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Abstract

Carbapenem resistance observed in Klebsiella pneumoniae strains limits treatment options. Therefore, use of antibiotics
combined with bioactive compounds may be an important strategy to control K. pneumoniae. The purpose of this study was
to evaluate the activity of combination of carvacrol and meropenem on carbapenem-resistant K. pneumoniae (CRKP) strains.
The presence of blagxa_4g carbapenemase in all 25 CRKP strains was identified using the PCR technique. The combination
of carvacrol and meropenem was tested for antimicrobial activity on CRKP strains. The minimum inhibitory concentra-
tions of carvacrol and meropenem were detected within a range of 32—128 pg/mL using the broth microdilution method.
Synergy between carvacrol and meropenem was observed on 8 of the 25 CRKP strains by checkerboard assay (FICI=0.5)
and confirmed by time-kill assay. According to the live-dead test results, the viability percentage of the cells exposed to
synergistic combination was 35.47% at the end of 24 h. The membrane damage caused by the synergistic combination was
spectrophotometrically measured (A=0.21) and further confirmed by SEM analysis. According to the MTT assay, both
carvacrol and meropenem did not show any statistically significant cytotoxic effect on Vero cells (p > 0.05). In conclusion,

the results suggest that carvacrol and meropenem can act synergistically to inhibit the growth of CRKP.

Introduction

Klebsiella pneumoniae, which belongs to the Enterobac-
terales, is a bacterium normally living as a saprophyte in
natural environments, such as soil and water (Tzouvelekis
et al. 2012; Pitout et al. 2015; Doorduijn et al. 2016). This
bacterium frequently colonizes in the gastrointestinal tract,
skin, and nasopharynx in humans and causes severe infec-
tions, such as pneumonia and bacteremia with high mortality
rates from mild urinary tract infections (Garcia-Sureda et al.
2011; Pitout et al. 2015). K. pneumoniae is naturally resist-
ant to penicillin and aminopenicillins (Bouza and Cercenado
2002; Ahmad et al. 2009). Because of chromosomal muta-
tions and its ability to acquire multi drug-resistant plasmids,
K. pneumoniae is now resistant to many antibiotics including
broad spectrum beta-lactam antibiotics, aminoglycosides,
and fluoroquinolones. This limits the treatment of infections
caused by these strains (Tzouvelekis et al. 2012). Carbap-
enems (imipenem, ertapenem, meropenem, and doripenem)
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are the most recently developed group of f-lactam antibi-
otics. Because they are broad-spectrum antibiotics and are
resistant to most -lactamases, carbapenem antibiotics have
become the first option for the treatment of K. pneumoniae
(Nordmann et al. 2012; Tzouvelekis et al. 2012); however,
their widespread use in this treatment has also led to the
emergence of carbapenem-resistant species. This situation
is extremely worrying because they are usually used as last
resort antibiotics in the treatment of severe nosocomial
infections that are often observed in transplantation, surgi-
cal, and intensive care units (Nordmann et al. 2009, 2012).

Carbapenem resistance depends on two basic mechanisms—
acquisition of genes encoding carbapenem-degrading
enzymes (carbapenemase) and the reduction uptake of
antibiotics with a lack of porin expression in association
with overproduction of B-lactamases. There are three most
important carbapenemases types as follows: (1) K. pneu-
moniae carbapenemases (KPCs), (2) metallo-p-lactamases
(verona integron-encoded metallo-p-lactamases [VIM],
imipenemase [IMP], and New Delhi metallo-p-lactamases
[NDM]), and (3) oxacillinase-48 (OXA-48) type enzymes
(Nordmann et al. 2012; Pitout et al. 2015). Bacteria pro-
ducing these enzymes are usually susceptible to only a few
antibiotics, and this leads to prolonged hospital stays and
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increased mortality rates, especially in patients with immu-
nodeficiency and bloodstream infections. Unfortunately, the
use of new antibiotics cannot completely resolve this issue
(Tzouvelekis et al. 2012; Munoz-Price et al. 2013). The
potential strategies for resolving this issue include producing
substances other than antibiotics and the development and/or
discovery of various adjuvants. Combining antibiotics with
antimicrobials selected from bioactive compounds present
in nature is another option (Langeveld et al. 2014).

Based on ethnobotanical knowledge, a significant num-
ber of studies are being conducted worldwide on medicinal
plants as alternative antimicrobial resources (Abdallah 2011;
Chandra et al. 2017). The antimicrobial properties of medic-
inal plants depend on the presence of active compounds,
such as quinolones, phenols, alkaloids, flavonoids, and ter-
penoids, as part of their contents. Terpenoids in plant essen-
tial oils play an important role in traditional herbal drugs
and have been investigated for their many pharmacological
properties (Chandra et al. 2017). Carvacrol (2-Methyl-5-(1-
methylethyl)-phenol) is a monoterpenic phenolic compo-
nent in the essential oils of Origanum, Thymus, Thymbra,
Satureja species (Suntres et al. 2015). Carvacrol has many
biological properties such as anti-inflammatory, antioxidant,
antitumor, and insecticidal activities (Nostro and Papalia
2012). In addition, carvacrol, either alone or in combina-
tion with various antibiotics also exhibits very strong anti-
microbial activity against many pathogens (Palaniappan and
Holley 2010; Magi et al. 2015; Raei et al. 2017; El Atki
et al. 2019). Based on this information, the aim of this study
was to evaluate the combination activity of carvacrol with
meropenem against carbapenem-resistant strains of K. pneu-
moniae (CRKP), investigate the effect of this combination
on bacterial membrane, and detect its cytotoxic activity on
eukaryotic cells.

