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ABSTRACT

Objective: To investigate the gene related to b-lactam resistance and to confirm the
mechanism about a synergy effect between CPZ and b-lactam antibiotics.
Methods: To measure antibacterial activity, we performed a minimum inhibitory con-
centration (MIC) and synergy test. Transmission electron microscopy (TEM) was used in
morphological analysis. To analyze gene expression, we conducted reverse transcriptase
polymerase chain reaction (PCR).
Results: We confirmed a synergy effect between CPZ and b-lactam antibiotics.
Furthermore, we observed that CPZ affect the cell envelope of MRSA by using TEM. At
the gene level, CPZ reduced the expression of resistance genes.
Conclusions: Through this result, we hypothesize that a decrease of resistance factor
expressions was caused by CPZ because it disrupts the activity of a sensor protein located
in the cell membrane.
1. Introduction

Methicillin-resistant Staphylococcus aureus (S. aureus)
(MRSA) is a significant cause of infections worldwide [1]. This
pathogenic organism has been implicated in soft or cutaneous
tissue infections, septic arthritis, necrotizing pneumonia,
osteomyelitis, and bacteremia [2]. Moreover, MRSA can
develop various mutations that confer antibiotic resistance.
Penicillin binding proteins (PBPs) are enzymes that catalyze a
pentapeptide cross-linking reaction [3,4]. PBPs have a high
affinity for b-lactam antibiotics, particularly since these drugs
bind the active site of PBPs that are involved in peptidoglycan
linking [5]. MRSA produces PBP2a enzymes (encoded by
mecA) when exposed to b-lactam antibiotics. PBP2a is
eventually substituted for PBP in the synthesis of the bacterial
cell wall, and it possesses low binding affinities for drugs with
b-lactam rings [6]. MRSA also produces a b-lactamase
(encoded by blaZ) that decreases the activity of b-lactam
antibiotics [7].

Several studies have shown that several non-antibiotics
exhibit an effect against multidrug resistance [8,9]. Among the
non-antibiotics, several phenothiazines were known to be an
efficient compound against multidrug resistance. Chlorproma-
zine (CPZ), which is one of the phenothiazines with an anti-
bacterial effect, was reported to have a synergy effect against
MRSA by using it in combination with b-lactam antibiotics
[10,11].

The object of this study is to investigate the gene related to b-
lactam resistance. Furthermore, we will endeavor to confirm the
mechanism about a synergy effect between CPZ and b-lactam
antibiotics.

2. Materials and methods

2.1. Bacterial strains and growth condition

Among the four strains used in this research, ATCC 33591
(MRSA) and ATCC 25923 (methicillin-susceptible S. aureus,
MSSA) were purchased from ATCC (American Type Culture
Collection, Manassas, VA). The rest strains are clinical MRSA
rticle under the CC BY-NC-ND license (http://
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isolates (DPS-1, DPS-2) obtained from two different patients at
Wonkwang University Hospital, Iksan City, Jeollabuk-do, South
Korea. The strains were routinely grown at 37 �C with aeration
in Mueller–Hinton agar (MHA) and Mueller–Hinton agar
(MHB). Methicillin resistance factors (mecA and b-lactamase)
were confirmed by using the polymerase chain reaction
(Table 1).

2.2. Minimum inhibitory concentration (MIC) and
synergy effect test

The MIC was determined using the broth microdilution
method, in accordance with the Clinical and Laboratory Stan-
dard Institute guidelines (CLSI) [12]. Serial two-fold dilutions of
CPZ and 10 mL antibiotics in 100 mL MHB were prepared in 96-
well microplates. The microplates were injected with MRSA and
adjusted to 0.5 McFarland standards (approximately 10 mL of
1.5 × 108 CFU/mL, which was 1.5 × 107 CFU/mL). The MIC
was the lowest CPZ concentration in which S. aureus growth
was suppressed after 24 h incubation at 37 �C. The checkerboard
method was used to measure the synergistic effect of CPZ and
antibiotics [13]. This assay was executed with CPZ in
combination with ampicillin (AM) and oxacillin (OX). The
antibiotics were mixed in MHB and serially diluted with CPZ.
The MRSA concentration was adjusted to 1.5 × 107 CFU/mL.
Growth suppression was checked after 24 h incubation at
37 �C. Each experiment was repeated three times. The
interactions between CPZ and antibiotics were determined
using the fractional inhibitory concentration index (FICI).

