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Background and Purpose: Propionibacterium acnes is a Gram‐positive bacterium

associated with the skin disorder acne. In this study, as fatty acids are considered

to be important in the life habitat of P. acnes, we tested our lipopeptide library in

an attempt to create potent P. acnes‐specific antimicrobial agents.

Experimental Approach: The antimicrobial activity of various lipopeptides was

determined by measuring their minimal inhibitory concentration (MIC). Lipids from

P. acnes were used to explore their mode of action. RAW264.7 cells stimulated with

LPS and P. acnes respectively were used to measure their anti‐inflammatory activity.

Mice ears injected with P. acnes were used to assess the antimicrobial and anti‐

inflammatory effects of the peptides tested in vivo.

Key Results: The most potent candidate, C16‐KWKW, was observed to be more

active against P. acnes than against other non‐targeted bacterial strains, such as

Streptococcus mutans, Staphylococcus aureus, and Escherichia coli. The mode of action

of C16‐KWKW was observed to be through interference with the integrity of the

bacterial membrane, thereby impairing membrane permeability and causing leakage

of inner contents of bacterial cells. Furthermore, C16‐KWKW inhibited the

expression of pro‐inflammatory cytokines, such as IL‐1β, TNF‐α, and inducible NOS

stimulated by both LPS and P. acnes, thus showing potential anti‐inflammatory

activity, which was further verified in the in vivo animal studies.

Conclusions and Implications: C16‐KWKW is a lipopeptide displaying both anti‐

P. acnes and anti‐inflammatory effects in vitro and in vivo and shows potential as a

treatment for acne vulgaris induced by P. acnes.
1 | INTRODUCTION

Acne vulgaris is a chronic skin disorder, which often develops on the

face and upper trunk and is characterized by the formation of

comedones, papules, nodules, pustules, and cysts (Aslam, Fleischer, &
ble NOS; MIC, minimal inhibitory

tron microscopy

wileyonlinelibrary.com/journ
Feldman, 2015). In addition, the disease is always associated with an

emotional and psychological impact, which can result in anxiety,

reduced self‐esteem, and depression or even thoughts of suicide

(Tasoula et al., 2012). In 2015, it affected more than 630 million

people globally, thus being ranked as the eighth most common disease

in the world (Disease, Injury, & Prevalence, 2016). Current research

shows that several factors are involved in development of the disease

including overgrowth of the skin commensal bacteria, obstruction of
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What is already known

• Acne vulgaris is a chronic skin disorder often developed

on the face and upper trunk.

• Propionibacterium acnes (P. acnes) is a Gram‐positive

bacterium associated with the skin disorder acne.

What this study adds

• We employed peptides as a tool to conjugate with fatty

acids to create a P. acnes “nutrient‐like” peptide: C16‐

KWKW.

What is the clinical significance

• C16‐KWKW exhibited not only good P. acnes‐killing

activity but also good anti‐inflammatory activity,

representing a promising potential for development as

an effective anti‐P. acnes agent.
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the follicle, excess production of sebum, and inflammation of the

pilosebaceous unit (Thiboutot et al., 2009), of which an overgrowth

of Propionibacterium acnes is widely recognized as a key factor in the

formation of acne vulgaris (Kumar et al., 2016).

Propionibacterium acnes is a common skin microorganism predomi-

nantly residing in the pilosebaceous follicles of the human skin (Kumar

et al., 2016). It is a rod‐shaped Gram‐positive anaerobic bacterium and

is known to produce a number of virulent factors, and to induce the

release of pro‐inflammatory cytokines such as IL‐1β, IL‐8, and TNF‐α

from mononuclear cells and keratinocytes, which is the major cause

of acne formation (Jugeau et al., 2005; Kim et al., 2002; Vowels, Yang,

& Leyden, 1995). Thus, a molecule possessing dual anti‐P. acnes and

anti‐inflammatory effects could be a potential candidate for treating

the disease.

So far, a variety of therapeutic agents have been demonstrated to

reduce sebum production, inflammation, and bacterial counts (Becerro

de Bengoa Vallejo, Losa Iglesias, Alou Cervera, Sevillano Fernandez, &

Prieto Prieto, 2009; Inui, Aoshima, Ito, Kobuko, & Itami, 2012; Uppal,

Singhi, Singhi, & Aggarwal, 2017). These chemicals are used either top-

ically or systemically based on the severity of the acne lesion. Among

them, treatment with antimicrobial peptides (AMPs) is a new approach

that possesses several advantages over conventional antibiotic

therapy due to their rapid action against a broad array of invading

pathogens and low tendency to develop bacterial resistance (Dean,

Bishop, & van Hoek, 2011; McInturff et al., 2005). Furthermore, the

ability of several AMPs to boost the host's immunity would provide

additional protection against development of the disease (Sonenshine

& Macaluso, 2017). Based on these findngs, in this study we have

investigated the design and development of potent anti‐P. acnes

peptides possessing dual functions, including antimicrobial and anti‐

inflammatory activities, thereby providing an effective option for the

treatment of skin disorders caused by P. acnes.

With respect to antimicrobials, it should be pointed out that there

are two types of antimicrobials that are used in the clinic: broad‐

spectrum and narrow‐spectrum antimicrobials. As is well‐known, the

healthy skin microflora is a well‐organized ecosystem in which

beneficial and stable interactions exist among microbes and between

microbes and their host. In contrast to a broad‐spectrum antimicro-

bial, a narrow‐spectrum antimicrobial will only focus on a targeted

pathogen, thereby minimizing the impact on the entire ecosystem.

Thus, it should produce more benefit than harm (Shu et al., 2013).

Propionibacterium acnes live on fatty acids in sebum secreted by

sebaceous glands in the follicles (Perry & Lambert, 2011). This

suggests that it might be possible to develop a P. acnes‐targeting

AMP by using fatty acid as an “inducer” or a targeting domain, thereby

constructing a narrow‐spectrum AMP (Ryu, Han, Song, Armstrong, &

Park, 2015). Using this approach in this study, we employed peptides

as a tool to conjugate with various fatty acids to create a P. acnes

“nutrient‐like” peptide library (Fang et al., 2014). Subsequently,

selected candidates were evaluated for their anti‐P. acnes activity,

structural modification, modes of action, and in vivo effect on infected

mice. The preliminary in vitro and in vivo studies showed that one par-

ticular peptide C16‐KWKW exhibited not only good P. acnes‐killing
activity but also good anti‐inflammatory activity, and thus, represents

a promising candidate for development as an effective anti‐P. acnes

agent.