Materials and methods
Bacterial strains and antimicrobial agents

Twenty-five CRKP strains used in this study were selected
from those isolated from 2012 through 2015 in the Micro-
biology Department of Akdeniz University Hospital Cen-
tral Laboratory, Turkey. Stock solutions of all strains were
cultured in sheep-blood agar medium (Becton Dickinson,
Franklin Lakes, NJ, USA). Colonies that grew after incu-
bating at 35+ 2 °C for 18-24 h were identified using the
MALDI-TOF MS (Bruker Daltonics, Germany) method.
The antibiotic susceptibilities of colonies identified as K.
pneumoniae were analyzed using the BD Phoenix automated
system (Becton Dickinson, Sparks, MD, USA). Klebsiella
pneumoniae NCTC 13442 was used as the quality-control
strain.
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Carvacrol (W224511, 99% purity) and meropenem
(M2574,>98% purity) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). The stock solution of car-
vacrol was prepared using 10 mg/mL pure ethanol and
preserved at — 20 °C until use. Meropenem was dissolved
in distilled water, and 512 ug/mL stock solution was ali-
quoted and stored at — 80 °C.

Cell line and culture conditions

Vero cell line CCL-81-ATCC (African green monkey kid-
ney cells) was kindly provided by Dr. Aydemir at Akdeniz
University, Faculty of Science, Antalya, Turkey. The cells
were grown in a monolayer culture in Dulbecco’s Modified
Eagle’s Medium (Gibco, Carlsbad, CA, USA) containing
10% fetal bovine serum (FBS), 10 pg/mL gentamicin, and
5% sodium pyruvate. The cells were then incubated in 5%
CO, with 95% humidity at 37 °C.

Real-time PCR with the BD MAX CRE assay

All strains were evaluated using the BD MAX CRE assay
kit in the BD MAX real-time PCR fully automated system
(Becton Dickinson, Sparks, MD, USA) for the presence of
the blaypc, blaypy, and blagx a_sg according to the manu-
facturer’s instructions (Ciftci et al. 2019).

Determining the minimum inhibitory concentration

To determine the minimum inhibitory concentration
(MIC) values of meropenem and carvacrol, the broth
microdilution method was studied according to the rec-
ommendations of the Clinical & Laboratory Standards
Institute (CLSI) (CLSI 2018a). The double serial dilu-
tions of antimicrobial agents were made using 96-well
microplates with cation-adjusted Mueller Hinton Broth
(MHB) (CAMHB, Merck KGaA, Darmstadt, Germany).
The concentration ranges of carvacrol and meropenem
were 0.25-512 and 0.0625-128 ug/mL, respectively. The
bacterial suspension was adjusted according to the 0.5
McFarland standard and added to each well (final bacterial
concentration: 5 x 10° colony forming units [CFU]/mL). In
addition, the control of bacterial growth (CAMHB + bacte-
ria) and medium sterility (CAMHB) were studied in each
microdilution plate. Microdilution plates were incubated
at 35+ 2 °C for 18-24 h. The MIC values were determined
by comparing the growth density in the wells containing
antibiotics with those in the control wells used in each test
set. The experiments were conducted in triplicate.
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Checkerboard synergy test

To investigate the activity of combining meropenem and
carvacrol, the checkerboard synergy test, which is based on
microdilution, was conducted. The efficacy of the combi-
nation of the two antimicrobial agents was tested using a
96-well microplate for each strain. CAMHB was used as
the medium. The activity of the two combined antimicro-
bial agents was studied within the dilution range of 4 Xx MIC
and 0.03125 x MIC. Meropenem was added vertically and
carvacrol was added horizontally to the wells. The bacte-
rial suspension was prepared to produce a final inoculum of
5x10° CFU/mL and was added to each well. In addition,
bacterial growth control (CAMHB + bacteria) and medium
sterility control (CAMHB) for each plate were studied. The
plates were incubated at 3542 °C for 18-24 h. Each experi-
ment was conducted three times.

The fractional inhibition concentration (FIC) of both anti-
microbial agents was calculated to be able to interpret the
results according to the following formulas:

FIC, = (MIC of A in combination/MIC of A alone)
FIC; = (MIC of B in combination/MIC of B alone)

FIC index(FICI) = FIC,, + FICy

FICI<0.5 was interpreted as synergism, 0.5 <FICI <4
was interpreted as indifference, and FICI>4 was interpreted
as antagonism (Moody 2010).

