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Abstruct: For many vears, the battie between humans and the multitudes of mfection and discase causng pathogens con-
tinues. Emerging =l the hatllefield as some of the most sigmlicant challenges to hunen health are hacterisl resistance and
its rupid nse. These have become @ major concern in global public bealth mvigorsting the nced for now antimicrobisl
compounds. A ratienal approach o deal with antibiotic remstance problems requires detailed Anowledpe of the different
biological and non-hiologieal factors that affeet the rale und extent of resistance development. Combination therapy com-
biming conventional antibiotics snd cssential oils is currently blooming und represents a potential arca for future imvestics-
tions. This new generation of phytopharmaccuticals may shed light on the devdopment of new pharmacological reznnes
n combating antibiotic resistance. This review consolidated and descnbed the observed syncrgistic oulcome betwesn e5-
scutial vils and antibiotics, and highlighted the possbilities of essential oils a5 the polential resistance modifying agent.

Keywords: Antibivtic resistance, combination therapy, essenual oils, resistance modifving agents.

INTRODUCTION

Anubiotic therapy is one of the most important therapies
used for fighung infoctious discases and has tremendously
enhanced the health axpects of human Ife since its introdue-
tion. Despile the advancements in this therupy, we stll lve
In an cra where incidents of anlibiote resistant infections e
alamminglv on rise [1]. The significance of the role of antibi-
olics in nature remains unfounded due 0 the responses of
bacteria through the mamifestaton of varions forms of resis-
tance following the intraduction of a new antibiotc for clini-
cal use. The most important factor influcacing the emergence
and spread of anubiotic resistance is the excessive bacterial
exposure to antibiotics [2]. Indiscnmmate and over use of
antihiotics causes selective pressure, allowing only the fittesl
geaolype to thrive. Despite of the (act thal evolution is inevi-
tahle, the intensive use of antimicrobial agents in the com-
munity, hospital and agriculture is undenzably responsible
for fuclling this cnsis. Today, bacteria which are reststunt
not only (© a single drug but simultaneously (0 many drugs
arc rampantly spread in the commumity and clinically due 10
the improper use of antibiotics in the past decade [2, 3). An-
blotic resistanee may resull o treatment latlure., incrcased
trestment cosls as well as the rate of fatalities, and creates
even broader infection control problems — spreading resistant
bacteria from haospital 1o community. The persistence of an-
tibiotic resistance urges the need of linding new therapics
against the multi-drug resislunt bacteria.
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Since the 1990s, rapid development in mokecular biology
and high throughpul screcnmg has shed light on a more efli-
cleat approach to antibiotic discovery. However, the discour-
aging oulcome 1s that, at present, no antibiotic found by this
stratcgv has vet 1o ealer ¢lmical settings. This is because oo
much ¢mphasis has been pluced on xentfying targets imd
malecules that interact. while too little placed on Lhe actual
ability of these molecules (o permeate the bacterial cell wall,
evade efllux and avoid mutational resistance |4]. Henee dis-
covering @ compound (hat binds to a conserved targel does
not necessarily equate o [inding one with antibiotic activity.
Furthermore. antibioties with = single larget arc espeeially
vuinerahle 1o mutational resistance.

ATTEMPTS IN NATURAL PRODUCTS

Previously, natural products screening was almost aben-
doned, partly because it had ceased o wentify new lcads,
was time consuming and [ited poorly with the changing
logstics of high-throughput screening [4). However, there ix
resurgence in the use of herbal medicines worldwide. Lix-
ploitation of nataral products for medicinal uses 1s a bloom-
g trend nowikiys. Natural products are viewed as a privi-
leged group of stractures which has evolved to interact with
a wide variely of proten targets for specific purposes. Many
allempts have been made 1o nvestigale the potential role of
plant extracts und some active compound for their efficacy to
combat the problems of snublotic resistance in hacteria.
Plant extrucls consisting complex mixtures of major com-
pounds and their scoondary metsbolites alongside conven-
tional imtibiolics exude possible svnergistic eflects. The ra-
tonalc behind the preference for phamacentical combina-
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ton is based on a long swarcness that many diseascs have a
complex pathophysiology. Additionally, there me many ad-
vantages of using natural products as the antumacrobial com-
pounds such as fewer adverse effects, better patient toler-
ance, end relatvely mexpensive, wide acceplance due to
their traditional applications, renewability and better hiode-
eracubility

Many reports have described the emergenee of microor-
ganisms that are resistunt to dilferent intimicrobial agents,
the (requencies and the molecular mechanism of anlibotic
resistanee involved |2, 3, 5-9]. Extructs from different parts
of plants have been widely explored in muny studies for their
capability in modulating bacterial dmg resistance and these
soudies conld serve as reference to provide possible direction
for future studies i the reversal of microbial reststance
{Table 1). Among all the articles reviewed below, almaost
half of ull the publications did not chicidate the mcechanisms
of reststance modifving activitics, indicating that this mass-
ing link should be mvestigated as 1t is impcrative before
natural produets can advimee into clmical spplications. Addi-
tonally. very few papers have @iven insight into the preva-
lence of the resistance reversibility by natral products, mn
paracular with regards to essential oils, Therelore, the pur-
pose of this mini review is lo consolidate ull available litera-
wre 1 synthestze fresh msights and 1o sugacst potential fu-
ture research direction embarking mn this arca.

