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Summary

Antimicrobial resistance is one of the leading global threats to public health, animal welfare and
food safety. The increasing spread of multidrug-resistant bacterial pathogens and the limited
number of new antibacterial molecules require complementary strategies to enhance the efficacy
of existing antibiotics. Essential oils and their major components are complex natural mixtures with
proven in vitro antimicrobial activity and potential for synergistic interaction with antibacterial
agents. This review analyses the possibility of combining antibiotics with essential oils as a
potential adjuvant approach in the control of antimicrobial resistance. The main interaction
mechanisms are summarized, including increased bacterial membrane permeability, modulation of
efflux pumps, interference with biofilm formation and potentiation of antibiotic activity.
Experimental data are presented on synergistic and potentiating interactions between selected
essential oils or their components and antibiotics against important bacterial pathogens, including
multidrug-resistant Gram-negative bacteria, Acinetobacter baumannii, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Staphylococcus aureus (MRSA/MSSA strains), methicillin-resistant
Staphylococcus epidermidis and other staphylococci. Examples of the adjuvant potential of
geraniol, coriander oil, eugenol, linalool, carvacrol, thymol, patchouli and tea tree oils, and clary
sage essential oil in combination with oxacillin are discussed. Despite promising in vitro results,
clinical and veterinary application requires chemical standardization, pharmaco-toxicological
assessment, suitable dosage forms and controlled in vivo studies before these combinations can be
regarded as applicable therapeutic strategies.
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1. Introduction

Antimicrobial resistance is a major global problem affecting public health, veterinary medicine,
food-chain safety and the environment. In 2019, bacterial antimicrobial resistance was directly
responsible for approximately 1.27 million deaths and was associated with approximately 4.95
million deaths worldwide (Murray et al., 2022; World Health Organization, 2023). The updated
World Health Organization bacterial priority pathogens list includes 24 antibiotic-resistant
bacterial pathogens, grouped according to their public-health importance and the need for research
and therapeutic prioritization (World Health Organization, 2024).

Some of the main mechanisms of bacterial resistance include enzymatic inactivation or
modification of the antibiotic, alteration or protection of the antibiotic target, reduced permeability
of the bacterial envelope, active efflux, biofilm formation and acquisition of resistance genes
through horizontal genetic transfer (Hall-Stoodley et al., 2004; Davies and Davies, 2010; Blair et
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al., 2015; Munita and Arias, 2016). These mechanisms often act in combination, which complicates
therapeutic control of infections and contributes to the emergence and spread of multidrug-resistant
bacterial phenotypes (Davies and Davies, 2010; Blair et al., 2015; Munita and Arias, 2016).

Essential oils are complex mixtures of volatile biologically active compounds, including terpenes,
terpenoids, phenylpropanoids, alcohols, aldehydes, ketones, esters and others. Their antimicrobial
activity has been described against a broad spectrum of Gram-positive and Gram-negative bacteria,
as well as against some fungal microorganisms. Hammer et al. (1999) investigated 52 plant oils
and extracts and found activity against various microorganisms, including Acinetobacter
baumannii, Candida albicans, Enterococcus faecalis, Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, Salmonella enterica, Staphylococcus aureus and other test species. Burt
(2004) summarized that in vitro antimicrobial activity of essential oils has been demonstrated
against important foodborne pathogens such as Listeria monocytogenes, Salmonella Typhimurium,
Escherichia coli 0157, Shigella dysenteriae, Bacillus cereus and Staphylococcus aureus, with
Gram-negative bacteria generally being less susceptible than Gram-positive bacteria because of the
barrier function of their additional outer cell wall. The antimicrobial action of essential oils is
primarily associated with their lipophilicity and the ability of individual components to interact
with the lipid structures of the bacterial cell envelope (Burt, 2004; Hyldgaard et al., 2012; Nazzaro
et al., 2013). This may lead to increased membrane permeability, leakage of intracellular contents,
disturbance of ionic balance, alteration of membrane potential and effects on cellular energy
metabolism (Burt, 2004; Hyldgaard et al., 2012; Nazzaro et al., 2013). In addition to acting on the
membrane, essential oils and their components may also affect the cytoplasm, cell morphology,
enzymatic systems, quorum sensing and biofilm-forming processes, with the specific effect
depending on the chemical composition of the oil, the active component, the microbial species and
the concentration used (Burt, 2004; Hyldgaard et al., 2012; Nazzaro et al., 2013). However, their
effect depends on chemical composition, concentration, microbial species, the structure of the
bacterial cell envelope and test conditions; therefore, results from different studies cannot be
generalized without chemical characterization and standardized methodology (Hammer et al.,
1999; Burt, 2004; Bassolé and Juliani, 2012; Hyldgaard et al., 2012).

In recent years, interest in essential oils has increased not only because of the possibility of using
them alone as “natural antibiotics”, but also because of their potential to serve as adjuvants that
enhance the efficacy of existing antibiotics or modify specific mechanisms of resistance (Lorenzi
et al., 2009; Bassolé and Juliani, 2012; Duarte et al., 2012; Langeveld et al., 2014; Aelenei et al.,
2016).