2 | METHODS

2.1 | Peptide synthesis

Peptides were synthesized by solid‐phase synthesis using amide

MHBA resin and standard 9‐fluorenylmethoxy carbonyl (Fmoc) amino

acids. Peptide extension reaction conditions were as follows: fivefold

excess of HBTU/HOBt as the coupling reagents, N‐dimethylfor-

mamide as a solvent, 10‐fold excess of diisopropylethylamine, and

threefold excess of Fmoc protecting group amino acids. After

assembly of the amino acids, fivefold excess of fatty acid was added

into the N‐terminus of the peptide by using the same reaction

conditions as that of peptide synthesis. The cleavage of the peptide

from the resin was carried out with a reagent composed of 87.5%

trifluoroacetic acid, 2.5% ethanedithiol, 5% thioanisole, and 5% deion-

ized water (3 hr, room temperature). The peptide was precipitated in

methyl tert‐butyl ether‐petroleum ether (1:1, volume ratio), and the

MW was confirmed by electrospray ionization MS (Waters, USA).

The purity of the peptide was analysed with a Shimadazu 10A HPLC

instrument on a C18 column (250 × 4.6 mm; Shimadzu, Kyoto, Japan);

the mobile phase consisted of solvent A: water containing 0.075%

trifluoroacetic acid and solvent B: 50% acetonitrile and methanol

containing 0.075% trifluoroacetic acid and gradient: 15% to 20% B

for 2 min, 20% to 60% B for 6 min, 60% to 80% B for 4 min, and

80% to 90% B for 4 min. The purity of all lipopeptides was above 95%.

2.2 | Strain culture

Propionibacterium acnes (ATCC6919 and ATCC11827) were grown

under anaerobic conditions in Brucella Broth medium; Staphylococcus

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=4974
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=821
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5074
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epidermidis (ATCC12228), Pseudomonas aeruginosa (ATCC25853), and

Escherichia coli (ATCC25922) were cultured under aerobic conditions

in Lysogeny Broth medium; Streptococcus mutans (ATCC25175 and

UA159) were grown under anaerobic conditions in Brain Heart

Infusion Broth medium; and Staphylococcus aureus (ATCC12600 and

clinical isolation strain) were grown under aerobic conditions in

Mueller–Hinton Broth medium. All strains were cultured at 37°C.

For the heat‐killing reaction, the P. acnes suspension was incubated

at 80°C for 30 min.
2.3 | Cell culture

HaCaT and RAW264.7 cells were cultured in DMEM (Gibco, USA)

supplemented with 10% FBS (Gibco, USA). Cells were maintained at

37°C in 5% CO2.
2.4 | Minimal inhibitory concentration
determinations

In 96‐well microplates, the final test concentration of fatty acid

was 125–3.9 μg·ml−1, and the peptide concentration was 31.2–

0.5 μg·ml−1. The bacterial suspensions were taken at logarithmic

growth phase; P. acnes were diluted to a final concentration of

1 × 106 CFU·ml−1, and other strains were diluted to 1 × 105 CFU·ml−1.

One hundred microlitres of bacterial suspensions were added to

each well. Results were read after 96‐hr static culture for P. acnes and

17‐ to 20‐hr static culture for other strains; the minimal inhibitory

concentration (MIC) values were the lowest drug concentrations

observed without any evidence of bacterial growth. The test results

were repeated in four to six independent experiments.
2.5 | Time‐killing assays and dose–effect
relationship tests

Propionibacterium acnes ATCC11827 suspension was diluted to

1 × 106 CFU·ml−1. Next, the cells were treated with a final concentra-

tion of 20‐μg·ml−1 C16‐KWKW or 0.5‐μg·ml−1 clindamycin for 0, 1, 2,

4, 6, 8, and 10 hr at 25°C or 37°C anaerobically for time‐killing assays

and at a final concentration of 1‐, 10‐, and 100‐μg·ml−1 C16‐KWKW

or 0.01‐, 0.1‐, and 1‐μg·ml−1 clindamycin for 4 hr at 25°C anaerobically

for the dose–effect relationship tests. The mixture was respectively

diluted to 1:10, 1:100, and 1:1,000, and 20 μl of each dilution was

placed on Bouillon Broth agar medium plate to culture for 5–7 days

at 37°C under anaerobic conditions, following which the number of

colonies was recorded.
2.6 | Cytotoxicity assays

The cytotoxicity of the peptides on HaCaT (CLS Cat#

300493/p800_HaCaT, RRID:CVCL_0038) and RAW264.7 (CLS Cat#

400319/p462_RAW‐2647, RRID:CVCL_0493) cells was measured

using the CCK‐8 assay (Izumi et al., 2001). Cells (2–5 × 104 per well)

were seeded in 96‐well plates and grown overnight, then the medium

was replaced with fresh medium containing of 2‐ to 125‐μg·ml−1
peptides, and the cells were further incubated at 37°C with 5% CO2

for a period of 48 hr for HaCaT and 8 hr for RAW264.7 cells. After

that, 10‐μl CCK‐8 (Dojindo, Japan) was added to each well and incu-

bated at 37°C for 2 hr. The absorbance was determined spectrophoto-

metrically at 450 nm on a microplate reader (Infinite M1000 Pro,

Tecan, Swiss). The cytotoxicity of the peptides was estimated by the

comparison of the cell inhibition rate of the fusion peptide‐treated

cells with that of untreated cells. The inhibition rate of untreated con-

trol cells was set as 0%.

2.7 | Enzyme‐linked immunostain experiment

RAW264.7 cells (CLS Cat# 400319/p462_RAW‐2647, RRID:

CVCL_0493, 2–5 × 104 per well) were seeded in 96‐well plates

and grown overnight, the medium was replaced with fresh medium

containing of 1‐, 10‐, and 25‐μg·ml−1 C16‐KWKW or 1‐μg·ml−1

melittin, and then 100‐ng·ml−1 LPS or 1 × 107‐CFU·ml−1 heat‐killed

P. acnes were added to each well for final concentration after 2 hr.

The cells were further incubated at 37°C with 5% CO2 for 6 hr, then

the cell culture solution was collected, and TNF‐α, IL‐1β, and IL‐8

levels were determined by use of an enzyme‐linked immunostain kit

according to the manufacturer's instructions (Neobioscience, China).

2.8 | Quantitative real‐time PCR

PCR experiments were performed according to the reagent specifica-

tions, and some modifications were made (Romoser et al., 2011). The

total RNA was extracted by using Trizol Reagent (Sigma, USA). RNA

yields and purity were assessed by spectrophotometric analysis. Then

reverse transcription was conducted and cDNA was synthesized

using a PrimeScript RT Master Mix (Takara, Japan) following the

instructions provided by the manufacturers. Real‐time qPCR was

performed with ABI 7500 Sequence Detection System (PE Applied

Biosystems, USA) in the presence of SYBR‐green (Takara, Japan).

Briefly, 20‐μl of reaction mix containing 10‐μl Premix Ex Taq, 0.4‐μl

ROX reference Dye, 0.4‐μl PCR Forward Primer (10 μM), 0.4‐μl

PCR Reverse Primer (10 μM), 2‐μl cDNA, and 6.8‐μl dH2O was

premixed before the reaction in 96‐well plates. The reaction protocol

was as follows: 95°C for 30 s, 40 cycles of 95°C for 5 s, and 60°C for

34 s, followed by 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s.

