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Abstract: The aim of this study was to evaluate the influence of tea tree o0il (TTO) and “Mentha
of Pancalieri” essential oil (MPP) on intracellular killing of Candida krusei, often resistant to
conventional drugs, by polymorphonuclear leucocytes (PMNs). Intracellular killing was investigated
by incubating yeasts and PMNs with essential oils (EOs) at 1/4 and 1/8 x MIC (Minimal Inhibitory
Concentration), in comparison with anidulafungin, used as a reference drug. Killing values
were expressed as Survival Index (SI) values. The cytotoxicity of EOs was evaluated by
3-[4,-5-dimethylthiazole-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. Both EOs were more
efficaceous at 1/8 X MIC than 1/4 x MIC, with killing values higher than observed in EO-free systems
and in presence of anidulafungin, indicating that the decreasing concentrations did not cause lower
candidacidal activity. This better activity at 1/8 x MIC is probably due to the EOs’ toxicity at 1/4 x MIC,
suggesting that at higher concentrations EOs might interfere with PMNSs functionality. TTO and MPP
at 1/8 x MIC significantly increased intracellular killing by PMNs through their direct action on the
yeasts (both EOs) or on phagocytic cells (MPP), suggesting a positive interaction between EOs and
PMN:s to eradicate intracellular C. krusei. These data showed a promising potential application of
TTO and “Mentha of Pancalieri” EO as natural adjuvants in C. krusei infection management.
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1. Introduction

The growing threat of antimicrobial drug resistance to conventional antimicrobial drugs has
stimulated the search for new therapeutic alternatives, including many extracts of medicinal plants
and essential oils (EOs) that are now well recognized for their potential antimicrobial role against
microorganisms [1,2]. It is estimated that at least 80% of the world population is still using traditional
medicine, and plants represent a large source of bioactive compounds, which have resulted in the
detection of a significant number of therapeutic properties [2-4]. However, the complex and diverse
chemical structures of the EOs obtained from the medicinal plants require a more thorough investigation
prior to their use as novel antimicrobial agents.

Clinical experience showed that the efficacy of conventional antimicrobial drugs depends both on
their direct effect on microorganisms and on the activity of the host immune system to find compounds
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that are able to stimulate and not to interfere negatively with them [5-7]. To make a valid assessment
of EOs activity for use in pharmaceutical applications and an effective comparison with conventional
drugs, it is important to evaluate not only the classic microbiological parameters for assessing the
antimicrobial efficacy but also the influence of the EOs on host defence mechanisms.

Hence, the purpose of this study was to evaluate the influence of the tea tree (Melaleuca alternifolia)
oil (TTO) and the “Mentha of Pancalieri” (MPP) EO on intracellular killing by human
polymorphonuclear leucocytes (PMNs), the first cell line of host defence, against Candida krusei,
a yeast pathogen usual resistant to conventional drugs, in comparison with anidulafungin (AND),
one of the antifungal drugs used in candidiasis management. PMNs are professional phagocytes,
represent one of the effectors of innate immunity and play a primary role in the elimination of microbial
pathogens against acute microbial infection. Consequently, the identification of substances, other than
antibiotics, that can positively modulate these phagocytes is of great interest [7].

We chose these two EOs because of their interesting biological and microbiological properties,
due to their richness in monoterpenes, a group of secondary metabolites of various family plants.
Monoterpenes show many positive effects in humans, as they are able to diffuse into the bloodstream or
to permeate the skin, acting as medicinal substances. The antitumor, antibacterial, antifungal, antiviral,
immunomodulating, local anesthetic and anti-inflammatory properties of monoterpenes are promising.
The EOs’ activity depends on the type of functional group of molecule, chemical structure, location of
active moieties, solubility in fat, as well as the presence of aromatic nucleus. Moreover, the antifungal
activity of EO components results from their interaction with enzymes linked to energy production
and the synthesis of cell structural compound [8].

TTO is an EO obtained by steam distillation of the leaves and terminal branches of
Melaleuca alternifolia [(Maiden & Betche) Cheel] (Myrtaceae). TTO was used early in last century
as a topical agent for treating various diseases, predominantly dermatoses (e.g., recurrent herpes
labialis, acne, pustules, dandruff, and rash) [9,10]. This efficacy in dermatology is probably due to the
monoterpenes ability to permeate the skin thanks to their small molecular structure. One possible
mechanism of action for this effect is the interaction of EOs and their component with skin lipids.
Furthermore, different study concluded that the monoterpenes are suitable enhancers for skin
permeation of lipophilic drugs [8]. TTO has a broad spectrum of antimicrobial activity against
a wide range of bacteria, viruses, fungi, and parasites, as well as microorganisms that are resistant to
conventional drugs [11-14]. In addition, TTO possesses anti-inflammatory properties, possibly due to
its high concentration of terpinen-4-ol, a compound with anti-inflammatory activity [9].

MPP EO is a local variety of Mentha x piperita (Huds) [var. OFFICINALIS (Sole), form RUBESCENS
(Camus) (Lamiaceae). from Pancalieri near Torino (Italy). In general, M. piperita L. (peppermint) EO
has health benefits, and it is useful worldwide in gastrointestinal disorders, such as colics, dyspepsia,
gastritis, etc. [15,16], and for chronic itching [17]. M. piperita L. possesses antibacterial and antifungal
activity [18-20], but little is known of its potential ability to modulate the immune system, in particular
the innate immune system. Recently, we detected that the EO of MPP has a good antifungal activity
against yeasts both susceptible and resistant to azoles, including Cryptococcus neoformans, C. krusei and
C. glabrata, and dermatophytes [21].

