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Abstract: The antimicrobial activities of the isomers and enantiomers of pinene were
evaluated against bacterial and fungal cells. The agar diffusion test showed that only the
positive enantiomers of the a- and B-isomers of pinene were active. The minimal inhibitory
concentration (MIC) and minimal microbicidal concentration (MMC) of these monoterpenes
were also determined, confirming that the positive enantiomers exhibited microbicidal
activity against all fungi and bacteria tested with MICs ranging from 117 to 4,150 pg/mL.
However, no antimicrobial activity was detected with the negative enantiomers up to
20 mg/mL. Time-kill curves showed that (+)-a-pinene and (+)-f-pinene were highly toxic
to Candida albicans, killing 100% of inoculum within 60 min. By contrast, the bactericidal
effect occurred after 6 h in methicillin-resistant Staphylococcus aureus (MRSA). In
combination with commercial antimicrobials, ciprofloxacin plus (+)-o-pinene or (+)-B-pinene
presented synergistic activity against MRSA whereas an indifferent effect against all fungi
was detected when amphotericin B was combined with the positive enantiomers of pinene.
The potential of (+)-o-pinene and (+)-fB-pinene to inhibit phospholipase and esterase
activities was also evaluated, and the best inhibition results were obtained with
Cryptococcus neoformans. C. albicans biofilm formation was prevented with the MIC
concentration of (+)-a-pinene and twice the MIC value of (+)-B-pinene. Finally, the
cytotoxicity of the positive enantiomers of pinene to murine macrophages was evaluated,
and 250 pg/mL of (+)-a-pinene and (+)-B-pinene reduced the cell viability to 66.8% and
57.7%, respectively.
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1. Introduction

Several essential oils have been used as therapeutic agents since ancient times, and some of them
have been scientifically proven to possess medicinal properties, including anti-inflammatory [1],
antiviral [2], antitumor [3], cytotoxic [4], and antimicrobial activities [5]. Essential oils are complex
mixtures of volatile, lipophilic and odiferous substances from the secondary metabolism of plants.
They are mainly composed of monoterpenes, sesquiterpenes and their oxygenated derivatives
(alcohols, aldehydes, esters, ketones, phenols and oxides).

Many substances within living organisms are chiral and can occur alone (only one enantiomer) or in
racemic mixtures, with the same or distinct functions. For example, carvone is used as a essence for
perfumes, and each enantiomer has a different odor: S(+)-carvone smells like spearmint and R(—)
smells like caraway [6]. Linalool enantiomers show the same antimicrobial activity against several
microorganisms, especially against the fungus Botrytis cinerea and the protozoan Plasmodium
falciparum [7]. Goniothalamin enantiomers similarly inhibit antifungal growth and biofilm progression
against Candida species [8].

Pinenes and bicyclic terpenes can be found in the essential oils of coniferous trees (pine), rosemary,
lavender, and turpentine. These compounds exist as optical isomers or enantiomers that do not overlap
with each other’s mirror images and they differ only in their interaction with polarized light [9]. These
compounds may exhibit differences in toxicity and biological activity [10,11].

Pinenes have two active constitutional isomers: a- and B-pinene. Both structural isomers have
enantiomers known in nature as (—)-a-pinene (more common in European pines), (+)-o-pinene (more
common in North America), (—)-B-pinene and (+)-p-pinene. The racemic mixture is present in some
essential oils, such as eucalyptus oil [9,10,11]. Figure 1 shows the structural formulas of a-pinene and
B-pinene enantiomers.

Figure 1. Structural formulas of a-pinene and B-pinene enantiomers.

(+)-a-pinene (+)-B-pinene

(—)-a-pinene \b 7$ (—)-B-pinene

In plants, pinenes show fungicidal activity and have been used for centuries to produce flavors and
fragrances. Several biological activities are associated with pinenes, including use as a natural insecticide.
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The negative enantiomers exhibit antiviral effects against infectious bronchitis virus (IBV) [11,12].
However, there is no consensus regarding the antimicrobial activity of pinenes, potentially because of
the lack of enantiomer identification. Some authors have attributed the antimicrobial activity of some
essential oils to these monoterpenes [13—15]. On the other hand, others have reported that pinenes
exhibit no antimicrobial activity [10,16,17]. To understand the controversial results concerning the
antimicrobial activity of pinenes, this work aimed to evaluate the antimicrobial effects of the different
isomers and enantiomers of these monoterpenes against Candida albicans, Cryptococcus neoformans,
Rhizopus oryzae and methicillin-resistant Staphylococcus aureus (MRSA).