Despite this potential, the clinical and veterinary application of essential oils remains limited by
their variable chemical composition, insufficient standardization, difficulties in reproducible
antimicrobial testing, possible cytotoxic or irritant effects, and the lack of adequate
pharmacological and in vivo validation (Burt, 2004; Bassolé and Juliani, 2012; Hyldgaard et al.,
2012; Tisserand and Young, 2014; Hulankova, 2024). Therefore, the aim of this review is to
summarize the current evidence on essential oils and their major components as potential adjuvants
to conventional antibiotics, with emphasis on mechanisms of synergistic or potentiating
interactions, experimentally documented combinations, veterinary relevance, limitations and future
translational requirements.
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2. Methodological approaches for assessing synergism

Synergism between essential oils and antibiotics is most often assessed using the checkerboard
dilution assay, time-kill assay, modified diffusion methods and other approaches, with calculation
of the fractional inhibitory concentration index (FICI). In many publications, FICI < 0.5 is
interpreted as synergism, FICI > 0.5 to 1.0 as an additive effect, FICI > 1.0 to 4.0 as indifference
and FICI > 4.0 as antagonism (Bassolé and Juliani, 2012; Duarte et al., 2012; Langeveld et al.,
2014; Aelenei et al., 2016).

The interpretation of results should, however, be cautious, because essential oils are not single
molecules but complex mixtures with variable chemical composition. This composition may
change depending on plant species, chemotype, geographical origin, environmental conditions,
developmental stage of the plant, the plant part used, extraction method and storage conditions
(Burt, 2004; Bassol¢ and Juliani, 2012; Hyldgaard et al., 2012; Benomari et al., 2023). For this
reason, results obtained with a given essential oil cannot automatically be extrapolated to all oils
bearing the same botanical name if a chemical characterization of the specific sample is lacking.
Therefore, future studies on antimicrobial activity and synergism between essential oils and
antibiotics should include chemical characterization of the tested sample, most often by gas
chromatography coupled with mass spectrometry (GC-MS), a clear description of the bacterial
strains used, and standardized determination of minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) (Clinical and Laboratory Standards Institute, 2024;
Hulankova, 2024). When potential clinical or veterinary application is discussed, cytotoxicity
assessment using appropriate in vitro models is also required (International Organization for
Standardization, 2009).

Although FICI is a useful and widely applied screening parameter, it should not be interpreted as
definitive proof of clinically relevant synergism. Its value may be influenced by MIC
determination, concentration ranges, inoculum size, medium composition, solubility and dispersion
of hydrophobic essential-oil components, and endpoint-based interpretation. In addition,
checkerboard assays do not provide information on the dynamics of bacterial killing over time.
Therefore, time-kill assays are particularly important as a complementary approach, because they
allow assessment of whether a given combination produces a sustained bacteriostatic or
bactericidal effect and can help confirm the biological relevance of FICI-based results (Bassolé
and Juliani, 2012; Duarte et al., 2012; Langeveld et al., 2014; Aelenei et al., 2016; Hulankova,
2024).

3. Main mechanisms of synergy between essential oils and antibiotics
3.1. Increasing bacterial membrane permeability

Many components of essential oils are lipophilic and can interact with the bacterial envelope. This
may lead to changes in membrane permeability and facilitate the entry of certain antibacterial
agents into the bacterial cell. Gram-negative bacteria are generally less susceptible to most essential
oils than Gram-positive bacteria, which is associated with the barrier function of their additional
outer cell wall (Burt, 2004; Bassolé and Juliani, 2012; Langeveld et al., 2014).

Components of some essential oils, such as carvacrol, thymol, cinnamaldehyde, eugenol and other
phenolic or aromatic compounds, are frequently discussed as substances with potential synergistic
action with antibiotics, including through effects on the bacterial envelope and other cellular targets
(Bassolé and Juliani, 2012; Langeveld et al., 2014; Aelenei et al., 2016).
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3.2. Inhibition of bacterial efflux mechanisms

Increased activity of efflux pumps is an important mechanism of intrinsic and acquired resistance
to antimicrobial agents, especially in Gram-negative bacteria, where resistance-nodulation-division
(RND)-type systems participate in the multidrug-resistant phenotype (Poole, 2005; Piddock, 2006;
Li and Nikaido, 2009; Blair et al., 2015). These transport systems reduce the intracellular
concentration of antibiotics by actively exporting molecules outside the bacterial cell, thereby
limiting the achievement of effective inhibitory or bactericidal concentrations within the cell
(Poole, 2005; Piddock, 2006; Li and Nikaido, 2009). Inhibition of efflux systems is considered a
potential adjuvant strategy for increasing or restoring the activity of certain antibacterial agents,
but the effect depends on the bacterial species, type of efflux pump, type of antibiotic and inhibitor
used (Piddock, 2006; Li and Nikaido, 2009; Blair et al., 2015). In this context, Lorenzi et al. (2009)
found that geraniol restored or increased the activity of B-lactams, quinolones and chloramphenicol
against multidrug-resistant Gram-negative bacteria, including Enterobacter aerogenes,
Escherichia coli, Pseudomonas aeruginosa and Acinetobacter baumannii. This makes geraniol one
of the best-documented examples of an essential-oil component with the potential to enhance
antibiotic activity through efflux modification in resistant Gram-negative bacteria.

3.3. Effects on biofilm formations

Biofilms are structured microbial communities attached to surfaces and enclosed in a self-produced
extracellular polymeric matrix (Costerton et al., 1999; Hall-Stoodley et al., 2004). Bacteria in
biofilms often show higher tolerance to antibiotics than planktonic cells, which is associated with
limited diffusion of antimicrobial substances through the matrix, altered metabolism, the presence
of persister cells and local physicochemical gradients, including differences in pH, oxygen and
nutrients (Stewart and Costerton, 2001; Lewis, 2007; Heiby et al., 2010).