2. Results

The EOs used in this study were rich in monoterpenes. In particular, the main components
of TTO were terpinen-4-ol (35.88%), y-terpinene (19.65%), a-terpinene (8.64%), p-cymene (4.61%),
and 1,8-cineole (4.07%), according to ISO data 4730:2004, while those of the MPP EO were menthol
(41.7%) and menthone (21.8%), as previously reported, in accordance with data from the European
Pharmacopoeia 8th Ed [21].

The MIC values of EOs together with the MIC values of AND are presented in Table 1.
Comparison of MIC data demonstrated that both TTO and MPP EO displayed low MICs (% v/v) with
a standard yeast inoculum of 10® cfu/mL and possessed a significant fungicidal activity against C.krusei.
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In the presence of a higher yeast inoculum (10° cfu/mL) necessary for carrying out the tests with
phagocytes, the MICs obtained were 2—4 times higher (Table 1).

Table 1. Susceptibility of Candida krusei to tea tree Oil (TTO), “Mentha of Pancalieri” EO,
anidulafungin (AND) expressed as Minimal Inhibitory Concentration (MIC) and Minimal Fungicidal
Concentration (MFC).

Drug 10% cfu/mL 108 cfu/mL
Tea tree 0il (TTO)
MIC 0.5% v/v 1% v/v
MFC 0.5% v/v 1% v/v
Mentha of Pancalieri EO
MIC 0.25% v/v 1% v/v
MEC 0.5% vfv 1% vjv
Anidulafungin (AND)

MIC 1 pg/mL 8 ng/mL
MEC 16 pg/mL >16 pg/mL

The patterns of intracellular killing toward C. krusei by PMNs in presence of EOs or AND are
shown in Table 2. In all assays, the viability of EO/drug free PMNs remained unchanged during the
incubation period for up to over 90 min. The results showed that control systems (EOs/drug free
PMNs), were able to kill yeast cells only in part, with Survival Index (SI) values of 1.78-1.71-1.67
(corresponding to 22-29-33% killing), during the 90 min incubation period.

Table 2. Effect of sub-inhibitory concentrations of Melaleuca alternifolia (TTO) and “Mentha of Pancalieri”
(MPP) essential oils in comparison with anidulafungin (AND) on intracellular killing of Candida krusei
by human PMNSs. The PMN killing values were expressed as a Survival Index + SEM (standard errors
of the means), calculated as the number of surviving microorganisms at 30 min (T,) plus the number of
surviving microorganisms at Ty divided by the number of surviving microorganisms at T.

Survival Index + SEM

Time AND TTO TTO MPP MPP
(min) Controls 1/2 x MIC 1/4 X MIC 1/8 x MIC 1/4 x MIC 1/8 x MIC
(4 ng/mL) 0.25% (vfv) 0.125% (v/v) 0.25% (v/v) 0.125% (v/v)
30 1.78 + 0.16 (22%)° 1.73 £0.16 (27%)  1.502 £ 0.06 (50%) 1.452 +0.05 (55%) 1.392 +0.08 (61%) 1.332 +0.09 (67%)
60 1.71 + 0.01 (29%) 1.67 £0.19 (33%)  1.60° +0.14 (40%) 1.412 +0.07 (59%) 1.54° +0.02 (46%) 152 +0.11 (49%)
90 1.67 + 0.15 (33%) 1.67 £ 0.08 (33%)  1.58° +0.01 (42%) 1.382 +0.08 (62%) 1.442 +0.01 (56%) 1.472 + 0.19(53%)

2 Significantly different from the controls (p < 0.01); P Significantly different from the controls (p < 0.05). ¢
% Percentages of initial fungal population killed by PMNs in absence/presence of the essential oils and drug.
AND = anidulafungin; TTO = Tea Tree Oil; MPP = “Mentha of Pancalieri” essential oil.

Conversely, TTO and, more markedly MPP, added to PMNs at sub-inhibiting concentrations,
significantly enhanced phagocyte intracellular fungicidal activity against ingested yeasts (Table 2).
The addition of 1/4xMIC of TTO or MPP produced a significantly decrease in the survival of yeasts,
with SI values ranging from 1.50 to 1.60 and from 1.39 to 1.54 respectively (corresponding to killing
values from 40 to 50% and 46 to 61%), during the entire incubation period, in comparison with controls
(Sis = 1.78-1.71-1.67) (p < 0.01 and p < 0.05). In the systems containing EOs at lower concentrations
(1/8 x MIC), there was a further decrease in the yeast survival, with SIs of 1.45-1.41-1.38 for TTO and
1.33-1.50-1.47 for MPP during the incubation period, respectively (p < 0.01 and p < 0.05; Table 2).
These results are probably due to the fact that, as the MTT assay showed (Figure 1), both the EOs were
found to be toxic to PMNSs at the highest concentration of 1/4 x MIC, interfering with their functionality.
In the presence of 1/2 x MIC AND intracellular yeasts were killed at similar values to the controls
(Sis = 1.73-1.67-1.67correponding to killing values of 27-33-33%).
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Figure 1. PMN percent survival: effect of sub-inhibitory concentrations of Melaleuca alternifolia (TTO)
and “Mentha of Pancalieri” (MPP) essential oils on PMN viability at 30, 60, and 90 min. Data presented
as the average + SEM. TTO = Tea Tree Oil; MPP = “Mentha of Pancalieri” essential oil.

To investigate the direct effect of EOs and the drug on the intra-phagocyte killing, yeast cells

and PMNs were pre-incubated for 60 min with sub-inhibiting concentrations of TTO, MPP, or AND.
After withdrawal of the antimicrobial agents, the fungicidal activity was determined.