Each sample was tested three times. Relative gene expression profiles

were determined by normalizing to the reference gene (β‐actin) using

the 2−ΔΔCt method. The primer sequences are as follows: 5′‐AGAG-

TTTGATCCTGGCTCAG‐3′ (16‐s rRNA forward); 5′‐GGTTACCTTGT

TACGACTT‐3′ (16‐s rRNA reverse); 5′‐AGTCCGGGCAGGTCTACTT

T‐3′ (TNF‐α forward); 5′‐GAGTTGGACCCTGAGCCATA‐3′ (TNF‐α

reverse); 5′‐ATTGTGGCTGTGGAGAAG‐3′ (IL‐1β forward); 5′‐AAGA

TGAAGG AAAAGAAGGTG‐3′ (IL‐1β reverse); 5′‐CTTGGAGCGAG

TTGTGGATTGTC‐3′ (inducible NOS [iNOS] forward); 5′‐TAGGTG

AGGGCTTGGCTGAGTG‐3′ (iNOS reverse); 5′‐TCTGGTGCCTGGTC

TGATGATGT‐3′ (COX‐2 [PTGS2] forward); 5′‐AGTCTGCTGGTTTG

GAATAGTTGC‐3′ (COX‐2 reverse); 5′‐CTCTCCCTCACGCCATC‐3′

(β‐actin forward); and 5′‐ACGCACGATTTCCCTCTC‐3′ (β‐actin

reverse).

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5019
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1250
http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1376
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2.9 | Construction of NF‐κB stably transfected cell
line and reporter gene assays

RAW264.7 cells were seeded in 24‐well plates at a density of 5 × 104

per well and grown overnight. Next, 140 μl of polyethylenimine

(100 ng·ml−1) was added dropwise into 112 μl of pNF‐κB‐luc DNA

(1 μg·ml−1) for each well and then kept at room temperature for

45 min. The old medium in the 24‐well plate was removed, and the

DNA–PEI mixture was gently added dropwise and incubated for 4–

6 hr. Next, the mixture was aspirated and cultured in DMEM contain-

ing 10% FBS. When the cells attained approximately 80% confluency,

1‐mg·ml−1 of the selective antibiotic G418 was added to the medium,

and stably transfected resistant cells were screened for 2 weeks

(Verma, Stevenson, Schwarz, Van Antwerp, & Miyamoto, 1995).

Stable‐transfected RAW264.7 cells (5 × 104 per well) were seeded

in 96‐well plates and grown overnight, and the medium was replaced

with fresh medium containing of 1‐, 10‐, and 25‐μg·ml−1 C16‐KWKW

or 10‐μg·ml−1 pyrrolidine dithiocarbamate. After 2 hr, LPS or heat‐

killed P. acnes were added to each well at a final concentration of

100 ng·ml−1 or 1 × 107 CFU·ml−1, respectively. The cells were further

incubated at 37°C with 5% CO2 for 6 hr. Next, the liquid was sucked

out; 100‐μl lysed fluid was added to each well. The cells were incu-

bated in the dark for 20 min and then transferred to a white opaque

plate. Next, 100‐μl chemical luminescent substrate was added to each

well, and chemical luminescence was measured by a microplate reader

(Infinite M1000 Pro, Tecan).
2.10 | Preparation of bacterial lipids

The bacteria were harvested at the logarithmic phase by centrifuga-

tion (4,000 g, 15 min), washed repeatedly, and resuspended in PBS

buffer. Next, a mixed solvent of chloroform and methanol (1:2, v/v)

was added. After stirring for 90 min, chloroform–water (1:1, v/v)

was added, and the mixture was further mixed for 30 min. The chloro-

form phase was separated using a separation funnel; the solvent was

removed by rotary evaporation and then dried in vacuo for 24 hr to

obtain the bacterial lipid.
2.11 | Isothermal titration calorimetry

The bacterial lipids were prepared and dissolved in 5% DMSO to a

concentration of 4 mg·ml−1. After a degassing treatment for

10 min, the change in caloric value of C16‐KWKW (150 μg·ml−1)

during its interaction with the lipids was measured by isothermal

titration calorimetry (MicroCal PEAQ‐ITC, Malvern, Britain). Melittin

(200 μg·ml−1) was used as a control. The ITC reaction conditions

are as follows: temp: 25°C; injection numbers: 19; volume: 2 μl;

spacing: 100 s; reference power: 10 μcal·s−1; and stir speed:

750 rpm. The experimental data were analysed using MicroCal

PEAQ‐ITC Analysis, and the software provided the model to calcu-

late the thermodynamic parameters. The average MW was calculated

accordingly to be 3,000 (Jones, Francis, Hutchinson, Handley, &

Lyle, 1993).
2.12 | Tryptophan fluorescence spectrometry

The lipids were prepared and dissolved to a concentration of

4 mg·ml−1 with 5% DMSO and treated with 150‐μg·ml−1 C16‐

KWKW or C10‐KWKW for 2 hr. The tryptophan fluorescence emis-

sion spectrum (excitation wavelength: 280 nm and scanning range:

300 to 400 nm) was detected by fluorescence spectroscopy (FLS

980, Edinburgh, Britain). Slit widths were 3 nm for the excitation

and emission beams. Melittin at a concentration of 150 μg·ml−1

was used as a control.
2.13 | Transmission electron microscope

Propionibacterium acnes ATCC11827 (5 × 106 CFU·ml−1) were treated

with 10‐μg·ml−1 C16‐KWKW for 2 hr. The bacteria were harvested by

centrifugation (1,000 g, 5 min), washed twice using PBS buffer, and

then treated with 2.5% glutaraldehyde overnight. The cells were

washed with 0.1‐M phosphate for 15 min at least three times and

fixed with 1% osmium tetroxide for 2–3 hr. Dehydration conditions

were as follows: 15–20 min of 50% ethanol, 15–20 min of 70% etha-

nol, 15–20 min of 90% ethanol, 15–20 min of 90% ethanol, and 90%

acetone (1:1, v/v). Incubation conditions were as follows: acetone and

embedding medium (2:1, v/v) incubated at room temperature for

3–4 hr, acetone and embedding medium (1:2, v/v) incubated overnight

at room temperature, and 100% of the embedding medium incubated

for 2–3 hr at 37°C. Curing conditions were 37°C overnight, 45°C for

12 hr, and 60°C for 24 hr. After sliced sections had been prepared,

they were dyed with 3% uranyl acetate and lead citrate, and the

samples were observed by transmission electron microscopy (TEM;

Weigel & Glazebrook, 2010).
2.14 | UV absorbance detection

The UV absorbance detection was performed as described previously

with minor modifications (Marri, Dallai, & Marchini, 1996). P. acnes

ATCC11827 was cultured to logarithmic growth phase and centri-

fuged at 1,000 g for 10 min. The bacteria were harvested and diluted

to 1 × 106 CFU·ml−1 with PBS buffer. C16‐KWKW was added at a

final concentration of 10 μg·ml−1 for 0, 2, 4, 6, 8, and 10 hr at 25°C.