Time-kill assay

The time-kill assay was studied according to the method
previously defined by Moody and Knapp (2010). The strains
(CRKP-1, CRKP-3, CRKP-6, CRKP-12, CRKP-16, CRKP-
17, CRKP-19, CRKP-22) in which a synergistic activity was
detected using the checkerboard synergy test were reevalu-
ated using the time-Kkill test. Carvacrol and meropenem alone
(1/4 xMIC) and their synergistic combination (1/4 X MIC
carvacrol + 1/4 X MIC meropenem) were prepared in test
tubes containing CAMHB. The bacterial suspension pre-
pared from mid-log phase bacteria was added to the test
tubes with a final bacteria density of 6 x 10° CFU/mL. A
tube containing bacteria and CAMHB was used as the
growth control, and a tube with CAMHB alone was used
as the sterility control. All tubes containing 10 mL were
incubated at 35+2 °C. Aliquots of 0.01 mL of each sam-
ple were taken from the tubes at intervals of 0, 2, 4, 8, and
24 h to determine the viable bacteria cell and were seri-
ally diluted in saline. The diluted samples were spread on
Mueller-Hinton Agar (MHA, Merck KGaA) and incubated

at 35+2 °C for 18-24 h. The bacterial colonies between
30 and 300 CFU/mL were manually counted, averaged, and
expressed as the log of CFU/mL (log;, CFU/mL). The time-
kill assay was repeated three times to confirm the results.
Bactericidal activity was defined as a>3 log,, decrease in
CFU/mL according to the growth control. Synergistic activ-
ity was defined as a>2 log, decrease in CFU/mL between
the combination and its most active agents.

LIVE/DEAD BacLight bacterial viability assay

Effects of carvacrol, meropenem, and their synergistic com-
binations on bacterial viability were evaluated by LIVE/
DEAD BacLight Bacterial Viability Kit (Molecular Probes,
Eugene, OR, USA) assay following the manufacturer’s pro-
tocol (Latka and Drulis-Kawa 2020). The live/dead assay
was conducted on the CRKP-6 strain, which had the lowest
synergy value in the time-kill test.

Measuring cell membrane damage

Cell membrane damage was studied according to the method
described by Devi et al. (2013) with minor modifications.
Membrane damage measurements were conducted on the
CRKP-6 strain, which had the lowest synergy value in the
time-kill test. Initially, the bacteria were incubated over-
night at 35+2 °C in MHB (Merck KGaA). The bacterial
culture was then centrifuged at 4000xg for 15 min, and the
pellet was washed twice with PBS. Carvacrol and mero-
penem alone (1 X MIC, 1/2xMIC, and 1/4 X MIC concen-
trations) and their synergistic combination (1/4 X MIC car-
vacrol + 1/4 X MIC meropenem) were added to the bacterial
suspensions. The suspension containing only PBS and bac-
teria was used as the control. All samples were incubated
at 35+2 °C for 3 h. At the end of this period, all samples
were centrifuged at 13,400xg for 15 min and the superna-
tant was removed. The absorbance (A),4, of the supernatant
was measured using the Cary 60 UV-Vis spectrophotometer
(Agilent Technologies, Santa Clara, CA, USA) to determine
the amount of nucleic acids released from the cytoplasm.
Measurements were conducted in triplicate.

Scanning electron microscopy

To observe the potential effect of the combination of
carvacrol and meropenem on the cell morphology of the
CRKP-6 strain, an analysis was conducted using SEM
according to the method defined by Bendali et al. (2008).
Bacteria were incubated overnight at 35+2 °C in MH
broth and then treated with the synergistic combination
(1/4 x MIC carvacrol + 1/4 X MIC meropenem). Bacteria
in MHB (without agents) were used as the control. The
prepared samples were incubated at 35 +2 °C for 3 h, after
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which the samples were centrifuged at 4000xg for 10 min.
The pellet was washed twice with PBS and fixed in 2.5%
glutaraldehyde at 4 °C for 2 h. The bacterial pellet was
again washed twice with PBS and fixed with 1% osmium
tetroxide for 1 h. At the end of the process, the cells were
washed twice with PBS and dehydrated using a graded
ethanol series (30, 50, 70, 80, 90, and 100%). The ethanol
was then replaced with 100% acetone. Finally, the samples
were fixed on SEM support, and then sputter-coated with
gold—palladium under vacuum, followed by microscopic
examinations using a scanning electron microscope (Zeiss
LEO 1430, Cambridge/England).

Cell proliferation assay

Cell proliferation was assessed using the CellTiter 96
aqueous nonradioactive cell proliferation assay kit (Pro-
mega, Madison, WI, USA), which is based on the cleav-
age of 3-(4,5 dimethylthiazol-2-yl)-5-(3-carboxymeth-
oxy-phenyl)-2-(4-sulfonyl)-2H-tetrazolium (MTT) into
a soluble, yellow formasan salt (Aksit et al. 2020). The
cells were seeded at 5x 10° cells/well in 200 pL com-
plete medium onto 96-well plates and allowed to attach
for 24 h. After the cells had reached 80-90% confluency,
the medium was removed, and the cells were washed with
PBS. Subsequently, the cells were treated with various
concentrations (8—2048 pg/mL) of meropenem, carvac-
rol, or their combinations prepared in 1% FBS contain-
ing the complete medium. Each treatment used eight well
replicates. The cells were grown at 37 °C for 24 h, after
which the medium was gently aspirated to terminate the
experiment, and 180 pL serum-free complete medium
and 20 pL MTT were added to each well for 4 h. The
absorbance at 490 nm was measured using the Thermo
Labsystem Multiscan Spectrum microplate reader (Ther-
molabsystem, Chantilly, VA, USA) and wells without cells
as a background. The sample readings were calculated by
subtracting the average of background absorbances. All
experiments were conducted at least four times.