Plant Essential Qils

Plants produce a large arrav of secondary metabolites as
natura| protection against microbial and pests aftack, as col-
oring, seenl or pollnators altractants, Fssential oils, also
known as volatike oils, are producis of the secondary metabx-
lism of aromatic plants. They are tamed “essental” because
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they represent the very cwsence and the most impaortant past
of the plant. There are distinetive differences belween essen-
tial oils and crude plant extracts in terms of purity, composi-
tion and the process of acquisition. Generally, essential o1ls
are produced through steam distillation or mechanical ex-
pression while simple plant extracts often involve the use of
solvent such as acelone, ethanol or hexane for extruction.
During distiliation, water condensate is separated by gravity
leaving a very small amount of volatile fiquid Lhat is the cs-
seatial oil. Hence, Lhey are extremely concentrated due to the
nature of the extraction process. Accurding 1o the National
Camcer Institute, oils produced by means of chemical sol-
VeNts are not considered true essential oils ax the solvent
residucs cim fead 1o alteration of the purity and fragrince of
the ails [19]. Technically, cssential oils are not Irue oils as
they do net contain Lipid content instead they are highly
complex volatile compounds which consist of about 20-60
COMPODCRIS m varivus concentrations. The componeals
comprise of two biosyntheticallv related Lroups namely ter-
penes and momatic compounds. In this multi<omponent
mixture, two or three major COMPaOnents are present af rela-
uvely lugh concentrations (20-70%%) compared 10 olber com-
poneats which are present in trace amounts 120]. For n-
stance, the main componeul of clove (Sszygium aromaticum)
cswmnbial oil is cupenol (68.52%) whkce e-carvophyliene
(1.85%) is present m trace amounts [21]. Other nEgjor com-
posients preseal in essental oils are lurpimen-£-0f (30.41%)
of marjoram (Origanmim maorana L.) cssential oil, thymol
(37.7%) of Thymus vulgaris essntal oil, bicyclogermacrene
(26.1%) and Bcarvophyllenc (24.1%) of Lantana camara L.
essential o1l, a-thujone (21.48%) of Sahvia officinalis 1.. cs-
scatial oil, und a-(-)-bissholol (G3%) of Fremanthus ery-
fropappus cssential oil [22-26].

Tuble 1. List of antibiotic resistance modifying plant extracts aguinst 4 pancl of microorganisms
Plont Exsnily nasme | PartUsed Microarzanisms ‘“‘m“m"' | MeodofStady | References
] | |
I | e | Tthidium bromid.:
Heremarinus efficinalis | Acrislpant | & aurews MDR ¢Myx inhibatson 10}
| <lflex asuy I K
Lyenpurs esrapnaeny | Na S umrens - , - i 111]
~ 5= : - Drlactamusse inhite | Blacumme
Fissistioma cavaleriei | Roos P. aervpingsa = | imbibizory xssay i [12]
Cardisspermum yrandifiorum Leaves l & aureny - | 113]
e ' Efflux pesmp Efflux pump
Mamordica chorantia §.. Laves | MRSA inhibigion | inhibitory assay l [14]
Mentha arvensis 1. i Loaves i Ji ol ! - I 115]
Turners uimifolic L. Leaves MRSA - - i 116]
{ ‘ | Streprococcus ovalis, ! |
Catha wduliy ‘ Lowves Streprovacus sanguis, Fuse- - . 17
1 Boacteriam mucioatm
I I Tinse-kall ussay, |
1 ' %
Punica pranatum Fruit { MRsA Ffftux peenp inhabilen | 5::“"“ i o, 2 11%]
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Various cssential oils have been reviewed 1o possess dif-
[erent biologxeal propertics such as ant-inflammatory, scda-
uve, digestive, antimicrobial, antiviral, antioxidant as well as
eviotoxic activiies |20, 27]. These findings highlight an cox-
citmg scxeatific interest wherehv essential otls warmimt spe-
cal attention hecanse they represent a distinclive group of
possible novel drug compounds duc to their chemical and
structural variance that makes them functionally versatle.