Pre-treated yeasts with 1/4-1/8 x MIC MPP were killed more efficiently by PMNs than controls

and AND pre-treated yeasts; in fact, SIs were 1.54-1.56-1.43 (46-44-57% killing) and 1.50-1.53-1.40
(50-47-60%) vs. 17-18-13% (1/2 x MIC AND) and 22-29-33% (yeasts not pre-treated) (p < 0.01 and
p < 0.05; Table 3). Similarly, when yeast cells were pre-exposed to 1/4-1/8 x MIC TTO, killing activity
by PMNs significantly increased compared to controls and yeasts pre-treated with AND, although at
lower percentages than those observed with MPP (Table 3).

Table 3. Effect of 1 h of pre-exposure of Candida krusei to anidulafungin (1/2 x MIC), TTO or “Mentha of
Pancalieri” essential oil (1/4 x MIC; 1/8 x MIC) on PMN:Ss intracellular killing. The PMN killing values
were expressed as a Survival Index + SEM (standard errors of the means), calculated as the number of
surviving microorganisms at 30 min (T,) plus the number of surviving microorganisms at Ty divided
by the number of surviving microorganisms at T,

Survival Index + SEM

Time AND TTO TTO MPP MPP
(onim Controls 1/2 x MIC 1/4 x MIC 1/8 x MIC 1/4 x MIC 1/8 x MIC
(4 pg/mL) 0.25% (v/v) 0.125% (v/v) 0.25% (v/v) 0.125% (v/v)
30 178 £0.16 (22%)°  1.83 £0.06 (17%) 158" +0.15 (42%) 1552 + 0.01 (45%) 1.542 +0.15 (46%) 1.502  0.01 (50%)
60 171001 (29%)  1.82+0.06 (18%)  1.61+0.14 (39%) 1572 =0.06 (43%) 1.56° +0.14 (44%) 1.532 = 0.06(47%)
90 167 +0.15(33%)  1.87+003 (13%)  1.64+0.04 (36%) 1612 +0.01(39%) 1432 =0.04(57%) 1402 = 0.01(60%)

2 Significantly different from the controls (p < 0.01); ® Significantly different from the controls (p < 0.05). € %
Percentages of initial fungal population killed by PMNs in absence/presence of the essential oils and drug.
AND = anidulafungin; TTO = Tea Tree Oil; MPP = “Mentha of Pancalieri” essential oil.

Pre-treatment of PMNs with 1/8 x MIC MPP resulted in a significant enhancement of intracellular

killing of C. krusei, as compared with 1/2 x MIC AND and control systems (p < 0.01 and p < 0.05;
Table 4). In contrast, pre-exposure of PMNs to 1/4-1/8 x MIC of TTO had no effect on intra-phagocyte
killing of C. krusei, with SI values higher than controls (Table 4).
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Table 4. Effect of 1 h of pre-exposure of human PMNs to anidulafungin (1/2 X MIC) or TTO or “Mentha
of Pancalieri” essential oil (1/4 x MIC; 1/8 x MIC) on PMNs intracellular killing of Candida krusei.
The PMN killing values were expressed as a Survival Index + SEM (standard errors of the means),
calculated as the number of surviving microorganisms at 30 min (T,) plus the number of surviving
microorganisms at Ty divided by the number of surviving microorganisms at T.

Survival Index + SEM

Time AND TTO TTO MPP MPP
(min) Controls 1/2 x MIC 1/4 x MIC 1/8 x MIC 1/4 x MIC 1/8 x MIC
(4 pg/mL) 0.25% (v/v) 0.125% (v/v) 0.25% (v/v) 0.125% (v/v)
30 1.78 £ 0.16 (22%)¢  1.52P +0.13 (48%)  1.64 + 0.05 (14%) 1.83 £ 0.06 (17%)  1.56° +0.11 (44%) 1.362 + 0.03 (64%)
60 1.71 + 0.01 (29%) 1.55% +0.15 (45%) 1.88 +0.09 (12%) 1.78 +0.02 (22%) 1.70 £ 0.11 (30%) 1.462 +0.14 (54%)
90 1.67£0.15(33%) 1402 £0.08 (60%) 1.88+0.05(12%)  1.76+0.11(24%)  1.83+0.02(27%) 1.392 +0.13(61%)

2 Significantly different from the controls (p < 0.01); ® Significantly different from the controls (p < 0.05). € %
Percentages of initial fungal population killed by PMNs in absence/presence of the essential oils and drug.
AND = anidulafungin; TTO = Tea Tree Oil; MPP = “Mentha of Pancalieri” essential oil.

3. Discussion

During the last three decades, the number of fungal infections caused by yeasts of Candida spp.
has increased dramatically, mainly due to the rise in the number of immunocompromised patients [22].
After the advent of HIV infection, the widespread use of fluconazole in these patients have also
contributed to a significant increase in C. krusei infection, particularly because of its natural resistance to
this azole and other antifungal drugs [23]. The possibility that OEs may have antifungal activity towards
C. krusei and may be able to stimulate immune system functions becomes particularly important,
especially from a therapeutic point of view [24-27]. However, since data on the effects of EOs on the
innate immune system are contradictory and fragmentary, the mechanisms of EOs interactions with
the innate immune system are not yet completely clear.

The results obtained in this study with TTO and MPP emphasize that, in comparison with control
systems and AND, the EOs, at sub-inhibiting concentrations (1/4 and 1/8 x MIC), produced a significantly
higher intracellular killing by PMNs against C. krusei (p < 0.01 and p < 0.05; Table 2) throughout the
entire incubation time. However, TTO and MPP at higher concentrations (1/4 x MIC) displayed killing
values lower than those detected at 1/8 X MIC. These results are probably due to the fact that these
EOs at higher concentrations are toxic for PMNs, as we detected by MTT assay (Figure 1), and could
interfere with PMN functionality, reducing their ability to kill intracellular yeast cells [28]. A similar
phenomenon was first observed for the antifungal drug caspofungin in C. albicans by Stevens et al. [29]
and is known as the “paradoxical effect” or “eagle effect”. Further investigations are needed to clarify
this mechanism for EOs.

