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Abstract

A designed peptide named LZ1 with 15 amino acid residues containing strong antimicrobial activity against bacteria
pathogens of acne vulgaris including Propionibacterium acnes, Staphylococcus epidermidis and S. aureus.
Especially, it exerted strong anti-P. acnes ability. The minimal inhibitory concentration against three strains of P.
acnes was only 0.6 pyg/ml, which is 4 times lower than that of clindamycin. In experimental mice skin colonization
model, LZ1 significantly reduced the number of P. acnes colonized on the ear, P. acnes-induced ear swelling, and
inflammatory cell infiltration. It ameliorated inflammation induced by P. acnes by inhibiting the secretion of
inflammatory factors including tumor necrosis factor-a (TNF-a) and interleukin (IL)-1B. LZ1 showed little cytotoxicity
on human keratinocyte and hemolytic activity on human blood red cells. Furthermore, LZ1 was very stable in human
plasma. Combined with its potential bactericidal and anti-inflammatory properties, simple structure and high stability,
LZ1 might be an ideal candidate for the treatment of acne.
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Introduction

Acne vulgaris is a common disorder with many physiological
symptoms including comedones, papules, pustules, nodules,
cysts and pilosebaceous inflammation [1], which are rarely life
threatening, however, the greatest attention should be paid to
the psychological morbidity [2]. Follicular colonisation by P.
acnes plays a critical role in the development of inflammatory
acne. Chemotactic factors induced by P. acnes attract
neutrophils, monocytes, and lymphocytes to the pilosebaceous
unit [3,4]. Furthermore, P. acnes induces initiation of sebum
production in facial follicles [5,6], and stimulates the production
of proinflammatory cytokines such as TNF-q, IL-183, IL-8, and
IL-12 mediated by toll-like receptor 2 [7-9]. In addition, P.
acnes releases lipases, proteases, and hyaluronidases which
contribute to tissue injury [10-13]. In response to P. acnes,
keratinocytes can produce massive amounts of reactive
oxygen species (ROS) by NAD(P)H oxidase through activation
of the scavenger receptor CD36 to eliminate the bacteria and
generate inflammation [14].
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The ideal treatment for acne is the agent with potent
antimicrobial and anti-inflammatory  properties. Topical
therapies including benzoyl peroxide (BPO), retinoids, and
antibiotics, which are widely used for acne patients. BPO is one
of the most frequently used epicutaneous medications to
decrease P. acnes population for patients with mild-to-
moderate facial acne [15]. The mechanism of BPO for acne
treatment is thought to be antibacterial activity, but with little
anti-inflammatory property [16]. In addition, the use of BPO is
limited by its side-effects including erythema, scaling, burning,
and flare [17]. Oral isotretinoin may be the most effective
therapy and used early in severe disease due to its anti-
inflammatory ability, but it not good for women of childbearing
age because of the teratogenicity and other side-effects [2].
Antibiotics can improve acne, which seem to act directly on P.
acnes and reduce inflammation. However, antibiotic resistance
has been increasing in prevalence within the dermatologic
setting [19], making it more and more difficult to cure acne.
Long term antibacterial treatments may induce a gram-negative
folliculitis (GNF) in patients with acne [20]. Thus, new agents
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containing both antimicrobial and anti-inflammatory activities
and weak potential to induce drug-resistance are needed for
acne treatment. The current study was performed to investigate
the antimicrobial effects of LZ1 in vitro and in vivo. Moreover,
we also sought to determine whether the peptide has
therapeutic potential to treat acne.

Materials and Methods

Peptides synthesis

The peptide (LZ1, VKRWKKWWRKWKKWV-NH2) was
synthesized by GL Biochem (Shanghai) Ltd. (Shanghai, China)
and analyzed by reversed phase high performance liquid
chromatography (RP-HPLC) and mass spectrometry to confirm
it purity higher than 98%.