2.3. Transmission electron microscopy (TEM)

The experiments with mechanism were performed by using
only MRSA (ATCC 33591) because the strain was a reference
strain and was inhibited by CPZ combined with antibiotics. The
MRSA of a logarithmic phase were prepared by diluting over-
night cultures into MHB and continuing growth at 37 �C until
the cultures reached the mid-logarithmic phase of growth. The
MRSA of an MHB-grown logarithmic phase were treated with
1/2 MIC and MIC of CPZ for 30 min. Following the treatment,
2 mL of the culture was collected by centrifugation at
13000 rpm for 10 min. After removing the supernatant, pellets
were fixed by immersion in modified Karnovsky fixative solu-
tion containing 2% glutaraldehyde and 2% paraformaldehyde in
a 0.05 M (pH 7.2) sodium cacodylate buffer [14]. For TEM
analysis, the specimens were fixed by a post-fixed solution
Table 1

Determination of the mecA gene of the S. aureus strains used in the

experiment.

S. aureus strain Class MecA
gene

b-Lactamase
activity

Antibiotic
resistance
pattern

ATCC 25923 MSSA − − −

ATCC 33591 MRSA + + AM, OX
DPS-1 MRSA + + AM, OX
DPS-2 MRSA + + AM, OX

+: Positive; −: negative; AM: ampicillin; OX: oxacillin; DPS: staphy-
lococcal strains from the Department of Plastic Surgery, Wonkwang
University Hospital.
containing 1% osmium tetroxide in a 0.05 M (pH 7.2) sodium
cacodylate buffer for 1.5 h at 4 �C. After post-fixation, the
samples were dehydrated in an increasing series of ethanol. And,
the mixture of propylene oxide and embed 812 resin were
infiltrated into a dehydrated samples, in accordance with Mun
et al. [15]. Ultrathin sections were obtained in an ultramicrotome
with a diamond knife, and collected on 200-mesh grids with
Formvar film. Grids were counterstained with uranyl acetate
and lead citrate, and examined with an energy-filtering trans-
mission electron microscope at 120 kV (LIBRA 120; Carl Zeiss,
Oberkochen, Germany) The electronic signals transmitted were
recorded using a 4 k/4 k slow-scan charge-coupled device
camera (Ultrascan 4000 SP; Gatan, Pleasanton, CA), which was
attached to the electron microscope.

2.4. Reverse transcriptase polymerase chain reaction
(PCR)

OX was used to confirm the resistance gene expression de-
gree of MRSA because it was used to test the b-lactam resistance
profile of MRSA. The MRSA (ATCC 33591) samples were
cultured in MHB (OD600 0.35–0.45) and treated with CPZ of
various concentrations and OX. The MRSA samples treated with
CPZ or OX were incubated for 20 min at 37 �C. The RNA was
extracted using easy-RED™ BYF Total RNA Extraction Kit, in
conformity with the manufacturer's instructions. Single-strand
cDNA synthesis was performed using Quantitact Reverse
Transcription Kit, in accordance with the manufacturer's in-
structions. A PCR was performed using a 20 mL mixture of
Lugen™ Sensi 2X PCR Premix (Lugen Sci Co., Ltd., ROK)
primer, cDNA sample, and sterilized distilled water. The primer
sequences of mecA, mecI, mecR1, blaZ, blaI, blaR1, and 16s
rRNA are represented in Table 2. After the PCR, equal amounts
of PCR products (12 mL) were subjected to 1.5% agarose gel
electrophoresis. The single bands were visualized by ultraviolet
(UV) light.