2. Results and Discussion
2.1. Minimal Inhibitory Concentration (MIC) of (+)-o-Pinene and (+)-f-Pinene Standards

The MIC values of oa-pinene and B-pinene enantiomers were determined. Only the positive
enantiomers exhibited a microbicidal effect against all of the microorganisms tested, with MIC values
ranging from 117 pg to 6,250 pg/mL. No antimicrobial activity was detected with the negative
enantiomers up to 20 mg/mL. Fungi, especially C. neoformans, were more sensitive to (+)-a-pinene
and (+)-B-pinene than MRSA (Table 1).

Table 1. Minimal inhibitory concentrations (MICs) of the isomers and enantiomers of
pinene and antimicrobial drugs.

MIC * (ng/mL)

Microorganisms : : ; :
(+)-o-pinene (—)-o-pinene (+)-p-pinene (—)-B-pinene AMB CIP
C. albicans 3,125 na 187 na 0.125 -
C. neoformans 117 na 234 na 0.125 -
R. oryzae 390 na 780 na 0.48 -
MRSA 4,150 na 6,250 na - 0.5

* All MICs were microbicidal; na—no activity; AMB—ampbhotericin B; CIP—ciprofloxacin.
2.2. Time-Kill Curves

Because all of the (+)-a-pinene and (+)-B-pinene MICs were microbicidal, time-kill curves were
determined for C. albicans and MRSA. The killing time of both microorganisms maintained in the
presence of MICs of (+)-a-pinene and (+)-B-pinene was determined. The positive enantiomers were
able to eliminate 100% of C. albicans in 60 min (Figure 2A). However, total killing of MRSA only
occurred after 6 h of incubation (Figure 2B). Another study showed that terpenes such as citral and
linalool were able to eliminate 100% of C. albicans ATCC 10231 in 60 min, whereas eugenol and
citronellal took 120 min [18].
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Figure 2. Time-kill curves of C. albicans (A) and MRSA (B) treated with (+)-a-pinene
and (+)-B-pinene.
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2.3. Synergistic Activity of (+)-a-Pinene and (+)-f-Pinene Standards with Commercial Antimicrobials
against Microorganisms

Synergistic activities were measured with the checkerboard assay, which was conducted to evaluate
the antimicrobial effect of combinations of antimicrobial drugs and pinene standards [18].
Amphotericin B and CIP were combined with (+)-a-pinene and (+)-B-pinene standards. All
combinations produced FICjn4ex values ranging from 0.256 to 1.93, corresponding to synergistic or
indifferent effects (Table 2). All of the combinations reduced the MIC values of at least one of the
paired substances. However, the synergistic effect only occurred when CIP was combined with
(+)-a-pinene or (+)-B-pinene, reducing MIC values from 4,150 to 1,037 ug/mL of (+)-a-pinene and
from 6,250 to 662 pg/mL of (+)-B-pinene when they were combined with 0.003 (166-fold reduction in
MIC) and 0.06 pg/mL (8-fold reduction in MIC) of CIP, respectively. There are few studies on the
synergism of antimicrobial drugs and terpenes. Zore and colleagues demonstrated that terpenes such as
eugenol, citronellal, citral, and linalool combined with fluconazole caused synergistic effects against
strains of C. albicans ATCC 10231 [18].
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Table 2. Susceptibilities of microorganisms to antimicrobial drugs in combination with
(+)-a-pinene and (+)-B-pinene standards (pg/mL).

6309

(+)-a-pinene and AMB

(+)-a-Pinene and CIP

(+)-p-Pinene and AMB

(+)-p-Pinene and CIP

MIC in MIC in MIC in MIC in
M.o. L. FIC L. FIC L FIC L FIC
combination combination combination combination
index index index index
a-pinene AMB a-pinene CIP p-pinene AMB p-pinene CIP
MRSA - - - 1037 0.003 | 0.256 (S) - - - 662 0.06 |1 0226 (S)
C. albicans 390 0.06 | 0.62 (D) - - - 187 0.11 | 1.93(D - - -
C. neoformans | 78.12 |0.053 | 1.10 (I) - - - 78.12 0.11 | 1.29(D - - -
R. oryzae 390 0.026 | 1.05 (D) - - - 390 0.11 {0.72(D) - - -

M.o.—microorganisms;

AMB—amphotericin B; CIP—<ciprofloxacin;

FIC index—fractional inhibitory concentration index.

