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Staphylococcus epidermidis is one of the most frequent causes of device-associated infections, because it is known to cause bio-
films that grow on catheters or other surgical implants. The persistent increasing resistance of S. epidermidis and other coagu-
lase-negative staphylococci (CoNS) has driven the need for newer antibacterial agents with innovative therapeutic strategies.
Thanatin is reported to display potent antibiotic activities, especially against extended-spectrum-beta-lactamase-producing
Escherichia coli. The present study aimed to investigate whether a shorter derivative peptide (R-thanatin) could be used as a
novel antibacterial agent. We found that R-thanatin was highly potent in vitro against coagulase-negative staphylococci, such as
S. epidermidis, S. haemolyticus, and S. hominis, and inhibited biofilm formation at subinhibitory concentrations. Properties of
little toxicity to human red blood cells (hRBCs) and human umbilical vein endothelial cells, a low incidence of resistance, and
relatively high stability in plasma were confirmed. Excellent in vivo protective effects were also observed using a methicillin-
resistant S. epidermidis (MRSE)-induced urinary tract infection rat model. Electron microscopy and confocal laser-scanning
microscopy analyses suggested that R-thanatin disturbed cell division of MRSE severely, which might be the reason for inhibi-
tion of MRSE growth. These findings indicate that R-thanatin is active against the growth and biofilm formation of MRSE in
vitro and in vivo. R-thanatin might be considered as a specific drug candidate for treating CoNS infections.

Methicillin-resistant Staphylococcus epidermidis (MRSE) pos-
sesses a strong ability to exchange drug resistance genes,

leading to the extensive dissemination of multidrug-resistant
(MDR) strains (1–5). A study of antibiotic resistance in S. epider-
midis strains found that more than 80% of the 342 clinical isolates
tested were resistant to penicillin, ampicillin, cefazolin, and cefa-
mandole (6). MRSE often causes long-lasting and recurrent infec-
tions due to its characteristic pattern of multidrug resistance (2, 3)
and intrinsic genetic flexibility (7) to withstand hostile external
environments. The increasing incidence of infections caused by
multidrug-resistant S. epidermidis has driven the need for new
antibacterial agents in innovative therapeutic strategies.

Antimicrobial peptides are cationic amphiphilic polypeptides
produced by almost all species as an important component of
their defense systems, and their advantages include a broad anti-
biotic spectrum and strong bactericidal activity. Unfortunately,
the clinical use of some antimicrobial peptides with excellent bac-
tericidal activity has been limited and some antimicrobial peptides
are even abandoned during the drug development process due to
their toxicities (8, 9). Mechanistically, antimicrobial peptide ac-
tion centers on membrane interaction, which will inevitably pro-
duce hemolytic toxicity and other types of cytotoxicity. Therefore,
low selectivity or high toxicity is the main factor limiting systemic
applications of antimicrobial peptides (10). Thanatin is an induc-
ible 21-residue insect peptide with two cysteine residues that form
a disulfide bridge. Previous studies found that thanatin displayed
potent antibiotic activities, especially against �-lactamase-pro-
ducing Escherichia coli in vitro and in vivo, little hemolytic toxicity,
and a satisfactory stability in plasma (11, 12).

It has recently been found that the �-core motif existed
widely in cysteine-stabilized antimicrobial peptides, such as
thanatin, as a genetic evolution signature from primitive or-
ganisms to vertebrate animals (13, 14). Found primarily in the

�-core motif, a �-bulge is defined as a region between two
consecutive �-type hydrogen bonds, which includes two or
more residues on the bulged strand opposite to a single residue
on the adjacent strand (15, 16). The residues on the bulged
structure provide a strong local twist by impacting the direc-
tionality of �-strands. For these reasons, �-bulges conserved
among antimicrobial peptides containing the �-core motif may
be associated with bactericidal activity.