2.5. Statistical analysis

Data from the experiments are presented as the mean ± SEM.
The level of statistical analysis was performed by Student's t-test
(SPSS. ver. 22) for multiple comparisons. The P-values <0.05,
<0.005 were considered significant.
Table 2

Primer used in this experiment.

Primer Sequence (50–30)

blaZ-F GATAAGAGATTTGCCTATGC
blaZ-R GCATATGTTATTGCTTGACC
blaI-F GCAAGTTGAAATATCTATGG
blaI-R GAAAGGATCCATTTTCTGTACACTCTCATC
blaR1-F CATGACAATGAAGTAGAAGC
blaR1-R CTTATGATTCCATGACATACG
mecA-F ATGAGATTAGGCATCGTTCC
mecA-R TGGATGACAGTACCTGAGCC
mecI-F CTGCAGAATGGGAAGTTATG
mecI-R ACAAGTGAATTGAAACCGCC
mecR1-F AAGCACCGTTACTATCTGCACA
mecR1-R GAGTAAATTTTGGTCGAATGCC
16s rRNA-F CGTGCCTAATACATGCAAGTC
16s rRNA-R CCGTCTTTCACTTTTGACCA



Table 3

Synergistic effects of Chlorpromazine (CPZ) combined with b-lactam antibiotics against four Staphylococcus aureus strains.

Strains MIC of CPZ MIC of AM FICI Outcome MIC of CPZ MIC of OX FICI Outcome

CPZ With AM AM With CPZ CPZ With OX OX With CPZ

ATCC 25923 62.50 62.50 1.95 1.95 2.00 Indifference 62.50 15.60 1.95 0.15 0.3125 Synergy
ATCC 33591 62.50 15.60 1000.00 250.00 0.50 Synergy 62.50 3.90 250.00 31.25 0.1875 Synergy
DPS-1 62.50 7.80 250.00 31.25 0.25 Synergy 62.50 7.80 125.00 31.25 0.3750 Synergy
DPS-2 62.50 15.60 31.25 7.80 0.50 Synergy 62.50 31.25 15.60 7.80 1.0000 Indifference

The synergistic combinations were investigated using the checkerboard method. The fractional inhibitory concentration indices (FICI) were interpreted
as follows: synergy <0.50; partial synergy 0.50–0.75; additive effect 0.76–1.00; indifference >1.00–4.00; and antagonism >4.00.

Figure 1. TEM images of MRSA (A, B, C) after 24 h CPZ treatment.
(A) Untreated control MRSA. (B) MRSA treatment with 31.25 mg/mL CPZ. (C) MRSA treatment with 62.5 mg/mL CPZ.
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3. Results

3.1. Measurement of MIC and the synergy effect

MICs of CPZ and antibiotics against MRSA and MSSA
strains were measured in the broth microdilution method. The
MICs of CPZ and antibiotics are represented in Table 3. The
Figure 2. The gene expression related to PBP2a. PCR showing the expressio
centrations in combination with 16 mg/mL oxacillin.
16s rRNA was used as loading control. Expression levels were normalized to 16
*P < 0.05, **P < 0.005 as compared to OX alone, were determined.
growth of the strains was inhibited in concentration of 62.5 mg/
mL CPZ. The synergistic effects of CPZ and antibiotics against
MRSA and MSSA strains were measured using checkerboard
assay. The synergy effects of the CPZ combination with b-lac-
tam antibiotics are represented in Table 3. The results show that
CPZ combined with antibiotics inhibited growth of the strains
except for one strain, respectively.
n of mecA, mecI and mecR1 of MRSA exposed to CPZ of various con-

s rRNA level. The data are mean ± S.D. for triple-independent experiments.



