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Abstract Keywords
Background: Acinetobacter baumannii infection is a significant health problem worldwide Acinetobacter baumannii
due to increased drug resistance. The limited antimicrobial alternatives for the treatment of Colistin

severe infections by multidrug-resistant 4. baumannii (MDRAB) make the search for other Linalool

therapeutic options more urgent. Linalool, the major oil compound in Coriandrum sativum, Synergy

was recently found to have high antibacterial activity against 4. baumannii. The purpose Time-kill assay
of this study was to investigate the synergistic effect of linalool and colistin combinations
against MDRAB and extensively drug-resistant 4. baumannii (XDRAB). Methods: A total
of 51 strains of A. baumannii clinical isolates, consisting of 10 MDRAB and 41 XDRAB
were tested. We determined the minimum inhibitory concentration (MIC) of linalool for
the test strains using the broth microdilution method and searched for interactions using
the time-kill assay. Results: The time-kill assay showed that the linalool and colistin
combination displayed a high rate of synergy (92.1%) (by synergy criterion 2), a low rate
of indifference (7.8%), and a high rate of bactericidal activity (74.5%) in the 51 clinical
isolates of A. baumannii. The synergy rates for the linalool and colistin combination against
MDRAB and XDRAB were 96% and 92.1%, respectively. No antagonism was observed for
the linalool and colistin combination. Conclusions: The combination of linalool and colistin
showed a high synergy rate, which may be beneficial for controlling MDRAB infections.
Therefore, this combination is a good candidate for in vivo studies to assess its efficacy in
the treatment of MDRAB infections.
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1. Introduction

Acinetobacter baumannii is an opportunistic gram-
negative bacillus that causes a variety of infections and
is associated with bacteremia, pneumonia, meningitis,
and urinary tract infections !"*. The recent emergence
of multidrug-resistant A. baumannii (MDRAB) has
challenged clinicians in antibiotic selection !, The
polymyxin antibiotic colistin has been underused due
to its nephrotoxicity and neurotoxicity but has regained
interest as one of the few antibiotics active against
multidrug-resistant gram-negative bacteria, including
A. baumannii *. However, with the increased use of
colistin, resistant 4. baumannii has emerged, posing a
major threat to its usefulness ©”. Continuous infusion
of carbapenem, bacteriophage-based therapy, and
antibiotic combination therapy have been proposed as
methods to restore susceptibility in MDRAB "% As

(1]
2

the use of antibiotics can cause side effects and

as more and more people prefer to use ingredients
that are considered safe and derived from nature %,
the combination of antibiotics with plant-derived
ingredients such as essential oils has emerged as an
alternative "', Plants produce a variety of metabolites,
with primary metabolites involved in respiration and
photosynthesis and associated with plant growth ",
Secondary metabolites were formed over the past
millions of years as plants fought off predators and act
as chemical defenses "', Essential oils are a complex of
volatile secondary metabolites that are extracted from
flowers, leaves, roots, and seeds and have long been
used as therapeutic agents due to their ability to inhibit
bacterial growth ""*"*. Linalool is a monoterpene widely
used in the perfume, cosmetics, and food industries,
a major constituent of coriander essential oil, and has
been reported to have broad-spectrum antimicrobial
activity "%,

There have been many studies on the antimicrobial
activity of antibiotics combined with essential oils or their
components against various strains of bacteria "', Some

studies have also been conducted on the combination

of antibiotics with essential oils or plant extracts

against MDRAB "***, Based on the results of previous
studies on combination therapy with essential oils and
antibiotics, it is necessary to identify the synergistic
and antagonistic effects of the active ingredients or
compounds to be used in the combination due to
the inter- and intra-strain variability "> **¥ This
study was conducted to evaluate the efficacy of a
combination of linalool and colistin against MDRAB

and extensively drug-resistant A. baumannii (XDRAB).

2. Materials and methods
2.1. Subjects and specimen collection

Fifty-one strains of 4. baumannii that had been
identified and stored in frozen for a total of 6 years
from June 2009 to May 2015 were collected from
specimens referred for bacteriological culture
at Chosun University Hospital, analyzed, and
investigated. The strains were used in the experiments
after being grown on streaks twice. Identification was
performed using the VITEK2 GN card of the VITEK2
System (bioMérieux, Marcyl, Etoile, France). Strains
identified as 4. baumannii by the VITEK2 automated
analyzer were subjected to blagy,.s; e PCR 7,
Higgins PCR ' and 4. baumannii specific PCR *",
to confirm the species name, and if all were positive,
they were confirmed as 4. baumannii. Antimicrobial
susceptibility testing was performed using the VITEK2
AST-N225 card of the VITEK2 System (bioM¢érieux).
The strains used in the study were defined according
to the criteria proposed by Magiorakos et al. in which
antibiotics were divided into nine categories, MDR
was defined as susceptibility to at least one antibiotic
in each category in three or more categories, and XDR
was defined as susceptibility to at least one antibiotic in

all but two categories **.

