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The present article reports the antimicrobial efficacy of four monoterpenes (thymol, carvacrol,
p-cymene, and y-terpinene) against the Gram-positive bacterium Staphylococcus aureus and the
Gram-negative bacterium Escherichia coli. For a better understanding of their mechanism of action,
the damage caused by these four monoterpenes on biomembranes was evaluated by monitoring
the release, following exposure to the compounds under study, of the water-soluble fluorescent marker
carboxyfluorescein (CF) from large unilamellar vesicles (LUVs) with different lipidic composition
(phosphatidylcholine, PC, phosphatidylcholine/phosphatidylserine, PC/PS, 9:1; phosphatidylcholine/
stearylamine, PC/SA, 9:1). Furthermore, the interaction of these terpenes with dimyristoylphosphati-
dylcholine multilamellar vesicles as model membranes was monitored by means of differential scanning
calorimetry (DSC) technique. Finally, the results were related also with the relative lipophilicity and
water solubility of the compounds examined. We observed that thymol is considerably more toxic
against S. aureus than the other three terpenes, while carvacrol and p-cymene are the most inhibitory
against E. coli. Thymol and carvacrol, but not y-terpinene and p-cymene, caused a concentration-
dependent CF leakage from all kinds of LUVs employed; in particular, thymol was more effective on
PC and PC/SA LUVS than on PC/PS vesicles, while carvacrol challenge evoked a CF leakage from
PC/PS LUVs similar to that induced from PC/SA LUVs, and lower than that measured with PC vesicles.
Concerning DSC experiments, these four terpenes caused a decrease in T, and (especially carvacrol
and p-cymene) AH values, very likely acting as substitutional impurities. Taken together, our findings
lead us to speculate that the antimicrobial effect of thymol, carvacrol, p-cymene, and y-terpinene
may result, partially at least, from a gross perturbation of the lipidic fraction of the plasmic membrane
of the microorganism. In addition to being related to the physicochemical characteristics of the
compounds (such as lipophilicity and water solubility), this effect seems to be dependent on the lipidic
composition and net surface charge of the microbic membranes. Furthermore, the compounds might
cross the cell membranes, thus penetrating into the interior of the cell and interacting with intracellular
sites critical for antibacterial activity.
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INTRODUCTION different compounds forming them, terpenoids are the most

Essential oils are mixtures of compounds obtained from a@bundant, present both as sesquiterpenes and especially as
spices, aromatic herbs, fruits, and flowers and characterized bymonoterpenes.
their aroma {, 2). Analysis of essential oils shows that, of the An extensive body of research has demonstrated that essential
oils and their main components possess a wide spectrum of
* Corresponding author. Telephone: 0039 90 6766458. Fax: 0039 90 biological activity, which may be of great importance in several
3533142, E-mall: dirombetta@pharma.unime. it fields, from food chemistry to pharmacology and pharmaceutics.
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antimicrobial activity against a wide variety of microorganisms,
including Gram-positive and Gram-negative bacteria and fungi
(3—5). For example, the essential oils obtained from oregano
and thyme, traditional Mediterranean spices, are well-known
for their antimicrobial activity §—8) and are characterized by

a very high content of monoterpenes, both hydrocarbons (such

as y-terpinene, ranging 2—52%, armcymene, ranging from
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Crude carboxyfluorescein (Fluka) was purified by the method described
by Mercadal et al. (19). All other chemicals were of reagent grade.

Microbiological Studies. Two American Type Culture Collection
(ATCC) standard strains were use&taphylococcus aureusTCC
6538P andescherichia coliATCC 15221.

The antimicrobial activity was evaluated by determining the
minimum inhibitory concentration (MIC) according to the M7-A5
guidelines, established by the National Committee for Clinical Labora-

trace to 52%) and oxygenated compounds (mainly thymol, tory Standards (20). The MIC values (minimum concentration that

ranging from trace to 64%, and carvacrol, ranging from trace
to— 80%) (9—11).