The positive control was 10‐μg·ml−1 melittin, and the negative control

was 0.1‐μg·ml−1 clindamycin. The mixture was filtered through a

0.22‐μm cellulose ester microporous membrane, and absorbance of

the filtrate was measured at 260 nm using a UV spectrophotometer

(UV757CRT, Lengguang Tech., China).
2.15 | Propidium iodide uptake assay

Propionibacterium acnes ATCC11827 suspension was diluted to

1 × 106 CFU·ml−1 and treated with C16‐KWKW at a final concentra-

tion of 1, 10, and 100 μg·ml−1 for 4 hr at 25°C. The bacteria were

harvested by centrifugation (1,000 g, 10 min), washed twice with

PBS buffer, and then stained with propidium iodide (PI) at the final

concentration of 30 μM for 10 min. After centrifugation (1,000 g,
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10 min), the excess PI was removed and washed twice with PBS

buffer. Afterwards, the bacteria were resuspended with 1‐ml PBS

and detected by flow cytometry (FACSCanto II, BD, USA).

The remaining bacterial suspension was added to a black 96‐well

plate (100 μl per well). The fluorescence intensity of PI in bacteria

was tested by a fluorescence microplate reader (Infinite M1000 Pro,

Tecan) at 535‐nm excitation wavelength and 615‐nm emission

wavelength.

2.16 | In vivo mice experiments

Six‐week‐old female Kunming mice (22–25 g; n = 5) were purchased

from the Experimental Animal Centre of Southern Medical University

and randomly subdivided into four groups with five mice in each

group. One group was blank control, and the remaining three groups

of mice ears were injected i.d. with P. acnes in PBS at a concentration

of 3.0 × 107 CFU in 40 μl. After that, C16‐KWKW (100 and 200 μg)

and clindamycin (10 μg) mixed with vaseline (50 mg) were respec-

tively applied to the surface of the right ear. At the same time, the

equivalent amounts of vaseline were applied to the left ear as a con-

trol. Twenty‐four hours later, the animals were killed by cervical dislo-

cation, and the ears were quickly excised. After the thickness of the

ear had been measured using a micro caliper, the ear was added into

liquid nitrogen for grinding, and then 0.1 mg of tissue powder was

weighed and homogenized in 500‐μl PBS buffer. After centrifugation

at 3,000 g for 15 min, the supernatant was collected to determine the

number of colonies of P. acnes g‐1of ear tissue powder on Brucella

Broth Ager plate after 96‐hr incubation under anaerobic conditions

at 37°C, and the expression of TNF‐α, IL‐1β, and iNOS was measured

by using qRT‐PCR (7500, PE Applied Biosystems). The remaining ear

was made into paraffin‐embedded sections and stained with

haematoxylin and eosin for histological examination. The protocol of

care and use of animals was approved by the Animal Review Board

of Southern Medical University. Animal studies are reported in

compliance with the ARRIVE guidelines (Kilkenny, Browne, Cuthill,

Emerson, & Altman, 2010) and with the recommendations made by

the British Journal of Pharmacology.
2.17 | Data and statistical analysis

Each experiment was repeated independently at least five times and

results are expressed as the means ± SD. All the data were determined

by one‐way ANOVA followed by Dunnett's post hoc t test or paired‐

samples t test (ear thickness comparison) using SPSS 13.0 software

(SPSS, Ver# 13.0, RRID:SCR_002865). Statistical significance was

defined as *P < .05. The data and statistical analysis comply with the

recommendations of the British Journal of Pharmacology on experimen-

tal design and analysis in pharmacology.
2.18 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to
PHARMACOLOGY (Harding et al., 2018), and the permanently

archived in the Concise Guide to PHARMACOLOGY 2017/18

(Alexander, Fabbro, et al., 2017; Alexander, Kelly, et al., 2017).
3 | RESULTS

3.1 | Anti‐Propionibacterium acnes peptide library
was constructed and modified by conjugating a
peptide KWKW with various lengths of fatty acids

Our previous structural analyses on several naturally occurring AMPs

concluded that the amino acids R, W, and K are key residues in the

peptidyl sequence for retaining antimicrobial activity. Thus, a peptide

library was designed by adopting the amino acids K, W, and R as the

peptide head to conjugate with various lengths of fatty acids (Fang

et al., 2014). In the current study, taking into account the significance

of fatty acids in the habitat of P. acnes (Perry & Lambert, 2011), we

screened this library by using P. acnes as a targeting bacterium. Conse-

quently, a peptide C10‐KWKW was identified as showing good activ-

ity against P. acnes, with a MIC of 7.8 μg·ml−1. C10‐KWKW was then

modified by varying the lengths of fatty acids ranging from C6 to C20,

which was subsequently assembled via a solid‐phase synthetic

approach on rink amide resin, as listed in Table 1.
3.2 | Peptide C16‐KWKW shows potent and specific
anti‐Propionibacterium acnes activity

The antimicrobial activity of the designated peptides against P. acnes

was examined by employing the MIC. The data in Table 1 show that

the antimicrobial activity of these peptides was strongly dependent

on the lengths of lipids, of which C16‐KWKW was identified as the

most potent against P. acnes with an MIC value of 2.0 μg·ml−1, lower

than its congeners of C14‐KWKW (3.9 μg·ml−1) and C18‐KWKW

(7.8 μg·ml−1). In addition, the MIC values of C16‐KWKW towards

P. acnes were the lowest compared to the other bacterial strains

tested, such as S. mutans and E. coli. This indicates the specificity of

C16‐KWKW against P. acnes, which was further confirmed by quanti-

tative real‐time PCR. As shown in Figure 1a, after treatment of bacte-

rial strains with 0.5‐, 1‐, and 2‐μg·ml−1 C16‐KWKW respectively for

4 hr, we then inspected the 16S rRNA expression of P. acnes, S. mutans,

and E. coli compared with the same gene without C16‐KWKW

treatment.

These initial data prompted us to speculate whether the fatty acids

alone also possess such high anti‐P. acnes activity. The anti‐P. acnes

activity was thus tested with the fatty acids alone. As indicated in

Table S1, only C12 and C14 fatty acids were moderately active

towards P. acnes with MICs around 62.5 μg·ml−1 under the same con-

ditions, while the others were not active in our test range.

It is noted that the MIC test was performed in different culture

media, which may result in different MIC values. To further address

the anti‐P. acnes activity of these peptides, we then tested the antimi-

crobial activity of C14‐KWKW and C16‐KWKW in the same medium

http://www.guidetopharmacology.org/GRAC/ObjectDisplayForward?objectId=1250
http://www.guidetopharmacology.org
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(Mueller–Hinton medium). As shown in Table S3, for these two pep-

tides, no significant differences were observed as compared with the

tests in other different media.