Figure 3. The gene expression related to b-lactamase. PCR showing the expression of blaZ, blaI and blaR1 of MRSA exposed to CPZ of various con-
centrations in combination with 16 mg/mL oxacillin.
16s rRNA was used as loading control. Expression levels were normalized to 16s rRNA level. The data are mean ± S.D. for triple-independent experiments.
*P < 0.05, **P < 0.005 as compared to OX alone, were determined.
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3.2. Observation of cell by TEM

The TEM image of MRSA showed a change of the cyto-
plasmic membrane and cell wall following exposure to CPZ.
The untreated MRSA strains were observed to be intact.
Whereas, MRSA strains exposed to 31.25 mg/mL CPZ were
observed to change the cell wall. Furthermore, MRSA cells
treated with 62.5 mg/mL CPZ were showed to break down the
cytoplasmic membrane and cell wall (Figure 1).
3.3. Confirmation of mRNA expression by reverse
transcription PCR

At the mRNA level, b-lactam resistance gene expression
degree was confirmed by a reverse transcription PCR. In bacteria
treated with only oxacillin, resistance gene expression was
activated by the antibiotic. But, in bacteria treated with CPZ and
oxacillin together, the gene expression mostly displayed a
decreased tendency. Especially, when the strain was treated with
CPZ, the expression of mecA and blaZ gene, which were
involved in encoding of PBP2a and b-lactamase, showed a
concentration dependent reduction. Furthermore, the expression
of regulator gene was reduced by CPZ (Figures 2 and 3).
4. Discussion

Infectious diseases by MRSA are a growing problem
worldwide. Recently, infections by MRSA pose an important
menace to patients [16]. Infections associated with multidrug-
resistant bacteria are increasingly difficult to treat because of
the decrease of antibiotic efficacy by increased resistance [17]. To
solve this problem, the studies on several phenothiazines were
conducted by researchers [8,9]. We performed the study on
CPZ among phenothiazine that was known to possess
antibacterial activity against MRSA [11].
PBP2a and b-lactamase are a major resistance factor against
b-lactam antibiotics, such as penicillin and ceftaroline [18,19].
PBP2a and b-lactamase were encoded by mecA and blaZ,
respectively. The transcription of mecA and blaZ progresses
by following a series of processes. When the MRSA was
exposed to b-lactam antibiotic, MecR1 (or BlaR1), a sensor-
inducer protein located in cell membrane that was encoded by
mecR1 (or blaR1), sense the antibiotic and induce cleavage of
MecI (or BlaI), which was a repressor protein. MecI (or BlaI),
encoded by mecI (or blaI), represses transcription of mecA (or
blaA) because MecI (or BlaI) binds an operator site upstream of
mecA (or blaZ). Therefore, the transcription of mecA (or blaZ)
was initiated by the cleavage of MecI (or BlaI). At the same
time, the transcription of mecI (or bla I) and mecR1 (or blaR1) is
located in the opposite side to mecA (or blaZ) start [20–24].

We confirmed that CPZ have an antibacterial activity against
MRSA through the measurement of MIC. Furthermore, we
verified a synergy effect between CPZ and antibiotics by a
checkerboard method. Through this result, we hypothesized that
the CPZ affect the susceptibility of b-lactam antibiotics.

To demonstrate a cause about the reduction of b-lactam
resistance, we performed morphological analysis, gene analysis,
and western blotting analysis. In a TEM image, MRSA, treated
with CPZ of 1/2 MIC, was observed to alter a cell envelope and
MRSA, treated with MIC, was observed to be undergoing ne-
crosis. This result showed that the CPZ affect a cell envelope of
MRSA. We performed gene analysis to confirm how the activity
of CPZ on a cell envelope affects the b-lactam resistance factor.
In the strains treated with CPZ, the expression of bla and mec
genes showed a decreasing tendency. The bla and mec genes
transcription were important to produce resistance factors such
as PBP2a and b-lactamase. Furthermore, this process was
initiated by the signal transmission of a sensor-inducer protein
located in the cell membrane [20]. The result showed that CPZ
affect cell membrane of bacteria. Moreover, we confirmed that
gene expression was reduced by CPZ. The data suggests that
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CPZ affects a sensor-inducer protein by perturbation of the cell
membrane of MRSA. Consequently, this action of CPZ in-
creases the susceptibility of b-lactam antibiotics against MRSA.
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