In order to reduce the cost of peptide synthesis and change
thanatin’s antimicrobial spectrum, we made some modification of
the thanatin structure. Briefly, the sequence of thanatin was trun-
cated, only amino acids in the �-core motif were retained, and an
amino acid without positive charges in the �-bulge was replaced
by an arginine with a positive charge (Table 1). In our study, the
derivative of thanatin, R-thanatin, was synthesized and evaluated
for efficacy. We demonstrated that R-thanatin has narrow-spec-
trum antimicrobial activities against coagulase-negative staphylo-
cocci (CoNS), excellent therapeutic efficacy for inhibiting biofilm
formation in MRSE-caused urinary tract infection, good stability
in plasma, and low cytotoxicity. In addition, R-thanatin does not
induce bacterial resistance. Our findings show that R-thanatin
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may be considered as a drug candidate for treating CoNS specifi-
cally. The �-core substitution design may provide a feasible strat-
egy to develop innovative, anti-infective peptides with different
antibacterial spectra.

MATERIALS AND METHODS
Chemicals. All antibiotics used were purchased from the National Insti-
tute for the Control of Pharmaceutical and Biological Products (Beijing,
China). All other chemicals and solvents were of analytical grade.

Organisms. The MDR clinical isolates of MRSE (XJ31106, XJ31204,
XJ31276, XJ31318, and XJ75284), methicillin-resistant Staphylococcus au-
reus (MRSA) (XJ75302), S. haemolyticus (XJ31196 and XJ31245), and S.
hominis (XJ31287 and XJ31303) were obtained from the clinical labora-
tory of Xijing Hospital (Xi’an, China). MRSE (SX70535, SX70582,
SX70810, SX70892, and SX70893), S. haemolyticus (SX92421 and
SX92464), and S. hominis (SX92357 and SX92433) isolates were collected
from the clinical laboratory of Shaanxi Provincial People’s Hospital
(Xi’an, China). All above clinical staphylococci tested were isolated from
blood cultures or urine tracts of patients. S. aureus (ATCC 29213), E. coli
(ATCC 25922), and extended-spectrum-beta-lactamase-producing E. coli
(ESBL-EC) (ATCC 35218) were used as references from the Chinese Na-
tional Center for Surveillance of Antimicrobial Resistance.

Peptide synthesis. Peptides (Table 1) were synthesized by the solid-
phase method, applying Fmoc (9-fluorenylmethyloxycarbonyl) active es-
ter chemistry (12). The crude compounds were purified to more than 95%
chromatographic homogeneity by reverse-phase high-performance liq-
uid chromatography (HPLC), and the purified compounds were identi-
fied by using a mass spectrometer (MS). HPLC runs were performed on a
C18 column with a linear gradient of acetonitrile in water (1% per min),
and both solvents contained 0.1% trifluoroacetic acid. The purified pep-
tide in reduced form was taken up in oxidation buffer (1 mg per 10 ml)
(12) and was purified by semipreparative reverse-phase HPLC. The puri-
fied compounds were confirmed by MS analysis (see Fig. S1 and Table S1
in the supplemental material).

Bacterial susceptibility testing and growth assay. MICs were deter-
mined by a microdilution method with broth microdilution guidelines
published by the Clinical and Laboratory Standards Institute (CLSI) (17).
The time-kill curve for MRSE was determined by using the drop plate
method (15) according to the basic microbiological techniques protocol
(18). R-thanatin and ampicillin were added to MRSE cultures to a final
concentration of 24 �g/ml, with the addition of an equal volume of dilu-
ent as a control. Aliquots of each culture were collected at 0.5, 1, 2, 4, and
6 h, diluted, and inoculated on solid agar. The number of CFU was calcu-
lated from the number of colonies growing on plates. Compounds were
added to cell cultures containing MRSE to a final concentration of 4, 12, or
24 �g/ml R-thanatin or 24 �g/ml ampicillin. Aliquots of each culture were
collected after 1 h, diluted, and inoculated on solid agar, and the plates
were incubated for 24 h at 37°C.