Preparation of bacteria

Three strains of P. acnes (ATCC6919, ATCC 11827 and a
clinically isolated strain with clindamycin-resistance), S.
epidermidis (09A3726 and 09B2490) and S. aureus (ATCC
2592) were obtained from Kunming Medical College. The
strains of P. acnes were cultured in brain heart infusion (BHI)
broth (HKM, Guangzhou, China) with 1% glucose at 37°C
under an anaerobic atmosphere using MGC Anaeropack
systems (Mitsubishi, Gas Chemical Co., Inc, Japan),
respectively. P. acnes grew to exponential-phase for 3 days
and to stationary phase for 5 days in BHI broth [21]. S.
epidermidis (09A3726 and 09B2490) and S. aureus (ATCC
2592) were grown in LB (Luria-Bertani) broth as our previous
report [22].

In vitro antimicrobial testing

MIC (minimal inhibitory concentration) of LZ1 and
clindamycin phosphate, which has long been used clinically in
acne treatment [23,24], and was used as control, was
determined using broth dilution determination as our previous
methods [21]. Briefly, samples were prepared as a stock
solution in 0.9% salt water at a series of concentration. 890 pl
special broth (BHI broth for P. acnes, LB broth for S.
epidermidis and S. aureus), 100 pl bacterial suspension (108
CFU/ml) and 10 pl test sample were put together in the test
tube under anaerobic conditions at 37°C for 72 h for P. acnes
and under aerobic conditions at 37°C for 24 or 48 h for S.
epidermidis and S. aureus. An absorbance at 600 nm was
measured by a microplate reader to estimate bacterial growth.
The MIC was defined as the lowest concentration of test
sample completely inhibiting microorganism’s growth.

Assays of hemolysis and cytotoxicity

Hemolysis assay was undertaken using human red blood
cells in liquid medium as our previous reports [22,25]. Serial
dilutions of testing sample were incubated with human red cells
at 37°C. After the incubation for 30 min, the cells were
centrifuged and the absorbance in the supernatant was
measured at 540 nm. Maximum hemolysis was determined by
adding 1% Triton X-100 to a sample of cells. Hemolysis of
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testing samples was calculated as the percentage of
cytotoxicity of Triton X-100.

Human HaCaT keratinocyte cells (1x10° cells/ml, obtained
from Cell Bank of Kunming Institute of Zoology, Chinese
Academy of Sciences) were cultured in 96-well plates with
Dulbecco’'s modified Eagle’s medium (DMEM, Gibco)
containing 10% fetal calf serum and penicillin (100 u/ml)-
streptomycin (100 mg/ml) at 37°C in a humidified 5% CO,
atmosphere. Cell viability was evaluated by conventional 3-(4,
5-dimethyl-2-thiazolyl)-2, 5-diphenyl-2H-tetrazolium bromide
(MTT) reduction assays. After a 24-h treatment by testing
sample, 20 pl of MTT (5 mg/ml) was added to each well. The
MTT solution was then removed and 200 pl dimethyl sulfoxide
(DMSO) was added to solubilize the MTT-formazan cristals in
living cells. The absorbance at 570 nm of the resulting solution
was measured. The experiments were performed in triplicate.

Effects of human plasma on LZ1’s antibacterial activity
LZ1 or human cathelicidin antimicrobial peptide LL-37
(control) was mixed with human plasma (final concentration
100 uM) for 0, 0.5, 1, 2, 4, 6 and 8 hours at 37°C, respectively.
Residual antibacterial activity was evaluated by using 10 pl
aliquot of the mixture to measure inhibitory zone on bacterial
growth on BHI or LB broth containing 0.7% agar as previously
described [26]. The diameters of inhibition zones were
recorded after 72-hour incubation for P. acnes and 24-hour
incubation for S. epidermidis and S. aureus, respectively.

In vivo anti-P. acnes experiments

As described previously [1,21], P. acnes (ATCC6919) was
grown to the exponential-phase in BHI broth and then
centrifuged at 1000 g for 10 min. The bacterium pellet was then
washed twice and re-suspended in 0.9% salt water (5x108
CFU/ml). Kunming mice (20 + 2 g) were anesthetised by
intraperitoneal (IP) administration of ketamine (50 mg/kg) and
xylazine (15 mg/kg), and then 20 pl P. acnes solution was
intradermally injected into left ears of the mice. Right ears
received the same volume of 0.9% salt water. Placebo or 0.2%
LZ1 gel (Polyethylene Glycol (PEG) 400: PEG 4000, 1:1) was
applied on the surface of right ear skin after injection with P.
acnes or saline. 0.2% clindamycin gel or vehicle was applied
on the ear skin surface of mice as the control. Ear thickness
after 24 h bacterial injection was measured using a micro
caliper.