Statistical analyses

All values are expressed as the mean+SEM. Analysis was
performed using a professional statistics software program
(Graph Pad InStat., San Diego, CA, USA). One-way analysis
of variance (ANOVA) with Dunnett's multiple comparison
post-test was used for comparing cell membrane damage,
cell viability and live-dead bacterial viability tests between
tested groups. p < 0.05 was considered to be statistically sig-
nificant. The graphs were drawn using Sigma Plot version
10.0 (SPSS Inc., Chicago, IL, USA) software.
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Results
Presence of carbapenemase genes

According to the results of real-time PCR assay conducted
to determine the presence of carbapenemase genes, all 25
CRKP strains were determined to be blagx,_4g positive
(Table 1). None of the blagpc or blaypy genes were found
in any of the strains studied.

Antibacterial susceptibility

The MIC values of carvacrol and meropenem against all
bacterial strains are provided in Table 1. Carvacrol exhib-
ited antibacterial activity with MIC values within the range
of 32-128 pg/mL against all strains tested, including the
control strain. The MIC values of the 25 clinical strains
were 128 pug/mL for 11, 64 pg/mL for 9, and 32 pg/mL for
5 strains. Meropenem also exhibited an antibacterial effect
with the same MIC values as carvacrol, and the MIC values
of all the clinical strains were 128 pg/mL for 7, 64 ug/mL
for 10, and 32 pg/mL for 8 strains. The MIC test results were
evaluated based on CLSI criteria (CLSI 2018b). According
to these results, all the tested clinical strains were found to
be resistant to meropenem. The susceptibilities of all tested
clinical strains to other antibiotics are given in Table 2.

Evaluation of the checkerboard synergy test result

The checkerboard synergy test was conducted to evaluate the
activity of the combined carvacrol and meropenem, and the
FICI values were calculated (Table 1). According to these
results, the synergistic effect was determined against eight of
the clinical strains, and the FICI values were calculated to be
0.5. There was a fourfold decrease in the meropenem MIC
values of the eight strains that displayed synergistic effect.
The combination of these two agents exhibited an indifferent
effect with FICI values within the range of 0.75-1 against
the other 17 strains. No antagonistic effect was detected
against any of the tested strains.

Evaluation of time-kill assay

The time-kill test was conducted to confirm the synergis-
tic results obtained against the eight CRKP strains used in
the checkerboard synergy test and to show the bactericidal
activity of the combination of agents. According to these
results, a decrease in the colony counts of >2 log,, CFU/
mL was detected for the strains exposed to the combination
compared to that from the most active agent at the end of
24 h. In other words, the combination exhibited synergistic
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Table 1 Results of the antibacterial activities of carvacrol, meropenem, and their combination against strains of carbapenem-resistant Klebsiella

pneumoniae (CRKP)
Strains OXA-48 MIC results Checkerboard synergy test results
CAR (ug/mL) MEM (ug/mL) CAR incombi- MEM in combi- FIC CAR FIC MEM FICI Interpretation
nation (ug/mL) nation (ug/mL)

CRKP-1 + 64 32 16 0.25 0.25 0.5 SYN
CRKP-2 + 128 64 64 0.5 0.125 0.625 IND
CRKP-3 + 64 32 16 8 0.25 0.25 0.5 SYN
CRKP-4 + 128 64 64 16 0.5 0.25 0.75 IND
CRKP-5 + 128 32 64 0.5 0.25 0.75 IND
CRKP-6 + 32 32 8 8 0.25 0.25 0.5 SYN
CRKP-7 + 128 128 64 64 0.5 0.5 1 IND
CRKP-8 + 128 64 16 32 0.125 0.5 0.625 IND
CRKP-9 + 64 128 16 64 0.25 0.5 0.75 IND
CRKP-10 + 32 128 16 64 0.5 0.5 1 IND
CRKP-11 + 64 64 16 32 0.25 0.5 0.75 IND
CRKP-12  + 64 32 16 8 0.25 0.25 0.5 SYN
CRKP-13  + 64 64 8 32 0.125 0.5 0.625 IND
CRKP-14 + 128 128 64 32 0.5 0.25 0.75 IND
CRKP-15 + 64 128 16 64 0.25 0.5 0.75 IND
CRKP-16 + 32 64 8 16 0.25 0.25 0.5 SYN
CRKP-17 + 64 32 16 8 0.25 0.25 0.5 SYN
CRKP-18 + 128 64 64 32 0.5 0.5 1 IND
CRKP-19 + 32 64 8 16 0.25 0.25 0.5 SYN
CRKP-20 + 64 128 16 64 0.25 0.5 0.75 IND
CRKP-21 + 128 32 32 16 0.25 0.5 0.75 IND
CRKP-22 + 32 64 8 16 0.25 0.25 0.5 SYN
CRKP-23 + 128 64 64 32 0.5 0.5 1 IND
CRKP-24 + 128 32 32 16 0.25 0.5 0.75 IND
CRKP-25 + 128 128 64 32 0.5 0.25 0.75 IND