Due to therr chemical diversity, the ongoing hvpothesis is
whether their biologicul effects are reflected only m the main
molecules ot the highest levels according to the composi-
tional analysis or that these bivlogical ellects amise [rom the
svnergism of all molecules present. In most cases reviewed,
only the main constituents of certain esseatal oils such
cupgenol, thvinol and carvacrol were analvzed [28. 29]. Sev-
cral reports have demonstrated that these compounds exhib-
ited sgnificant antimicrobial sctivities when tested indrvidu-
ally |26, 30]. Darman and Deans (2000) demonstrated that
the individual o1l componeats (mamly with phenolic struc-
tures) were able to exhibit 2 wide spectrum of amtibacterial
activity and that the chemical struclures greatly aflect the
componcnts cffectivencss and their mode of antibacterial
action [31]. Bassole et al (2010) pointed out the svnergistic
eflects on the growth mhibition of Listeria monocylogenes,
Enterobacter acrogenes, Escherichia coli and Pseudomonas
aeruginosa I cugenollinalool and cugenol/menthol combi-
nations [32]. Although the hiological properties of essential
vils are found lo be closely related with the major compo-
nents of the oils. the amplitude of their effects could be at-
trihuted to their high concentration comprised m the ongmal
oil, masking the cffeets of minor components o when the
high conceniration components were isolated and tested
alonc. Thus, interactive functions of the various components
vontained n sn essentiol oil, m companson o the action of
one or (wo mam componceats of the oil scem unresolved. The
other sidc of the coin is that whole essential oils exer? greater
antibaclerial acuvity compared to the majpr components
aglonc [27]. It has also hean postulated that the funciion of the
main ¢omponents is regulated by other mmor molccules
which help in potentiating svnergistic effect [32]. Tt is likely
that several components m esseatial vils pluy o role m char-
sclenizing the fragrance. the density, the texture, the color,
ability in cell penetration, lipophilicity, [ixstion on cell
walls, apd most importantly the bioavailability. Considering
that 2 vast range of diffaent groups of chemical compounds
gre presenl m one essenual ozl it 1s most Iikely that antibac-
terizl activitics cannot be attributed to one specific mecha-
uisen or vomponent;, and hence, there may be several largets
mn & ccll which result in the potentiating influence. Thus, it is
miwe meaninglul and rational o study the whole esseatzal o1l
rother than some of 1ts components as whether conoept of
synergism truly exists between the components in essential
vils [33]

COMBINATION OF ANTIBIOTICS AND ESSENTIAL
OILS TO REVERSE RESISTANCE

Tn combination therapy. synergy is said o ocour whea
the combined cffcet is greater than the sum of the individual
cffects. An additive effect 15 observed with the combined
ellect which is equal to the sum of the mdividual cffccts.
Indifference is observed when there is no inferaction be-
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lween cone another. Antagonism is definad when the com-
hined effect is less than when the two compounds are indi-
vidually applied. The reversal of resistance 1% said 10 owcur
when a svnergistic oulcome 1s observed. As an example, onc
of the strategies emploved was to sereen against B-luclumase
producers and bv mechanism-bissexl mhibition of the acuve-
site serine hydrolases for compounds that can antagonize the
anublotic-destroving hvdrolases Clavulinic acid (sulbactam
o tazohactam) from a streptomycete in combination with
amoxiciilin was the outaxne of this approach [34]. However.
the viclory against bactenal resistance did not Tast long, the
frequent use of clavuianic acid has led 10 the emergence of
resistant varianis like smy other of its antibiotic ancestors
[35]. As resistant bacterial straing will eventually emerge in
response to widespread use of a particular antibiotic and
limil its Lietime. knowledge of the principal and specific
resistanee mechanisms provides scienlists the msights into
strategies for development of new therapeatics. In the past,
when resistance to a fi-lactam antibiolic occurred, pharma-
centical scienlisls modified the peniphery of the f-lactam
warhead to obtain a moee effective variant amd that was how
the second- and third generaton B-lactams of both the peni-
cillin and cephalosporin emerged.

Combination belween conventional anumicrobial agents
and essential oils is a new concept; a few examples are de-
seribed (Table 2). Somelimes. ¢ssential oils have been found
to be synermstc cahancers in that though they may not pro-
duce anv significan! inhibitory effects when used alone, but
when they are used In combination with the standard drugs,
the combinatory cffect surpasses their individual perform-
ane and produces enhsnced anumicrobial activity [II].
Synergistic activity exerted using essential oils bas been
found 10 reduce the mmimum effectuve dose of antibioties in
the trcatment of infections. This reduces the sdverse ellects
of the antibiotic. Most importantly, association of antibiotics
with essentiol oils largeting resistant bacteria may have dif-
ferent mechanism of action and it may lead 10 new choices o
overcome (he onslaught of microbial resistance. Fxploitation
of cssential oils in preventing bacterial resistance 1s believed
v be more promismg becausce csscnual oils are multi-
componeat In nature compared to many conventional antim-
icrobials that oaly have a single target sile.