It should be noted that both EOs, albeit at a different percentage, show the ability to stimulate
the intracellular killing activity of PMNSs, in comparison with controls and AND, even at 1/8 x MIC,
indicating that the decreasing concentrations did not cause lower candidacidal activity.

To determine whether the increased killing activity of EOs was due to their direct action on yeast
cells or PMNSs or both, yeast cells or phagocytes were separately exposed to EOs for 60 min prior to
killing tests. Yeast cells pre-treated with 1/4 or 1/8 x MIC of TTO or MPP were killed more efficiently
by PMNs (p < 0.01; Table 3) than untreated C. krusei. These results might be related to some direct
EOs-induced changes on the morphology and/or physiology of C. krusei that might indirectly affect its
virulence, making yeast cells more susceptible to PMN lytic mechanisms. In fact, it is known that TTO
and MPP are able to alter fungal cell wall and/or cellular membrane integrity so that the PMNs may
react toward C. krusei in a more positive manner [30-33].

On the other hand, pre-exposure of PMNs to 1/4 x MIC of TTO did not enhance the intracellular
killing of C. krusei (Table 4), because after the withdrawal of the EO, killing values were lower than
those observed with the untreated controls, suggesting that TTO at 1/4 MIC affects PMNs functionality
in eradicating intracellular yeast cells. PMNs pre-treated with 1/8 x MIC of TTO displayed a slightly
decreased in intracellular killing, in comparison with untreated PMNS, indicating that TTO at this
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concentration did not adversely interfere with PMN functionality. The mechanism behind these results
is not known but we speculate that pre-exposure to TTO could masks or changes some cellular receptors
that prevent yeasts recognition and killing by PMNSs, as we previously observed with caspofungin [6].

Conversely, pre-treatment of PMNs with 1/8 X MIC MPP resulted in a significant enhancement
of intracellular killing of C. krusei, as compared with 1 MIC x AND and control systems (p < 0.01
and p < 0.05) (Table 4), showing that MPP is able to stimulate fungicidal activity by PMNs even at
lower concentrations.

These data are difficult to compare with other studies, because there are no available reports in the
literature on the interaction of TTO and/or MPP, PMNs and C. krusei. In fact, most investigations on EOs
and their influence on immune system are mainly focused on their antioxidant and anti-inflammatory
properties, ROS production, or other phagocyte pathways [34-38]. However, our results are consistent
with our previous data showing the ability of thyme red EO or antifungal agents to induce stimulation
of phagocyte functions in eradicating intracellular C. albicans [6,27].

4. Materials and Methods

4.1. Yeasts

A recent clinical C. krusei strain isolated from blood was used. The yeast was identified by
the API ID32C system method (BioMérieux, Rome, Italy) and subcultured on Sabouraud dextrose
agar (SDA; Oxoid S.p.A., Milan, Italy) at 35 °C before the experiments. Yeast cultures consisted
entirely of blastoconidia and had a slight tendency to differentiate into pseudohyphae during the
experiments [6,26].

4.2. Essential Oils

The TTO (batch n. 140,208 year 2014) was purchased from Flora (Pisa, Italy), while MPP EO
obtained from the fresh leaves of M. piperita (Huds) var. OFFICINALIS (Sole), form RUBESCENS
(Camus) (Lamiaceae) by steam distillation, was purchased from Erbe Aromatiche Essenzialmenta,
Pancalieri (Turin, Italy) [21]. TTO composition was determined by GC-MS at Flora s.r.l. with a Clarus
500 gas cromatograph (Perkin Elmer, Milan, Italy). MPP EO was analysed by GC-MS at Drug Science
and Technology Department (University of Turin, Italy) as previously described [21].

For the experimental assays, EOs were dissolved in ethanol (1:2.5), and diluted (1:20) up to 2%
(v/v) in RPMI-1640 medium with L-glutamine plus 0.2% glucose, and without sodium bicarbonate
(Sigma-Aldrich, Rome, Italy), as previously described [21,39]. Then, EO solutions were buffered
to pH = 7 with 0.165 M morpholinepropanesulfonic acid (MOPS) (Sigma-Aldrich). The EOs were
protected from light and humidity and maintained at 4 °C just before use [21,39]. The final EO
concentrations ranging from 1% to 0.0019% (v/v) and ethanol maximum concentration was 1.5% (v/v).
Growth controls consisted of RPMI-1640 medium and RPMI-1640 contained 1.5% (v/v) ethanol [21,39].

4.3. Reference Antifungal Agent

AND was kindly provided by Pfizer Italia (Rome, Italy). Stock solutions were prepared into
pyrogen- free distilled water, and stored at —20 °C just before use [6].

4.4. In Vitro Antifungal Susceptibility Assays

C. krusei was tested for susceptibility to TTO, MPP EO, and to AND by a broth microdilution
method, in accordance to CLSI guidelines (CLSI M27-A3 and M27-54) [40,41], with some modifications
for the EOs, as previously described [21].

EOs and AND MIC values for C. krusei were determined with an inoculum of 10° cfu/mL and an
inoculum of 10° cfu/mL to perform tests with phagocytes [6,27].

MFC, determined by inoculating 10 uL from non-turbid wells on SDA agar plates and incubated
for 72 h at 30 °C, was defined as the lowest concentration resulting in no growth on subculture [21,39].
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4.5. Human Polymorphonuclear Leucocytes (PMNs)

PMNs were separated from lithium heparinized venous human blood using Ficoll-Paque
(Pharmacia S.p.A., Milan, Italy), and adjusted to 10° cells/mL in RPMI 1640 medium (Sigma-Aldrich) as
previously described in detail [5,42]. PMN viability, determined by trypan blue exclusion, was greater
than 95% [43].