CAR carvacrol, MEM meropenem, SYN synergy, IND indifference, FIC fractional inhibition concentration

activity against eight strains. When the bactericidal activity
was evaluated according to time-kill assay, no significant
decrease was detected in the colony counts of the strains
exposed to a concentration of 1/4 X MIC carvacrol through-
out the entire incubation time. At the end of 24 h, a decrease
of <3 log,, CFU/mL was observed when bacterial colony
counts were compared with that in the control. A concen-
tration of 1/4 X MIC meropenem caused a decrease in the
colony counts of the strains up to 4 h, but an increase in
the colony counts was observed in the hours following
that timespan. At the end of 24 h, a decrease of <3 log,,
CFU/mL was detected in the colony counts of the strains
when compared with that of the control. In other words,
by themselves, neither carvacrol nor meropenem exhibited
any bactericidal activity on any CRKP strain. When the
strains exposed to the synergistic combination (1/4 X MIC
carvacrol 4 1/4 x MIC meropenem) were evaluated for bac-
tericidal activity, a decrease in the colony counts of > 3 log,,
CFU/mL was recorded in the strains compared to that of the

control, which indicated that the combination showed a bac-
tericidal effect against all strains. The graph in Fig. 1 shows
the time-kill test results for the CRKP strains that exhibited
the synergistic activity.

LIVE/DEAD BacLight assay

The viability of the CRKP-6 strain exposed to carvacrol,
meropenem, and their synergistic combination was evalu-
ated using the LIVE/DEAD BacLight bacterial viability
assay. According to the results, the viability percentage
of the cells exposed to 1/4 X MIC carvacrol, 1/4 x MIC
meropenem, and their synergistic combination (1/4 x MIC
carvacrol + 1/4 X MIC meropenem) at the end of 24 h was
93.72, 71.46, and 35.47%, respectively. The decrease in
the percentage of cell viability after administration of the
combination was statistically significant when compared to
the percentage of cell viability exposed to each agent alone.
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Table 2 (continued)

MIC (ug/mL)

Strains

Trimeth-
oprim-
Sul-

Tobramy-
cin

Pipera- Piper-  Tigecy-
floxacin cillin cline

Levo-

Imipe-
nem

Gen-

Fosfo-
mycin

Colistin  Ertap-

Ceftri- Cefuro- Cipro-
xime

axone

Ampi-  Aztre-  Cefepime Cef- Ceftazi-
cillin dime-

Amox-

Ami-

acillin-
Tazo-

tamicin

enem

floxacin

onam tazi-

icillin-

kacin

w/G6P

Avibac-
tam

dime

Clavula-

fameth-

bactam

nate (f)

oxazole

>4/76

2

> 64/4

> 64

<4 >32/2  >8 >16 >16 >8 1/4 >4 >8 >1

CRKP-

25

The fluorescence absorption measurements are provided in
Table 3.

Measuring the membrane damage of the CRKP-6
strain

Cell membrane damage was determined by measuring the
amount of nucleic acid leaking through the bacterial cell
membrane at 260 nm using a UV spectrophotometer. The
CRKP-6 strain was treated with different concentrations
of carvacrol and meropenem (1/4 X MIC, 1/2 x MIC, or
1 X MIC) and with the synergistic combination (1/4 x MIC
carvacrol + 1/4 X MIC meropenem). Bacteria not exposed to
any antimicrobial agent were used as the control. Figure 2
shows the resulting absorbance values. Accordingly, as the
concentration of carvacrol increased, the absorbance values
also increased (0.14, 0.26, 0.52, respectively, for the above
concentrations). This increase shows a statistically signifi-
cant difference when compared with those of meropenem
and the control (p <0.01). The absorbance value obtained as
a result of measurements made using the synergistic com-
bination was 0.21. A statistically significant difference was
found between this absorbance value and the absorbance
values measured at the same concentration of each agent
alone (p <0.01).

Scanning electron microscope analyses

SEM analyses were conducted to observe whether the syner-
gistic combination caused any morphological changes in the
CRKP-6 strain. Figure 3 shows SEM images of the CRKP-6
strain treated and untreated with the combined agents. The
control cells have normal cell morphology. The character-
istic rod-shaped, regular, and unchanged morphology of K.
pneumoniae is provided in Fig. 3al, a2. In contrast, serious
damage was detected in the bacterial cells exposed to the
synergistic combination. Deformations such as wrinkling,
collapse of the bacterial cell surfaces, and cell structure dis-
ruptions were clearly visible (Fig. 3bl, b2).