Yadav et al. (2015) showed that eugenol inhibits the formation of biofilms produced by clinical
strains of methicillin-resistant Staphylococcus aureus (MRSA) and methicillin-susceptible
Staphylococcus aureus (MSSA) by disrupting cell-cell links and interactions, promoting
detachment of already formed biofilms and reducing the expression of genes associated with
biofilm production and enterotoxins. This supports the possibility that eugenol and essential oils
containing it, such as clove, cinnamon and basil oils, may be investigated as antibiofilm agents, but
it does not in itself prove a ready-to-use field intervention scheme.

3.4. Modulation of resistance-gene expression

Some essential oils can also affect the transcriptional activity of genes involved in antibiotic
resistance. This mechanism is particularly important because the resistant phenotype is not always
determined only by the presence of a particular gene, but also by its level of expression and by the
activity of the relevant regulatory systems. In this sense, reduced expression of resistance genes or
their regulators may lead to partial restoration of susceptibility to a given antibiotic without
necessarily eliminating the gene itself from the bacterial genome (Chovanova et al., 2016).

The potential mechanisms underlying the synergistic or potentiating interactions between essential
oils and antibiotics are summarized in Figure 1.
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Figure 1. Potential mechanisms of synergy between essential oils and antibiotics.

Conceptual scheme for antibiotic-adjuvant effects in antimicrobial resistance control
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EO = essential oil/component; MIC = minimum inhibitory concentration; MBEC = minimum biofilm eradication concentration.
Note: Effects are strain-, oil- and formulation-dependent.

4. Experimentally established synergies
4.1. Geraniol and antibiotics against multidrug-resistant Gram-negative bacteria

Lorenzi et al. (2009) investigated essential oil from Helichrysum italicum, a species of the family
Asteraceae known as immortelle, as a potential modulator of antibiotic activity against multidrug-
resistant Gram-negative bacteria. The study focused mainly on strains with a multidrug-resistance
phenotype in which active efflux is an important mechanism of reduced antibiotic susceptibility.
Clinically important Gram-negative species were examined, including Enterobacter aerogenes,
Escherichia coli, Pseudomonas aeruginosa and Acinetobacter baumannii.

In the initial screening, the authors compared 15 plant extracts/essential oils and found that H.
italicum essential oil had the most pronounced modifying effect on antibiotic resistance. At a
concentration of 2.5%, this oil reduced the MIC of chloramphenicol in the multidrug-resistant
strain E. aerogenes EA27 from 1024 to 128 mg/L, representing an eightfold reduction in the
minimum inhibitory concentration. The remaining tested plant products showed a weaker effect,
usually a two- to fourfold reduction in MIC. A similar effect was found in other Gram-negative
bacteria, including A. baumannii and P. aeruginosa, although in highly resistant P. aeruginosa
strains the effect was weaker than that of the classical efflux-pump inhibitor phenylalanine-arginine
B-naphthylamide (PABN).

To identify the active components, Lorenzi et al. (2009) fractionated the essential oil and found
that two fractions (F2 and F3) were the most active. It is particularly important that combining F2
and F3 produced a stronger effect on chloramphenicol resistance. Combining the active fractions
with PABN also showed synergistic activity, which points to the involvement of efflux mechanisms
in the observed effect. The authors interpreted these results as evidence that components of H.
italicum oil can influence bacterial multidrug resistance through interaction with transport systems
involved in exporting antibiotics out of the cell.
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Geraniol was identified as one of the active components of fraction F3. It significantly increased
the activity of several groups of antibacterial agents, including [B-lactams, quinolones and
chloramphenicol. In the multidrug-resistant strain E. aerogenes EAEP289, geraniol restored
susceptibility to chloramphenicol up to 16-fold, and in combination with PABN it led to complete
reversal of the initial resistance to this antibiotic. Interestingly, geraniol also showed an effect in
an acrAB mutant derivative, suggesting that its action may not be limited to a single efflux
mechanism but probably affects more than one system involved in chloramphenicol transport.

The significance of this study is that it does not consider geraniol simply as an antimicrobial agent
on its own, but as a potential modulator of antibiotic activity. The data show that certain essential-
oil components can restore or increase the activity of conventional antibiotics against multidrug-
resistant Gram-negative bacteria, especially when resistance is associated with active efflux. This
places geraniol among the most specifically documented examples of a natural component with a
potential role as an antibiotic adjuvant.

Nevertheless, the results should be interpreted cautiously. The study is experimental and in vitro,
and the concentrations and conditions used cannot be transferred directly to clinical or veterinary
therapy. Additional studies of mechanism of action, cytotoxicity, pharmacokinetics,
pharmacodynamics, suitable dosage forms and in vivo efficacy are needed before geraniol or
fractions of H. italicum can be regarded as practically applicable antibiotic adjuvants.

4.2. Coriander oil and antibiotics against Acinetobacter baumannii

Duarte et al. (2012) investigated the interaction between coriander essential oil (Coriandrum
sativum L.) and six conventional antibacterial agents against Acinetobacter baumannii, a clinically
important Gram-negative opportunistic pathogen frequently associated with nosocomial infections
and multidrug resistance. The study was conducted in vitro on two reference strains of A.
baumannii (LMG 1025 and LMG 1041). The antibacterial activity of coriander oil was evaluated
by broth microdilution with determination of the minimum inhibitory concentration (MIC). Its
interaction with antibiotics was examined using the checkerboard assay, and the type of interaction
was determined using the fractional inhibitory concentration index (FICI). Six antibiotics were
included in the study: cefoperazone, chloramphenicol, ciprofloxacin, gentamicin, tetracycline and
piperacillin. The results showed that coriander oil did not have the same type of interaction with
all tested antibacterial agents. A synergistic effect was found in combinations with
chloramphenicol, ciprofloxacin, gentamicin and tetracycline, whereas the interactions with
cefoperazone and piperacillin were classified as additive.