Biofilm formation assays. MRSE cells were seeded in 96-well micro-
titer plates with 100 �l tryptic soy broth (TSB) containing 0.5% glucose.
R-thanatin was added to each well at a final concentration of 2 �g/ml at 8,

12, 16, and 20 h after seeding. The amounts of biofilms formed in the wells
were determined by using a crystal violet staining method (19, 20). After
incubation for 24 h at 37°C, supernatants were removed and the plates
were gently washed with 0.1 mol/liter phosphate-buffered saline (PBS).
The remaining attached bacteria were fixed with 200 �l of 99% methanol
per well for 15 min. After plates were emptied, each well was incubated
with 200 �l 1% crystal violet solution for 10 min. Then, plates were
washed under running tap water and were air dried; 160 �l of 33% acetic
acid was added. The optical density (OD) of each well was measured at 600
nm by using an automated Bio-Tek ELX800 universal microplate reader.
Cells treated with diluent were used as a control. Each experiment was
repeated three times, with the samples in each experiment prepared in at
least eight wells.

Hemolysis assay. The hemolytic toxicity of R-thanatin was deter-
mined using 2% and 10% suspensions of fresh human erythrocytes (21,
22). The 100-�l aliquots of suspensions of human red blood cells (hRBCs)
were added to a 96-well microtiter plate containing R-thanatin or melittin
at 8, 16, 32, 64, 128, 256, or 512 �g/ml for 1 or 6 h at 37°C. Samples were
centrifuged, and the hemolytic toxicity was assessed as a function of he-
moglobin leakage by measuring the absorbance of 200 �l of supernatant at
405 nm. Hemolytic values of 0% and 100% were determined with a spec-
trophotometer in PBS solution and 1% Triton X-100, respectively.

MTT assay. The cytotoxicity of R-thanatin to the human umbilical
vein endothelial cells (HUVECs) was determined by a standard MTT
(3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide)
assay (23, 24). Briefly, cells (5 � 103 cells/well) were seeded in a 96-well
plate with 100 �l Dulbecco’s modified Eagle medium (DMEM) with 10%
fetal bovine serum (FBS) in every well for 12 h and then exposed with or
without R-thanatin at various concentrations (0.512 to 1024 �g/ml) for
48 h. After drug treatment, MTT solution (final concentration, 0.5%) was
added, and cells were incubated for another 4 h at 37°C. Dimethyl sulfox-
ide (DMSO) (150 �l), was added to each well after removal of the super-
natant, and the absorbance at 490 nm was measured with a microplate
reader.

Induction of resistance. The MIC of R-thanatin was determined
against MRSE as described above. The MIC experiment was repeated for
15 days, as follows (23, 25): one-half of the MIC well from the MIC result
was diluted to a 0.5 McFarland standard in Mueller-Hinton broth (MHB)
and then was diluted at 1:100 to a concentration of 5 � 105 CFU/ml in
MHB and used again for MIC determination in the subsequent genera-
tion. The relative MIC value was calculated from the ratio of the MIC
obtained for the 15th subculture to that obtained for the first-time expo-
sure.

Stability in 50% plasma. Sensitivity of R-thanatin or K4-S4(1–16)a
(26) to enzymatic degradation was assessed by determining the antibac-
terial activity after exposure to human plasma (25, 27). R-thanatin at an
initial concentration of 64 times the MIC value was preincubated with
50% of human plasma in the same volume at 37°C. After incubation
periods of 0, 3, and 6 h, the peptide solutions were subjected to serial
2-fold dilution in MHB medium in a 96-well plate. Inhibition of MRSE
growth was determined as described for the antibacterial assay.

Protective effects of R-thanatin on urinary tract-infected rats. The
rats were anesthetized by an intraperitoneal injection of 1% pentobarbital
sodium (40 mg/kg of body weight). The lower abdomen was squeezed to
empty residual urine, and then the bladder was exposed and opened asep-
tically through a suprapubic incision at the dome (28). The 8-mm sterile
stents were inserted into the bladder, and the bladder was sutured with
surgical silk. After the surgical intervention, 0.1 ml nutrient broth con-
taining 5.6 �107 CFU/ml MRSE XJ75284 was inoculated into the bladder
using a syringe. Rats received a 2.5-, 5-, or 10-mg/kg dose of R-thanatin at
16 and 28 h after bacterial challenge. The animals were returned to indi-
vidual cages and were thoroughly examined daily. At day 4 after infection,
the right kidney and bladder were removed and then homogenized. The
implanted stents were removed and washed with PBS to remove plank-
tonic cells. Then, these stents were prepared for scanning electron micros-