A significant concern in the development of AMPs is their reduced

susceptibility to salts, especially divalent cations (Ahn et al., 2013). We

evaluated the anti‐P. acnes activity of C16‐KWKW in different salts

including mono and divalent cations. As shown in Table S2, no

significant decrease in the killing effect was observed in the presence

of 10‐mM saline solutions of CaCl2, MgCl2, or 150 mM of NaCl.

3.3 | C16‐KWKW shows a faster killing kinetics than
clindamycin

After the anti‐P. acnes activity of C16‐KWKW had been established,

we next measured its killing kinetics at different time points

(Figure 1b) and the dose–response relationship during the same period

of time (Figure 1c). As shown in Figure 1b, after treatment of P. acnes

(1 × 106 CFU·ml−1) with C16‐KWKW at a concentration of 20 μg·ml−1

for 4 hr, approximately 5 × 104 bacterial colonies remained, compared

with 9 × 105 colonies following treatment with clindamycin under the

same conditions. At 6 hr after treatment, only 3 × 103 colonies were

observed for the group treated with C16‐KWKW, in contrast to

2 × 105 colonies remaining in the clindamycin‐treated group.

The faster killing effect of C16‐KWKW was further assessed by

treating P. acnes with C16‐KWKW and clindamycin separately at

concentrations of 0.5×, 5×, and 50× MIC for 4 hr. The data in

Figure 1c show that the killing effect of both C16‐KWKW and

clindamycin was dose‐dependent, and that the killing effect of

C16‐KWKW was apparently faster than that of clindamycin at 5×

and 50× MIC, while no significant killing effects were observed at

concentrations of 0.5× MIC for both C16‐KWKW and clindamycin,

consistent with the MIC results (Figure 1c).

3.4 | Toxicity of C16‐KWKW is moderate

The cytotoxicity of C16‐KWKW towards HaCaT and RAW264.7 cells

was evaluated by employing the CCK‐8 assay (Oyadomari et al., 2001).

As indicated in Figure 2a, no significant toxicity was observed for C16‐

KWKW and its congeners at a concentration of 31.25 μg·ml−1,

compared with 3.9 μg·ml−1 of melittin, the positive control. As the

minimum inhibitory concentration of C16‐KWKW against P. acnes is

only 2 μg·ml−1, far below its cytotoxicity range, it can be deduced that

C16‐KWKW should be safe within the range needed for effective

treatment of P. acnes.

3.5 | C16‐KWKW inhibits the expression of
pro‐inflammatory cytokines stimulated by LPS and
Propionibacterium acnes

Given the significant role of inflammation in the formation of acne

vulgaris, we next tested the anti‐inflammatory activity of C16‐KWKW

by measuring its inhibition of the expression of pro‐inflammatory

cytokines produced by mouse macrophage RAW264.7 cells (Park

et al., 2014). As observed previously, the inflammation associated



FIGURE 1 The specific and rapid anti‐Propionibacterium acnes activity of C16‐KWKW. (a) The different levels of 16S rRNA expression in P. acnes,
Streptococcus mutans, and Escherichia coli after treatment with various doses of C16‐KWKW. C16‐KWKW exhibited a higher potency against
P. acnes than against the other two bacterial strains. (b) The time‐killing effects of 20‐μg·ml−1 C16‐KWKW against P. acnes ATCC11827 for 10 hr
at 25°C (i) or 37°C (ii). Clindamycin at 0.5 μg·ml−1 was used as a control. At 6 hr after treatment, only 103 colonies were observed for the group
treated with C16‐KWKW, in contrast to 105 colonies remaining in the clindamycin treatment group. (c) The killing effect of C16‐KWKW against
P. acnes ATCC11827 treated with different doses for 4 hr. Clindamycin was used as a positive control. The concentrations of C16‐KWKW and
clindamycin were 0.5×, 5×, and 50× MIC, respectively; n = 5. Each experiment was repeated independently five times. *P< .05, compared to
control
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with acne is possibly triggered by sebaceous lipids (Zouboulis et al.,

2005; Zouboulis, Jourdan, & Picardo, 2014) or P. acnes (Nagy et al.,

2006); thus, in this study, the production of cytokine was induced

respectively by LPS and heat‐killed P. acnes. Based on the cytotoxicity

data (Figure 2b), the peptide concentration was set at 1, 10, and

25 μg·ml−1. Treatment with C16‐KWKW significantly suppressed

both LPS (Figure 2c) and P. acnes‐induced (Figure 2d) TNF‐α, IL‐8,

and IL‐1β production, as assessed by ELISA, which was further

supported by qRT‐PCR. As indicated in Figure 2e,f, C16‐KWKW also

suppressed the gene expression of IL‐1β and TNF‐α. Next, the

suppression of other key enzymes involved in the inflammatory

response (Cheng et al., 2016) such as iNOS and COX‐2 was

determined in both LPS and P. acnes‐stimulated RAW264.7 cells, as

shown in Figure 2e,f.

Furthermore, considering the significance of nuclear NF‐κB in the

development of inflammation, as well as in the signal transduction of

multiple downstream cytokines (Dev, Iyer, Razani, & Cheng, 2011),

we measured the inhibitory effect of C16‐KWKW on the expression

of NF‐κB under the same conditions as utilized in the measurement
of cytokines (Figure 2g). The RAW264.7 cells stably transfected with

the plasmids encoding NF‐κB and luciferase gene were pretreated

with C16‐KWKW for 2 hr, followed by stimulation with LPS and

heat‐killed P. acnes, respectively, for an additional 6 hr. The inhibition

of NF‐κB was then evaluated by measuring the inhibition of luciferase

activity on RAW264.7 cells. An apparent inhibition of NF‐κB expres-

sion was observed at the concentration of C16‐KWKW higher than

10 μg·ml−1 (Figure 2g).
3.6 | Antimicrobial action of C16‐KWKW involves
an interaction with the bacterial membrane of
Propionibacterium acnes

Generally, the modes of action of several AMPs involve an interaction

with cell membranes, which induces leakage of internal contents of

cells (Malmsten, 2016). To determine the mechanism of action and

evaluate the interaction of C16‐KWKW with the bacterial lipid mem-

brane, ITC was used to compare the thermodynamic parameters of

the interaction between C16‐KWKW and bacterial membrane lipids.