The most pronounced synergistic effect was observed for the coriander oil + chloramphenicol
combination against strain LMG 1041, where FICI reached 0.047. For the same combination
against strain LMG 1025, FICI was 0.312, which also falls within the range of synergistic
interaction. These data are particularly important because the authors emphasized that coriander
oil may contribute to restoring or increasing the susceptibility of A. baumannii to chloramphenicol.
Synergy was also found in combination with ciprofloxacin, with FICI values of 0.281 for A.
baumannii LMG 1025 and 0.375 for LMG 1041. A similar result was observed with gentamicin,
where FICI was 0.250 and 0.375 for the two strains, respectively. For tetracycline, the values also
indicated synergistic interaction, 0.312 for LMG 1025 and 0.185 for LMG 1041. Thus, for all four
antibiotics FICI remained below 0.5, supporting the interpretation of synergism between coriander
oil and the corresponding antibacterial agent.
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In contrast, the combinations with the 3-lactam antibiotics cefoperazone and piperacillin did not
show synergy (FICI > 0.625). These values were interpreted as additive interaction, meaning that
combination with coriander oil may enhance the overall antibacterial effect but does not reach the
level of true synergism.

The practical significance of these results is that coriander oil may act as a modulator of antibiotic
activity against A. baumannii, especially in combinations with chloramphenicol, ciprofloxacin,
gentamicin and tetracycline. The probable explanation for this effect is related to the influence of
coriander oil on the bacterial cell envelope and membrane functions. Previous data on coriander
essential oil have shown damage to membrane integrity, disruption of membrane potential,
respiratory activity and efflux activity of bacterial cells, which could facilitate penetration or
retention of antibiotics within the cell (Silva et al., 2011).

4.3. Carvacrol, thymol and other components

Carvacrol and thymol are phenolic monoterpenes characteristic mainly of essential oils from plants
of the family Lamiaceae, such as oregano, thyme, savory and related species. An important
clarification is that their content strongly depends on the chemotype: the same plant may have
carvacrol, thymol, linalool and other chemotypes. Carvacrol and thymol are among the most
frequently discussed essential-oil components in relation to synergistic interactions with
antibiotics. Mihaylova et al. (2025) investigated the antibacterial activity of Bulgarian oregano and
thyme essential oils, alone and in combination with conventional antibiotics, against Klebsiella
pneumoniae and Pseudomonas aeruginosa, two clinically important Gram-negative pathogens
often associated with multidrug resistance, nosocomial infections and limited therapeutic options.
Chemical analysis of the tested oils showed that oregano oil was rich in carvacrol, whereas thyme
oil contained a substantial amount of thymol. Both phenolic monoterpenes are mainly associated
with disruption of bacterial membrane integrity, increased permeability, alteration of membrane
potential and facilitation of the action of certain antibacterial agents. The authors found that
oregano oil exhibited more pronounced intrinsic antibacterial activity than thyme oil against the
tested K. pneumoniae and P. aeruginosa strains. When combined with antibiotics, an increase in
antibacterial effect was observed for some combinations, with the data being particularly indicative
of the potentiating action of oregano oil. In some tested strains, the addition of oregano oil to certain
antibiotics led to enlarged inhibition zones and a change in susceptibility interpretation, including
a shift from intermediate susceptibility to a susceptible phenotype in some combinations. The data
support the concept that oils rich in carvacrol and thymol can increase the activity of certain
antibiotics against Gram-negative bacteria. The review by Langeveld et al. (2014) also indicates
that essential oils and components such as carvacrol, cinnamaldehyde, cinnamic acid, eugenol and
thymol may exert synergistic effects in combination with antibiotics. The authors, however,
emphasize that synergism is not a universal property of a given oil or component, but depends on
the specific combination of active substance, antibiotic and bacterial species or strain. Aelenei et
al. (2016) also summarized in vitro data on interactions between essential oils, their purified
volatile components and conventional antibiotics against Gram-negative bacteria. The review
includes data on pathogens such as Escherichia coli, Pseudomonas aeruginosa, Acinetobacter
baumannii, Klebsiella pneumoniae, Enterobacter spp., Proteus vulgaris, Salmonella spp. and other
Gram-negative species. In some of these bacteria, increased antibiotic activity was found when
antibiotics were combined with essential oils or individual components. For oils rich in carvacrol,
synergistic interactions with ciprofloxacin, gentamicin and other antibiotics have been described
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against some Gram-negative bacteria. Thymol is also presented as a component with the potential
to enhance the activity of certain antibiotics, including by facilitating their penetration into the
bacterial cell. However, the two structurally related phenolic monoterpenes do not always behave
identically: in some combinations thymol shows synergy, whereas carvacrol may produce an
indifferent effect. This underlines the need for each combination to be evaluated experimentally
rather than making generalizations based only on the chemical similarity between components.
Possible mechanisms of potentiating antibiotic activity include increased bacterial membrane
permeability, disruption of membrane potential, depletion of adenosine triphosphate, effects on
enzymes and DNA, and inhibition of efflux pumps. These mechanisms are particularly important
in Gram-negative bacteria, because the outer membrane and efflux systems are major barriers to
the action of many antibacterial agents.