Pelargonium graveolens cssential oil was reported 1o re-
duce the mimimum eflective dose of norfloxacm agamst fa-
cillus cerens, Bacillus subtilis, Fxcherichio coli, und Stapiy-
lococens aureus [30]. Amtibiotic modilving capacily of Lan-
tana camara L. csscntial 01l on amikacin against 8 aureuy
and P. arruginosa by giscous conlact was demoenstrated by
Sousu ef a/. (2012). The microorganisms were exposed to the
volatile constituents by indirect contact during the disk Jilfu-
sion fest and the smikacn actvily was reported to have in-
creased by 63% [36]. Rodngues er all (2009) reported that
the essential oil of Croton zehntneri leaves is able 1o enhance
the genlamicin scuvity by 42.8% against P. aeruginosa
through gascous contact sugpesting that the oil possesses 8
potential lo be used as an adjuvant in antibiotic therapy [37].
These promising investigations indicate that the combmation
of casential oils with conventional antibiotics provides prom-
ising and sigmificant potenuzl for the development of novel
therapeutics and treatment of mlectious diseases caused by
mullidrug-resistant microorganisms. There is a need fir
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Table2  List of exsentinl oils/antibiotics combinations showing combinatory effects agalinst a panel of microorganisms.

| |
Pair combizativers Microorganisms Mecthods Interuction | Refervnces
Eremantiues erythropappee smpicillia & owrons , Time-kill assay Synergistic | [37]
Oreganad flmoruguinolunes | | I
Omezenn! dosyeycline A Froth microdilution ; e
Oregana/ neowycin F. coli ! Checkerboard sssay : Sanrmni 13%]
Oregas/ maquindox . {
= . | e TN
Pelargonium graveslens/ norfloxacln | & emwreus, B, cerais Agar dilution Chackorbeard wssay : Symergiitic [30]
; | Broth mwerodzlulion :
monteviclenvid i = ool | -
Lantana umminoglycosides I E. cob Chocke Sy | Synergime | [36]
Eugenol’ vancomycin | L colt. K. acrapenes, P, wwilgarss, . Hroth maedilation Checkerboard Svncredic ! 1281
Eapcenol/ fidactaus ' acruginove, 8. lyphmrnm assay ST ' %
1 | —
. . . . Disk difTusion test i
(& = N ey, P 3 - | R
radom zefmtnert! gentamicin S auress, P cermannosa Gindincct o 4 o EO) | 137
= GRS o e > 2 i 2 I |
- . - | Taroch mucrodibtion e
g | 3
Roswarinus afficingliy’ cprofloxacin £ prewmonios ! ook S ; Synergistic 139]
i Freoth marodilution B
! o idi Naphylocosa ; istic 40
Eucalyptuy/ chiorhexidine digluconate Stphylococcus eplderavidiz | Choke — | Symergistic j40]
- ) | e : -
) c S Broth micradilution "
Zataria muliflors’ vencomycin & auréws (MRSA and MSSA) | Oladrdhd e | Symensistic [41]
Baciilus coreus, Baoillus xubtilix,
Aniba rosaeodora/ sesl=mivin & gurens, K. eoli, Acimeiobacior Froth microdilution SynersEte 130]
Pelargonium gruvenleny’ sentamicin ercameannii, Serratia marcesomns, Checkerboard assay Al '
Yersinra emterecilinica
Clitrwrs limory’ amikacin ; Trrath microdikaion sl
Aci dacter rgistic | 12
Cinnamonum seylanicum amibacin Al *r Checkerboard assay Syne c ; 1421
Coriander/ chloramplicnicol
Coriander’ ciprofloxacin 3 Tiroth microdidation oy 5 | -
Coriander! gentamicin - — Chackerlours wssay Sysingistio 1351
Coriander tetracycline

MRS mathicilineoietnt X avrews, MESA, methicillinorneitive X awreas.

maore shudies concerning the molecular basts of synergistic
mieractions, in order o further understand the synerpistic
mechanism which 1s [undamental for this continuing scarch.

THE PREVALENCE OF RESISTANCE MODIFYING
CAPABILITY BY ESSENTIAL OILS

Antimicrobial agents are classilied based on their princi-
pal mechanisms of action. These mechanisms melude inter-
ference with cell wall biosynthesis (B-lactams and glyvcopep-
tides agents), mhibition of haclerial protein svathesis (mar-
colides and tetracyclines), interference with nuclele acid syn-
thesis (uroquinolones and rifampin). inhibition of 2 mela-
bolic pathway (tnmethoprim-sulfamethoxazole, and disrup
ton of bacterial membrane stuchue (polymyxins and dap-
tomyem) |9]. Three main targets of antibiotics are cell wall,
protein und nuckeic acids hiosynthesis. Throughout the vears
since antibiolic was mtroduced, hactaria have acquired vari-
ous reststances o survive in the deluge of antibiotics. The
mechanisms vary and make the work ol mitigating the
spread of resistance more challenging