FIGURE 2 The cytotoxic and anti‐inflammatory activities of C16‐KWKW in vitro. (a, b) Cytotoxicity of the designated peptides evaluated with
CCK‐8 assays in HaCaT cells (a) for 48 hr or RAW264.7 cells (b) for 8 hr. (c, d) Inhibitory effects of C16‐KWKW on the secretion of TNF‐α, IL‐1β,
and IL‐8 in RAW264.7 cells induced with LPS or heat‐killed Propionibacterium acnes and measured by ELISA. (e, f) C16‐KWKW suppressed the
secretion of TNF‐α, IL‐1β, iNOS, and COX‐2 in RAW264.7 cells induced with LPS or heat‐killed P. acnes, assessed by qPCR. (g) C16‐KWKW
suppressed the expression of NF‐κB in RAW264.7 cells stimulated with LPS or heat‐killed P. acnes, determined by luciferase reporter assay.
Pyrrolidine dithiocarbamate (PDTC) was used as a positive control. n = 5. Each experiment was repeated independently five times. *P< .05,
compared to control
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The lipids were extracted from P. acnes, S. aureus, and E. coli, dried in

vacuo, and resuspended in 5% DMSO at 4 mg·ml−1. The thermal

changes due to the interaction between the lipids and C16‐KWKW

at 150 μg·ml−1 were measured (Figure S1). The ITC isotherms showed

that C16‐KWKW binds more efficiently to the lipid from P. acnes than

those from S. aureus and E. coli. ITC is a thermodynamic technique for

monitoring the quantitative heat curve of a changing process to iden-

tify the interactions between biomolecules. The binding affinities Kd

calculated between C16‐KWKW and P. acnes were 0.287 μM, while

no Kd values were able to be calculated for S. aureus and E. coli under

the conditions tested. Furthermore, the thermogram showed that the

ITC peaks were negative, indicating that the predominant interaction

was exothermic, because both ΔH and TΔS values were negative

(Table S4). In contrast, ITC isotherms for the interaction between the

positive control melittin (200 μg·ml−1) and multiple lipids did not

exhibit such dramatic differences (Figure S1 and Table S4).

To confirm this observation, the interaction between the bacterial

membrane and C16‐KWKW was studied further by employing trypto-

phan fluorescence spectroscopic analysis (Caesar, Esbjorner, Lincoln,

& Norden, 2006; Lin et al., 2016). In the fluorescence spectra, the

amino acid tryptophan has a wavelength of maximum absorption of

280 nm and an emission peak ranging from approximately 300 to

350 nm depending on changes in the local environment. Therefore,

the tryptophan residue always serves as an important intrinsic fluores-

cent probe to detect the change in the micro‐environment of the

tryptophan. As shown in Table S5 and Figure S2, with a similar

approach, a 23‐nm blueshift was observed for the interaction between

C16‐KWKW and the lipid from P. acnes. There was a difference of one

order of magnitude between the interaction with the lipid from P. acnes

and that with the lipids from S. aureus and E. coli. However, this

blueshift difference was not observed for the interaction between

the peptide melittin and the lipids from P. acnes, S. aureus, and E. coli.
3.7 | C16‐KWKW damages the bacterial membrane
and causes the leakage of its inner components

Next, we investigated whether the interaction of C16‐KWKW with

the bacterial membrane causes the interior components of cells to

be released. To this end, we used TEM (Figure 3a), nucleic acid leakage

measurement (Figure 3b), and PI uptake assay (Figure 3c,d) to unravel

the possible mechanism of C16‐KWKW. The nucleic acid has a

maximum absorption peak at 260 nm, and the intensity of the peak

is proportional to the concentration of the nucleic acid. Therefore,

the change in the amount of nucleic acid in the extracellular fluid

can be monitored by the UV absorption method, from which the

extent of the damage to the cell membrane can be determined. As

shown in Figure 3b, after treatment with C16‐KWKW or melittin at

10 μg·ml−1, both compounds displayed potential for damaging the

bacterial cell membrane and inducing leakage of nucleic acid, with

melittin demonstrating a considerably faster action than C16‐KWKW.

In contrast, clindamycin did not affect the integrity of the cell mem-

brane under the same treatment conditions. This phenomenon was
again assessed through the PI uptake assay and detected by both flow

cytometry analysis and fluorescence microplate. In Figure 3c, the

shifts of data in flow cytometry reflect the fluorescence intensity of

PI, which are associated with the degree of damage to the bacterial

cell membrane induced by C16‐KWKW. The treatment of the bacte-

rial cells revealed a dose‐dependent response (Figure 3d); the uptake

of PI was the highest at a concentration of 10 μg·ml−1 of peptide.
3.8 | C16‐KWKW inhibits the colonization of
Propionibacterium acnes in vivo

We next performed a preliminary experiment to test the anti‐P. acnes

effect of C16‐KWKW in vivo. The 6‐week‐old Kunming mice were

divided into three groups treated with C16‐KWKW, clindamycin as

control, and PBS. P. acnes was injected at 3.0 × 107 CFU in 40‐μl

PBS into each ear of the mice, followed by challenge with the peptide,

clindamycin, and PBS, respectively. Before the experiment, a prelimi-

nary toxicity test was performed with a 10‐fold higher concentration

on healthy or scratched mice skin, and no side effect was observed

(data not shown). As shown in Figure 4a, after 24 hr, the number of

colonies of P. acnes in the ear for the PBS treatment group was

1.36 × 106 CFU·ml−1, while the number of colonies of P. acnes in the

C16‐KWKW group was reduced to 67% and 45% at concentrations

of 100‐ and 200‐μg C16‐KWKW in 50‐mg vehicle (vaseline), respec-

tively. In the control group, treatment with 10‐μg clindamycin in 50‐

mg vaseline resulted in only 23% of P. acnes remaining.
3.9 | C16‐KWKW reduces Propionibacterium
acnes‐induced inflammation in vivo

To investigate the anti‐inflammatory effects of C16‐KWKW on skin

diseases induced by live P. acnes, we monitored the changes in ear

thickness and cytokines associated with the inflammation by

employing a P. acnes‐treated inflammatory animal model. As shown in

Figure 4b, ear cutaneous erythema and swelling were observed 24 hr

after injection of P. acnes. The thickness of the vehicle‐treated ear was

1.5 times that of the blank ear, which was not injected with P. acnes.

No swelling was observed in the ear of the control mice injected with

only PBS. The thickness of the ears treated with C16‐KWKW at 100‐

and 200‐μg concentrations was 124% and 109% that of the control,

respectively, and the thickness of the ear treated with clindamycin

was 103% compared with that for the control (Figure 4c).