The antimicrobial activity of the essential oils can be
explained by the lipophilic character of the monoterpenes
contained in them. The monoterpenes act by disrupting microbial
cytoplasmic membrane, which thus loses its high impermeability
for protons and bigger ions; if disturbance of membrane integrity

inhibits the inoculum growth) against the bacterial strains were
determined on 96 well culture plates by a microdilution method using
Mueller-Hinton broth (Becton-Dickinson, Milan, Italy). Eight twofold
dilutions of the samples were carried out starting from the concentration
of 0.5% w/v (5% of Tween 20, used to dissolve the terpene and thus
to ensure its contact with microorganisms). All preparations were
sterilized with a 0.22¢m filter. The wells were inoculated with a
microorganism suspension at a density of délls/mL. The plates were

occurs, then its functions are compromised not only as a barrierjncybated at 37C for 24 h. After incubation, the plates were observed
but also as a matrix for enzymes and as an energy transducefo determine the MICs. Proper blanks were prepared simultaneously.

(12—-15). Itis interesting to mention that bacteria predominantly
respond to environmental conditions and particular antimicrobial

Samples were tested in triplicate.
Carboxyfluorescein Studies.In the present study, we monitored

agents such as thymol and carvacrol by modulating membranethe release of CF trapped in LUVs with different lipidic composition

fluidity (16). However, specific mechanisms involved in the
antimicrobial action of monoterpenes remain poorly character-
ized.

In the present article, we report the antimicrobial efficacy of
four major monoterpenes contained in essential oils (thymol,
carvacrolp-cymene, angr-terpinene) against the Gram-positive
bacteriumStaphylococcus aurewnd the Gram-negative bac-
terium Escherichia coli. To better understand the mechanism
of action of these four monoterpenes, their damaging effect on

the biomembranes was evaluated by monitoring the release,

following exposure to the compounds under study, of the water-
soluble fluorescent marker carboxyfluorescein (CF) from unila-
mellar vesicles (LUVs) with different lipidic composition. The
lipids, the main constituents of cell membranes, provide the
membrane with its barrier function and influence a variety of
processes in the bacterial cell. However, since the lipidic
composition of membranes is widely different in the world of
bacteria (17,18) and may influence the susceptibility to the
compounds tested, the LUVs employed in our study were
constituted of phosphatidylcholine (PC), phosphatidylcholine/
phosphatidylserine (PC/PS, 9:1), or phosphatidylcholine/steary-
lamine (PC/SA, 9:1) to thus verify if the net surface charge of
the target membrane (neutral for PC or DMPC LUVs, positive
for PC/SA LUVs, and negative for PC/PS LUVSs) can influence
CF leakage following challenge with the monoterpenes studied.
Moreover, to increase knowledge on compound interaction
with lipid membranes we have investigated the action of
terpenoids on the membrane microenvironment. With this in
view, differential scanning calorimetry (DSC) technique on pure
dimyristoylphosphatidylcholine (DMPC) liposomes, as model
lipidic membranes, was employed to evaluate: (1) the melting

(PC; PCIPS, 9:1; PC/SA, 9:1) following exposure to the terpenes under
investigation (2122). Briefly, multilamellar liposomes (MLVs) were
obtained by freshly prepared chloroform/methanol concentrated lipid
solutions. The solvent was removed under nitrogen in a rotoevaporator,
and the resulting film was kept overnight under vacuum to remove the
residual solvent. The dried film was then suspended in buffer
(150 mM NaCl/5 mM Hepes, pH 7.4) containing 20 mM CF, and the
dispersion was vortexed intermittently for 20 min at room temperature.
The LUVs were prepared by submitting the previously prepared MLV
dispersion (approximately 1 mg mk) to extrusion (19 times) through
100-nm polycarbonate membranes (Avestin, Inc., Ottawa, Canada) in
an extruder system (LiposoFast Basic, Avestt8,@4). Free CF was
removed by passing the dispersion through a B0 cm column of
Sephadex G-50 where the vesicles eluted with the void volume. Aliquots
of eluted liposomes were used to determine the amount of phospholipid
by the phosphorus assay (25).