TABLE 1 Amino acid sequences and designations of the peptides
investigated

Peptide Amino acid sequence Designation

Thanatina GSKKPVPIIYCNRRTGKCQRMCONH2 Thanatin
Derivativeb IYNCRRRFCKQRCONH2 R-thanatin
Melittin GIGAVLKVLTTGLPALISWIKRKRQQCONH2 Melittin
K4-S4(1–16) ALWKTLLKKVLKAAAKCONH2 K4-S4(1–16)a
a Thanatin has a �-hairpin structure that is stabilized by one disulfide bond linking
Cys-11 and Cys-18.
b The derivative has a �-hairpin structure that is stabilized by one disulfide bond
linking Cys-4 and Cys-9.
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copy (SEM) examination or sonicated three times for 10 s each time to
obtain detached staphylococci (29). Viable bacteria were enumerated by
culturing serial 10-fold dilutions of the tissue homogenate and sonicated
solution on Mueller-Hinton agar plates. All plates were incubated at 35°C
for 24 h. CFU in blood samples were enumerated on Mueller-Hinton agar
plates.

Preparation of MRSE samples for scanning and transmission elec-
tron microscopy. In the urinary tract-infected rat model, stents with
growth of S. epidermidis biofilm were analyzed using a Hitachi S-3400N
scanning electron microscope. MRSE (5 � 108 CFU/ml) was exposed to
24 �g/ml R-thanatin at 120 rpm for 30, 60, and 90 min. A Hitachi S-3400N
scanning electron microscope or a Joel JEM-2000EX transmission elec-
tron microscope was used to view the thin sections under standard oper-
ating conditions.

Cell membrane permeability assay. MRSE (1 � 108 CFU/ml) was
cultured with 4 or 24 �g/ml R-thanatin at 120 rpm at 37°C for 90 min.
Bacteria were harvested, washed, stained using Syto 9 and propidium
iodide (BacLight Bacterial Viability kit; Molecular Probes), and then ex-
amined by confocal laser-scanning microscopy using a FluoView FVlOi
system (Olympus) and Epics XL flow cytometer (Beckman Coulter, USA).

Statistical analysis. Results are expressed as means � standard devi-
ations (SD). Analysis of variance (ANOVA) was used for statistical eval-
uations, with a probability (P) value of �0.05 considered indicative of
statistical significance.

RESULTS
Bacterial susceptibility testing and growth assay. R-thanatin ex-
erted potent bactericidal effects against all strains of S. epidermidis
tested, including clinically prevalent and challenging strains, with
MIC values ranging from 2 to 8 �g/ml (Table 2). The killing curves
indicated that R-thanatin reduced the bacterial population from
nearly 106 to 104 CFU/ml within 6 h. Ampicillin and ceftazidime at
the same concentration exerted no or weaker bactericidal effects
against MRSE relative to results for the control group (Fig. 1A).
R-thanatin at 4, 12, and 24 �g/ml reduced the CFU of MRSE by
approximately 102-, 103-, and 104-fold, respectively (Fig. 1B).
While the growth of MRSE was clearly inhibited by R-thanatin in
a concentration-dependent manner, it was not influenced by
treatment with 24 �g/ml ampicillin.

Effect of R-thanatin on MRSE biofilm. In the current study,
the effect of R-thanatin on biofilm production of MRSE was in-
vestigated (Fig. 1C). After MRSE cells were seeded in 96-well mi-
crotiter plates for 8 h, and R-thanatin were added to each well
every 4 h. As expected, R-thanatin at one-half the MIC signifi-
cantly suppressed biofilm formation by MRSE. Furthermore, the
stronger effect of R-thanatin on biofilm inhibition was achieved, if

