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Abstract Antimicrobial peptides are the promising can-
didates for withstanding multidrug-resistant bacteria
(MDRB) which were caused by the misuse and extensive
use of antibiotics. In this research, in vitro activities of one
antimicrobial cationic peptide, brevinin-2CE alone and in
combination with five kinds of antibiotics were assessed
against clinical isolates of extended-spectrum B-lactamase-
producing Escherichia coli and methicillin-resistant
Staphylococcus aureus. The results showed that most of the
combination groups had synergistic effects. Also, it was
obvious that brevinin-2CE had more rapid and severe
action on the tested MDRBs which demonstrated that
brevinin-2CE and the antibiotics had different antimicro-
bial mechanisms. Thus, it was presumed that the antimi-
crobial peptides destroyed the bacterial cells via pore
formation mechanisms which lead to the increasing of
membrane permeability; and then the other compounds like
antibiotics might enter into the cells and accomplish the
antimicrobial activities more rapidly and efficiently.

Introduction

The extensive use of antibiotics in medicine, food industry, and
agriculture has resulted in the frequent emergence of multidrug-
resistant bacteria (MDRB) which might cause severe
health problems. Methicillin-resistant Staphylococcus aureus
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(MRSA), as the representative of Gram-positive MDRB, was
first found in 1961, only 2 years after the antibiotic methicillin
was created to battle the bacterial infections. Till now, MRSA is
one of the most important pathogenic bacteria which are spread
all over the world [25]. Moreover, several MRSA strains were
found to be resistant to multiple antibiotics; which are not only
the beta-lactam antibiotics, but also erythromycin, cipro, and
gentamicin, even the antibiotic of last resort—vancomycin [4].
Similar to MRSA, extended-spectrum B-lactamase (ESBL)-
producing Escherichia coli, as the representative of Gram-
negative MDRB, spread at an alarming rate. Usually, the
plasmids responsible for production of ESBL also carried genes
encoding resistance to the other drugs. Therefore, antibiotic
options in the treatment of ESBL-producing microorganisms
were extremely restricted [15, 22].

Although the cases of antimicrobial drug resistance were
expanding, limited numbers of new antibiotics had been
successfully developed in the last few decades. Thus, new
antimicrobial agents against MDRB infections were
urgently required [23]. In the process of searching for
alternative chemotherapeutic compounds, antimicrobial
peptides (AMPs) had gradually received increasing atten-
tions. As a kind of new antimicrobial agents, AMPs had
been isolated from diverse organisms including animals,
plants, and bacteria, especially from amphibians. They are
small, no more than 100 amino acid residues long, cationic
peptides acting in a variety of ways, among which the most
common mechanism is permeabilization and disruption of
the target cell membrane [21]. It is now widely recognized
that AMPs could play a promising role in fighting MDRB.

However, it is costly to isolate the natural AMPs from
the hosts, and the mass production methods to manufacture
AMPs are not yet well developed, so using a large scale of
AMP drugs to fight against MDRB is unrealistic. Some
researches tried to test the effect of the combination of
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AMPs with the conventional antibiotics against MDRB,
and the results showed that the combinations usually
achieved synergistic or enhanced activities [2, 8, 9, 14, 16].
Such treatment not only provided new possibilities for
curing MDRB, but also reduced the risks of creating new
MDRB strains with the decrease of the antibiotics dosage.

In our previous study, brevinin-2CE, a Rana chensin-
ensis AMP, had been identified. And it was demonstrated
to be a potential therapeutic agent with high antimicrobial
activity and strong cytotoxic effect on cancer cells, but
comparatively low hemolytic activity [30]. Now, the
independent and combined activities of brevinin-2CE with
five conventional antibiotics, rifampicin, clindamycin,
levofloxacin, amoxicillin, and chloramphenicol, were
examined against two MDRB strains. Our research tried to
assess whether the combinations of AMP with the con-
ventional antibiotics were effective in the treatment of
MDRB infections and whether these combinations were
more active than each component individually.