4.6. Influence of Antimicrobial Agents on Intracellular Killing by PMNs

Intracellular killing of C. krusei by PMNs was investigated by incubating together blastoconidia
(106 cfu/mL) and PMNs (10° cells/mL) (1:1 ratio) at 37 °C for 30 min to allow yeast cells are phagocytosed
by phagocytes. The PMN: yeast cells mixtures were centrifuged at 200x g for 5 min and washed to
remove extracellular blastoconidia [6,26]. After that, an aliquot of PMNs was lysed by adding sterile
water, and intracellular viable yeast cell counting was performed (time zero) [6,26]. The EOs/AND
effect on the intracellular killing was evaluated by incubating PMNSs further with sub-inhibitory
concentrations of EOs (1/4 and 1/8 MIC), and 1/2MIC of AND. EOs/AND-free controls were included.
At time x (30, 60 and 90 min), the viable counts were measured in the above same way [6,26].

Killing values were extrapolated from the survival indexes (SIs), which were calculated by adding
the number of surviving yeast cells at time zero to the number of survivors at time x, and dividing by
the number of survivors at time zero. According to this formula, if fungal killing was 100% effective,
the SI would be 1 [6,26].

To differentiate between any separate effect of EOs and AND on C. krusei and the PMNSs,
the experiments were conducted after exposure of each of them to sub-inhibiting EOs/AND
concentrations for 1 h, before they were incubated together [5,6]. After the withdrawal of the
EOs or AND, pre-exposed yeast cells were added to PMNSs, and yeasts cells to pre-exposed PMNS.
A control system was assayed in parallel with no EOs or AND. The fungicidal activity of PMNs was
determined as described above [5,6].

4.7. PMNs Viability Evaluation in the Presence of EOs

The EOs cytotoxicity on PMNs was evaluated wusing the 3-(4,5-dimethylthiazol-
2-yl)-2,5diphenyltetrazolium bromide (MTT) assay. PMNs (10° cells/mL) were seeded in 96 microtiter
plates in RPMI 1640 and incubated at 37° for 30", 60’, and 90’ with 20 puL of 5 mg/mL MTT in PBS and
different concentrations of EOs. After plate centrifugation and cell supernatant discarding, the dark
blue formazan crystals were dissolved using 100 pL of sodium dodecyl solphate (SDS). The plates were
read on a Synergy HT microplate reader (BioTek Instruments, Winooski, VT, USA) at a test wavelength
of 550 nm and at a reference wavelength of 650 nm. Data were expressed as percentage of PMN
viability. Reduction of cell viability by more than 30% was considered a cytotoxic effect [44].

4.8. Statistical Analysis

Each test was performed in quadruplicate, and the results were compared with those obtained
with the controls and expressed as the means and standard errors of the means (SEMs) for 10 separate
experiments. Statistical evaluation of the differences between test and control results was performed
by analysis of variance using Tukey’s test. A p value of <0.05 was considered significant.

5. Conclusions

Taken together the results of this study showed that either TTO or MPP are able to significantly
increase intracellular killing by PMNs through their direct action on the yeasts (both EOs) or on
phagocytic cells (MPP), suggesting a positive interaction between EOs and PMNSs in eradicating
intracellular C. krusei, and providing further data on the biological properties of these EOs.
These data showed a promising potential application of TTO and MPP EO as natural adjuvant
for management of infections by C. krusei, which is often resistant to the most common antifungal



Molecules 2019, 24, 3824 8 of 10

drugs. Although the in vitro results are promising, indicating good activity of these EOs even at
low amounts, further researches on bioavailability, pharmacokinetics and tolerability together with
pre-clinical and clinical investigations, are necessary to assess the in vivo efficacy of OE preparations.

Author Contributions: Conceptualization, V.T., N.M. and D.S.; methodology, N.M. and J.R.; investigation, V.T.;
data curation, N.M and J.R.; writing—original draft preparation, V.T. and N.M.; writing—review and editing, V.T.

Funding: This research received in part funding by the Ministry of Education, University and Research (MIUR),
Ricerca Scientifica Finanziata (ex 60%), University of Turin (Italy) — Year 2017.

Acknowledgments: The authors would like to thank Professor V. Ghisetti (Microbiology and Virology Laboratory,
Amedeo di Savoia Hospital, Turin, Italy) for providing fungal strain.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Rodrigues, M.E.; Silva, S.; Azeredo, J.; Henriques, M. Novel strategies to fight Candida infection.
Crit. Rev. Microbiol. 2016, 42, 594-606. [CrossRef] [PubMed]

2. Swamy, MK,; Akhtar, M.S; Sinniah, U.R. Antimicrobial properties of plant essential oils against human pathogens
and their mode of action: An updated review. Evid. Based Complement. Altern. Med. 2016, 2016, 3012462. [CrossRef]
[PubMed]

3. Anibal, P.C.; De Cassia Orlandi Sardj, J.; Peixoto, I.T.; de Carvalho Moraes, ].J.; Hofling, ].F. Conventional and
alternative antifungal therapies to oral candidiasis. Braz. ]. Microbiol. 2010, 41, 824-831. [CrossRef] [PubMed]

4.  Sharifi-Rad, J.; Sureda, A.; Tenore, G.C.; Daglia, M.; Sharifi-Rad, M.; Valussi, M.; Tundis, R.; Sharifi-Rad, M.;
Loizzo, M.R.; et al. Biological activities of essential oils: From plant chemoecology to traditional healing
systems. Molecules 2017, 22, 70. [CrossRef] [PubMed]