To determine P. acnes number in the ear, the left ear was
cut off after 24 h bacterial injection and the mice were
sacrificed immediately by cervical dislocation. The ears were
wiped to remove gel and then homogenized in 0.9% salt water
(1 ml per ear) with a hand tissue grinder. CFUs of P. acnes in
the ear were enumerated by plating serial dilutions of the
homogenate on BHI plates and the bacterial numbers were
counted after 72 h incubation under anaerobic conditions at
37°C.

To further investigate the therapeutical effect, the increase in
ear thickness and the P. acnes number in the ear after
bacterial injection were determined continuously on day 2 to
day 5 as described above. LZ1, clindamycin or vehicle was
applied on the ear skin surface of mice once per day. All the

August 2013 | Volume 8 | Issue 8 | €72923



Table 1. Antimicrobial activities of LZ1 against skin bacteria.

Anti-Propionibacterium Acnes Peptide

MIC (pg/ml)
Bacteria LZ1 CL
P. acnes ATCC6919 0.6 23
P. acnes ATCC11827 0.6 2.3
P. acnes (IS, DR) 0.6 ND
S. epidermidis 09A3726 47 ND
S. epidermidis 09B2490 23 1.2
S. aureus 09B2499 2.3 1.2

MIC: minimal peptide concentration required for total inhibition of cell growth in liquid medium. These concentrations represent mean values of three independent

experiments performed in duplicates. IS: clinically isolated strain, DR: drug resistance for clindamycin, CL: clindamycin, ND: no detectable activity

experimental protocols to use animals were approved by the
Animal Care and Use Committee at Kunming Institute of
Zoology, Chinese Academy of Sciences.

Cytokine measurement

Ears of Kunming mice were injected with live P. acnes
(ATCC 6919) as described above. The ear was excised on day
1 to day 5 after bacterial injection respectively, and then
homogenized in 0.9% salt water (1 ml per ear) with a hand
tissue grinder. The supernatant was collected after the
centrifugation at 2000 x g for 10 min and then was used for
cytokine measurement. The concentration of TNF-a and IL-13
was measured by using enzyme-linked immunosorbent assay
kits (Excell Bio, Shanghai, China).

Histological check

Ears of Kunming mice were excised and fixed in neutral-
buffered 10% formalin solution and embedded in paraffin by
routine procedures. The slides were cut at approximately 4 ym
and stained routinely with haematoxylin and eosin (HE).
Images were obtained using a Nikon Eclipse 80i microscope
(Nikon, Japan).

Statistical analysis

Data were assessed for statistical significance using
Student’s (unpaired) t-test. Results were reported as mean +
SE with significance accepted at P< 0.05.

Results

Antimicrobial activities of LZ1

As listed in table 1, peptide LZ1 showed strong antimicrobial
activities against tested microorganisms. Three P. acnes
strains including a clinically isolated strain with clindamycin
resistance were used in this experiment. LZ1 showed the same
antimicrobial activity against these three strains. The MIC value
was 0.6 pg/ml. Clindamycin showed antimicrobial activity
against two of them with a MIC of 2.3 pug/ml. This suggests that
LZ1 has stronger anti-P. acnes activity than clindamycin in
vitro. LZ1 also showed antimicrobial activity (with a MIC of 4.7
pg/ml) against S. epidermidis 09A3726, but clindamycin had no
activity against it. For S. epidermidis 09B2490 and S. aureus
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09B2499, the MIC value of the peptide was 2.3 pg/ml, while
that of clindamycin was 1.2 uyg/ml.

Cytotoxic and hemolytic assays

Human keratinocytes are major cells that P. acnes interacts
with, and this interaction induces the release of inflammatory
cytokines [28-30]. Human HaCaT keratinocyte cells were used
to evaluate LZ1’s cytotoxicity. As illustrated in Figure 1A,
HaCaT keratinocyte cells were incubated with LZ1 at various
concentrations from 20 to 200 pg/ml. LZ1 exerted little effects
on cell viabilities (no more than 5.6%). In addition, LZ1 showed
litle hemolytic activity (no more than 5.2%) on human red
blood cells even with a peptide concentration up to 320 pg/mi
as illustrated in Figure 1B.