At the same time, Aelenei et al. (2016) draw attention to the fact that, in addition to synergistic
interactions, additive, indifferent and even antagonistic effects have also been described. Therefore,
essential oils and their components should not be regarded as universal antibiotic enhancers.
Potentiation of antibiotic activity is possible, but it must be demonstrated for each specific
combination of component, antibiotic, bacterial strain and concentration used.

4.4. Eugenol and Staphylococcus aureus biofilms

Yadav et al. (2015) investigated the activity of eugenol against methicillin-resistant and
methicillin-susceptible clinical strains of Staphylococcus aureus (MRSA and MSSA). The study
included 72 clinical isolates of S. aureus, 43 MRSA and 29 MSSA, as well as reference strains.
The minimum inhibitory concentration (MIC) of eugenol was in the range of 0.01-0.04%, and the
minimum bactericidal concentration (MBC) was approximately twice the MIC. The authors found
that eugenol inhibited biofilm formation in a concentration-dependent manner. At a subinhibitory
concentration of 0.5xMIC, it reduced biofilm biomass by more than 50% and reduced viable cells
in the biofilm by approximately 2 1og10. Eugenol also affected already formed biofilms: at MIC,
biofilm biomass decreased by more than 50%, and at 2xMIC the number of viable cells was
reduced by about 4 logl0. Scanning electron microscopy showed disruption of cell-cell
connections, disorganization of the biofilm structure and damage to bacterial cells after treatment
with eugenol. In addition, increased membrane permeability and reduced expression of genes
associated with biofilm formation and virulence were established. In an experimental rat model of
otitis media, eugenol reduced colonization with S. aureus by approximately 88%.

An interesting additional result was that the combination of eugenol and carvacrol showed
synergistic activity against preformed biofilms, reducing viable cells by about 99% and decreasing
the minimum biofilm eradication concentration (MBEC). These data support the consideration of
eugenol as a potential antibiofilm agent against S. aureus. Nevertheless, the results are preclinical
and do not constitute evidence of an independently clinically validated therapy for staphylococcal
infections.

4.5. Clary sage essential oil and oxacillin against methicillin-resistant Staphylococcus
epidermidis

Chovanova et al. (2016) investigated clary sage essential oil (Salvia sclarea) as a potential
modulator of B-lactam resistance in methicillin-resistant Staphylococcus epidermidis (MRSE)
strains.
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Table 1. Reported interactions between selected essential oils/components and antibiotics.

oiI/ch)TwiggiLn t Antibiotic(s) Target bacteria Reported effect Reference
MDR Gram-negative
Helichrysum Chloramphenicol; ||bacteria, including E. Potentiating / resistance- Lorenzi et
italicum essential oil ||B-lactams; aerogenes, E. coli, P. modifyin gffect al. 2009
/ geraniol quinolones aeruginosa and A. g '
baumannii
Coriander essential C_hlorampht_en_lcol;
. ) ciprofloxacin; .. . Duarte et
oil (Coriandrum o A. baumannii Synergistic effect
sativum L.) gentamlc_ln, al. 2012
' tetracycline
Coriander essential Cefoperazone; Duarte et
oil (Coriandrum Eloperazone, A. baumannii Additive effect
sativum L.) piperacillin al. 2012
Gentamicin: Combination-dependent effects:
(e)s;ee%??zﬁ g?lg :?g/hn:ﬁ ciprofloxacin; K. pneumoniae and P. Fﬁi%nnqgtég&gznpaﬁfgsgpe shift Mihaylova
ceftriaxone; aeruginosa U ’ et al. 2025
carvacrol and thymol ceftazidime antagonism in one thyme EO-
ciprofloxacin combination
Carvacrol, thymol  ||Ciprofloxacin; . Variable effects: synergistic, Langeveld.
) .. Gram-negative L et al. 2014;
and other essential- ||gentamicin and bacteria additive, indifferent or Aclenei et
oil components other antibiotics antagonistic al. 2016
Clary sage essential Oxacillin MRSE / S. Synergistic effect; resistance- Chovanova
oil (Salvia sclarea) epidermidis gene modulation etal. 2016
Linalool, carvacrol |Methicillin; MRSA/.VRSA S Synergistic effect; phenotype Abd E I
. aureus isolates from e . Hamid et
and eugenol vancomycin bovine mastitis shift in some isolates al. 2023
Melaleuca armillaris . S. aureus from bovine - Buldain et
essential oil Erythromycin mastitis Synergistic effect al. 2022
. S. pseudintermedius
tprzgczg:;r!tailgfj Otﬁz Gentamicin and S. aureus from Synergistic and additive effects ES},[Z Z:N%uzl;
canine pyoderma '
. . Mainly no interaction;
Patchouli and tea . S. pseudintermedius occasional additive or Szewczuk
. Enrofloxacin and S. aureus from - .
tree essential oils synergistic effects depending on |et al. 2023

canine pyoderma

the oil-strain combination

They found that it increased the susceptibility of MRSE isolates to oxacillin by suppressing the
expression of resistance genes such as mecA, mecR1 and mecl, as well as blaZ, blaR1 and blal.
This points to the possibility that certain oil components may affect not only the bacterial
membrane or general cell viability, but also regulatory mechanisms related to the expression of key
genes for B-lactam resistance. The synergistic interaction between clary sage essential oil and
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oxacillin was confirmed by checkerboard assay and by time-Kkill assay. These results show that S.
sclarea oil may act as an adjuvant to oxacillin in MRSE, potentially restoring or increasing the
activity of the B-lactam antibiotic against methicillin-resistant staphylococci.