2.2. Antimicrobial susceptibility testing

Linalool and colistin were purchased from Sigma-
Aldrich (Sigma-Aldrich, MO, USA) with the product
numbers L2602 and C4461, respectively. The minimum
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inhibitory concentrations (MICs) for each antimicrobial
agent were determined by broth microdilution assay
method according to Clinical and Laboratory Standards
Institute (CLSI) guidelines **". Results of susceptibility
to colistin were interpreted according to CLSI
breakpoint criteria *”. Pseudomonas aeruginosa ATCC
27853 and Escherichia coli ATCC 25922 strains were

used as controls.

2.3. Time-kill assay

Time-kill assays were performed with linalool and
colistin alone and with linalool and colistin combined.
Each strain was added to Mueller-Hinton (MH) broth
to a final concentration of 1x10° CFU/mL when
mixed with the antibiotic. Colistin concentrations of
2 pug/mL were used, which is a clinically achievable

serum concentration 1301

, and linalool was piloted at
a concentration equivalent to 1/4 MIC. Strains were
inoculated in tubes containing MH broth supplemented
with antimicrobial agents, prepared to a concentration
of 1 x 10° CFU/mL in a total volume of 10 mL, and
incubated in a 37°C shaking incubator. After incubation
at 37°C for 0 and 24 h, 10 pL of the broth was taken
and serially diluted 10-fold, and the dilutions were
inoculated onto MH agar plates and the total colonies
were counted after overnight incubation ",

Because different researchers tend to use different
criteria, making it difficult to compare methods, two
commonly used criteria were applied to determine
synergism. After 24 hours of incubation, a reduction
in the number of bacteria grown in the combination
treatment by more than 2 log,, CFU/mL compared to
the number of bacteria grown in the most active single
agent treatment was defined as criterion 1. A reduction
in the number of bacteria grown in the combination
treatment by more than 2 log,, CFU/mL compared to
the initial inoculum was defined as criterion 2 while
meeting criterion 1 of synergism. Indifferent was
defined as when the number of bacteria increased
or decreased by less than 2 log,, CFU/mL, and

antagonistic was defined as when the number increased
by more than 2 log,, CFU/mL ®?. The synergy rate
was calculated and compared by applying both criteria
1 and 2 for each strain. Bactericidal activity was
determined when the number of bacteria decreased by
3 log,, CFU/mL or more after 24 hours of incubation

from the initial inoculum ®¥,

3. Results
3.1. Antibiotic susceptibility of strains

The percentage of susceptibility in the homeostatic
susceptibility test on the VITEK2 device for 51 strains
was as follows: ampicillin-sulbactam 10.4%, aztreonam
0%, cefepime 2%, cefotaxime 0%, ceftazidime 2%,
tigecycline24. 4%, ciprofloxacin 0%, gentamicin
14.2%, imipenem 4%, meropenem 4%, piperacillin 2%,
piperacillin-tazobactam 2%, ticarcillin-clavulanic acid
0%, trimethoprim-sulfamethoxazole 14.8%, colistin
63.2%, minocycline 82.9%.

3.2. MIC of linalool and colistin

The 51 samples collected were identified as 10
MDRABs and 41 XDRABs. MICs of linalool
ranged from 2-32 pg/mL and colistin ranged from
0.25-16 pg/mL. Linalool had an MIC;, of 8 ug/mL
and an MIC,, of 16 pg/mL, while colistin had an MICj,
of 2 pg/mL and an MIC,, of 8 ug/mL.

3.3. Time-Kkill assay results

The time-kill assay results for all A. baumannii strains
are presented in Table 1. Synergistic effects were
observed in 10 out of 10 weeks (100%) of MDRAB and
39 out of 41 weeks (95.1%) of XDRAB using criterion
1. Using criterion 2, synergism was observed in 9 of 10
weeks (90%) in MDRAB and 38 of 41 weeks (92.6%) in
XDRAB. No antagonism was seen (Table 2).