The anti‐inflammatory effect of C16‐KWKW was further evalu-

ated by qRT‐PCR to measure the level of cytokines after treatment

with the test drugs on the animal model. As indicated in Figure 4d,

after 24 hr of P. acnes challenge, the levels of TNF‐α, IL‐1β, and iNOS

in the PBS‐treated group (negative control) were all dramatically

increased. In contrast, the secretion levels of TNF‐α, IL‐1β, and iNOS

in the C16‐KWKW‐ and clindamycin‐treated groups were significantly

inhibited. Compared with the PBS‐treated group, the levels of TNF‐α,

IL‐1β, and iNOS were 32%, 42%, and 16%, respectively, in the group

treated with 100‐μg C16‐KWKW and 27%, 24%, and 8%,



FIGURE 3 C16‐KWKW affects membrane permeability by interfering with bacterial membrane integrity. (a) Transmission electron micrograph of
Propionibacterium acnes treated with C16‐KWKW. (i) Blank control. The internal electron microscope form of normal P. acnes, the cell surface was
smooth, the edge was neat, the cell wall structure was close, there was no gap between the inner edge and the cell membrane, and the cytoplasm
was evenly distributed; (ii, iii, iv) P. acnes treated with 10‐μg·ml−1 C16‐KWKW for 2 hr, the cell wall was dissolved, the cell membrane was
damaged, the cytoplasm was lost, and a clear vacuolar structure was formed inside the cell. (b) Total nucleotide leakage from P. acnes treated with
10‐μg·ml−1 C16‐KWKW and monitored with UV absorption band at 260 nm, 10‐μg·ml−1 melittin was used as a positive control and 0.1‐μg·ml−1

clindamycin as a negative control. C16‐KWKW caused pathological damage and damage to the cell membrane, resulting in the leakage of nucleic
acids and other substances with UV absorption characteristics. Compared with the control group, the C16‐KWKW group showed a clear
absorption peak at 260 nm that continued to increase within 8 hr. (c, d) The damaging effect of C16‐KWKW on the cytomembrane determined by
PI uptake assay with flow cytometry (c) and fluorescence microplate (d), 0.2% Triton X‐100 was the positive control. After C16‐KWKW disrupts
the cell membrane, PI enters the cell and intercalates into the DNA double‐strand to generate fluorescence, and the intensity is dependent on the
concentration of C16‐KWKW. n = 5. Each experiment was repeated independently five times. *P< .05, compared to control
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respectively, in the group treated with 200‐μg C16‐KWKW. In addi-

tion, TNF‐α, IL‐1β, and iNOS levels were reduced in the clindamycin‐

treated group, where the secretion levels of TNF‐α, IL‐1β, and iNOS

were 15%, 33%, and 10% after 24 hr of P. acnes challenge.

Next, a histological test was employed to confirm the anti‐

inflammatory effect of C16‐KWKW in a mouse model. As shown in

Figure 4e, after 24 hr of challenge with P. acnes, ear swelling was

observed, and histological analysis revealed a considerable increase

in the number of infiltrated inflammatory cells, especially in the injec-

tion site of P. acnes (Figure 4e, ii). The epicutaneous application of

C16‐KWKW on the ear of the mice resulted in a decrease in the
infiltrated inflammatory cells and inflammation induced by P. acnes

(Figure 4e, iii and iv). In addition, the clindamycin‐treated group dem-

onstrated a decrease in ear inflammation and infiltrated inflammatory

cells (Figure 4e, v).
4 | DISCUSSION

Propionibacterium acnes is a Gram‐positive bacterium known for its

critical role in inducing acne vulgaris, which is partially due to its ability

to produce a number of virulence factors including the release of pro‐



FIGURE 4 C16‐KWKW inhibits the colonization of Propionibacterium acnes and reduces P. acnes‐induced inflammation in vivo (clindamycin acts
as a positive control). (a) In vivo anti‐P. acnes activity of C16‐KWKW in P. acnes‐injected mice ears. The inhibition ratio of P. acnes in the mouse ear
was increased by 100‐ and 200‐μg C16‐KWKW in 50‐mg vaseline. (b) The ear redness and swelling in P. acnes‐injected inflammatory skin were
reduced after treatment with C16‐KWKW mixed with 50 mg of vaseline. (i) Blank control mice ear (not treated drugs and bacterium). Ears of
Kunming mice were injected i.d. with 3.0 × 107 CFU, in 40 μl PBS, of P. acnes, and then 10‐μg clindamycin (ii), 100‐μg C16‐KWKW (iii), or 200‐μg
C16‐KWKW (iv) mixed with 50 mg of vaseline were respectively applied to the surface of the right ear while the corresponding left ear was not
treated with drugs. (c) The changes in the ear thickness in P. acnes‐injected inflammatory skin after application of C16‐KWKW on the right ear.
(d) C16‐KWKW suppressed the secretion of TNF‐α, IL‐1β, and iNOS in P. acnes‐injected inflammatory skin as detected by qRT‐PCR. (e) The
histological examination results of mice ear. The samples were from the in vivo mice tested. It can be seen from the picture that after the injection
of P. acnes, swelling and an infiltration of inflammatory cells were clearly observed in the left ear tissue section, and no improvement was found
after treatment with vaseline (ii). The degree of swelling and number of inflammatory factors infiltrating the ear were significantly reduced in the
corresponding right ear tissue, which were treated with 100‐μg C16‐KWKW (iii), 200‐μg C16‐KWKW (iv), or 10‐μg clindamycin (v), respectively;
the effects are similar to the untreated blank control group (i). n = 5. Each experiment was repeated independently five times. *P< .05, compared to
control

YANG ET AL. 2331BJP



2332 YANG ET AL.BJP
inflammatory cytokines (Li et al., 2015). Several peptides possess a

dual antimicrobial and immunomodulatory function (Lima et al.,

2017), with modes of action different from currently used antibiotics,

a low tendency for bacteria to develop resistance, and, in some cases,

fast killing kinetics. We therefore chose AMPs as a tool to develop

potent anti‐P. acnes agents. Additionally, the fact that P. acnes lives pri-

marily on fatty acids in sebum secreted by sebaceous glands in the fol-

licles (Perry & Lambert, 2011) suggests that it might be possible to

create a narrow spectrum anti‐P. acnes agent by using a fatty acid as

a targeting domain. Thus, we screened our combinatorial lipopeptide

library, from which a peptide C16‐KWKW with potent anti‐P. acnes

activities was identified. C16‐KWKW is a lipopeptide generated by

conjugating palmitic acid to the N‐terminus of KWKW. The structural

modification study indicated that KWKW substituted with C16 fatty

acid was the most active lipopeptide among the congeners and pos-

sessed faster killing kinetics than the positive control clindamycin.

Therefore, this peptide was selected for further extensive investiga-

tion in vitro and in vivo.

Compared with a narrow‐spectrum antimicrobial therapy, a num-

ber of clinical practices including acute respiratory infections

(Messacar, 2018), children hospitalized with pneumonia (Selby, Pettit,

& Brown, 2015; Williams et al., 2013), and skin infection showed that

elimination of the entire bacteria from microflora by a broad‐

spectrum antimicrobial does more harm than good(Shu et al., 2013).

As is well‐known, the healthy skin microflora is a well‐organized

and peaceful ecosystem, in which mutually beneficial and stable

interactions exist among commensal microbes and between microbes

and the host (Chen et al., 2018). However, this balance will be bro-

ken when some pathogens like P. acnes overgrow skin, thereby

leading to alterations in the composition or function of the skin

microbiota. However, in contrast to broad‐spectrum antimicrobials,

a narrow‐spectrum antimicrobial therapy will only focus on the path-

ogen itself, minimize the impact on the entire ecosystem, maintain

homeostasis, and as a result, reduce the development of bacterial

resistance.