The effect of human plasma on the antibacterial activity
of LZ1

The effect of human plasma on the antibacterial activity of
LZ1 was investigated. As illustrated in Figure 2, the
antibacterial activity of LZ1 on tested three microorganisms
could not be significantly affected by the incubation with human
plasma even for 8 hours while human cathelicidin antimicrobial
peptide LL-37, completely lost its antibacterial activity after 1
hour incubation with human plasma at 37°C.

Effects of LZ1 on P. acnes-induced inflammation in
vivo

Ear swelling induced by P. acnes challenge was observed as
illustrated in Figure 3. After one-day P. acnes challenge, the
ear thickness of vehicle mice was two times of that of un-
challenged mice (the control). The corresponding ear thickness
for LZ1 and clindamycin-treated mice was 135% and 147% of
that of the control, respectively. No swelling was observed in
control mice ear injected only with saline. All mice were
recovered gradually. At day 2 to day 5, the ear thickness of
vehicle mice was 179%, 150%, 130%, and 110% of that of the
control while that of LZ1-treated group was 124%, 120%,
110%, and 102% of that of the control, respectively. For the
positive group (clindamycin-treated), the ear thickness was
145%, 130%, 125%, and 105% of that of the control,
respectively.

The anti-inflammatory effect of LZ1 was further evaluated by
histological check (Figure 4). Intradermally injected P. acnes
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Figure 1. Cytotoxicity and hemolysis of LZ1. (A) Cytotoxicity of LZ1 on human keratinocytes. (B) Hemolysis of LZ1 on human
red blood cells. Data represent mean + SE of five individual experiments.

doi: 10.1371/journal.pone.0072923.g001

induced significant ear inflammation and swelling in the ear of

experimental mice as illustrated in Figure 4B. Many infiltrated
inflammatory cells could be found in the injection site of P.
acnes. After epicutaneous application of 0.2% LZ1 gel on the
mice ear for 24 h, the inflammation induced by P. acnes was
ameliorated effectively (Figure 4E), and the number of
infiltrated inflammatory cells decreased markedly (Figure 4F).
In contrast, ear swelling could not be reduced by
epicutaneously application of vehicle (Figure 4C). The positive
control clindamycin also effectively inhibited ear inflammation
induced by P. acnes injection (Figure 4D) and decreased
infiltrated inflammatory cells (Figure 4F), however, the
therapeutic potential of clindamycin was not as good as that of
LZ1.

Inflammatory acne was regulated by inflammatory factors
including TNF-a and IL-1B, which are secreted by monocytes
[7]. Infiltrated inflammatory cells were attracted by these
inflammatory factors induced by P. acnes [9]. The level of
inflammation factor represents inflammation degree. These two
cytokines were monitored during the epicutaneously application
of tested drugs on the inflammatory acne model. As illustrated
in Figure 5, the secretion of both TNF-a and IL-18 were
markedly increased by P. acnes challenge. The level of IL-13
and TNF-a was 40 and 80 pg/ml in normal mouse while the
level was increased to 483 and 205 pg/ml after one-day P.
acnes challenge, respectively. LZ1 and clindamycin
significantly inhibited IL-1B secretion induced by P. acnes.
IL-1B concentration in mouse ear (1 ml saline per ear) was 223,
111, 57, 47, 38 pg/ml at day 1 to day 5 after LZ1 application
while IL-1B concentration in vehicle group was 483, 221, 48,
30, 41 pg/ml respectively. The corresponding IL-1B
concentration in clindamycin-treated mice was 346, 83, 43, 45,
46 pg/ml, respectively (Figure 5A). LZ1 also inhibited TNF-a
secretion induced by P. acnes challenge while clindamycin had
no inhibitory effect on it. Compared with TNF-a concentration of
205, 256, 240, 165, 145 pg/ml at day 1 to day 5 after P. acnes
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challenge in the vehicle group, the TNF-a value was
decreased to 156, 170, 155, 162, 122 pg/ml after the
epicutaneously application of LZ1, respectively (Figure 5B).