Colistin alone showed no bactericidal activity
against all strains, while linalool alone showed
bactericidal activity against MDRAB and XDRAB at 1
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Table 1. Results of time-kill assay and bactericidal activity against two-drug combinations of linalool and colistin of
10 MDR and 41 XDR clinical isolates of A. baumannii

Logl0(VCC of LoglO(VCC of 24 hr)— s
s T combination/ Logl0(VCC of 0 hr) Synergy  Synergy MIC MIC Category Ermzailly |
VCC of MASA) of 24 criteria 1 criteria 2§
hr INL#* CST§ LNL*-+CSTf INL CST CST INL* CSTt LNL*+CSTt
MDR  89-92 52 38 37 -14 S 19 40 80 R N N N
171-84 6.1 01 29 5.8 S S 160 20 S N N B
17291 34 08 08 25 S S 160 20 S N N N
17299 51 -1 20 62 S S 40 10 S N N B
17499 8.1 29 31 52 S S 160 160 R N N B
180-82 27 34 01 59 S S 160 05 S B N B
181-67 95 19 17 53 S S 320 05 S N N B
186-88 50 03 09 52 S S 160 20 S N N B
191-19 82 31 42 5.0 S S 80 20 S N N B
200-92 74 21 41 5.1 S S 80 20 S N N B
XDR  69-84 52 26 39 25 S S 40 80 R N N N
99-73 6.1 02 03 53 S S 80 80 R N N B
111-27 62 09 28 53 S S 320 20 S N N B
130-33 41 18 19 23 S S 40 160 R N N N
139-27 40 13 31 53 S S 160 20 S N N B
14833 44 14 13 58 S S 80 80 R N N B
150-94 54 22 21 32 S S 80 20 S N N B
155-24 27 18 36 27 S S 40 20 S N N N
158-46 40 .19 -19 59 S S 80 20 S N N B
158-86 72 22 32 50 S S 80 10 S N N B
158-87 58 07 42 52 S S 80 80 R N N B
159-86 70 10 32 6.0 S S 80 03 S N N B
160-14 24 02 03 26 S S 40 160 R N N N
160-15 70 17 17 52 S S 160 10 S N N B
160-68 60 07 39 49 S S 160 80 R N N B
160-92 62 09 38 53 S S 160 40 R N N B
160-93 32 30 19 6.0 S S 80 80 R N N B
162-83 -6.0 02 23 59 S S 160 05 S N N B
162-88 31 07 38 23 S S 40 80 R N N N
163-71 36 44 43 08 S I 20 80 R N N N
163-72 -19 05 07 25 I I 40 80 R N N N
163-77 73 2220 51 S S 160 40 R N N B
164-35 43 18 19 23 S S 40 20 S N N N
164-62 58 06 40 50 S S 80 20 S N N B
165-41 33 08 17 24 S S 40 80 R N N N
165-83 82 29 29 52 S S 160 80 R N N B
165-83 72 18 28 52 S S 160 80 R N N B
166-13 64 20 29 44 S S 160 05 S N N B
166-24 62 09 30 53 S S 80 10 S N N B
166-61 83 35 43 48 S S 320 10 S N N B
172-89 82 24 23 6.0 S S 80 20 S N N B
17735 52 20 29 21 S S 40 20 S N N N
189-52 72 21 32 49 S S 80 20 S N N B
189-97 71 18 19 52 S S 160 20 S N N B
200-19 43 20 20 22 S S 80 20 S N N N
218-62 -6.0 08 06 52 S S 160 10 S N N B
219-12 53 21 19 32 S S 160 10 S N N B
219-56 69 17 30 50 S S 160 10 S N N B
219-67 04 40 40 44 I 1 160 10 S B N B
22223 28 32 11 6.1 S S 80 10 S B N B
230-54 50 11 -10 6.1 S S 80 10 S N N B

* Linalool 1/4 MIC;  Colistin 2 pg/mL; f > 2 log,, CFU/mL reduction with the combination compared with the most active single agent of 24hr; § > 2
log,, CFU/mL reduction with the combination compared with the most active single agent and > 2 log10 CFU/mL reduction below the initial inoculum at
24 hr; || > 3 log,, CFU/mL reduction compared with the initial inoculums; 9 < 2 log,, change in CFU/mL at 24 hr with the combination compared with the
most active single agent. Abbreviation: MIC, minimum inhibitory concentration; LNL, linalool; CST, colistin; B, bactericidal; N, non-bactericidal; MDR,
multidrug-resistant; XDR, extensively drug-resistant; S, synergy; I, indifference; VCC, viable cell count, MASA, most active single agent.