Materials and Methods
Antimicrobial Peptide and Antibiotics

The antimicrobial peptide brevinin-2CE was synthesized
by Sinoasis Pharmaceuticals, INC (Guangzhou, China).
The final purity of the synthetic peptide was higher than
95 % after purified by reverse-phase high-performance
liquid chromatography (RP-HPLC). Furthermore, the
identity was confirmed by ion trap mass spectrometer
(ITMS) [30]. The AMP stock solution from dry powder
was prepared at a concentration of 538 pmol/L and stored
at —80 °C.

Rifampicin (Shanghai Xinyi Wanxiang pharmaceutical
company, China), clindamycin (Xi’an Lijun Pharmaceuti-
cal Co., LTD, China), levofloxacin (Liaoning Aoda Phar-
maceutical Co., LTD, China), amoxicillin (Shanxi Tongda
Pharmaceutical Co., LTD, China), and chloramphenicol
(Xi’an Lijun Pharmaceutical Co., LTD, China) were pur-
chased in a local pharmacy. These antibiotics were diluted
in accordance with the manufacturers’ recommendations
and then stored at —80 °C.

Bacterial Strains and Growth Conditions

Escherichia coli 44102 (E. coli), Staphylococcus aureus
22401 (8. aureus), the ESBL-producing E. coli 11 (E. coli
11), and the methicillin-resistant S. aureus B2 (S. aureus
B2) were purchased from the Institute of Microbiology
(Shaanxi, China). The bacteria were cultured in Mueller-
Hinton broth at 37 °C.
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Determination of Minimal Inhibitory Concentrations

The minimal inhibitory concentrations (MICs) of brevinin-
2CE and the antibiotics were determined using microbroth
dilution technique, as described by the Clinical and Lab-
oratory Standards Institute (CLSI) [27]. Briefly, bacteria
cells grown overnight were diluted in Mueller-Hinton broth
to 10’ CFU/mL. In addition, the peptide and antibiotics
were also diluted in the broth medium to the working
concentration. Then, 100 pL of test bacteria and an equal
volume of the peptide or antibiotic were added into the
96-well culture plate. All the tests were performed in
triplicate. After 16 h of incubation at 37 °C with shaking,
microbial sedimentation was measured by the absorbance
at 600 nm of each sample using a microtiter plate reader
(BioTek ELx800). The experiments were repeated for three
times. MIC was defined as the lowest concentration of the
antimicrobial agent that produced the complete inhibition
of visible growth. The fractional inhibitory concentration
(FIC) index for the combination of two antimicrobial
agents was calculated according to the following equation:
FIC index = (MIC drug A in combination)/(MIC drug A
alone) + (MIC drug B in combination)/(MIC drug B
alone). FIC indices were interpreted as follows: <0.5,
synergy; 0.5-1, additivity, 1-4, indifference; and >4,
antagonism [26].

Killing Test of the Synergistic Groups

The inoculums of log-phase E. coli 11 or S. aureus B2 at
the concentration of 10’ CFU/mL were suspended in the
Mueller-Hinton broth in the 96-well plate. Then brevinin-
2CE and the antibiotics were added into the broth at the
MICs, alone or combined. All the tests were performed in
triplicate and repeated three times. Then the mixtures were
incubated at 37 °C for 30 min. Every 10 min, serial tenfold
dilutions of each mixture were prepared and plated onto
plate count agar for counting the colony number. The
bactericidal activities of the antimicrobial agents were
evaluated by the bacteriostasis rate (1) which was calcu-
lated as follows: n = (No — N;)/Ny x 100 %, Ny and N,
representing the colony number of the negative control and
test group, respectively [29].