It is known that S. epidermidis is an important opportunistic pathogen, especially in infections
associated with implants, catheters, biofilms and other medical or veterinary situations in which
coagulase-negative staphylococci may be clinically relevant. The data of Chovanova et al. (2016)
support the concept that essential oils can modulate not only phenotypic susceptibility to
antibiotics, but also the expression of genes involved in resistance.

The experimentally reported interactions between selected essential oils or their major components
and conventional antibiotics are summarized in Table 1.

5. Significance for veterinary medicine

In veterinary medicine, the combination of antibiotics with essential oils represents a potential but
still predominantly experimental direction. The best-argued applications are associated with
infections in which local therapy, biofilm formation and antimicrobial resistance are of substantial
importance, for example mastitis, pyoderma, otitis, wound infections and superficial
staphylococcal infections. In these conditions, local or regional administration of antimicrobial
substances could theoretically allow higher concentrations to be achieved at the site of infection
with a lower risk of systemic toxicity, but such an approach requires proven safety, an appropriate
dosage form and controlled assessment of efficacy.

The most specific veterinary data are available for staphylococcal infections associated with
mastitis and skin diseases. Abd El-Hamid et al. (2023) investigated linalool, carvacrol and eugenol
against Staphylococcus aureus isolates from cows with mastitis. They reported that linalool showed
the strongest antimicrobial and antibiofilm activity, followed by carvacrol and eugenol. Synergistic
interactions were established between the studied essential oils and methicillin or vancomycin, with
FICI < 0.5. In addition, in some isolates a shift of resistant phenotypes to susceptible phenotypes
was observed after treatment with the essential oils. Buldain et al. (2022) investigated essential oil
from a myrtle species (Melaleuca armillaris) as an adjuvant to erythromycin against S. aureus
isolated from bovine mastitis cases and reported an in vitro synergistic interaction between the oil
and the antibiotic. Such results support the idea that certain essential oils may be considered as
adjuvants in antibiotic treatment of mastitis, but not as a ready intramammary therapy without
additional in vivo, pharmacological, toxicological and regulatory studies.

In small companion animals, skin infections caused by staphylococci are of interest, including
Staphylococcus pseudintermedius, which is the leading cause of pyoderma in dogs and often
exhibits multidrug resistance. Szewczuk et al. (2023) investigated patchouli (Pogostemon cablin)
and tea tree (Melaleuca alternifolia) essential oils against 13 strains of Staphylococcus
pseudintermedius and 8 strains of Staphylococcus aureus isolated from canine pyoderma, assessing
both their intrinsic antimicrobial activity and their interaction with gentamicin and enrofloxacin.
Patchouli oil showed higher in vitro activity, with minimum inhibitory concentration (MIC)
ranging from 0.125 to 0.5% v/v, whereas the MIC of tea tree oil was approximately tenfold higher,
from 0.625 to 5% v/v. When combined with antibiotics, the authors found that gentamicin
interacted more markedly with both oils: dual synergy was observed in 38.1% of cases, and a
combination of additive effect with patchouli oil and synergy with tea tree oil in 53.4% of cases.
In contrast, with enrofloxacin, no interaction with the essential oils was most commonly found, in
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57.1% of cases. These results indicate that patchouli and tea tree essential oils may have adjuvant
potential against staphylococci isolated from canine pyoderma, especially in combination with
gentamicin, but the effect is not universal and depends on the specific essential oil-antibiotic-
bacterial strain combination (Szewczuk et al., 2023). These data are important for veterinary
dermatology, but should be interpreted as in vitro evidence of antimicrobial potential rather than
as a basis for direct therapeutic use of non-formulated essential oils on the skin.

The practical significance of such combinations is greatest in situations where synergism between
the antibiotic and the essential oil or its component has been demonstrated for the specific bacterial
isolate. This is particularly important because interactions are not universal: synergistic, additive,
indifferent or even antagonistic effects are possible depending on the bacterial species, strain,
antibiotic, chemical composition of the oil and concentration used (Langeveld et al., 2014; Aelenei
et al., 2016). Therefore, the more scientifically sound concept requires the development of
standardized adjuvant formulations that can increase the activity of certain antibiotics against
certain pathogens under strictly defined conditions.

From the perspective of the One Health approach, this direction is significant because veterinary
use of antimicrobial agents is linked to the risk of selection and spread of resistant bacteria in
animal populations, the food chain and the environment. The potential use of essential oils as
adjuvants would be meaningful only if it led to more effective infection control, reduced
therapeutic failures or limited the need for more prolonged or broader-spectrum antibiotic therapy.
To prove this, standardized in vitro tests, chemical characterization of oils, assessment of
cytotoxicity and irritant potential, suitable dosage forms, in vivo models and controlled clinical
trials in the relevant animal species are needed.

From a regulatory perspective, the use of essential oils or their components in veterinary practice
depends on the intended purpose, route of administration and claims made for the product. If such
preparations are intended for the treatment, prevention or control of bacterial infections, or are
claimed to modify physiological or pharmacological processes in diseased animals, they should be
considered within the regulatory framework for veterinary medicinal products. In this context,
practical application would require a clearly defined qualitative and quantitative composition,
pharmaceutical quality control, demonstration of safety and efficacy, appropriate labelling, and
authorization in accordance with the applicable veterinary medicinal product legislation. If
essential oils are used as feed additives or sensory additives without therapeutic claims, a different
regulatory framework applies; however, such use cannot substitute for authorization as a veterinary
medicinal product when antibacterial therapeutic claims are made (European Parliament and
Council, 2003; European Parliament and Council, 2019).