LZ1’ inhibition on P. acnes conlonization in vivo

The number of P. acnes colonized within the ear was
reduced noticeably by LZ1 application (Table 2). The number
of P. acnes in the vehicle group at day 1 to day 5 was 8.4 x105,
7.8 x 104 3.4 x 10% 2.1 x 104 3 x 10° CFU per ear,
respectively. The number of P. acnes colonized within the ear
was reduced gradually, but both LZ1 and clindamycin
significantly accelerated elimination of the P. acnes. LZ1
treatment led to 75.1, 62.8, 70.6, 76.2 and 56.7% reduction in
the number of P. acnes colonized within the ear at day 1 to day
5, respectively. Clindamycin treatment led to 57.1, 58.9, 58.8,
71.4 and 50% reduction of P. acnes at day 1 to day 5,
respectively.

Discussion

Looking back over the past 50 years, topical and oral
antibiotics have been the most effective therapy for acne
treatment. Antibiotics demonstrate antimicrobial effect and
inhibit the production of P. acnes-associated inflammatory
factors. However, the increasing emergence of resistant P.
acnes strains is causing worldwide concern. There was
evidence of antibiotic-resistant P. acnes emerged after only 8
weeks of topical antibiotic monotherapy [18]. Antibiotic resistant
and multiple drug resistant P. acnes strains have been
identified from acne patients with long-term antibiotic treatment
[31,32]. Evidences suggest that the use of topical erythromycin
and clindamycin leads to the gradual increase in drug
resistance [33-35]. The problem of antibiotic resistance causes
the failure of antibiotic treatment for acne. Furthermore, the
resistant genes may transfer to other potentially pathogenic
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bacteria, such as certain strains of staphylococci or
streptococci [36,37]. Great efforts aim to limit antibiotic
resistance in acne, including necessary addition of benzoyl
peroxide (BPO) and retinoid. Nevertheless, to identify new
therapeutic agents without inducing resistance will be another
good way in acne.

Antimicrobial peptides (AMPs) are the first line of innate
immunity against invading microorganisms and play roles in the
control of the natural microbial flora. The protective functions
provided by AMPs in external skin surface were understood
until recently. For example, the human B-defensin family has
been found in human pilosebaceous units, which may be
involved in the pathogenesis of acne vulgaris [38]. hCAP18/
LL-37 containing ability to kill P. acnes was found in sebaceous
glands [39]. More importantly, AMPs have been demonstrated
that they have low potential to induce drug resistance of
microorganisms [40,41]. Among the AMPs, there has been
increasing interest in a specific subset of them — the tryptophan
(Trp), lysine (Lys) or arginine (Arg) rich peptides [42—45].
These residues possess some specific chemical properties that
make them suitable for antimicrobial peptides. Studies focused
on these peptides facilitated the understanding of the molecular
mechanisms of the AMPs. The hydrophobic Trp has preference
for the interfacial region of lipid bilayers, while Lys and Arg
residues endow the peptides with cationic charges and
hydrogen bonding properties crucial for interaction with the
abundant anionic components of the bacterial membrane
[46,47]

In this study, a Trp—Lys-rich peptide LZ1 was screened and
its antimicrobial potential was evaluated. This peptide has a
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linear primary structure and it just composed of 15 amino acid
residues. It showed strong antimicrobial abilities against
bacteria pathogens of acne vulgaris, such as P. acnes, S.
epidermidis and S. aureus in vitro (Table 1). The corresponding
MIC was 0.6 to 4.7 pyg/ml. It exerted the same antimicrobial
abilities against both common and antibiotic resistant bacterial
strains (Table 1). The in vivo anti-P. acnes ability of LZ1 was
also investigated in mouse skin colonization model. The
clearance of P. acnes colonized on the mouse ear was
accelerated by LZ1 (Table 2).