B-lactam antibiotics are the commonest treatment for
bacterial infections. This antibiotic class consists of four

major groups: penicilling, cephalosporing, monobaclins and
carhapenens. Hydrolysis of fHactam compounds by [
laclamases 1s the most widespresd mechanism of bacterial
resstance against this class of antibiotic. Capability of
Staphylococeus aureus in peoducing penicilimase (2 form of
p-lactamase) to destroy pemcillin G was regxrted within two
vears afler the antibiotic was first introduced [41]. The oc-
currence of MRSA is a classic example of the redundancy of
new antimicrobiuls with regards to only one species.

Beta-Lactamasc Inhibition

The B-lactamascs are the major defensc of gram-negative
bacteria against B-loclam antibiotics Tinder the sclcctive
pressure of f-lactams, bacteria produce a vast array of -
lactamases. Bacleria respond with a plethora of “new™ [3-
laclumases - mnchuding  extended-spectrum  fB-lactamases
(ESBI.g), plasmid-mediated AmpC cnzymes, and carbap-
enem-hydrolyzng f-lactamases (carbupenemascs) with vari-
able successes [45] Resistunce 1s typically madinied by the
expeassion of plasmid-cneoded [Haclamases, such as TEM-
1, TEM-2, or SITV-1, which hydrolyzc and inactivale these
dmgs. TTowever, mvestigations into essential oils/antibiotics
combination againg beta-laclamase producers are currently



10 The Open Mucrmliviogy Jowrnal, 2014, Volume 8

limited, there is one report on the svnergistic effeets of oreg-
ano ¢ssential oil m combination with fluroguinelones, doxy-
cveline, lincomycim, maquindox and flofenicol against
LSBL-producing F. eoli suggesting the possibility that es-
sential oils might [unction as the ESBLs inhibitor [38]

Bacterial Efflux Pump Inhibition

Most of the anubiotics need to be transpodtad mross the
cell membrane and subsequently achieve an effective con-
ceatration in the evtoplasm 10 exert mhibitory cffects on bac-
teria. Tt was demonstrated by Walsh that the overprodisction
of prolein pumps at the hacterial membrane facthilales the
pumping out of the drug to be faster than 1t can diffuse m w0
keep intra-hacterial drug concentrations below the therapea-
tic level [B). The pumps arc highly conserved and are chro.
muesomally encoded clements while multidrug, resistance
elflux pumps are variants of membrane pumps m all micro-
OrRanisms in response (o the external eavironment. They are
ahle o efflux u large range of compounds inchuding svan-
thelic atibictics zhat were not present in the natural ecosys-
tems before their svnthesis by humans. Thus, it is believed
that bacteria will not easily resist compounds which are natu-
ral as compared 1w the synthetic compounds (the later classes
of mntibiotics). Related study on phvtochemicals addresses
this hvpothesis and they have been proven 1o be polent an-
timicrobial agents. The ability of essential oils in inhibiting
the multidrug efllux pump reveals its potential in broader
spectrum of pump-inhibitory activity against multi-drug re-
ststant organmisms [10]. TLorenzs et al. (2009) evalusled Lhat
gencral component in the essential ol of Helichrysum itali-
cum not only reduces chloramphenicol resistance of the
multi-drug resistant Fnterobocler aermgens that overex-
presses offfux pumps but alse modulates the inlnnsic rests-
tance of the wild-fype control strein and other gram-negative
bacteria [46].

Cell Wall and Membrane Disturbance

The bacterial cell wull bosvathetic machmery remains
vae of the most promising niches for antibiotic targets. 1Tow-
ever, Lhe impermesble nature of the gram-negative envelope
and presence of multiple efflux pumps i combmaton with

other resistance mechanisms contnbute W the difficulty of

this task. Climcal resistance to f-lactams in gram-ncgative
bactenia 15 often coupled with reduced owter membrane
permeability. As the secondimy constiluents of the aromatic

plants, cssential oils are known 0 contain wide ranges of

polyphenols and terpenoids. These phenols possess a strong
binding aflinity to different molecular struetures uch a8 pro-
tem or glycoproteing due to their large lipophilicity. Hence,
they have great affinities for cell membranes and exhibit
high potential 10 permeate through cell walls, leading to the
leakage ol cell contents [28, 47]. The ability of tea tree oil
(Melaleuca alrermifolia) acting as membrane permeabilizer
leading to loss of chemicsmatic control in both gram-
positive and gram-negative bacleria was elucidated by Cox
el al. (2000 [48]. Later, the biological damage of tea tree oil
on cell ulira-structures {1c. cytoplasm and cyvwoplasmic
membrane) was also studied with the aid of eectron micros-
copy (49, 50].