For food-producing animals, an additional concern is the possible presence of residues of essential-
oil components or their metabolites in products of animal origin, such as milk, meat, eggs or honey.
Although many volatile compounds may be metabolized or eliminated relatively rapidly, their
lipophilicity, repeated local or systemic administration, formulation type and route of application
may influence tissue distribution, persistence and consumer exposure. Potential risks include not
only toxicological or allergenic effects, but also sensory changes in animal-derived foods and
uncertainty regarding acceptable residue levels and withdrawal periods. Therefore, before essential
oil-antibiotic combinations can be recommended for use in food-producing species, residue-
depletion studies, validated analytical methods, toxicological evaluation and assessment of
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maximum residue limits or appropriate regulatory classification are required (European Parliament
and Council, 2009; European Commission, 2010; Tisserand and Young, 2014).

6. One Health Perspective

Antimicrobial resistance is a paradigmatic One Health challenge because resistant bacteria,
resistance genes and antimicrobial residues circulate across interconnected human, animal, food-
production and environmental compartments. In veterinary medicine, antimicrobial use in food-
producing and companion animals may contribute to selection pressure within animal microbiota,
while resistant organisms and resistance determinants can subsequently disseminate through direct
contact, the food chain, manure, wastewater, farm environments and other ecological interfaces.
Conversely, resistant bacteria and resistance genes originating from human healthcare, community
settings and contaminated environments may also affect animal populations. Therefore,
interventions that improve therapeutic efficacy, reduce unnecessary antibiotic exposure and limit
the need for prolonged or broader-spectrum antimicrobial therapy are relevant not only for
individual patients or animals, but also for public health, animal welfare, food-chain safety and
environmental protection (Davies and Davies, 2010; McEwen and Collignon, 2018; Hernando-
Amado et al., 2019; Murray et al., 2022; World Health Organization, 2023, 2024).

Within this framework, essential oils and their major components should not be regarded as
empirical substitutes for antibiotics, but as potential adjuvant tools that may enhance the activity
of selected antibacterial agents under strictly defined and scientifically validated conditions. If
chemically standardized, safe and clinically effective formulations were able to restore
susceptibility, improve local control of biofilm-associated infections or allow narrower-spectrum
or shorter antibiotic use, they could contribute to antimicrobial stewardship across both human and
veterinary medicine. This may be particularly relevant for local or regional infections in animals,
such as mastitis, otitis, pyoderma, wound infections and superficial staphylococcal infections,
where targeted adjunctive formulations could theoretically reduce therapeutic failures and repeated
systemic antibiotic courses. However, from a One Health perspective, such applications require
not only demonstration of in vitro synergism, but also chemical standardization, cytotoxicity and
local-tolerability testing, assessment of effects on commensal microbiota and resistance selection,
residue and food-safety evaluation in food-producing species, appropriate dosage forms and
controlled in vivo studies before field use can be recommended (Burt, 2004; Bassolé and Juliani,
2012; Langeveld et al., 2014; Aelenei et al., 2016; Tisserand and Young, 2014).

7. Limitations and risks

Most available data on synergy between essential oils, their components and antibiotics have been
obtained through in vitro models; therefore, their direct translation to clinical or veterinary therapy
should be cautious (Langeveld et al., 2014; Aelenei et al., 2016). The concentrations at which
antimicrobial activity is observed in vitro are not always achievable in vivo without a risk of local
or systemic toxicity, especially when non-formulated oils or high concentrations of individual
components are used (Tisserand and Young, 2014; Nazzaro et al., 2017). Essential oils may exert
cytotoxic, irritant or allergenic effects depending on concentration, route of administration,
chemical composition, duration of exposure and animal species (Tisserand and Young, 2014;
International Organization for Standardization, 2009). Therefore, safety assessment, including
cytotoxicity and local tolerability, is mandatory before the development of potential clinical or
veterinary formulations (International Organization for Standardization, 2009; Tisserand and
Young, 2014).
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Another major problem is the variability of the chemical composition of essential oils. Oils from
the same plant species may differ considerably in the quantitative ratio of their major components
and may belong to different chemotypes, which can alter both antimicrobial activity and the safety
profile (Burt, 2004; Benomari et al., 2023). Chemical composition is influenced by geographical
origin, climatic and soil conditions, developmental stage of the plant, plant part used, extraction
method and storage conditions (Burt, 2004; Hyldgaard et al., 2012; Benomari et al., 2023).
Therefore, results obtained with a specific chemically characterized oil cannot automatically be
extrapolated to all commercial products with the same botanical name. Reliable interpretation
requires chemical characterization of the tested sample, most commonly by gas chromatography
coupled with mass spectrometry (GC-MS), and standardized methods for evaluating antimicrobial
activity (Hyldgaard et al., 2012; Hulankova, 2024).

An additional limitation that should be considered is the potential development of adaptive
responses to essential oils or their individual components, especially under repeated exposure to
sub-inhibitory concentrations. Although the multicomponent and multitarget nature of essential
oils may reduce the probability of classical target-specific resistance compared with many
conventional antibiotics, it does not exclude bacterial adaptation. This risk is particularly relevant
when essential oils are used at poorly defined concentrations, in non-standardized preparations, or
as low-dose antimicrobial additives without achieving a clear bactericidal effect.