5. Tullio, V,; Cuffini, A.M.; Banche, G.; Mandras, N.; Allizond, V.; Roana, J.; Giacchino, F.; Bonello, E; Ungheri, D.;
Carlone, N.A. Role of fosfomycin tromethamine in modulating non-specific defence mechanisms in chronic
uremic patients towards ESBL-producing Escherichia coli. Int. ]. Immunopathol. Pharm. 2008, 21, 153-160.
[CrossRef] [PubMed]

6. Tullio, V.; Mandras, N.; Scalas, D.; Allizond, V.; Banche, G.; Roana, J.; Greco, D.; Castagno, F;
Culffini, A.M.; Carlone, N.A. Synergy of caspofungin with human polymorphonuclear granulocytes for
killing Candida albicans. Antimicrob. Agents Chemother. 2010, 54, 3964-3966. [CrossRef] [PubMed]

7. Banche, G,; Allizond, V.; Mandras, N.; Tullio, V.; Cuffini, A.M. Host immune modulation by antimicrobial drugs:
Current knowledge and implications for antimicrobial chemotherapy. Curr. Opin. Pharm. 2014, 18,159-166. [CrossRef]

8. Wojtunik-Kulesza, K.; Kasprzak, K.; Oniszczuk, T.; Oniszczuk, A. Natural monoterpenes: Much more than
only a scent. Chem. Biodivers. 2019. [CrossRef]

9.  Pazyar, N.; Yaghoobi, R.; Bagherani, N.; Kazerouni, A. A review of applications of tea tree oil in dermatology.
Int. J. Derm. 2013, 52, 784-790. [CrossRef]

10. Satchell, A.C.; Saurajen, A.; Bell, C.; Barnetson, R.S. Treatment of dandruff with 5% tea tree oil shampoo.
J. Am. Acad. Derm. 2002, 47, 852—-855. [CrossRef]

11. Carson, C.E; Hammer, K.A_; Riley, T.V. Melaleuca alternifolia (Tea Tree) Oil: A review of antimicrobial and
other medicinal properties. Clin. Microbiol. Rev. 2006, 19, 50-62. [CrossRef] [PubMed]

12. Di Vito, M.; Mattarelli, P.;, Modesto, M.; Girolamo, A.; Ballardini, M.; Tamburro, A.; Meledandri, M.;
Mondello, F. In vitro activity of tea tree oil vaginal suppositories against Candida spp. and probiotic vaginal
microbiota. Phytother. Res. 2015, 29, 1628-1633. [CrossRef] [PubMed]

13.  DiCampli, E.; Di Bartolomeo, S.; Delli Pizzi, P.; Di Giulio, M.; Grande, R.; Nostro, A.; Cellini, L. Activity of tea
tree oil and nerolidol alone or in combination against Pediculus capitis (head lice) and its eggs. Parasitol. Res.
2012, 111, 1985-1992. [CrossRef] [PubMed]

14. Mertas, A.; Garbusiniska, A.; Szliszka, E.; Jureczko, A.; Kowalska, M.; Krdl, W. The influence of tea tree oil
(Melaleuca alternifolia) on fluconazole activity against fluconazole-resistant Candida albicans strains. Biomed.
Res. Int. 2015, 2015. [CrossRef] [PubMed]

15. McKay, D.L.; Blumberg, ].B. A review of the bioactivity and potential health benefits of peppermint tea
(Mentha piperita L.). Phytother. Res. 2006, 20, 619-633. [CrossRef] [PubMed]


http://dx.doi.org/10.3109/1040841X.2014.974500
http://www.ncbi.nlm.nih.gov/pubmed/25383647
http://dx.doi.org/10.1155/2016/3012462
http://www.ncbi.nlm.nih.gov/pubmed/28090211
http://dx.doi.org/10.1590/S1517-83822010000400001
http://www.ncbi.nlm.nih.gov/pubmed/24031562
http://dx.doi.org/10.3390/molecules22010070
http://www.ncbi.nlm.nih.gov/pubmed/28045446
http://dx.doi.org/10.1177/039463200802100117
http://www.ncbi.nlm.nih.gov/pubmed/18336741
http://dx.doi.org/10.1128/AAC.01780-09
http://www.ncbi.nlm.nih.gov/pubmed/20585121
http://dx.doi.org/10.1016/j.coph.2014.07.011
http://dx.doi.org/10.1002/cbdv.201900434
http://dx.doi.org/10.1111/j.1365-4632.2012.05654.x
http://dx.doi.org/10.1067/mjd.2002.122734
http://dx.doi.org/10.1128/CMR.19.1.50-62.2006
http://www.ncbi.nlm.nih.gov/pubmed/16418522
http://dx.doi.org/10.1002/ptr.5422
http://www.ncbi.nlm.nih.gov/pubmed/26235937
http://dx.doi.org/10.1007/s00436-012-3045-0
http://www.ncbi.nlm.nih.gov/pubmed/22847279
http://dx.doi.org/10.1155/2015/590470
http://www.ncbi.nlm.nih.gov/pubmed/25722982
http://dx.doi.org/10.1002/ptr.1936
http://www.ncbi.nlm.nih.gov/pubmed/16767798

Molecules 2019, 24, 3824 90f 10

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Alammar, N.; Wang, L.; Saberi, B.; Nanavati, J.; Holtmann, G.; Shinohara, R.T.; Mullin, G.E. The impact of
peppermint oil on the irritable bowel syndrome: A meta-analysis of the pooled clinical data. BMC Complement.
Altern. Med. 2019, 19, 21. [CrossRef] [PubMed]