FIG 1 In vitro antibacterial activities of R-thanatin. (A) Time-kill curves of
R-thanatin. R-thanatin, ceftazidime, and ampicillin were added to cell cultures
containing MRSE to a final concentration of 24 �g/ml, with addition of an
equal volume of diluent as a control. Aliquots of each culture were collected at
0.5, 1, 2, 4, and 6 h and were then diluted and inoculated on solid agar. The
number of CFU was calculated from the number of colonies growing on plates.
The data are shown as mean � SD values for 3 samples: �, P � 0.05; ��, P �
0.01 (versus results for the control). (B) Effects of R-thanatin on growth of
bacteria colonies. Compounds were added to cell cultures containing MRSE to
a final concentration of 4, 12, or 24 �g/ml R-thanatin or 24 �g/ml ampicillin,
with the addition of an equal volume of diluent as a control. Aliquots of each
culture were collected at 1 h, diluted, and inoculated on solid agar. The number
of CFU was calculated from the number of colonies growing on plates. The
data are shown as mean � SD values for 8 samples: ��, P � 0.01 versus results
for the control. (C) Crystal violet staining of biofilms from MRSE grown for 24
h in 96-well plates with 2 �g/ml R-thanatin. R-thanatin at a subinhibitory
concentration was added after MRSE cells were cultured for 0, 8, 12, 16, or 20
h. The data are shown as mean � SD values for 16 samples: �, P � 0.05; ��, P �
0.01; ���, P � 0.001 (versus results for the control).

TABLE 2 MIC of R-thanatin in Mueller-Hinton broth culture

Strain

MIC of drug (�g/ml)a

R-THA THA OXA AMP CAZ LVX CIP

S. aureus ATCC 29213 64 256 �0.25 1 8 �0.25 �0.25
MRSA XJ75302 64 �256 �256 256 256 8 16
MRSE XJ31106 2 4 �256 �256 �256 16 128
MRSE XJ31204 4 32 0.25 �256 8 4 8
MRSE XJ31276 4 32 2 �256 32 2 8
MRSE XJ31318 8 32 2 �256 32 2 16
MRSE XJ75284 4 16 �256 256 256 8 8
MRSE SX70535 2 32 �256 128 32 16 8
MRSE SX70582 4 16 �256 64 64 4 2
MRSE SX70810 4 16 �256 �256 128 4 8
MRSE SX70892 8 32 �256 �256 32 16 4
MRSE SX70893 4 16 �256 128 �256 8 4
S. haemolyticus XJ31196 4 8 �256 �256 �256 64 128
S. haemolyticus XJ31245 2 16 256 128 64 32 �256
S. haemolyticus SX92421 8 32 128 64 128 64 128
S. haemolyticus SX92464 4 16 �256 256 �256 128 256
S. hominis XJ31287 2 8 0.5 256 16 �0.25 �0.25
S. hominis XJ31303 8 16 1 128 32 �0.25 �0.25
S. hominis SX92357 4 32 2 �256 64 �0.25 �0.25
S. hominis SX92433 2 16 4 64 64 �0.25 �0.25
a R-THA, THA, OXA, AMP, CAZ, LVX, and CIP indicate R-thanatin, thanatin,
oxacillin, ampicillin, ceftazidime, levofloxacin, and ciprofloxacin, respectively.
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R-thanatin was applied in an early culture stage (Fig. 1C). These
results indicate that R-thanatin was a biofilm inhibitor at a subin-
hibitory concentration.

In vitro toxicity. Compared to melittin, an antimicrobial pep-
tide that exhibits powerful lytic activity against bacterial and eu-
karyotic cells, R-thanatin did not show hemolytic toxicity in 10%
hRBC suspensions at a concentration as high as 512 �g/ml, which
was 100 times higher than the MIC value for MRSE (Fig. 2A).

To further explore the selectivity of R-thanatin, we investigated
its cytotoxicity to the human umbilical vein endothelial cells in
vitro. As shown in Fig. 2B, there was no significant difference in
cell viability between the control group and the R-thanatin-
treated group at a concentration of 1,024 �g/ml (P � 0.05). These
results imply that R-thanatin has little toxicity to mammalian
cells. Given that R-thanatin has antibacterial activity at concentra-
tions from 2 to 64 �g/ml, it has a relatively wide safety range for
potential antimicrobial applications.