2.4. Inhibition of Microbial Phospholipase and Esterase Activities

S—synergistic;

I—indifferent;

Media containing substrates for phospholipases and esterases were used to evaluate the inhibition of
these enzymes secreted by microorganisms treated with subinhibitory concentrations (sub-MIC) of
(+)-a-pinene and (+)-B-pinene standards. A decrease in hydrolysis of the substrates was very low for
both MRSA and C. albicans. However, significant results were obtained with (+)-a-pinene sub-MIC,
which inhibited 50% of the phospholipase activity, and (+)-B-pinene sub-MIC, which inhibited 72%
esterase activity of C. neoformans (Figure 3).

Figure 3. Effect of (+)-a-pinene and (+)-f-pinene standards on the inhibition of
phospholipase (A) and esterase (B) activities secreted by C. albicans, C. neoformans and
MRSA treated with subinhibitory (sub-MIC) concentrations. The results represent the
mean + standard error of two independent experiments in triplicate. Values over the bars

refer to the percentage of inhibition of enzymatic activity.
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Figure 3. Cont.
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2.5. In vitro Biofilm Susceptibility Assay

C. albicans ATCC10231 biofilm formation in the presence of one-, two- and fourfold MIC of
(+)-a-pinene and (+)-B-pinene was reduced significantly when compared with control biofilm formed
in the absence of the substances. Biofilm formation was 100% inhibited by the MIC of (+)-o-pinene
(Figure 4A). Although twofold MIC of (+)-B-pinene prevented biofilm formation, the MIC
significantly reduced it by 54% (p < 0.01) (Figure 4B). Biofilms are well-structured communities of
microorganisms that are extremely resistant to antibiotics [19]. Mowat and colleagues observed that
susceptibility to antifungal agents such as itraconazole, fluconazole, and amphotericin B was a
thousand times lower in biofilms compared with planktonic cells of Aspergillus fumigatus [20].

Figure 4. Effect of (+)-a-pinene (A) and (+)-B-pinene (B) standards on the mitochondrial
reducing activity (MRA) of biofilms formed by C. albicans ATCC 10231 treated with one-,
two- and four-fold MIC concentrations. The results represent the mean =+ standard error of
two independent experiments in triplicate. Values over the bars refer to the percentage of
inhibition of biofilm viability; * p <0.001.
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Figure 4. Cont.
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2.6. Cytotoxicity of the Positive Enantiomers of Pinene

The cytotoxic effect of (+)-a-pinene and (+)-B-pinene standards against murine macrophages was
evaluated at concentrations ranging from 62.5 pg/mL to 1 mg/mL. The results shown in Figure 5
indicate the percentage of inhibition of the mitochondrial activity of Swiss mouse peritoneal
macrophages determined using the XTT technique. A comparison of both enantiomers revealed that
(+)-a-pinene was more cytotoxic, reducing cell viability by 33.5% with 0.125 mg/mL and by 100%
with 0.5 mg/mL (Figure 5A). Despite being cytotoxic, (+)-pf-pinene reduced macrophage viability by
57% at concentrations of 0.25, 0.5 and 1.0 mg/mL, and was not toxic at 0.125 mg/mL (Figure 5B).

Figure 5. Effect of (+)-a-pinene (A) and (+)-B-pinene (B) standards on mitochondrial
reducing activity (MRA) of Swiss mouse peritoneal macrophages treated with 0.0624 to
I mg/mL of pinene. The results represent the mean + standard error of two independent
experiments in triplicate. Values over the bars refer to the percentage of inhibition of
viability; * p <0.01, ** p <0.001.

A (+)-a-pinene

E 1 33.5%
Eos
in 0.6 EE-E
< 04
=02
0

Contral 0.0625 0125 025
mig/mL

=
(]



Molecules 2012, 17 6312

Figure 5. Cont.
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3. Experimental
3.1. Chemicals and Microorganisms

Amphotericin B (AMB), ciprofloxacin (CIP) and standards of (+)-a-pinene (=99%), (—)-o-pinene
(98%), (+)-B-pinene (=98.5%) and (—)-B-pinene (97%) were obtained from Sigma-Aldrich (Brazil) and
stored according to the supplier’s instructions. Candida albicans ATCC 10231, Cryptococcus neoformans
T,-444 Serotype A (Universidade Federal de Sao Paulo, UNIFESP), and Rhizopus oryzae UCP1506
(Universidade Catolica de Pernambuco) were maintained in Sabouraud agar, and Staphylococcus aureus
MRSA BMB9393 (Hospital Clementino Fraga Filho—UFRJ) was kept in brain heart infusion (BHI) agar.