Elsaie, L.T.; El Mohsen, A.M.; Ibrahim, I.M.; Mohey-Eddin, M.H.; Elsaie, M.L. Effectiveness of topical
peppermint oil on symptomatic treatment of chronic pruritus. Clin. Cosmet. Investig. Derm. 2016, 9, 333-338.
[CrossRef]

Tardugno, R.; Pellati, F.; Iseppi, R.; Bondi, M.; Bruzzesi, G.; Benvenuti, S. Phytochemical composition and
in vitro screening of the antimicrobial activity of essential oils on oral pathogenic bacteria. Nat. Prod. Res.
2018, 32, 544-551. [CrossRef]

Rajkowska, K.; Kunicka-Styczyriska, A.; Maroszyfiska, M. Selected essential oils as antifungal agents against
antibiotic-resistant Candida spp.: In vitro study on clinical and food-borne isolates. Microb. Drug Resist.
2017, 23, 18-24. [CrossRef]

Carretto, C.EP; Almeida, R.B.A,; Furlan, M.R; Jorge, A.O.C.; Junqueira, J.C. Antimicrobial activity of Mentha
piperita L. against Candida spp. Braz. Dent. Sci. 2010, 13, 4-9. [CrossRef]

Tullio, V.; Roana, J.; Scalas, D.; Mandras, N. Evaluation of the antifungal activity of Mentha x piperita
(Lamiaceae) of Pancalieri (Turin, Italy) essential oil and its synergistic interaction with azoles. Molecules
2019, 24, 3148. [CrossRef]

Turner, S.A.; Butler, G. The Candida pathogenic species complex. Cold Spring Harb. Perspect. Med. 2014, 4, a019778.
[CrossRef] [PubMed]

Pfaller, M.A.; Diekema, D.J.; Gibbs, D.L.; Newell, V.A.; Nagy, E.; Dobiasova, S.; Rinaldi, M.; Barton, R.;
Veselov, A.; Global Antifungal Surveillance Group. Candida krusei, a multidrug-resistant opportunistic fungal
pathogen: Geographic and temporal trends from the ARTEMIS DISK Antifungal Surveillance Program,
2001 to 2005. J. Clin. Microbiol. 2008, 46, 515-521. [CrossRef] [PubMed]

Coérdoba, S.; Vivot, W.; Szusz, W.; Albo, G. Antifungal activity of essential oils against Candida species isolated
from clinical samples. Mycopathologia 2019, 29. [CrossRef] [PubMed]

Mandras, N.; Nostro, A.; Roana, J.; Scalas, D.; Banche, G.; Ghisetti, V.; Del Re, S.; Fucale, G.; Cuffini, A.M.;
Tullio, V. Liquid and vapour-phase antifungal activities of essential oils against Candida albicans and
non-albicans Candida. BMC Complement. Altern Med. 2016, 16, 330. [CrossRef]

Tullio, V.; Cuffini, A.M.; Giacchino, F.; Mandras, N.; Roana, J.; Comune, L.; Merlino, C.; Carlone, N.A.
Combined action of fluconazole and PMNs from uremic patients in clearing intracellular Candida albicans.
J. Chemother. 2003, 15, 301-303. [CrossRef]

Tullio, V.; Mandras, N.; Allizond, V.; Nostro, A.; Roana, J.; Merlino, C.; Banche, G.; Scalas, D.; Cuffini, A.M.
Positive interaction of thyme (red) essential oil with human PMNs in eradicating intracellular Candida albicans.
Planta Med. 2012, 78, 1633-1635. [CrossRef]

Kothari, V. Working with natural products (extracts): Certain useful suggestions to avoid trouble. AASCIT
Commun. 2014, 1, 37-39.

Stevens, D.A.; Espiritu, M.; Parmar, R. Paradoxical effect of caspofungin: Reduced activity against
Candida albicans at high concentrations. Antimicrob. Agents Chemother. 2004, 48, 3407-3411. [CrossRef]
Cosentino, M.; Luini, A.; Bombelli, R.; Corasaniti, M.T.; Bagetta, G.; Marino, F. The essential oil of bergamot
stimulates reactive oxygen species production in human polymorphonuclear leukocytes. Phytother Res.
2014, 28, 1232-1239. [CrossRef]

Li, J.; Dong, J.; Qiu, ].Z,; Wang, ].E; Luo, MJ.; Li, HE,; Leng, B.E; Ren, W.Z.; Deng, X M. Peppermint oil decreases the
production of virulence-associated exoproteins by Staphylococcus aureus. Molecules 2011, 16, 1642-1654. [CrossRef]
[PubMed]

Samber, N.; Khan, A.; Varma, A.; Manzoor, N. Synergistic anti-candidal activity and mode of action of
Mentha piperita essential oil and its major components. Pharm. Biol. 2015, 53, 1496-1504. [CrossRef]

Cox, S.D.; Mann, C.M.; Markham, J.L.; Bell, H.C.; Gustafson, J.E.; Warmington, ].R.; Wyllie, S.G. The mode of
antimicrobial action of the essential oil of Melaleuca alternifolia (tea tree oil). J. Appl. Microbiol. 2000, 88, 170-175.
[CrossRef] [PubMed]