Induction of resistance. In order to investigate whether R-
thanatin has the potential capability to induce antibacterial resis-
tance, MRSE was exposed to subinhibitory concentrations of R-
thanatin and several antibiotics during 15 successive subcultures.
The relative MIC values of classical antibiotics, including erythro-
mycin, ceftriaxone, and oxacillin, increased by 8- to 64-fold, re-
flecting the emergence of resistant strains. However, the relative
MIC values of R-thanatin remained unchanged, indicating no in-
duction of antibiotic resistance (Fig. 2C).

Stability in plasma. As shown in Fig. 2D, MIC values of R-

thanatin remained consistent after incubation in 50% plasma for 3
and 6 h. However, the control peptide K4-S4(1–16)a (26), a der-
maseptin S4 derivative, lost antibacterial effect after incubation
with plasma. The results indicated that R-thanatin was resistant to
enzymatic degradation in plasma.

In vivo antibacterial activity. Substantial bacterial dissemina-
tion in the MRSE urinary tract infection model was inhibited after
intraperitoneal administration of R-thanatin at dosages of 2.5, 5,
and 10 mg/kg in a dose-dependent manner. The bacterial cell
numbers in the bladder and kidney or on stents were decreased
dose dependently (Fig. 3). The biofilm formation in implanted
stents was also inhibited in the R-thanatin-treated group (Fig. 4).

Bacterial morphological assay. Scanning electron microscopy
(SEM) performed during R-thanatin treatment revealed dramatic
morphological changes in MRSE. The bacteria became swollen
and translucent, with the number of surface microvilli decreasing
(Fig. 5B and C). Several bacterial cells were observed to exhibit
abnormal division (arrows in Fig. 5B and C). All of the bacteria
had abnormal shapes and marked surface unevenness, and the
vast majority exhibited small surface cracks. Some cells had bro-
ken into irregular pieces, and the accumulation of bacterial debris
was evident (Fig. 5D).

Transmission electron microscopy (TEM) revealed that few of
the bacterial cells divided by binary fission (Fig. 6A1, B1, and C1),
but many bacterial cells exhibited asymmetric or multiple cell di-
visions (Fig. 6A2 to -4) after treatment with R-thanatin. Most of
the bacteria exhibited a budding division pattern (Fig. 6B2 to -4),

FIG 2 Selectivity, stability, and antibiotic resistance induction of R-thanatin in vitro. (A) Hemolytic toxicities of R-thanatin (triangles) and melittin (circles)
determined with human red blood cells (2% hematocrit) after 1 h of incubation. The inset shows toxicity of R-thanatin after 6 h of incubation with 10%
hematocrit. The data are shown as mean � SD values for 3 samples. (B) The absorbance at 490 nm of HUVE cells after incubation without or with various
concentrations of R-thanatin for 48 h. Each plot was obtained from a representative experiment, and the data points are the means for four replicates � standard
deviations. (C) Emergence of resistance in MRSE after 15 serial passages in the presence of antimicrobials. “Relative MIC” is the normalized ratio of the MIC
obtained for the 15th subculture to the MIC obtained upon first exposure. Data are from a representative experiment that was repeated twice with the same
results. (D) Antibacterial activity before and after preincubation of R-thanatin (black) and K4-S4 (1–16)a (white) in 50% human plasma. Data are from a
representative experiment that was repeated twice with the same results.
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but this phenomenon was rare in the normal cells (Fig. 6B1). The
cell wall was intact in the controls (Fig. 6C1), whereas the mem-
brane integrity was severely damaged in the R-thanatin-treated
group, with the leakage of intracellular contents (Fig. 6C2 to -4).