Morphological Changes Observed by Scanning
Electron Microscopy

The clinical isolates E. coli 11 and S. aureus B2 were
treated with brevinin-2CE or/and the antibiotics for 30 min
at MIC concentrations. The samples were washed twice
with PBS (0.01 mol/L, pH 7.2) to remove the dead cells
and then fixed in 2.5 % glutaraldehyde in PBS for 6 h at
4 °C. The cells were then dehydrated with a graded ethyl
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alcohol series from 30 to 100 %. The morphological
changes of the cells were observed using an S-3400N (II)
Scanning Electron Microscopy (Hitachi, Japan).

Results

Brevinin-2CE was More Active than Most of the Tested
Antibiotics

The MICs of brevinin-2CE and the antibiotics against wild-
type and multidrug-resistant bacteria are summarized in
Table 1. Among all the antibiotics, levofloxacin showed the
highest antimicrobial activity against both Gram-positive
and Gram-negative MDRB strains. Rifampicin and clinda-
mycin had more activities against E. coli 11, while amoxi-
cillin and chloramphenicol had more activities against S.
aureus B2. Compared to the antibiotics, the antimicrobial
peptide brevinin-2CE demonstrated the higher and broader
spectrum antimicrobial effect with respect to both of the
MDRB strains. In a word, brevinin-2CE and the antibiotics
exhibited diverse activities against clinical isolates. Brevi-
nin-2CE was more active than most of the tested antibiotics.
On the other hand, Gram-negative strain E. coli I1 was more

Table 1 MICs of brevinin-2CE and the antibiotics

Alone groups MIC (pg/mL) (n = 3)

E. coil E. coil1l S. aureus S. aureus B2
Rifampicin 0.50 32.00 0.50 256.00
Clindamycin 0.25 64.00 0.25 256.00
Levofloxacin 1.50 16.00 1.00 8.00
Amoxicillin 1.50 >576 2.00 32.00
Chloramphenicol 1.50 256.00 1.50 32.00
Brevinin-2CE 11.60 11.60 11.60 23.20
100
-o- Rifampicin
80 - -=- Clidamycin
-+ Levofloxacin
-+ Chloramphenicol
60 o -+ Brevinin-2CE

40 4

Bacteriostasis rate(%) »>

* 1 =y ¥ 1
100 300 1000
concentration(pug/ml)

sensitive than Gram-positive strain S. aureus B2 to brevinin-
2CE, which was similar to the effect of brevinin-2CE
against the standard E. coli and S. aureus strains [30].

In addition to MIC data, the concentration variation
range of each antimicrobial agent was detected along with
their bacteriostasis rates ranging from 0 to 100 % (Fig. 1).
Obviously, brevinin-2CE had the narrowest range from 2.9
to 11.6 pg/mL for E. coli 11 and 5.8 to 23.2 pg/mL for S.
aureus B2. For the antibiotics, chloramphenicol had the
narrowest active concentration range from 2 to 32 pg/mL
for S. aureus B2. While, all the other antibiotics had wider
ranges, no matter for E. coli I1 or S. aureus B2.

Most of the Brevinin-2CE—Antibiotic Combinations
Had Synergy Effect

The MICs of brevinin-2CE and the antibiotics in the
combination groups were decreased dramatically
(Table 2). For E. coil 11, the MIC of brevinin-2CE in the
brevinin-2CE-rifampicin combination was reduced to
25 % compared to the MIC of brevinin-2CE. The rifam-
picin in the combination was also reduced to 25 %. In the
combination of brevinin-2CE—chloramphenicol, both the
AMP and the antibiotic MICs were also reduced to 25 %.
While in the brevinin-2CE—clindamycin and brevinin-
2CE-levofloxacin group, the MICs of each agent were
reduced to 12.5 %, respectively. For S. aureus B2, the
MICs of brevinin-2CE, levofloxacin, amoxicillin, and
chloramphenicol in the combination groups were reduced
to 25 %, respectively. While in the brevinin-2CE-rifam-
picin and brevinin-2CE—clindamycin groups, brevinin-
2CE’s MIC was reduced to 33 %, rifampicin’s and clin-
damycin’s MICs were reduced to 50 %, respectively.