Some studies have shown that many cationic antimicrobial
peptide exerted hemolytic abilities on human blood red cells
[27,28,48,49]. Two possible side effects including hemolysis
and cytotoxicity exerted by some AMPs were tested. LZ1
showed little hemolytic activity and cytotoxicity even at a high
concentration (>200 ug/ml, Figure 1). A drug may be modified
or degraded due to various proteases in plasma, which is the
most important problem in drug application. This peptide
seems to be very stable in human plasma since its
antimicrobial activity was not lost even LZ1’s incubation with
human plasma for 8 h at 37°C. Binding to apolipoprotein A-l
(apoA-l) and glycosaminoglycan inhibits the antibacterial
activity of LL-37 [50,51].

Another significant feature of LZ1 is that it exerted strong
anti-inflammatory effects. Follicular colonisation by P. acnes
plays an important role in the formation of acne. The
proliferation of P. acnes will attract CD4+ lymphocytes and
macrophages to microcomedone [52] and then induce the
inflammatory acne lesion with rupture of follicular wall. As
illustrated by Figure 4B, injection of P. acnes attracted plenty of
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Figure 4. Histopathological analysis of mouse ears. (A) Mouse ear injected with only 0.9% salt water. (B) After 24 h P. acnes
challenge, ear swelling and the infiltrated inflammatory cells (arrows) surrounding the injection site of P. acnes (arrowhead) were
observed. Image of inflammatory cells at higher magnification was shown in subsets, scale bar=10um. (C) Ear swelling has not
been changed by vehicle application. Clindamycin (D) and LZ1 application (E) effectively ameliorated ear swelling. (F) The number
of infiltrated inflammatory cells was counted (*P< 0.05, **P< 0.001). Data are representative of four separate experiments with
similar results. Scale bar =100um. NC: no challenge by P. acnes; PC: mice subjected to P. acnes challenge for 24 h without any
treatment.

doi: 10.1371/journal.pone.0072923.g004

infiltrated inflammatory cells. After epicutaneous administration
of LZ1, infiltrated inflammatory cells were decreased markedly
(Figure 4E, F), and ear swelling induced by P. acnes was
inhibited significantly (Figure 3), suggesting a strong anti-
inflammatory effect. After the treatment for acne with LZ1 for 5
days, two important inflammatory cytokines including TNF-a
and IL-1B induced by P. acnes were significantly inhibited by
the peptide (Figure 5A, B), suggesting epicutaneous
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administration of LZ1 suppressed the inflammation in acne
though inhibiting the production of inflammatory cytokines.

In conclusion, we demonstrated the antimicrobial effect of
LZ1 against skin bacteria in vitro and its therapeutic potential
for inflammatory acne vulgaris induced by P. acnes in vivo
using mouse ear model. Combined its simple primary structure
with only 15 amino acid residues, which facilitates to produce,
ship and store, little hemolytic activity on blood red cells, little
cytotoxicity on human keratinocytes, and high stability in

August 2013 | Volume 8 | Issue 8 | €72923



600 -
EDay 0
500 EDay 1
~ EDay2
£ e EDay3
8o "
S 300 =Day4
uDays
=
= 200
|
[
100
0

Vehicle

Clindamycin LZ1

Anti-Propionibacterium Acnes Peptide

300 -
EDay 0
EDay1
EDay2
EDay3
uDay4

“Days

Vehicle

Clindamycin LZ1

Figure 5. Effects of LZ1 on cytokine production induced by P. acnes. (A) the effect of LZ1 and clindamycin on IL-13
production induced by P. acnes. (B) the effect of LZ1 and clindamycin on TNF-a production induced by P. acnes. Data represent
mean = SE of three individual experiments. The values for LZ1- or clindamycin-treated group were significant different from the
value for the vehicle group (*P< 0.05, **P< 0.001).
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Table 2. The number of P. acnes colonized within the ear after epicutaneous application of LZ1.

P. acnes (10 CFU per ear)

Day 1 Day 2 Day 3 Day 4 Day 5
Vehicle 844189 78+8.2 34+2.0 21+1.8 3+0.3
Clindamycin 360+77 32+4.1 14+1.7 60.5 1.5£0.1
LZ1 210+34 29+5.4 10+1.5 5+0.4 1.3+0.1

Data represent mean of four individual experiments.

human plasma, LZ1 might be an excellent therapeutic agent for
the treatment of acne vulgaris although much more work is
necessary.
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