Bacterial membrane permeabilization assays. Changes in
bacterial membrane permeability were quantified using the fluo-
rescent dye pair Syto 9 and propidium iodide (PI). Bacterial mem-
brane damage allows the non-membrane-permeating dye PI to
enter the cell and displace the membrane-permeative dye Syto 9,

leading to a loss of its fluorescence. In the control group, Syto 9
green fluorescence was dominantly observed and PI red fluores-
cence was rare (Fig. 7A, B, C, and D). After treatment with R-
thanatin for 90 min, cells showed strong red fluorescence and
week green fluorescence (Fig. 7E, F, G, and H), indicating cell
membrane damage. A high percentage of dividing cells was found
in the R-thanatin-treated group compared to that in the control
group (Fig. 7D and H). Moreover, the dividing bacterial cell in the
R-thanatin treatment group appeared larger than that in the con-
trol group (Fig. 7D and H). Flow cytometry assay results showed
that R-thanatin at a 4-�g/ml concentration led to an approxi-
mately 80% reduction of the live MRSE compared with results for
the control group. Almost no live bacteria (3.2%) were detected
after MRSE cells were treated with 24 �g/ml of R-thanatin. In
contrast, the percentage of dead bacteria in PI staining of MRSE
was increased distinguishably in a concentration-dependent man-
ner (Fig. 8).

DISCUSSION

The glycopeptide antibiotics (e.g., vancomycin) are normally re-
served for use against multidrug-resistant staphylococci and are
often used as drugs of last resort when battling infection caused by
multidrug-resistant S. epidermidis. However, a continuously in-
creasing resistance of S. epidermidis to glycopeptides has been re-
ported (5, 30–33). Although S. epidermidis has a lower pathogenic
potential, most staphylococcal infections are chronic and ex-
tremely challenging to cure, especially for the elderly, children,
and patients with weakened immune systems. New measures to
eradicate persistent staphylococcal infections are therefore ur-
gently required.

We have previously shown that thanatin is characterized by a
low inherent ability to induce microbial resistance, little hemolytic
toxicity, and a high stability in plasma (11). It is gratifying that
R-thanatin retains all these advantages. R-thanatin did not in-
crease the resistance to S. epidermidis after 15 passages for sub-
MIC culture; the hemolysis was not found after incubation with
human red blood cells for 6 h of incubation; little toxicity to
umbilical vein endothelial cells was exhibited; and also, it retained
identical antibacterial activity against MRSE after 6 h of preincu-
bation with human plasma. More importantly, R-thanatin signif-
icantly decreased bacterial loads in the bladder and kidney, and

FIG 3 Activity of R-thanatin against the MRSE strain XJ75284 in a rat urinary
tract infection model. MRSE in bladder (A), kidney (B), or stent (C) cultures of
R-thanatin-treated BALB/c mice is analyzed. The data are shown as mean �
SD values for 6 samples: �, P � 0.05; ��, P � 0.01 (versus results in the model).

FIG 4 In a urinary tract-infected rat model, rats received a 10-mg/kg dose of
R-thanatin at 16 and 28 h after bacterial challenge. The implanted stents were
removed and washed with PBS to remove planktonic cells. At day 4 after
infection, SEM images of MRSE cultured on stents in the absence (A) or pres-
ence (B) of 10 mg/kg R-thanatin were made. The images shown were taken at
a magnification of �10,000. Scale bar � 5 �m.

FIG 5 The morphology of MRSE was investigated by scanning electron mi-
croscopy at 0, 30, 60, and 90 min after treatment with 24 �g/ml R-thanatin. (A)
Control; (B) MRSE treated with R-thanatin for 30 min; (C) MRSE treated with
R-thanatin for 60 min; (D) MRSE treated with R-thanatin for 90 min. White
arrows indicate bacterial cells with abnormal division.
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markedly inhibited biofilm formation in implanted stents. These
results implied that R-thanatin might be superior to conventional
antibiotics in treating drug-resistant device-associated CoNS in-
fections.

Peptide drugs tend to be very expensive, costing about $350 per
gram as an average daily dose for most systemic therapeutics or
more to manufacture by the solid-phase synthesis method (8, 34),
which greatly limits antimicrobial peptide research, development,
and clinical application. Many endeavors to solve the issue by a
variety of recombinant DNA methods using many production
systems have been done. However, none of these expression sys-
tems have been confirmed to be commercially feasible and stable
to date (8). The use of shorter peptides is another way to reduce
the cost of goods. Compared with those of thanatin, R-thanatin’s
synthesis costs are reduced by almost half, which will promote its
use in a clinical setting. By increasing the charges of the �-bulge,
the antibacterial spectrum of R-thanatin was obviously narrowed,
and Gram-negative bacteria became insensitive to it. Meanwhile,
R-thanatin showed stronger antibacterial activity against Gram-
positive bacteria, especially CoNS, than thanatin.