The FIC indices indicated that most of the tested groups
had synergistic effect (FIC < 0.5). Especially, the combi-
nation of brevinin-2CE—clindamycin and brevinin-2CE-
levofloxacin showed the strongest synergistic activity

100 -

-e- Rifampicin
-= Clidamycin
-+ Levofloxacin
-- Amoxicillin
- Chloramphenicol
~¢-Brevinin-2CE

[
o
1

[-2]
o
1

Bacteriostasis rate(%) ™

1 T 1
0 1 10 100 300 1000
concentration(pg/ml)

Fig. 1 Concentration ranges of the antimicrobial agents against E. coil 11 (a) and S. aureus B2 (b) when bacteriostasis rate ranged from 0 to

100 %
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Table 2 MICs and FIC index of brevinin-2CE and the antibiotics in
combination

Microorganism  MIC in combination (pg/mL) (n = 3)

Antibiotics Brevinin-2CE  FIC
E. coil 11 Rifampicin 8.00 2.90 0.50
Clindamycin 8.00 1.50 0.25
Levofloxacin 2.00 1.50 0.25
Chloramphenicol 64.00  2.90 0.50
S. aureus B2 Rifampicin 128.00 7.70 0.83
Clindamycin 128.00 7.70 0.83
Levofloxacin 2.00 5.80 0.50
Amoxicillin 8.00 5.80 0.50
Chloramphenicol ~ 8.00 5.80 0.50

against E. coli I1 with the FICs reaching to 0.25. On the
other hand, the combination of rifampicin or clindamycin
with brevinin-2CE against S. aureus B2 showed only
enhancement effect (0.5 < FIC < 1).

Brevinin-2CE Helped to Increase the Bacteriostasis
Rates

No matter whether it is E. coil 11 (Fig. 2) or S. aureus B2
(Fig. 3), the bacteriostasis rates (1) of each group treated
with the antibiotics alone increased gradually. While the
groups treated with brevinin-2CE had the dramatic
increasing bacteriostasis rates, i.e., more than 95 % bac-
teria cells were killed at 30 min; for all the combination

100 +

-e- Rifampicin(32 ug/ml)

-# Brevinin-2CE(11.6 ug/ml)

=+ Rifampicin(8 pg/ml) and
Brevinin-2CE(1.5 pg/ml)

8§ 8 8
L

Bacteriostasis rate(%) >
8
;

o

T T |
0 10 20 30
Action time(min)

C 100 -
9 -e- Levofloxacin(16 ug/ml)
%— 80 % Brevinin-2CE(11.6 pg/ml)
® -+ Levofloxacin(2 pg/ml) and
©o 60 1 Brevinin-2CE(1.5 pg/ml)
[}
2
8 40 A
~
Q
S 20 4
©
1]

0 T T 1

0 10 20 30

Action time(min)
Fig. 2 Bactericidal activities of brevinin-2CE and the antibiotics

against E. coil 11. The bacteriostasis rates () were employed to
represent the inhibition activity. Rifampicin (a), clindamycin (b),

@ Springer

Bacteriostasis rate(%) =

Bacteriostasis rate(%) o}

groups, brevinin-2CE helped to accelerate the bacteriosta-
sis rates at every time point. The number of living bacteria
cells decreased at every time point.

Brevinin-2CE-Antibiotic Combinations Caused More
Severe Cell Damage

The SEM micrographs of E. coli 11 (Fig. 4) and S. aureus
B2 (Fig. 5) treated with brevinin-2CE and different anti-
biotics, alone or combined, are shown below. It was
obvious that both brevinin-2CE and the antibiotics caused
damage to E. coli I1 and S. aureus B2. When the cells were
treated with brevinin-2CE in combination with the antibi-
otics at the combined MIC concentration, more severe cell
damages were observed than when treated with the anti-
biotics alone, which indicated that the antibacterial activ-
ities of the combinations were much more effective than
the antibiotics alone.