In vitro cytotoxicity against vero cells

The possible cytotoxic effects of various concentrations of
carvacrol, meropenem and their combinations on Vero cells
were determined in vitro. Neither carvacrol (Fig. 4a) nor
meropenem (Fig. 4b) applied at the tested concentrations
had any direct cytotoxicity against cells (p > 0.05). Results
demonstrated that the combinations of carvacrol and mero-
penem is not toxic to Vero cells (p > 0.05) (Table 4) but
rather specific against bacterial cells.
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«Fig. 1 Time-kill curve analysis of the carbapenem-resistant Kleb-
siella pneumoniae (CRKP) strains exposed to carvacrol (1/4xMIC),
meropenem (1/4xXMIC), and their synergistic combinations
(1/4 x MIC carvacrol + 1/4 x MIC meropenem)

Discussion

Carbapenemases are known to be the most important
enzymes by which K. pneumoniae strains become resistant
to a bactericidal agent. The main problem is that the genes
encoding these enzymes are located on the transferable
plasmids and transposons, and thus resistance can be rap-
idly transferred between the same and/or different species;
therefore, resistant strains producing carbapenemases are
spreading rapidly throughout the world (Nordmann et al.
2012). OXA-48 carbapenemase was initially identified
in Turkey in a CRKP isolate from Istanbul (Poirel et al.
2004). Since then, OXA-48-producing strains have been
extensively reported as sources of nosocomial outbreaks in
Turkey (Carrér et al. 2008; Azap et al. 2013). Apart from
the OXA-48 producers, isolates producing other types
of carbapenemases (NDM, IMP, VIM, and KPC-2) were
recently identified in Turkey as well (Alp et al. 2013; Genc
et al. 2016; Labarca et al. 2014). Su et al. (2020) reported
that 105 strains of 113 carbapenem-resistant isolates were
detected as OXA-48 (69.7%) and followed by VIM, NDM,
and IMP in 3 strains, 3 strains, and 1 strain, respectively.
Similarly, in this study OXA-48 carbapenemase was
detected in all randomly selected 25 clinical CRKP strains;
none of the other enzymes were found in them.

The carbapenem resistance revealed using PCR analy-
ses in all clinical strains was also confirmed by the MIC
results for meropenem. According to the MIC values
obtained against the 25 CRKP strains, all were found to
be resistant to meropenem. Carvacrol exhibited antibac-
terial activity equivalent to that of meropenem on these
strains. In another study investigating the antibacterial
activity of carvacrol against carbapenemase producing K.
pneumoniae strains, the MIC of carvacrol against K. pneu-
moniae (NDM), K. pneumoniae (VIM-1), K. pneumoniae
(OXA-48), K. pneumoniae (KPC) strains were found as
250, 125, 125, 125 pg/mL, respectively (Raei et al. 2017).
de Souza et al. (2021) also found that carvacrol showed
significant antibacterial activity against KPC-producing
K. pneumoniae strains with MIC values in the range of
130-260 mg/L. Several studies have shown the antibac-
terial activity of carvacrol on different microorganisms.
In some of these, the antibacterial activity of carvacrol
against Bacillus cereus (Ultee et al. 1999), Shigella sonnei
and Shigella flexneri (Bagamboula et al. 2004), Escheri-
chia coli, Pseudomonas fluorescens, Staphylococcus
aureus, Lactobacillus plantarum, and Bacillus subtilis
(Ben Arfa et al. 2006), Salmonella typhimurium (Zhou

et al. 2007), and E. coli (Pei et al. 2009; Khan et al. 2017)
has been demonstrated.

In this study, the effect of the combination of carvacrol
and meropenem was first assessed using the checkerboard
synergy test. While synergistic effect was observed in a
minority of 25 isolates with eight CRKP strains, the oth-
ers were found to be indifferent. Based on the literature,
there has been no study that has investigated the effect of
the combination of carvacrol and meropenem on strains of
CRKP. However, combination activities of various antibiot-
ics with carvacrol against many bacterial strains have been
investigated in previous studies. Cordeiro et al. (2020) found
that combination of carvacrol with both ceftazidime and
cefepime against all tested K. pneumoniae strains showed
additive effect. The combination of nalidixic acid with car-
vacrol has been determined to exhibit synergistic (62.5%)
and indifference effect (37.5%) on nalidixic acid-resistant
pathogenic bacteria by Choi et al. (2009). Palaniappan and
Holley (2010) indicated that the combinations of carvacrol
with various antibiotics (ampicillin, tetracycline, penicillin,
bacitracin, erythromycin and novobiocin) showed synergistic
effect on resistant S. typhimurium, Streptococcus pyogenes,
E. coli and S. aureus. Maggi et al. (2015) found that the
combination of carvacrol and erythromycin had synergis-
tic effect against 21 of 32 erythromycin resistant group A
Streptococci. On the other hand, Wijesundara et al. (2021)
reported that the combination of carvacrol and erythromy-
cin did not exhibit any synergistic effect on S. pyogenes.
There are also studies investigating the combination effects
of different phytochemicals against K. prneumoniae in the
literature. Baicalein has been found to exhibit synergistic
activity against extended spectrum f-lactamase (+) K. pneu-
moniae when combined with cefotaxime (Cai et al. 2016).
Dhara and Tripathi (2020) determined that the combination
of cinnamaldehide with cefotaxime and ciprofloxacin against
ESBL-producing quinolone-resistant K. pneumoniae showed
60.6% and 42.4% synergistic effect, respectively.