Aliquots of the liposomal stock preparations (diluted to about
20 ug/mL) were incubated with various concentrations of the terpene
to be tested at room temperature, and fluorescence was recorded
continuously for 15 min (wavelength of excitatiohex = 490 nm;
wavelength of emissioriem = 520 nm). At the end of each experiment,
total CF was determined after lysing the liposomes with 10% Triton
X-100 (150uL), after which the mixture was heated at 100 for 5
min and mixed vigorously for 2 min at room temperature. All
experiments were carried out in triplicate.

The rates of CF leakage are expressed as percent of total trapped
CF released

0 _ F-F
A)CFreIeased_ ﬁ x 100

whereF is the fluorescence intensity measured at a specified fige,
is the fluorescence intensity measured at zero time,Failthe total
fluorescence measured after Triton disruptibnis corrected for the

tested in the DMPC membrane and (2) the migration of the

terpenes under study through the aqueous medium, their

interaction with empty liposomes, and transmembrane transfer.
Finally, the results were related also with the relative lipophi-
licity and water solubility of the compounds examined.

MATERIALS AND METHODS

Chemicals Used.Carvacrol (98%)p-cymene (99%)y-terpinene
(97%), and thymol (99.5%) were obtained from Sigma-Aldrich (Milan,
Italy). Synthetic.-o-dimyristoylphosphatidylcholine was obtained from
Genzyme (Liestal, Switzerland)-a-Phosphatidylcholine, phosphati-
dylserine, and stearylamine were purchased from Fluka (Milan, Italy).

with higher concentrations of Triton did not affect the valueFaf
indicating that the procedure resulted in a complete release of dye from
the liposomes.

MLV Preparation. MLVs were prepared in the presence and
absence of carvacrgb-cymene;y-terpinene, or thymol. Aliquots of a
chloroform stock solution of lipid were delivered in glass tubes to have
the same amount of lipid (0.010325 mmol). The solvent was removed
under nitrogen flow, and the resulting film was freeze-dried to remove
the residual solvent. Then an exactly weighed amount of each terpene,
corresponding to a well-defined molar fraction, was added to the lipid
film to avoid any loss of terpenes during the under vacuum process.
Liposomes were prepared by adding to the films 1480f 50 mM
Tris buffer solution (pH= 7.4), heating at 37C, temperature above
the gel—liquid crystalline phase transition, and vortexing three times
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for 1 min. The samples were shakem foh in awater bath at 37C

to homogenize the liposomes, permitting the compounds to partition
between lipid and aqueous phases. Then, 120f lipid suspensions
(0.007375 mmol of lipid) was transferred in a 160-DSC aluminum
pan, hermetically sealed, and submitted to DSC analysis.

Differential Scanning Calorimetry. A Mettler Toledo STARe
system equipped with a DSC-822e calorimetric cell and Mettler TA-
STARe software was used. The scan heating rate employed ks 2
min at a temperature range of-37 °C. The sensitivity was automati-
cally chosen as the maximum possible by the calorimetric system, and
the reference pan was filled with Tris buffer solution. To measure

C

CH;
o . . 3
transition temperature and enthalpy changes, the calorimetric system
was calibrated by using indium, stearic acid, and cyclohexane following
HiC CH,

Q/Q -

) 2)

OH
HC
C
CH

Hs
Hj
the procedure of the Mettler TA STARe Software.
To check the reproducibility of results, the calorimetric scan was
repeated four times; aliquots of all samples were then extracted from
the calorimetric aluminum pans and used to determine, by the
phosphorus assagg), the exact amount of phospholipids present in
each sample.
Permeation Experiments.The ability of the examined terpenes to 3) 4)
dissolve in the aqueous phase, migrate through it, and be absorbed on_ )
the external lipidic layer of MLVs and be transferred successively to Figure 1. Chemical structure of (1) carvacrol, (2) thymol, (3) p-cymene,
the inner bilayers was investigated by carrying out the following and (4) y-terpinene.
“kinetic” experiment. A fixed amount of terpene (corresponding to a
0.12 molar fraction with respect to the phospholipid) was weighed at Table 1. Antimicrobial Activity of Thymol, Carvacrol, p-Cymene, and

the bottom of a 16@4L DSC aluminum crucible, and then 120 y-Terpinene on Two ATCC Microbial Strains?
(0.007375 mmol) of DMPC aqueous dispersion (MLVs) was added.