3.2. Minimal Inhibitory Concentration (MIC) of Pinene Standards against Microorganisms

The MICs of (+)-a-pinene, (—)-a-pinene, (+)-B-pinene, and (—)-B-pinene were determined using a
broth microdilution test as recommended by CLSI M27-A3 for yeast, M38-A2 for filamentous fungus,
M7-A4 for bacteria [21]. After two-fold serial dilution of test substances, wells were inoculated with
10 pL of the bacterial suspension in Mueller Hinton or inoculated with 100 pL of the fungal
suspension in RPMI-MOPS pH 7.2. The microplates were incubated overnight at 37 °C for MRSA and
for 48 h at room temperature (28-30 °C) for fungi. Pure medium was used as the negative control, and
positive controls comprised inoculated growth medium. The results were based on visual growth of
microorganisms, which were confirmed with 30 pL of resazurin (Sigma-Aldrich) added aseptically
to the microplate wells and incubated at 37 °C for 1 h. The MIC was defined as the minimal
concentration of the antimicrobial agent presenting complete growth inhibition. Amphotericin B and

ciprofloxacin were used as antimicrobial standards.
3.3. Time-Kill Curves

Time-kill curves can be used to evaluate the minimum time required for the death of the
microorganisms. The method consisted of measuring the kinetics of the antimicrobial activity of
pinene standards through time-dependent curves of death [18]. C. albicans in RPMI-MOPS (pH 7.2)
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and MRSA in Mueller Hinton (10° cells/mL) were maintained in the presence of MICs of (+)-o-pinene
and (+)-B-pinene. Then, 50 pL aliquots were removed after 5, 30, 60, 120, 180 and 240 min, diluted in
150 pL of sterile saline and plated onto BHI agar. After 24—48 h of incubation, the colony-forming
units (CFUs) were counted and compared with that of the control, which was free of pinene standards.

3.4. Synergistic Activity of Pinenes and Antimicrobial Drugs against Microorganisms

The effect of (+)-a-pinene and (+)-B-pinene standards on amphotericin B and ciprofloxacin
synergistic antimicrobial activity was studied by a checkerboard assay with the broth microdilution
method according to Zore et al. [18]. Commercial antimicrobials and pinenes were combined in
concentrations lower than their individual MIC values by serial dilution in 96-well microtiter plates.
Each plate was inoculated with 10° cells/mL of microorganisms and incubated at 37 °C for 24 h. The
results were based on visual growth of the microorganisms, which were confirmed with 30 pL of
resazurin (Sigma-Aldrich) added aseptically to each microplate well and incubated at 37 °C for 1 h.
The fluorescence intensity was measured at 560 nm (excitation) and 590 nm (emission) with a
microplate reader (Spectramax M5, Molecular Devices, Sunnyvale, CA, USA). Fractional inhibitory
concentrations (FICs) for each compound and in combination with commercial antimicrobials were
calculated. The FIC is calculated by dividing the concentration of a compound that kills when used in
combination with another compound by the concentration that has the same effect when used
individually. FIC;4, indicates the nature of an interaction between two compounds. A FIC;,zex
between 0.5 and 4.0 indicates an insignificant interaction, whereas FIC;,4., values <0.5 and >4.0 have
synergistic and antagonistic interactions, respectively. In general, lower values of FIC;,., exhibit
synergistic activity and higher values of FIC;, 4., show antagonistic activity.