The time-kill assay is a reliable test used to evaluate the
synergistic effect between antibacterial agents. Therefore, we
used the time-kill test to confirm our checkerboard synergy
results. In line with the results of our checkerboard syn-
ergy test, the time-kill test also showed that the combination
of carvacrol and meropenem was synergistically effective
against 8 of 25 strains. Moreover, the time-kill test results
also indicated that carvacrol and meropenem alone had no
bactericidal effect against the 8 strains tested; however,
their synergistic combinations exhibited bactericidal effect
on these strains at 24 h of exposure. de Souza et al. (2021)
found that carvacrol at a concentration of 1 X MBC eradi-
cated all bacterial cells within 4 h. This difference between
results may be due to the fact that carvacrol was tested at
a lower concentration (1/4 X MIC) in our study. According
to the results of the live/dead test conducted to support the
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Table 3 Effect of carvacrol, meropenem, and their synergistic com-
bination on membrane integrity in carbapenem-resistant Klebsiella
pneumoniae (CRKP)-6 measured using the LIVE/DEAD BacLight
Protocol assay

Strain Antimicrobial agent Live % SD

CRKP-6 None 100 -
CAR 93.72 +19.24
MEM 71.46 +11.58
CAR+MEM 35.47 +6.72

Values are expressed as a percentage of those obtained with the con-
trol cultures not exposed to the antimicrobial agents

SD standard deviation, CAR carvacrol 1/4xMIC, MEM meropenem
1/4xXMIC, CAR+MEM 1/4xMIC carvacrol + 1/4 x MIC meropenem

results of the time-kill assay, the mortality rate was very low
in the CRKP-6 strain treated with either carvacrol or mero-
penem alone; however, a high mortality rate was observed
after applying the combination of these two agents.

The primary antibacterial mechanism of carvacrol is that
it causes damage to the bacteria cell membrane. Because of
its hydrophobic properties, it increases the permeability and
fluidity of the cell membrane structure by interacting with
fatty acids. Moreover, it has also been demonstrated that
carvacrol causes structural changes in the bacterial cell wall
and disrupts the outer membrane of Gram-negative bacte-
ria. Thus, carvacrol causes the leakage of vital intracellular

components, nucleic acids, ions, and ATP out of the cell,
thereby leading to cell death. (Lambert et al. 2001; Burt
2004; Nostro and Papalia 2012). In addition, the amount
of ATP was decreased in cells exposed to carvacrol. This
effect is thought to occur with a decrease in ATP synthesis
rate or an increase in ATP hydrolysis rate. This effect is
believed to be achieved by a reduction in the ATP rate of
the synthesis or an increase in the rate of ATP hydrolysis
(Ultee et al. 1999). All these mechanisms are believed to
depend on the chemical structure of carvacrol. In addition to
its hydrophobic character, having a free hydroxyl group and
a delocalized electron system makes carvacrol a more effec-
tive antibacterial component (Ben Arfa et al. 2006). Based
on this information, we investigated whether carvacrol alone
and in combination with meropenem caused damage to the
bacterial cell membrane. According to the results of the UV
spectrophotometer measurements, carvacrol was determined
to cause damage to the cell membrane of the CRKP-6 strain.
As the concentration of carvacrol increased, the amount of
substances leaking out of the cell membrane also increased.
The synergistic combination caused more membrane dam-
age than carvacrol alone. Since the synergistic combination
has a greater effect on cell membrane damage than carvacrol
alone, we speculate that carvacrol reduces the resistance to
meropenem and thereby causes more membrane damage.
However, further studies are needed to exactly reveal the
mechanism of the combination’s effect.
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absorbing materials in the
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treated with different concentra- e
tions of carvacrol, meropenem, 0,5 1 —
and their synergistic combina-
tion. The data are the average E
triplicates and *, **, and *** c
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Fig.3 Scanning electron
microscopy images of the
carbapenem-resistant Klebsiella
pneumoniae (CRKP)-6 strain
for al and a2 (original mag-
nification, X 10,000, x 20,000)
untreated bacteria have normal
cell morphology with regular
rod-shaped cells. The bacterial
cells treated with the synergistic
combination (1/4 x MIC carvac-
rol + 1/4 x MIC meropenem);

bl and b2 (original magnifica-
tion, X 10,000, x 20,000) show
cell structure disruptions such
as wrinkling, collapsing cell
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Fig.4 Vero cells were treated with 1024—4 pg/mL carvacrol (a) and meropenem (b). MTT assay was performed to determine cell viability 24 h
post-treatment. No statistically significant cytotoxic effect was determined in treated cells (p > 0.05)

In SEM observations of the cells exposed to the synergis-
tic combination of the agents, images of disintegrated and
lysed cells were observed. According to these images, the
synergistic combination of carvacrol and meropenem caused
severe damage to the cell wall and membrane of the CRKP-6
strain. Thus, the bactericidal effect detected by the time-kill
and live-dead assays, and the membrane damage observed
with the UV spectrophotometer measurements were also

confirmed by SEM observations. Based on these results, we
suggest that the combination of carvacrol and meropenem
demonstrated a detrimental effect on the CRKP strain by
causing both membrane damage and cell wall disintegration.