4-
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Table 2. Comparison of time-kill assay results between MDR and XDR groups against the combination of colistin

and linalool

MDR XDR Total
Combination of antibiotics Interaction

No. (%) No. (%) No. (%)
Colistin + Linalool Synergy (criterion 1) 10 (100.0) 39 (95.1) 49 (96.0)
Synergy (criterion 2) 9 (90.0) 38 (92.6) 37(92.1)

Indifference 1(10.0) 3(7.3) 4(7.8)

Antagonism 0(0.0) 0(0.0) 0(0.0)
Bactericidal 8(80.0) 30(73.1) 38 (74.5)

Abbreviation: MDR, multidrug-resistant; XDR, extensively drug-resistant.

week each. In combination therapy, bactericidal activity
was observed in 8 out of 10 weeks (80%) for MDRAB
and 30 out of 41 weeks (73.1%) for XDRAB (Table 2).

4. Discussion
In this study, the combined effect of linalool and
colistin was evaluated against 51 weeks of MDRAB
clinical isolates and showed superior antimicrobial
activity compared to single agents. In a previous study
with MDRAB, a synergistic effect was observed by
combining red river gum (Eucalyptus camaldulensis)
essential oil with polymyxin B *'. Another study
combined silver plum (Myrtus communis L.) essential
oil with polymyxin B and ciprofloxacin, respectively,
and observed synergistic effects against MDRAB .
Treatment of 4. baumannii with linalool showed
antibacterial activity and rapid bactericidal effect,
limiting biofilm formation and inhibiting the process
of bacterial adhesion to surfaces """, Aelenei et al.
evaluated the effect of oxacillin, erythromycin,
gentamycin, ciprofloxacin, tetracycline, clindamycin,
and erythromycin combined with linalool by
checkerboard method """, S. aureus was studied for
3 weeks, P. aeruginosa for 2 weeks, Staphylococcus
epidermidis for 1 week, and E. coli for 1 week, and
the proportion of all antibiotic combinations with
synergistic effects were examined by strain, and
synergistic effects were found in 80% (12/15) of S.
aureus, 12.5% (1/8) of P. aeruginosa, 42.8% (3/7)
of S. epidermidis, and 40% (2/5) of E. coli ", Silva

et al. performed combination therapy of linalool
and imipenem and linalool and ciprofloxacin by
checkerboard method against four strains including
reference strain S. aureus ATCC 6538, P. aeruginosa
ATCC 25853, and clinical isolates S. aureus and
P. aeruginosa """, The authors defined a fractional
inhibitory concentration (FIC) index of 0.5 or less as
“synergistic”, between 0.5 and 1 as “additive”, and
between 1 and 4 as “unrelated”. The combination
of linalool and imipenem was synergistic in all
four strains, while the combination of linalool and
ciprofloxacin was additive in S. aureus and unrelated
in P. aeruginosa """, The above results were evaluated
on different strains and different antibiotics than in this
study, so the synergistic effectiveness rate could not
be directly compared. Even taking this into account,
the combination of linalool and colistin showed a
synergistic effect of 92% using criterion 2, making it a
promising combination against MDRAB.

The mechanism by which linalool and colistin
combinations work against bacteria is unclear. In
general, essential oils alter the permeability of the
cell wall, leading to leakage of electrolytes and loss
of amino acids, ATP, and DNA, and some accumulate
to disrupt the integrity of the cell wall structure and
induce cell death ¥ Linalool has been reported to
increase the permeability of the cell wall in both
Gram-positive and Gram-negative bacteria, leading
to the loss of cellular components “*. Colistin is an
amphiphilic antibiotic that interacts with lipid A (LPA)
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of lipopolysaccharide (LPS) on the outer cell wall of
bacteria, resulting in cell death ", Both linalool and
colistin have antimicrobial mechanisms that act on the
cell wall, and further research is needed to elucidate the
mechanism of synergism.

In conclusion, the combination of linalool and
colistin against 4. baumannii was highly effective against
both MDRAB and XDRAB with a high percentage of
synergistic effect. There have been efforts to apply the

combination of existing antibiotics to MDRAB and some

previous studies have shown that the combination is

effective 7

, while others have shown conflicting results
in vitro and in vivo " This study is the first to combine
the essential oil components linalool and colistin,
rather than a combination of existing antibiotics,
against MDRAB and found a significant synergistic
effect. Currently, the combination of essential oils
and antibiotics is an under-researched area, and more
in vivo and in vitro studies are needed for clinical

application.
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