3.5. Inhibition of Microbial Phospholipase and Esterase

Phospholipase inhibition was performed by using egg yolk agar plates (1 M NaCl, 5 mM CaCl, and
8% sterile egg yolk emulsion) according to Price et al. [22]. Esterase inhibition was performed using
the agar medium, which was prepared by mixing 10 g of peptone, 5 g of NaCl, 0.1 g of CaCl,, 15 g of
agar, and 1,000 mL of distilled water, with the pH adjusted to 6.5. After the medium was autoclaved, it
was cooled to about 50 °C, and 5 mL of autoclaved Tween 80 (Sigma-Aldrich) was added [23].
Suspensions of 5 x 10% to 2.5 x 10’ cells/mL of MRSA, C. albicans and C. neoformans were treated
with sub-inhibitory concentrations (half of MIC values) of (+)-a-pinene and (+)-B-pinene, and cell
suspensions without treatment were used as controls. After incubation at 37 °C for 24 h, 10 uL of each
suspension was placed in the center of phospholipase and esterase agar plates, which were then
incubated at 37 °C up to 10 days. In both methods, substrates digested by phospholipase and esterase
produced precipitation around microorganism colonies. The colony diameter (a) and the diameter of
the colony plus the precipitation zone (b) were measured by a digital paquimeter and compared with
the control. The Pz values (a/b) were calculated to compare the phospholipase and esterase activities [23].
High Pz values indicate low phospholipase or esterase activities. The results are presented as the
percentage of inhibition of enzymatic activity compared to controls without treatment with pinenes.



Molecules 2012, 17 6314

3.6. Inhibition of Biofilm Formation

C. albicans ATCC 10231 was grown as a biofilm in a 96-well microtiter plate as reported
previously [24]. Briefly, C. albicans was grown in Sabouraud agar at 37 °C overnight. After
incubation, the cells were harvested and resuspended at a density of 1 x 107 cells/mL in yeast nitrogen
base broth (YNB), pH 7.0 and supplemented with 2% glucose. Microtiter plates previously coated with
100 pL of 50% fetal bovine serum (FSB) and washed with PBS were incubated with 100 pL of cell
suspension for 90 min at 37 °C. Non-adherent cells were removed by washing twice with PBS, and
100 pL of different concentrations of (+)-a-pinene and (+)-B-pinene, (one-, two- and fourfold MIC)
diluted in YNB medium supplemented with 2% glucose were added to the wells. The plates were
incubated for up to 48 h at 35 °C under agitation. To evaluate the mitochondrial activity, the medium was
removed after incubation, the wells were washed twice with PBS, and then, 150 pL. of XTT-menadione
(12.5 pg/mL + menadione 0.17 pg/mL) solution was added per well. After incubation at 37 °C for 2 h
in the dark, 100 pL of each well was transferred to another 96-well microtiter plate, and the
absorbance was measured in a microplate reader (SpectraMax M5) at a wavelength of 475 nm.

3.7. Cytotoxicity Assay

Swiss mouse peritoneal macrophages were maintained in RPMI-1640 medium containing 10%
FBS, 1% glutamine, 1 mM sodium pyruvate, 10 mM MOPS at pH 7.4 and incubated at 37 °C in 5%
CO, atmosphere. In all, 1 x 10> cells were inoculated in 96-well microtiter plates and incubated
overnight in cell culture medium. Murine macrophages were incubated in the absence or presence of
(+)-a-pinene and (+)-B-pinene at concentrations ranging from 62.5 pg/mL to 1 mg/mL for 24 h. Cell
viability was determined after 24 h of treatment using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT). Then, 10% (v/v) of 5 mg/mL MTT was added to each well, and the plate incubated
for 4 h at 37 °C and 5% CO,, followed by addition of DMSO and additional incubation for 1 h at room
temperature. MTT was converted to dark blue, water-insoluble MTT formazan by mitochondrial
dehydrogenases of living cells, allowing quantification of cell viability by measuring their metabolic
function. The blue crystals were solubilized with DMSO, and the intensity was measured
colorimetrically in a microplate reader (SpectraMax M5) at wavelengths of 570 nm and 655 nm [25].

3.8. Statistical Analysis

All of the experiments were repeated at least two times, and all of the systems were tested in
triplicate. The data were analyzed statistically using Student’s ¢ tests. p values of 0.05 or less were
considered statistically significant.

4. Conclusions

This study showed that only the positive enantiomers of pinene have antimicrobial activity against
C. albicans, C. neoformans, R. oryzae and MRSA. The additive and synergistic effects of (+)-a.-pinene
and (+)-B-pinene standards combined with commercial antimicrobials are important as they reduced
the MIC of combined substances, maintained the antimicrobial activity and decreased toxicity. The
significant inhibition of C. neoformans phospholipase and esterase activities by the pinene positive



Molecules 2012, 17 6315

enantiomers could be related to the potent antimicrobial action of pinene against this fungus. The

antimicrobial activity was even more promising against biofilm formation, which makes pinene useful

in formulating strategies to limit C. albicans biofilm formation.
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