The MIC test (Table 1) indicated that in addition to high antibacte-

rial potency against P. acnes, C16‐KWKW exhibited a higher potency

against P. acnes than other non‐targeting bacterial strains such as

S. mutans, S. aureus, and E. coli, which was additionally supported by

the results of the qRT‐PCR studies (Figure 1a). After treatment with

C16‐KWKW, the 16S rRNA expression of P. acnes, S. mutans, and

E. coli clearly indicated that C16‐KWKW possessed a higher activity

against P. acnes than other bacterial strains.

In this study, it is deduced that the anti‐P. acnes or anti‐

inflammatory activity of these lipopeptides is strongly related to the

length of their fatty acid tail, of which the optimized length can be

reached by a structure and activity relationship study.

As for the Cn‐KWKW peptides activity against P. acnes, our data

indicated that the most active one should be the peptide conjugated

with C16 fatty acid (C16‐KWKW). Whereas in another study, with

respect to the peptide RKWWK, the most potent one towards

S. aureus is the peptide conjugated with C10 fatty acid (C10‐RKWWK;

Fang et al., 2014).
This phenomenon might be attributed to two aspects: peptides

versus bacterial strains tested. We know that the molecular target of

these peptides is the bacterial membrane, of which the major lipid

components may vary from bacteria to bacteria (Epand & Epand,

2011). It is, therefore, deduced that the optimal length of the lipid tail

in an antimicrobial lipopeptide may vary among bacterial strains. A

similar conclusion was also drawn from our earlier work, which

showed that by designing matrix peptide library based on different

charge and hydrophobicity, peptides targeting different bacterial

strains were able to be identified (Yarbrough et al., 2011).

Nevertheless, from the peptide point of view, the antimicrobial

activities are strongly associated with the physicochemical properties

of a peptide, especially with the properties of hydrophobicity, charge,

and conformation. Therefore, the antimicrobial potency may vary

from peptide to peptide, as indicated in our previous work (Fang

et al., 2014).

To investigate the possible target of C16‐KWKW, ITC and

tryptophan fluorescence spectrometry were employed as tools to

study the interactions between bacterial membrane lipids and

C16‐KWKW. ITC is a physical technique most often used to deter-

mine the thermodynamic parameters of interactions between small

molecules and larger macromolecules (e.g., proteins and DNA;

Pierce, Raman, & Nall, 1999). The lipid was directly extracted

from each bacterium. As indicated in Figure S1 and Table S4, the

reaction was exothermic, with negative ITC peaks occurring at the

beginning of the titrations. The association constant between

C16‐KWKW and P. acnes membrane lipid was 3.484 μM−1, indicat-

ing the presence of a strong interaction between them (Arouri,

Dathe, & Blume, 2013). Furthermore, a larger blueshift of C16‐

KWKW observed in tryptophan fluorescence spectroscopic analysis

(Figure S2 and Table S5) suggested a deeper insertion of KWKW

residues into the P. acnes lipid membrane than interactions with

other bacterial membrane, further confirming the conclusion of the

ITC experiment.

The detailed interaction between C16‐KWKW and P. acnes mem-

brane was further studied by TEM, nucleic acid leakage measurement,

and PI uptake assay (Figure 3a–d), all of which indicated that C16‐

KWKW was able to affect the integrity of the cell membrane and

therefore to induce leakage of nucleic acids, leading to the death of

bacterial cells (Le, Fang, & Sekaran, 2017).

On the basis of these experiments, and as inflammation signifi-

cantly contributes to the development of acne vulgaris, we further

evaluated whether C16‐KWKW was able to modulate the host

immune system and consequently play a critical role in anti‐

inflammatory activity. Inflammatory acne is regulated by inflammatory

factors that include TNF‐α and IL‐1β, which are secreted by mono-

cytes (Kim et al., 2002). Therefore, the levels of these factors indicate

the degree of inflammation. The determination of the levels of these

cytokines induced by LPS and heat‐killed P. acnes and assayed by

ELISA and qRT‐PCR, respectively, proved that treatment with

C16‐KWKW significantly suppressed both LPS‐ (Figure 2c) and

P. acnes‐induced (Figure 2d) TNF‐α, IL‐8, and IL‐1β secretion, thus

displaying a potential for application against inflammation.
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Nevertheless, to understand the mode of action of C16‐KWKW, it

was important to determine the mechanism of its anti‐inflammatory

action. It is known that the NF‐κB transcription factor plays a critical

role in the regulation of immediate transcriptional responses in inflam-

matory situations (Denk, Wirth, & Baumann, 2000). This factor is

strongly induced downstream of most pathogen recognition receptors,

and a number of NF‐κB pathway components are involved in the

development of the innate immune response (Dominguez‐Lopez,

Bautista‐de Lucio, Serafin‐Lopez, Robles‐Sanchez, & Garfias, 2014).

Among the genes regulated by NF‐κB, there are a variety of pro‐

inflammatory cytokines including TNF‐α, IL‐8, and IL‐1β (Katanov

et al., 2015). Therefore, the expression of NF‐κB was compared with

and without treatment with the peptide (Figure 2g). Consequently,

the apparently inhibitory effect of C16‐KWKW on NF‐κB expression

indicated a possible mechanism of its anti‐inflammatory action. How-

ever, further studies need to be conducted in this regard, including

investigations of critical proteins involved in the control of NF‐κB

activity, such as TLR2/4, p65, P‐p65, and IκB proteins, which could

play a significant role in the anti‐inflammatory mechanism of these

peptides.

To evaluate the therapeutic effect of C16‐KWKW, in vivo studies

were conducted to determine the anti‐P. acnes and anti‐inflammatory

activity of the peptide by using P. acnes‐treated mouse. The in vivo

animal study showed that C16‐KWKW was able to effectively inhibit

the growth of P. acnes, decrease the swelling of ear, and reduce the

level of cytokines secreted, thus displaying promising antibacterial

and anti‐inflammatory effects in vivo.

Overall, our findings from this study demonstrate that C16‐

KWKW is a lipopeptide that exhibits potent anti‐P. acnes and anti‐

inflammatory activities in vitro and in vivo. It is more active against

P. acnes than other bacteria and shows faster killing kinetics than the

positive control, clindamycin. As compared with a panel of other

AMPs that have the potential to be used for a treatment of acne

vulgaris (Lee et al., 2014; Zhang et al., 2013), C16‐KWKW consists

of only four amino acids and has higher specificity and lower mamma-

lian toxicity, indicating that it is a promising candidate peptide for

development as part of a new generation of anti‐P. acnes agents.
4.1 | NOTE

Since November 2016, a huge taxonomic modification has been

reported by Scholz and Kilian (2016) and the name Propionibacterium

acnes has been changed to Cutibacterium acnes. However in this

article, in order to facilitate readers' understanding, we decided to still

use the name “Propionibacterium acnes.”
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