Anti-Quorum Scnsing

The role of quomm sensing is well known m microbial
pathogenicity and snubotc resistance. Quorum sensing is

Yap i ol

respensible for motility and swarming putterns, brofilm for-
mation and stress resistance based on the signaling of mole-
cules. An example of a well-studied molecule m this area 15
acylated homoserine luclones (AHLs). The Gram-negative
bucleria use AHLs for signaling whereas the Gram-positive
bacteria use modified oligopeptides. The crueial role of quo
fum sensing on so many cssential aspects of the bactenal
ecology makes this an inlaesling process (o target to control
pcrxislcnl mleclions duc to antimicrohial resistance.

Sereening of polential quorum-quenching activities oflen
involves biosensors and bioluminescene production or mhi-
bition. Some of the common biosensors melede Chromabor:
terium violaceum CV026 and N-acvl homoserine laclone
producing K. coli [51-54] Rose, geramum. lavender, clove
and rosemary oils were found to be the QS inhibitors I the
sensor straing Chromobacterium  violaceum CVO026, Fx-
cherichin coli ATTC 31298, Chromobacterinm vicluceum
(CVI12472 and CVO26) and Pseudomonas aeruginosa
(PAOT) respectively |52, 53]

Sensitivity of Gram-Posilive and Gram-Negative Bacte-
ria Towards Essential Qils

(renerally, essential oils are more eflicacious towards
gram- pom:m than gram-negative bacteria [56, 571 Tt has
been hyvpothesized that the presence of lipopolysacchanide
encompressimg Lhe baclenal peptidoglvean layer has restricled
the diffusion of hydrophobic compounds inlo the cytoplasm
|58]. Tlowever, not all studies ol essential oils have con-
clwded that gram-positives are more susceptible [22. 59].
Interestingly, in a stedy carriad out by vim Vuuren er al.
(2009}, combination of the cssential 0il of Rosmarinus of-
Jicnalis with ciprofloxacin against grum-pesiive bacteria
gave an snlsgomsue  profile while Rosmarinus  of-
Sicnalis/ciprofloxacin  against gram-negalive bactena ds-
plaved a lavorable synergstic profile [39]. The prevalent
anlagonistic mleraction tost against S aurens also sugpesied
that natural therapics using essential oils should be moni-
tosead carefully when combined with antibiotics. Since only
mnadequate sample sets have been studied, more exhaustive
investigations would warrant a better poteatiating, profile of
cssential oils as resistance modifiers of snubiolics 1 clinical
applications

STRATEGIES TO BYPASS THE OUTER MEM-
BRANE BARRIER IN MULTIDRUG RESISTANT
GRAM-NEGATIVE BACTERIA

In Gram-negative bactenia, the ecll envelope comprising
an outer and an inner membrune i a sophisticated macro-
molecule assembly protecung the cell against extracellular
toxic compounds. Membrane proteins, namely the porins are
involved in regulating the miernal accumulation of various
hydrophilic molecules including the antbiotics through pas-
ave diffusion. The outer membrane of Gram-negative bacte-
ria plays a crucial role in providing an extra laver of prolec-
ton to the bacteria as a selective barmier. Allerations of com-
position of vuler membranc and porins resulting in reduced
permeability in beta-lactam antibiotics huve been demon-
strated widely in clinical resistant isolates [60]. The exis-
tence of lurge number of antibiotic resistant hacteria species
duc to this tvpe of mechanism highlights the mmportance of
the ouler membrane barmier in antihiotic sensitivity
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Lipopolysacchanide (LPS) 1s the major component of the
ouier membranc of Gram-negalive bactena. LPS contribules
greatly o the structural integrity of the bacteria and also in-
wreases the negative charge of the eell mambrane due to the
charged sugars and phosphate preseal m the polysaccharide
[61]. Despite the role of L.PS in crealing a permeability bar-
tier, the presence of porn protems in the ouler membrane
permils passage of molecules smuller than 600 daltons [61,
62).

Destabilization of LPS Barvier and Increase of Antibiotic
Tnflux

Az discussed by Bolla er al. (2011), an alternate possihil-
ity 1o factlitate the antibiolics o gain aceess into the cells 1s
to bypass the ouler membrane basrier [63). To bypass the
barrier through LPS modifications, chemical facilitators such
as detergents, chaolropic agents and polvmy xines have been
proposcd (64, 65]. It is noted thal only very limited smdics
have been reported on the molecular hasis of the syacrgy
efficacy belween antibiotics and the membranc-active agents
and also the study parumeters.

