned before, however, the anti-
inflammatory feature of cationic peptides may result
from changes in the inflammation mechanisms. Hence,
genes and proteins that are involved in inflammatory
response pathways have been elucidated. In terms of
inflammatory processes, the MAPK pathways and the
pathway resulting in the activation of NF-kB repre-
sent the major intracellular pathways that indicate the
degree of inflammation from inflamed cells. ERK1/2,
JNK, and p38 MAPK regulate MAPK cascades through
phosphorylation [31, 32]. The results indicated that
both peptide treatments could significantly suppress
the transcription and translation of JNK-1 (Figs. 4d and
5b) and p38 MAPK (Figs. 4f and 5¢c) mRNA and protein
expression, respectively. Follow-up studies indicated
that JNK-1 and p38 MAPK seems to be substantially
effective for AP-1 and NF-«B [31, 33, 34], respec-
tively. Thus, the down-regulation of the gene and pro-
tein expression of pro-inflammatory cytokines (Figs. 3
and 4a, b) and NF-«B (Figs. 4e and 5d) result from the
down-regulation of JNK-1 and p38 MAPK. Interest-
ingly, the peptide treatment could enhance the genera-
tion of ERK (Figs. 5e and 6a, b) and MKP-1 (Fig. 6¢, d)
in inflamed RAW 264.7 cells. Recent validation indi-
cates the novel role of ERK as a crucial key anti-inflam-
matory molecule via affecting the promotion of c-Fos
translocation [35]. Mice and macrophages lacking c-Fos
(Fos—/—) revealed a decrease in production of IL-10,
an anti-inflammatory cytokine, while the role of NF-«B
was activated [36]. Also, MKP-1, an inducible nuclear
phosphatase, has been demonstrated to stimulate many
anti-inflammatory effects. It acts as a negative feedback
regulator to limit p38 MAPK and JNK activity by the
dephosphorylation process. An affirmation indicated
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that activation of ERK could actuate MKP-1 and thus
down-regulate p38 MAPK [37]. These previous results
confirm our findings very well.

Simultaneously, inflammation resulting from bacte-
rial infection has been shown to cause excessive gen-
eration of ROS in RAW 264.7 by the involvement of
mitochondria [38, 39]. Our results demonstrate that
KT2 and RT2 also display anti-oxidative stress activity
by suppression of ROS generation (Fig. 7). The reduced
ROS generation results from the suppression of pro-
duction of pro-inflammatory cytokines (IL-1 and
TNF-a) in peptide-treated cells [40]. Also, ROS provide
positive feedback to STAT1 [41]. The results show that
both peptide treatments suppressed mRNA expres-
sion of STAT1 in a dose-dependent manner (Fig. 4c).
In addition, ROS accumulation stimulates the tran-
scription factor AP-1 and leads to cell apoptosis [42].
Consistent with the down-regulation of ROS produc-
tion, treatment with both peptides decreased the total
apoptosis levels of inflamed cells (Figs. 8 and 9). This
resulted from a reduction in the loss of cell membrane
integrity, which reduced early apoptosis [Annexin
V-FITC(+)/PI(—)], and an increase in the PI exclusion
ability of cells, which reduced late apoptosis [Annexin
V-FITC(+)/PI(+)] [43]. This observational evidence
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indicated that both peptides are able to suppress LPS-
stimulated ROS and neutralize ROS-induced oxidative
damage in RAW 264.7 cells.

The collective interrelation of the anti-inflammatory
response, anti-oxidative stress reduction, and anti-
apoptosis activity of these peptides is summarized in
Fig. 10. To the best of our knowledge, this is the first
report indicating that KT2 and RT2 can serve as multi-
functional cationic peptides that may provide a new
medical approach for challenging infection and inflam-
mation-related diseases (Additional file 1: Fig. S1).

Supplementary information
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0rg/10.1186/513765-019-0488-3.

Additional file 1: Fig. S1. Promising strategy for the use of multifunc-
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reference (100%). Bars represent the mean and standard deviations. Dif-
ferent lowercase letters on the top of individual bars indicate statistically
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