OH
CH;,
HyC
CH;
CHy

The samples, hermetically sealed in the pans, were gently shaken for MIC (mg/mL)
10 s and then submitted to subsequent calorimetric scan cycles by using  compounds S. aureus ATCC 6538P E. coli ATCC 15221
the following procedure: thymol 031 50

(1) A scan between 5 and 3T, to detect the interaction between carvacrol 1.25 25
the compounds and the model membrane during the sample heating;  p-cymene 1.25 25

(2) An isothermal period (1 h) at 37C to allow the terpene to y-terpinene 2.50 5.0
dissolve in the aqueous medium and possibly interact and permeate
the lipid bilayers, which at 37C exist at the disordered state; aResults are expressed as MIC.

(3) A cooling scan between 37 and’8, at the rate of 4C/min, to
bring the lipid layers back to an ordered state before restarting the values were calculated from the experimerRavalues according to

heating program (step 1). the f | — 10al(1/R) — 11. High | indicate hiah
This procedure was run at least six times and repeated after a Ionger”peop(r)lzlri?:lijt;Rm 0gl(L/R) I Higher Ry values indicate higher

incubation time (24 h) to follow eventual variations of the transitional
temperature of the DMPC calorimetric peak due to the uptake of the
terpene by the model membrane. If an interaction followed by a full RESULTS AND DISCUSSION

lipid bilayer penetration did occur, an effect similar to that obtained In the present study, we have evaluated the antibacterial
by MLVs_contalnlng 0.12_m0|ar fraction of terpene and prepared as activity of four major terpenes (thymol, carvacrpkcymene,
reported in MLV preparation should be observed. . . . .
o i ) - ) andy-terpinene) contained in oregano essential éilg(re 1).
Transmembrane Transfer Kinetics. Sometimes lipophilic media
The results, presented Trable 1, show that each of the terpenes

instead of aqueous ones can support the absorption of bioactive SES " 4 )
compounds by biological membranes. Therefore, it is interesting to t€sted inhibits the growth of the two microbial strains employed,

investigate how the examined terpenes dispersed in MLVs (containing the Gram-positiveS. aureusATCC 6538P and the Gram-

a 0.12 molar fraction with respect to the aqueous lipid dispersion; loaded negativeE. coli ATCC 15221. However, the Gram-positige
MLVs) can be transferred to pure DMPC MLVs (empty MLVs). If  aureusappears more sensitive than the Gram-negdiveoli

the compound transfer occurs, an effect similar to that observed in toward all compounds characterized. The MIC values demon-
MLVs prepared in the presence of 0.06 molar fraction of terpene will strate that thymol is considerably more toxic aga®saureus

be obtained. This effect is due to the emptying of loaded MLVs and than the other three terpenes, while carvacrol@agmene are

the contemporary terpene transfer and absorption inside empty MLVs. the most inhibitory againgg. coli.

These kinetic experiments were carried out by transferring/l6@f To ch terize th hani b ina their ob d
empty MLVs in a 160«L calorimetric pan where 6@L of loaded 0 characterize the mechaniSms subserving their observe

MLVs had previously been placed. The sample was hermetically sealed Cytotoxic effect, these four monoterpenes have been tested for
in the pans, gently shaken for 10 s, and then submitted to subsequentheir capability to interact with model membranes through the
calorimetric cycles by using the same step procedure reported in the@id of some biophysical tools.

previous section. Compound-membrane interaction is a dynamic phenomenon,

Relative Lipophilicity Determination. The relative lipophilicity bilaterally controlled not only by the compound chemical