To crcumvent the menbrine barmer, destabilization of
I.PS laver using detergents or chaolropic agents was pro
posed. Treatment by Tns/EDTA results in massive release of
LIS packing and thus lacilitales the diffusion of hydrophilic
compounds through the membrane lipid barmer. It has heen
demonstrated (hat the LPS-distarhed bacteria are more sus-
ceplible Lo antibiotics [66] Towever, the major adverse ef-
feet of using these chaotropic sgents and detergents is their
hagh wwicity on biological membrane, consequently leading
fo the medical safety issues. Hence, 1t 1s valuable to explore
the possibility of natural products being polential memhbeane
permezbilizer in restoring the efficacy of the existng antibi-
otics particularly beta-laciams. As demonstrated by TTurdle er
al. (2011), membranc-damaging agents may interfere with
multiple targels through the interaction of lipophilic moicty
wilh the bacterial membrane, through alteration of the proton
motive force, which in tem Jeads (o leakage of eytoplasmic
content and eventually cell death [64].

Cell Targets of the Natural Membrane-Active Agents

Natural products have been lound to have great effects m
disrupting the bacterial membrane [67]. It is likely due fo the
presence of lipophilic compounds such as cyclic hydrocar-
boms, terpencs and aromalics which are ahuadantly found in
the aromatic plants [68] Broudly. sile(s) of toxic sction cun
be divided nto (1) changes in membrame structure. and (ii)
changes in membrime function. Specifically, chimges in
membrune function often involve Lhe changes in encrpy
transduction and changes m activity of membrane-bound
erzymes |GR].

In the work of Wilson et al. (2001). 1t 1s highlighted than
the bacterial swmifuce phystology could seck better under-
standing using available instrumentation through the meas-
urement of 7eta pofential [69). The bacteria invest a signifi-
cant portion of Lherr metabolic enargy in the synthesis and
mumtenance of the components of the cell surface further
supporting the dea of interfacial physiology 's importance to
the general well being of the micrvorganism [70]. Tt is vital
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to understand that the bacterial cell surface 1s reluled to the
disparute physiological functions such as envelope diffusion,
shape mainienance, cell growth and division. Il is demon-
straled that Gram-negative buclena have a more negative
surface charge than the Gram-positive ones [71]. It 1s noted
that a stindardized methodology for evaluating the mem-
brane permeabilizing aclivity s lacking. Consequently, the
activity of the compounds tested in vnrelated studics cannot
be compared dircetly  Tuble 3 summarizes the site of action
of cxsential oils on the membrane.

IN VITRO EVALUATION OF SYNERGY TESTING

Currentdy, there is no clear regulation or standardization
of the methodology to evaluate the inhibitory acuvity of es-
scatial otls as well-established as for antibiotics [14] For
antibintics, various methods have heen emploved by re-
segrchers 10 determine the mintmum mhibitory concentration
(MIC): disk diffuston lest. agar dilation lest and broth mi-
crodilution lesl. A number of metheds are used to detect
svaergy & well. The checkerboard and time-kill corve melh-
ods are the mest widely used techmiques and the former is
relatively casy to parform and momnstor.

The mam disadvantage of the results of in vitro smdies ix
that 1t 1s difficult to carry vul comparison among cach of the
study hecause of the different test methods, different meth-
ods of extraction of cssential oils. test assavs, amd varistion
in chemical phy loconstituents in plants dee 1o different agro-
climatic conditions, harvesting seasons and plant phenoty pe
All these factors will mflucnce the phytochemicals present in
the exsential vils 1 a considerahle manner |15]. In addition,
culture conditions huve a predommant influence in the stud-
ics, and therefore these should be precisely stated in reports.

In vitro suscepubility of a clinical isolate lo a particular
mublotic docs not guarimiee e success of the clinical use
of the therapeutic agent. The clinical outcome depends on a
wide range of other factors such as the site of infection,
pharmacological properties of the antibiotic, concumilance
of olher diseases and ctficiency of specific and non-specific
defensc mechanism. Thus, i vitro susceptibility testing is
necessary butl not sufficient for a positive clinical decision.