According to the results of our study, although carvac-
rol alone did not exhibit strong antibacterial activity against
CRKRP strains, it did decrease the MIC values of meropenem
when it was combined with meropenem. In other words,
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Table 4 Cytotoxic effects of meropenem and carvacrol between concentrations of 2048 and 8 ug/mL on Vero cells using the checkerboard synergy test

&

CAR 32 pg/mL
0.9430+£0.01713

0.8018 £0.05896

CAR 64 pg/mL

0.6988 +0.008280

CAR 128 pg/mL

CAR 256 pg/mL
0.8558 £0.04936

CAR 512 pg/mL

0.8865+0.02261

CAR 1024 pg/mL

1.048 +£0.02603

CAR 2048 pg/mL
0.9495 +0.01396

Control

Time 0

Springer

1.286+0.02584

1.265 +0.02864

0.6638+0.01683 0.7888 +£0.06282 0.8865+0.02529 1.004 +0.05175

0.6365+£0.01328

MEM 2048 pg/mL

0.938

1.006 +£0.07733

0.6408 +£0.01697

a

+
3
5

0.3625

+ 0.8168 +0.05038 0.8323+0.03478 0.7463 +0.03575 0.8865 +0.05746 0.9275+0.03163 1.059+0.04402

0.7678 +£0.02769

MEM 1024 pg/mL
0.7215+0.02597

0.8323+0.03478

0.5143+0.01132

MEM 512 pg/mL

1.110+0.05026

+ 0.7558 £0.008994  0.8573+0.006210  0.8140+0.04418 0.8728 +£0.05884 1.029 +0.04402

0.6123 +0.02002

0.7640+0.009478

0.4913+0.01138

0.7765+0.01957

+ MEM 256 ng/mL 0.7058 £0.01459 0.8365+0.05655 0.8388 +0.06752 0.9568 +0.01666 0.9210+0.02210 0.9428 +0.02039 0.9938 +£0.03112

0.9450+0.009009

0.5355+0.01304

0.8835+0.04345
MEM 128 pg/mL

1.293+0.04786

+ 0.8365+0.02480 0.9228 +0.06422 0.8818+0.03750 1.046+0.07301 1.293+0.04786

0.7808 +0.04340

0.7900+0.02252

0.5175+0.01738

0.7105+0.03248
MEM 64 pg/mL

1.206+0.03309

0.6460+£0.03145 0.7330+0.02664 0.8048 +£0.04157 0.9203 +0.03813 0.9520+0.01885 1.145+0.02320

0.7900+0.02252

0.3415+0.004735

0.7728 +£0.02739

MEM 32 pg/mL

1.147 +0.04965

0.7565+0.01357 0.7888 +0.04662 0.8433+0.03813 0.9198 +£0.03206 0.9360+0.03160 1.053+0.06451

0.8323+0.03478

0.4648 +£0.02462

0.8550+0.05589

CAR carvacrol, MEM meropenem

the combination of carvacrol with meropenem increased the
activity of meropenem against CRKP species. f-lactamase
inhibitors, such as clavulanic acid, have been used for years
as a codrug to enhance the effectiveness of an antibiotic
(Hemaiswarya et al. 2008). Based on the results of the syn-
ergy test, we speculate that carvacrol could also be used for
this purpose.

Carvacrol has been reported to be safe and exert minimal
toxicity on eukaryotic cells and also listed as a generally
recognized safe (GRAS) food additive by the United States
Food and Drug Administration (Wijesundara et al. 2021).
It is very important when using any antibacterial agent that
the agent has selective inhibition against bacteria with less
or no cytotoxic effects on normal healthy cells. Herein, we
confirmed that either carvacrol alone or in combination with
meropenem exhibits high selective cytotoxicity towards bac-
terial cells over normal epithelial cells. Hence, carvacrol is
an effective terpenoid compound and exerts selective inhibi-
tory effects on bacterial infections. Its use is quite safe in
preventing or treating bacterial infections because it does not
cause any cytotoxic side effects in healthy tissues.

Conclusion

The results of the present study showed that the combina-
tion of carvacrol and meropenem had synergistic effect in
minority of CRKP strains. Carvacrol caused a decrease in
the bacteria’s resistance to meropenem in the strains tested.
The synergistic combination has shown bactericidal effect
by causing cell membrane damage. Carvacrol could be an
important resource in new antimicrobial researches against
resistant K. pneumoniae. Further studies are needed to
confirm efficacy of this synergistic combination in clinical
practice.
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