(Rm) of the terpenes under investigation was measured by reversed-structure but also by the membrane organization; it can be
phase high-performance thin-layer chromatograa@y. (Briefly, What- affected by compound internalization and absorption at the
man KC 18F plates were used as the nonpolar stationary phase. Themembrane—water interface and in turn can be modified as a

plates were dried at 10%C for 1 h before use. The mobile phase was consequence of compound incorporation within membrane
a 2:1 (v/v) mixture of acetone and water. Each compound was dissolved struc tl?re P P

in absolute ethanol (100 mg/mL), and«? of solution was applied to - . ) . o
the plate. The experiments were repeated five times with different A first series of experiments was carried out to determine if
disposition of the compounds on the plate. The retardation faBpr (  challenge with the terpenes under study can cause a leakage of
values were expressed as the mean of the five determinationR-The CF entrapped in LUVs with different lipids. Curves reported
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Figure 2. Effect of thymol challenge on CF release from CF-encapsulated large unilamellar vesicles with different lipid composition. PC: phospatidylcholine;
PS: phospatidylserine; SA: stearylamine.

in Figures 2 and 3 illustrate the time course of the terpene- similar to that induced from PC/SA LUVs and lower than that
induced CF release; the results expressed as % of total trappedneasured with PC vesicles.
CF released in 15 min are shownTiable 2. The study of the thermotropic phase transition of DMPC
The basal rate of CF leakage from liposomes ranged from 2 MLVs by DSC is a precise method to investigate the influence
to 5% for PC and PC/SA LUVs and from 0 to 3% for PC/PS of bioactive compounds on lipid membrane organization. The
LUVs. Thymol and carvacrol, tested at the same concentrations,presence of compounds interacting with phospholipid bilayers
caused a concentration-dependent CF leakage from all kindsmay cause perturbations that can disturb membrane fluidity and
of LUVs employed, the extent of dye release slowly increasing depend on the localization of the perturbing molecule in the
during the 15-min observation period. Conversely, only a slight lipid bilayer. In fact, certain molecules that act as “substitutional
CF release was observed from LUVs challenged witymene impurities” of a membrane, taking the place of lipid molecules,
andy-terpinene. The present results lead to the hypothesis thatcause transition temperatury and enthalpy difference\H)
the antimicrobial activity of monoterpenes may be the result of variations. Instead, other molecules act as “interstitial impuri-
the perturbation of the lipidic fraction of the microorganism ties”, by intercalating among the flexible acyl chain of lipids,
plasmic membrane. Consistent with these findings, it has beenand causé, variations withoutAH change, according to the
demonstrated that also the antibacterial activity of other phy- temperature depression of melting point for an ideal solution
tochemicals, such ddelaleuca alternifoliaessential oil (27),  (30—34).
o,f-unsaturated aldehyde®?, 28), and other bioactive terpenes The effect of the compounds on the phase transition of DMPV
(29), results from modifications of cell membrane characteristics. MLVs was investigated on samples containing increasing
When PC LUVs were employed, the effectiveness in damag- amounts (0.0, 0.015, 0.03, 0.045, 0.06, 0.09, and 0.12 molar
ing lipidic membranes was in the order thymelcarvacrol> fractions) of the studied terpenes.
p-cymene= y-terpinene. However, thymol was more effective As evidenced in the calorimetric curves (data not shown),
on PC and PC/SA LUVS than on PC/PS vesicles, while the pure DMPC MLV calorimetric curve is characterized by a
carvacrol challenge evoked a CF leakage from PC/PS LUVs main transition peak at 24.8C, between an ordered gel state
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Figure 3. Effect of carvacrol challenge on CF release from CF-encapsulated large unilamellar vesicles with different lipid composition. PC: phospatidylcholine;
PS: phospatidylserine; SA: stearylamine.