BACTERTAL RESISTANCE TO ESSENTIAL OILS

Interest in cssential oils as potenual therapentics 1o erudi-
catc antibiolic resislance has heen increasing and the nising
voncern is whether the baclerial tolerance to the essential ozl
components would be induced when these compounds are
used chimcally on a large scale. The extent of bacteria in ac-
quiring resistance 1o essential oil components hus vet to be
syslematcally and extensively investigated. Limited studies
have been carriad oul while much focus has been placed on
identiflying the novel compound as resistance modifier and
expanding the phvtophanmaceutical hibrary. Though the tea
tree oil has been approved for malicinal use 1 Australia
snce 1920s, clinical resistance to the cssential oil hiss not vel
heen reported [73]. In an in vitro resistance induction study,
resistant sub-population of MRSA was detected when the S
aureuns wins epealedly exposed to tes tree ol for several
generations [74]. Conversely, in two olher studics using dif-
ferent parameters @ study changes in suseeptibility of the
multiple anubiotic resistance phenolype bacteria, little
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Tuble3. Cell targets of membranc-active compounds and its modce of study.
Targets I Mode of Stady Substances References
Cell morphalosy: : 2
o SEare _ | Sesing cloctros mucragrsph Cndreme incnspdata EO; Al satrviam EO.
Alteration al’;cll::;;:;c::-rﬁn arug | (SEM) arogano EO: e I enisall chin galtate [72-76)
! isniosen (:;:,:;‘;ﬂ G Tox ee oik: Fortnaclla crassifolic EO [47. 50]
| o
Oy i ; | - .
ezt ,m ::ﬁr el K+ leakape swoay ; Tea tree oil [48. T7)
i Raspaaison soocy | Tea tree oil [48. 77}
| Propidium iodide uptake assay | Fauhic wmn pwallic wids ; [28.48. 78]
| e fan: s isot | |
Cell wall | OM peamcabality test - j A i fawonoidy | |79-%1]
Troum sarailer ydamnyxl
. 5. i ———
Cell Ivsis assay ' Oregana, thyme. clove FO= |82, %3]
Cell snrface charpe . 722 petintoed messurament I Forulic and galbic acids; Lpids [78.84)

evidence was provided o suggest the occurrence of resis-
tance to tea tree oil |83, 86). In a single-step mutant resistant
study, mutanl resistant o tea tree 01l was undeleclable at 2 x
MIC for the all 8. aureuns isolates [87]. A similar lack of sig-
nificantly increased MICs was observed on the development
of single- and multstep antibiotic resistance in 8. awreus and
T2 coli against ten tree ol [88] A study involving passiging,
bactena up o ffty times with scquential exposure of oreg-
ano and cimnamon exssential otls was reported Ont of the 48
clmicul isolates and 12 relerence strains under study. caly
Serratic marcescens, Morganella morganii, and Prosteus
mirabilis treated wilh oregano mereased Lheir resistunce (o
this casential oil. No resistance to cinnamon bark oil was
reported [39).

Overall, these smdies provide limited evidence to suggest
the spontancous occunrane: of essential oils resistance. Tt s
likely that the muli-component natvre of essential oils may
reduce Lhe potenual of the occurrence of essenuial oils resis-
tance hecause numerous targets need to adapt @ hamper the
effects of the essential oils. In addition, if membrane perme-
ubilizing eflects are one of the modes of action for the essen-
gl o1l 1t 15 unhkely to that the resistance will dc\'clop spon-
tancously. As discussed by [.angeveld er al. (2013), chang-
ing membrane structures andfor composition mmmancomh
wrrests the viability of the bacteria [67]. TTurdic et al (2011)
also suggested a low potental for the development of rests-
tance on membranc-active agents duc to the LPS modifica-
ton svstems [64]. Tssues of potcntial resistanee remain it
exsential oils make their wav mto clinical apphcanmu par-
ticularly against the multu]mg resistant microorganisms.

CONCLUSION

The reason for rescarch in reversal of anublotic resis-
tance, broadly, is Lo preserve a healthy microblal ecosystem
surrounding humans, The emeagence of antibiotic resistance
clearly demonstrates the dynamic cvolution of microorgan-
isms’ response (o the hostle environment of antibiotics
Mastering the cvolutionary trajectorics of the microbial
pathopens would aid in preventng their emergence and dis-
SCITLNATON.

As discussed in the review, there are plenty of possibili-
ties for the esseatal oils to be used 1 combination with anti-
hioties &= new freatment modalities 0 the buclerial miec-
tions. Nespite the promising results given by pharmacologi-
cal i virro studics so far, there arc probicms that still need to
he addressed such as stability, selectivity and bioavalability
of these natural products in the human bodv and any possible
adverse herb-drug mtcraction. Additonally. the optimal ratio
and dosing regimens should be explorad for higher elficacy
and decrcased toxicitv. These eritical parameters have to he
established m order to provide sufficient cvidences to coast
through the phases of clinical trials Or else, new discoveries
on bench top. however impressive, will never be translated
mio drugs for clincal applications.

The exploitation of essential oils as a potential replace-
ment therapy represents ‘a2 new era of phyviopharmacenti
cals’. Topelully, the present promising results will open the
deor for more research mio the relatad Geld, gain momentum
and hasten the process; the discovery will he faster than the
evolution of bacteria. The best way is to make [ull use of the
advancement that is available in this era, in the bope that
conventional natural products discovery by means of high
throughput analvsis would shed light on modem drug dis-
coverv. Perhaps, in the futre, essential oils can progress
from bemg onc of the traditional curative agents to bccome a
widely used therapy in the modern medical domam.
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