Available data indicate that bacterial adaptation to essential-oil components may be phenotypic
and reversible, but in some cases more stable changes in susceptibility can also occur. Exposure to
sub-inhibitory concentrations of carvacrol, citral, limonene oxide, thymol or trans-cinnamaldehyde
has been associated with altered growth behaviour, changes in stress-response gene expression,
modified virulence-related phenotypes and, in some experimental models, selection of derivative
strains with increased tolerance to the tested compounds (Chueca et al., 2016; Yuan and Yuk,
2019). In contrast, Hammer et al. (2012) reported that repeated exposure to tea tree oil and terpinen-
4-ol had little overall impact on the development of antimicrobial resistance, suggesting that the
risk is not uniform and depends on the bacterial species, essential-oil component, exposure protocol
and concentration used.

Several mechanisms may contribute to adaptive tolerance. One of the best-described responses is
membrane remodelling, in which bacteria alter the fatty-acid composition and physical properties
of the cytoplasmic membrane in order to compensate for the lipophilic stress caused by essential-
oil components. Such changes have been described after exposure to carvacrol, thymol, limonene,
cinnamaldehyde and eugenol, and may reduce membrane fluidity and limit intracellular penetration
of hydrophobic molecules (Ultee et al., 2000; Di Pasqua et al., 2006). In Gram-negative bacteria,
intrinsic tolerance may also be related to the outer membrane barrier and energy-dependent efflux
systems. For example, the MexAB-OprM efflux pump contributes to the tolerance of Pseudomonas
aeruginosa to tea tree oil and selected monoterpene components (Papadopoulos et al., 2008). In
addition, sublethal exposure to phytochemicals such as trans-cinnamaldehyde and eugenol may
induce broader transcriptional stress responses, which can influence bacterial survival, metabolism
and virulence-related pathways (Kollanoor Johny et al., 2017).

Therefore, essential oils should not be regarded as agents that are completely free from resistance
or adaptation risk. From a practical point of view, this supports the need for chemical
standardization, determination of MIC and MBC, assessment of bactericidal activity over time,
avoidance of prolonged sub-MIC exposure and careful evaluation of essential oil-antibiotic
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combinations. Future studies should specifically monitor changes in susceptibility after repeated
exposure, possible cross-tolerance to other antimicrobial agents, efflux-pump involvement,
membrane adaptation and stability of the adaptive phenotype after removal of the essential-oil
stressor.

8. Future directions

To evaluate the real potential of combinations between antibiotics and essential oils, standardized
and consistent studies are needed. First, every essential oil used should be chemically characterized,
most often by gas chromatography coupled with mass spectrometry (GC-MS), because its
composition may vary according to plant species, chemotype, geographical origin, extraction
method and storage conditions (Burt, 2004; Hyldgaard et al., 2012; Benomari et al., 2023). Then,
standardized determination of minimum inhibitory concentration (MIC), minimum bactericidal
concentration (MBC) and, in biofilm-associated infections, minimum biofilm eradication
concentration (MBEC) is necessary, taking into account that the volatility and hydrophobicity of
essential oils may complicate their microbiological testing (Clinical and Laboratory Standards
Institute, 2024; Hulankova, 2024).

Assessment of synergism should include the checkerboard dilution method, the fractional
inhibitory concentration index (FICI) and, where necessary, time-kill assays. This is important
because the interaction between an antibiotic and an essential oil is not universal and may be
synergistic, additive, indifferent or antagonistic depending on the specific strain, antibiotic, oil and
concentration (Bassolé and Juliani, 2012; Langeveld et al., 2014; Aelenei et al., 2016). After an in
vitro effect has been demonstrated, safety should be assessed, including cytotoxicity, local
tolerability and potential for irritation or sensitization, because essential oils are biologically active
mixtures and cannot be regarded as safe merely because of their natural origin (International
Organization for Standardization, 2009; Tisserand and Young, 2014).

Local dosage forms appear particularly promising, including nanoemulsions, liposomes, gels, films
and other controlled-application systems. They can improve solubility, stability, dispersion and
local retention of active components and may reduce the risk of irritation through more precise
dosing (Dupuis et al., 2022; Swain et al., 2023). However, each such formulation must be evaluated
in in vivo models and controlled clinical or veterinary trials before it can be regarded as a practically
applicable therapeutic option.

9. Conclusion

Combining antibiotics with essential oils is a scientifically based and promising, but still
predominantly experimental, strategy for supporting the control of antimicrobial resistance. The
mechanisms most strongly supported by the literature include increased membrane permeability,
modulation of efflux mechanisms, effects on biofilms and/or resistance-gene expression. Geraniol,
coriander oil, eugenol, linalool, carvacrol, thymol and clary sage essential oil are among the best-
documented examples of potential antibiotic adjuvants.

The practical application of these combinations should be based on specific in vitro data for the
corresponding isolate, proven safety, standardized chemical composition and controlled in vivo
studies. The antimicrobial properties of essential oils, as well as their activity as potential
modulators of antibiotic action, make them suitable agents for future combined strategies against
multidrug-resistant bacterial infections. Studies that not only demonstrate MIC reduction or a
synergistic effect, but also trace molecular mechanisms such as changes in the expression of
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resistance genes, are particularly valuable because they provide a more solid basis for the future
development of standardized adjuvant formulations.
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