and a disordered liquid crystalline state, and a small pretransitionthe enthalpy variation a8sAH/AH® (whereAAH = AH — AH®,
peak at about 16.8C related to the alkyl chain tilt36—37). AH is the value of enthalpy change of each terpene-loaded
All the terpenes caused a shift toward lower temperature and aDMPC MLVs, andAH? is the enthalpy change of pure DMPC
broadening of the main peak of the calorimetric curve, in a more MLVs) as a function of terpene molar fraction, all terpenes,
evident way as the molar fraction of terpene increased. Thymol and especially carvacrol amqtcymene, induced a significant
and carvacrol, at molar fractions higher than 0.09, produced decrease in enthalpy variation.
also a phase separation, which is evidenced by the split of the Thus, it is evident that the monoterpenes investigated are able
main peak into two peaks and indicates the presence of terpeneto interact with phospholipidic membranes. Our findings may
rich and terpene-poor regions. Furthermore, all the terpenespe largely explained in terms of a fluidifying effect due to the
determine the disappearance of the pretransition peak, very likelyintroduction of these lipophilic molecules into the ordered
because of their direct interaction with the DMPC bilayer surface structure of the lipid bilayer. Since these four terpenes caused
and a perturbation of the acyl chain tilt. a decrease iy, and (especially carvacrol arq@cymene) of

The thermodynamic data obtained from the calorimetric AH values, we can suppose that these compounds act as
curves are reported iRigure 4. In Figure 4A, theTy, has been substitutional impurities.
plotted asAT/Ty (AT = T — T%, whereTy, is the value of Following the procedure reported in previous reseagh (
transition temperatures of each terpene/DMPC MLV dispersion, 38, 39), a series of permeation experiments were carried out to
and T%, is the transition temperature of pure DMPC MLVs), determine whether the terpenes are able to dissolve in the
as a function of the terpene molar fraction in the lipid agueous aqueous medium, reach the vesicle surface, and penetrate it.
dispersion. The terpenes under investigation markedly decreaseBriefly, the terpenes (0.12 molar fraction) were placed in contact
the DMPC Ty. Up to 0.06 molar fraction the four terpenes with pure DMPC MLVs at a temperature higher than the DMPC
elicited similar effects, but at higher molar fractions the effect Ty, and at 1 h intervals, the variations in the DSC curves with
exerted by carvacrol and thymol was stronger than that of respect to that of pure DMPC vesicles were noted. The terpenes
p-cymene ang-terpinene. As shown ifrigure 4B, reporting cause a broadening and shift toward lower temperature of the
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Table 2. CF Release from Liposomes with Different Lipid Composition 0
Following Exposure to Thymol, Carvacrol, p-Cymene, and —#-carvacrol
_Terpinene? —*— p-cymene
y-Terpinene —— y-terpinene
CF release in 15 min % -5 = thymol
increase vs control lipid composition
compounds  concn («g/mL) PC PCISA (9:1) PC/PS (9:1) 2
»
thymol 100 5.80 6.50 3.03 o & =107
250 16.72 30.98 1011 =
500 65.32 78.64 34.95 <
1000 97.20 94.44 64.85
carvacrol 100 4.20 6.60 3.50 15
250 32.15 15.31 15.31
500 43.65 26.50 23.05
1000 98.90 65.02 53.03 A
p-cymene 100 6.45 5.96 6.59 20
250 6.75 6.06 7.52 0 002 004 006 008 01 012 014
500 121 9.85 8.56 Molar Fraction
1000 9.67 10.25 9.85
y-terpinene 100 5.05 5.45 4,95 0
250 5.58 5.58 5.31
500 7.56 5.84 6.85
1000 8.12 7.21 7.12 14
@Data are expressed as percentage increase vs control of the total CF released 2]
in a 15-min period. PC: phosphatidylcholine; SA: stearylamine; PS: phosphati- o
dylserine. x
T 34 —&— carvacrol
main peak and a gradual disappearance of the pretransition peak 3 :;’g’:ﬁ";e
(curves not shown). The different behavior of the four terpenes 3 4] —=thymol
studied is evident inFigure 5, which reports theT,, as
AT/, as a function of the incubation time; in this figutgs
represents the maximum interaction between MLVs and the -5
terpenes, and it is obtained from the calorimetric curve of DMPC B
MLV prepared in the presence of a 0.12 molar fraction of 6 . . , . : i
0 002 004 006 0,08 0,1 012 0,14