Discussion

The emergence of multidrug-resistant bacteria had been an
invariable accompaniment of the therapeutic use of anti-
microbial agents. To combat this problem, researchers
developed different kinds of extended-spectrum antibiotics
and more potent selective antimicrobial agents. Many
AMPs were found to be efficient in the treatment of MDRB
infections; for example, truncated AMPs from marine
organisms were active against MRSA [17]; a dicarba

-
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levofloxacin (c¢), chloramphenicol (d), and the peptide brevinin-2CE
were used alone or combined
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Fig. 3 Bactericidal activities of brevinin-2CE and the antibiotics against S. aureus B2. The bacteriostasis rates (1) were employed to represent
the inhibition activity. Levofloxacin (a), amoxicillin (b), chloramphenicol (c), and the peptide brevinin-2CE were used alone or combined

Fig. 4 Micrographs of E. coil 11 treated by different antimicrobial
agents. E. coil I1 without any treatment was used as the control (a);
the other groups were E. coil 11 treated by rifampicin (b), clindamycin
(c), levofloxacin (d), chloramphenicol (e), brevinin-2CE (f),

derivative of the antimicrobial peptide bevinin-1BYa dis-
played potent bactericidal activity against MRSA and
multidrug-resistant Acinetobacter baumannii [11]; brevi-
nin-2 related peptide (B2RP) could potently inhibit the
growth of nosocomial isolates of multidrug-resistant
A. baumannii [1, 7]; and brevinin-2TSa showed growth
inhibitory activity against MRSA [6].

In previous studies, brevinin-2CE was identified to
inhibit the growth of the standard Gram-positive and
Gram-negative bacteria to different extents [20, 30]. In this
study, the findings showed that brevinin-2CE was active
against the tested MRSA and ESBL-producing E. coli.
Also, the MICs of brevinin-2CE against wild-type and

rifampicin and brevinin-2CE (g), clindamycin and brevinin-2CE
(h), levofloxacin and brevinin-2CE (i), and chloramphenicol and
brevinin-2CE (j). The meaning of the labels 1 cell fracture, 2 cell
elongation, 3 cell surface roughening, and 4 cell clubbing

multidrug-resistant bacteria were almost the same; sug-
gesting that the bactericidal mechanisms of brevinin-2CE
against the bacteria strains were the same, with no rela-
tionship to their resistance spectrum. As expected, the five
kinds of antibiotics had slight effect on the tested MRSA
and ESBL-producing E. coli, while brevinin-2CE exhibited
more effective bactericidal effect compared with the anti-
biotics. This suggested that brevinin-2CE, compared with
antibiotics, had different bactericidal mechanisms to deal
with the MDRBs.

The killing tests indicated that brevinin-2CE had more
rapid killing rate. This was in accordance with the resear-
ches conducted by Andrea Giacometti in which the killing
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Fig. 5 Micrographs of S. aureus B2 treated by different antimicrobial
agents. S. aureus B2 without any treatment was used as the control
(a); the other groups were S. aureus B2 treated by rifampicin (b),
clindamycin (c¢), levofloxacin (d), amoxicillin (e), chloramphenicol
(f), brevinin-2CE (g), rifampicin and brevinin-2CE (h), clindamycin

effects to S. aureus caused by the nisin and ranalexin were
complete after a 20 and 30-min exposure time, respec-
tively. However, lots of antibiotics need more time to
inhibit the bacteria [9]. When treated with brevinin-2CE
and the antibiotics for the same time, more serious dis-
tortions of the bacteria cells were exposed by SEM in the
brevinin-2CE group. Similar to our results, the SEM
studies on the AMPs extracted from the plateau frog
revealed that the cells displayed various alterations of the
cellular shape and morphology changes of the bacteria
surface under the AMPs treatment [18]. Thus, the SEM
results confirmed the rapid action of brevinin-2CE on the
tested MDRBs.