Abnormal cell divisions in MRSE after treatment with R-than-

atin at a high concentration (24 �g/ml) were observed by both
SEM and TEM, which indicated a major disturbance in MRSE cell
division. The formation of multiple cell divisions (e.g., triploid,
tetraploid, and pentaploid) would severely influence the propaga-
tion of MRSE. Treatment of MRSE by R-thanatin resulted in cell
walls or membrane layers forming multiple septa that split the
cells into three, four, or five compartments. Septum formation
was regulated incorrectly, either spatially or temporally, resulting
in morphological and genetic differences in new cells that pre-
vented them from growing properly. In addition to producing
unequal daughter cells, R-thanatin also induced considerable
budding division of MRSE cells. This might be caused by abnor-
mal division close to cell poles, which is similar to the process of
spore formation or budding production. Using confocal laser-
scanning microscopy, we observed that the number and volume of
bacterial cells in the process of splitting were both much greater in
the R-thanatin-treated group, which implied that cell division of
MRSE was severely disturbed.

SEM revealed that MRSE became more swollen and translu-
cent with the extension of R-thanatin treatment time, and a break-
down phenomenon was observed after R-thanatin treatment for

FIG 6 The morphology of MRSE was investigated by transmission electron microscopy after treatment with 24 �g/ml R-thanatin for 90 min. A1, B1, and C1
show the control; A2 to A4, B2 to B4, and C2 to C4 show MRSE treated with R-thanatin for 90 min. Black arrows points to the sites of bacterial cells with abnormal
division, budding appearance, or bacterial membrane rupture.
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90 min. Moreover, confocal laser-scanning microscopy and flow
cytometry showed that almost red fluorescence was observed in
the R-thanatin-treated cells after 90 min. However, bacterial
membrane rupture was observed by TEM in a small number of
bacteria, the incidence of which was far less than that of abnormal

or budding division. It is well known that thanatin mainly damage
cell membranes (11). Compared to thanatin, R-thanatin had a
weak effect in cell membrane damage and the formation of the
rupture pores and obviously affected membrane permeability at
high concentrations. The above-described ultrastructural changes

FIG 7 R-thanatin-mediated abnormal bacterial cell division (original magnification, �1,800). MRSE was incubated with 24 �g/ml R-thanatin for 90 min at
37°C. Bacteria were stained with the dyes Syto 9 (which stains live bacteria) (A and E) and propidium iodide (which stains dead bacteria) (B and F) and were
analyzed by confocal laser-scanning microscopy to assess viability and division (C, D, G, and H). Scale bar � 5 �m.

FIG 8 Analysis of relative viabilities of MRSE suspensions by flow cytometry. Compounds were added to cell cultures containing MRSE to a final concentration
of 4 (B) or 24 (C) �g/ml R-thanatin, with the addition of an equal volume of diluent as a control (A). Aliquots of each culture were collected at 37°C for 90 min
and were stained for 15 min with the dyes Syto 9 and propidium iodide (PI). Then, bacteria were analyzed by using an Epics XL flow cytometer to assess the
percentage of live or dead bacteria (A, B, and C). The numbers indicate the percentages of live bacteria within MRSE after treatment with different concentrations
of R-thanatin (D). The values show the means � SD for 3 samples. ���, P � 0.001 compared with results for control groups.
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suggest that the mechanisms underlying the effects of R-thanatin
are different from those for thanatin.

In conclusion, a new antimicrobial peptide, R-thanatin, is
highly effective against growth and biofilm formation of MRSE
both in vivo and in vitro, exhibiting superior plasma stability and
low cytotoxicity. More importantly, MRSE does not show resis-
tance after 15 successive subcultures with R-thanatin. All of our
morphological findings have shown that the main mechanism un-
derlying the effects of R-thanatin is a severe disturbance of MRSE
cell division. Further investigations are needed to reveal the fun-
damental molecular mechanism of how R-thanatin induces ab-
normal cell division.
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