terpene. All terpenes studied cause a decreasénmjnthus
demonstrating their capability to dissolve in the aqueous medium
and reach and interact with lipidic bilayers. All four terpenes Figure 4. (A) Transition temperature variation (as AT/Tom; AT = Tp =
tend to reach the maximum interaction. However, carvacrol Tom, where T is the transition temperature of DMPC MLVs containing
shows the fastest kinetic of interaction, which can be related terpene and T is the transition temperature of pure DMPC MLVs). (B)
with its lipophilicity; in fact, carvacrol is the less lipophilic ~ Transition enthalpy variation (as AAHAH’; AAH = AH = AH’, where
among the four terpenes, and thus it is more able to migrate AH is the enthalpy change of DMPC MLVs containing terpene and AH’
through the aqueous medium and, hence, to reach the MLV s the enthalpy change of pure DMPC MLVs), in heating mode, as a
surface and interact with the bilayers. function of terpene molar fractions.

Transmembrane transfer kinetic experiments were carried out
by mixing equimolar amounts of MLVs containing 0.12 molar
fraction of the terpene (loaded MLVs) with pure DMPC MLVs
(empty MLVs) for increasing incubation times. Figure 6,
the Tn, as AT/ Py, is reported as a function of the incubation
time and compared with that of MLVs containing a 0.06 molar
fraction of the terpenetifs), used as reference concentration
value. In fact, when the compound transfers from loaded MLVs

Molar Fraction

and thus the antimicrobial activittQ). In fact, the hydrophilic
part of the molecule interacts with the polar part of the
membrane, while the hydrophobic benzene ring and the aliphatic
side chains are buried in the hydrophobic inner part of the
bacterial membrane. Furthermore, the involvement of the
hydroxyl group in the formation of hydrogen bonds and the
acidity of these phenolic compounds may have other possible
(prepared in the presence of 0.12 molar fraction of the €Xxplanations. However, in our experiments thymol and carvacrol
Compound) to pure MLVs, the loaded vesicles lose half of the show a calorimetric behavior similar, respectively, to that of
enclosed compound, while the pure vesicles accumulate the frethe non-hydroxyclic monoterpengsterpinene angb-cymene,
Compound, thus Obtaining, at the Steady state of the transferthus ruling out that these are the main mechanism involved in
process, a uniform population of MLVs containing a 0.06 molar the membrane changes elicited by terpene exposure.

fraction of the compound. This figure indicates that all the
terpenes quickly transfer from loaded MLVs to empty MLVs.
Thymol shows a more gradual transfer kinetic compared to the
other compounds. Thymol andterpinene transfer completely

These findings are consistent with the relative lipophilicity
and water solubility of the four terpenes examined; in fact, as
demonstrated by results reportedTiable 3, the lipophilicity
order wag-cymene> y-terpinene> thymol > carvacrol, and,

to MLVs and reach a homogeneous concentration inside all the unlike thymol,p-cymene;y-terpinene, and carvacrol are abso-

MLVs similar to that observed in the preparation in organic
phase (f); on the contrary, carvacrol afpecymene do not reach
the maximum effect because of an incomplete equilibrium
between loaded and empty vesicles.

The amphipathicity of phenolic compounds such as thymol
and carvacrol can explain their interactions with biomembranes

lutely insoluble in water (41).

Taken together, the present results allow us to speculate that
the antibacterial activity of the terpenes under study may be
caused, partially at least, by their penetration in the lipid
assemblies and by a consequent perturbation of the lipid fraction
of the plasmic membranes; however, it is significantly influenced
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Figure 6. Transitional temperature variations (AT/T%,), for increasing
incubation times, of empty DMPC MLVs left in the presence of equimolar
DMPC MLVs loaded with a 0.12 molar fraction of terpenes. The ts values
represent the effect exerted by 0.06 molar fraction of terpene on MLVs
to be considered as the maximum interaction between compound and
vesicles.