It was known that the antibiotics could inhibit the bacteria
through interfering with nucleic acid synthesis, blocking
protein synthesis, suppressing cell wall synthesis, and so on.
In the combination studies, although the tested antibiotics
had different antibacterial mechanisms, most of the test
groups displayed synergistic effect, which suggested that the
action mode of brevinin-2CE was not the same as any mode
of the investigated antibiotics. Moreover, many synergistic
or enhanced activities were reported in other combination
studies of antibiotics and antimicrobial peptides. It was
found that the proline-rich antimicrobial peptide dimer, A3-
APO, was able to recover the lost activity of chloram-
phenicol, B-lactams, sulfonamides, or trimethoprim against
MDRB with partial or full synergy [5]. Also, the researches
indicated that the recombinant mouse B-defensin 3 not only
had synergy effect with ampicillin against S. aureus, but also
showed synergistic activities with itraconazole, amphoteri-
cin, or S-fluorocytosine against Candida albicans [14]. As
the antibacterial mechanisms of all these antibiotics were
different, we could presume that the antimicrobial mecha-
nisms of AMPs must be different from the modes of the
most conventional antibiotics.

However, the mechanisms of the synergy or enhance-
ment effects of the AMP-antibiotics combinations were
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and brevinin-2CE (i), levofloxacin and brevinin-2CE (j), amoxicillin
and brevinin-2CE (k), and chloramphenicol and brevinin-2CE (I). The
meaning of the labels I cell fracture, 2 cell leakage, 3 cell surface
roughening, 4 cell shrinkage, and 5 cell clubbing

still unclear. Studies used model membrane systems, such
as supported lipid bilayers, vesicles, and lamellaes, which
showed that many AMPs were able to lyse biomembranes
and form membrane pores via mechanisms such as barrel
stave and toroidal pore [10, 12, 13, 19, 28]. So one inter-
pretation was that the AMPs, by triggering the activity of
bacterial murein hydrolases, might cause degradation of the
peptidoglycan and had a direct membrane permeabilizing
activity; and then these damages probably allowed the
entry of hydrophobic compounds such as antibiotics [9].
Another hypothesis may be involved in the peptide—
hydrophobic antibiotic interaction [3, 9]. From our data, the
possible mechanism of brevinin-2CE and the tested anti-
biotics combinations might be the first explanation. As the
SEM results indicated that, in the combination groups, the
cells appeared as roughening surfaces, crimple, and bend;
which were serious than the groups only treated with
antibiotics but not severe than the groups treated with
brevinin-2CE at MIC concentration alone. Thus, we may
infer that the morphology changes of the bacteria were
caused not only by brevinin-2CE, but also by the antibi-
otics which just need more time to act. It was suggested
that the antibiotics might pass the cell barriers easier with
the help of brevinin-2CE. The killing test data agree with
the SEM results. Brevinin-2CE inhibited the MDRBs
growth in advance of the antibiotics, while the peptide
could also accelerate the bactericidal velocity of the anti-
biotics when they were combined together. In conclusion,
we presumed that the AMPs destroyed the bacterial cells
via pore formation mechanisms which led to the increasing
of membrane permeability, and then the other compounds
like antibiotics might enter into the cells and accomplish
the activities more rapidly and efficiently. Based on the
hypothesis, brevinin-2CE degraded the thin peptidoglycan
layer of E. coli I1 much easier than the thick layer of
S. aureus B2; which explained why brevinin-2CE showed
stronger synergistic effect on E. coli 11 than S. aureus B2.
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Although the speculated mode of the antimicrobial
peptide antibiotics action still needs more direct proofs, the
anti-MDRB activities and the synergy effects demonstrated
by several combination groups made the brevinin-2CE—
antibiotics potentially useful for antimicrobial chemother-
apy. However, only very few in vivo studies about the
cationic peptide actions had been published [8, 24].
Therefore, future researches concerning in vivo efficacy
and unknown toxicities of the brevinin-2CE combinations
are needed.
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