Table 3. Relative Lipophilicity (Rm) Values and Water Solubility of
Thymol, y-Terpinene, Carvacrol, and p-Cymene

compounds water solubility?
thymol 0.204 lightly soluble?
y-terpinene —-0.204 practically insoluble®
carvacrol 0.311 practically insoluble®
p-cymene -0.234 practically insoluble¢

aFrom ref 41. ©100-1000 mL of solvent/g of solute. ¢ More than 10 000 mL of
solvent/g of solute.

Cristani et al.

with phospholipidic membranes. Furthermore, thymol possesses
discrete lipophilic characteristics and a detectable water solubil-
ity. Thus, its antimicrobial activity may be potentiated by the
fact that it can migrate across the aqueous extracellular medium,
interact with, and damage lipidic membranes.

Secondp-cymene and carvacrol are more active against the
Gram-negativeE. coli; their calorimetric behavior shows that
they markedly affect membrane lipid composition, taking the
place of lipid molecules, and are strongly absorbed by lipidic
membranes, so that they are not released and transferred to other
bilayers. Thus, the cytotoxicity of monoterpenes against Gram-
negative bacteria seems to be related to their capability to deeply
interact with and affect the molecular structure of lipidic
bilayers.

Third, it is evident that the antimicrobial activity of terpenes
is related to their ability to affect not only permeability but also
other functions of cell membranes. In fagtterpinene and
p-cymene are cytotoxic for Gram-positive and Gram-negative
bacteria but do not affect CF release from all kinds of LUVs
employed. On the other hand, as also suggested by other authors
(42, 43), we cannot exclude that the interaction with other targets
of the microbial cell might play a key role in the observed
antimicrobial effect of the monoterpenes under study. The results
of permeation experiments and DSC measurements suggest a
real transfer of monoterpenes through lipidic bilayers; thus, these
compounds might be able to permeate through cellular mem-
branes and interact with intracellular components.

Finally, Gram-positive bacteria possess a permeable cell wall
that usually does not restrict the penetration of antimicrobials;
the major component of a Gram-positive cell wall is pepti-
doglycan covalently linked to teichoic and teichuronic acids,
which give the wall a net negative chargé4j. However,
antimicrobial monoterpenes are thought to target the bacterial
cytoplasmic membrane. Unlike. coli cytoplasmic membranes,
those of the Gram-positive bacteriug aureuscontain the
positively charged lipid lysylphosphatidylglycerol at levels
between 15 and 40% (45). Several authors have demonstrated
that the membrane charge®faureugan influence the efficacy
of cationic and anionic antimicrobial agen#6( 47). In our
experiments, thymol was more effective than carvacrol against
the Gram-positive bacteriur®. aureusand in eliciting CF
release from PC/SA vesicles. Thus, we can suppose that the
antimicrobial effect of monoterpenes is influenced by the net
surface charge of microbic cell membrane.

Furthermore, the outer layer of the Gram-negative outer
membrane is composed primarily of lipopolysaccharide mol-
ecules and forms a hydrophilic permeability barrier providing
protection against the effects of highly hydrophobic compounds
(48—50). This may explain the low sensibility Bf colito the
cytotoxic effect of the four lipophilic monoterpenes tested.

In conclusion, the present data support the hypothesis that
the antibacterial effect of thymol, carvacrgkterpinene, and
p-cymene may be due, partially at least, to a perturbation of
the lipidic fraction of microorganism plasmic membrane,
resulting in alterations of membrane properties. In addition to

by their physicochemical characteristics and by the composition P€ing related to physicochemical characteristics of the com-
of bacterial membranes. More particularly, several points need pounds (such as lipophilicity and water solubility), this effect

to be discussed.

appears to be dependent also on net surface charge of microbic

First, among the terpenes tested, thymol showed the strongesmembranes. Furthermore, the compounds might cross the cell
toxic activity againsB. aureusit possesses the highest capacity membranes, thus penetrating into the interior of the cell and
to increase the permeability of PC LUVs, together with the interacting with intracellular sites critical for antibacterial
ability to migrate across an aqueous medium and to interact activity.
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