Schepetkin, L. A.; Kushnarenko, S.V.; Ozek, G.; Kirpotina, L.N.; Sinharoy, P.; Utegenova, G.A.; Abidkulova, K.T.;
Ozek, T.; Basger, K.H.; Kovrizhina, A.R.; et al. Modulation of human neutrophil responses by the essential
oils from Ferula akitschkensis and their constituents. |. Agric. Food Chem. 2016, 64, 7156-7170. [CrossRef]
[PubMed]


http://dx.doi.org/10.1186/s12906-018-2409-0
http://www.ncbi.nlm.nih.gov/pubmed/30654773
http://dx.doi.org/10.2147/CCID.S116995
http://dx.doi.org/10.1080/14786419.2017.1329730
http://dx.doi.org/10.1089/mdr.2016.0001
http://dx.doi.org/10.14295/bds.2010.v13i1/2.160
http://dx.doi.org/10.3390/molecules24173148
http://dx.doi.org/10.1101/cshperspect.a019778
http://www.ncbi.nlm.nih.gov/pubmed/25183855
http://dx.doi.org/10.1128/JCM.01915-07
http://www.ncbi.nlm.nih.gov/pubmed/18077633
http://dx.doi.org/10.1007/s11046-019-00364-5
http://www.ncbi.nlm.nih.gov/pubmed/31359292
http://dx.doi.org/10.1186/s12906-016-1316-5
http://dx.doi.org/10.1179/joc.2003.15.3.301
http://dx.doi.org/10.1055/s-0032-1315153
http://dx.doi.org/10.1128/AAC.48.9.3407-3411.2004
http://dx.doi.org/10.1002/ptr.5121
http://dx.doi.org/10.3390/molecules16021642
http://www.ncbi.nlm.nih.gov/pubmed/21326141
http://dx.doi.org/10.3109/13880209.2014.989623
http://dx.doi.org/10.1046/j.1365-2672.2000.00943.x
http://www.ncbi.nlm.nih.gov/pubmed/10735256
http://dx.doi.org/10.1021/acs.jafc.6b03205
http://www.ncbi.nlm.nih.gov/pubmed/27586050

Molecules 2019, 24, 3824 10 of 10

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Ozek, G.; Schepetkin, I.A.; Utegenova, G.A.; Kirpotina, L.N.; Andrei, S.R,; Ozek, T; Baser, KH.C,;
Abidkulova, K.T.; Kushnarenko, S.V.; Khlebnikov, A.L; et al. Chemical composition and phagocyte
immunomodulatory activity of Ferula iliensis essential oils. J. Leukoc. Biol. 2017, 101, 1361-1371. [CrossRef]
[PubMed]

Sieniawska, E.; Michel, P.; Mroczek, T.; Granica, S.; Skalicka-Wozniak, K. Nigella damascena L. essential oil and
its main constituents, damascenine and (3-elemene modulate inflammatory response of human neutrophils
ex vivo. Food Chem. Toxicol. 2019, 125, 161-169. [CrossRef]

Basholli-Salihu, M.; Schuster, R.; Hajdari, A.; Mulla, D.; Viernstein, H.; Mustafa, B.; Mueller, M. Phytochemical
composition, anti-inflammatory activity and cytotoxic effects of essential oils from three Pinus spp. Pharm. Biol.
2017, 55, 1553-1560. [CrossRef]

Sun, Z.; Wang, H.,; Wang, J.; Zhou, L.; Yang, P. Chemical composition and anti-inflammatory, cytotoxic and antioxidant
activities of essential oil from leaves of Mentha piperita grown in China. PLoS ONE 2014, 9, €114767. [CrossRef]
Scalas, D.; Mandras, N.; Roana, J.; Tardugno, R.; Cuffini, A.M.; Ghisetti, V.; Benvenuti, S.; Tullio, V. Use of
Pinus sylvestris L. (Pinaceae), Origanum vulgare L. (Lamiaceae), and Thymus vulgaris L. (Lamiaceae) essential
oils and their main components to enhance itraconazole activity against azole susceptible/not-susceptible
Cryptococcus neoformans strains. BMC Complement. Altern. Med. 2018, 18, 143. [CrossRef]

Clinical and Laboratory Standards Institute. Reference Method for Broth Dilution Antifungal Susceptibility
Testing of Yeasts-Third Edition: Approved Standard M27-A3; CLSI: Wayne, PA, USA, 2008; Volume 28, pp. 6-12.
Clinical and Laboratory Standards Institute. Reference Method for Broth Dilution Antifungal Susceptibility
Testing of Yeasts; Fourth Informational Supplement. CLSI document M27-54; CLSI: Wayne, PA, USA, 2012;
Volume 27, pp. 6-12.

Mandras, N.; Tullio, V.; Furneri, PM.; Roana, J.; Allizond, V.; Scalas, D.; Petronio Petronio, G.; Fuochi, V.;
Banche, G.; Cuffini, A.M. Key roles of human polymorphonuclear cells and ciprofloxacin in Lactobacillus
species infection control. Antimicrob. Agents Chemother. 2015, 60, 1638-1641. [CrossRef] [PubMed]

Culffini, A.M.; Tullio, V.; Giacchino, F.; Mandras, N.; Scalas, D.; Belardi, P.; Merlino, C.; Carlone, N.A. Impact
of co-amoxiclav on polymorphonuclear granulocytes from chronic hemodialysis patients. Am. J. Kidney Dis.
2001, 37, 1253-1259. [CrossRef] [PubMed]

Mosmann, T. Rapid colorimetric assay for cellular growth and survival: Application to proliferation and
cytotoxicity assays. J. Immunol. Methods 1983, 65, 55-63. [CrossRef]

Sample Availability: Samples of the compounds TTO, “Mentha of Pancalieri” EO, anidulafungin and Candida
krusei clinical strain are available from the authors.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1189/jlb.3A1216-518RR
http://www.ncbi.nlm.nih.gov/pubmed/28258152
http://dx.doi.org/10.1016/j.fct.2018.12.057
http://dx.doi.org/10.1080/13880209.2017.1309555
http://dx.doi.org/10.1371/journal.pone.0114767
http://dx.doi.org/10.1186/s12906-018-2219-4
http://dx.doi.org/10.1128/AAC.01637-15
http://www.ncbi.nlm.nih.gov/pubmed/26711767
http://dx.doi.org/10.1053/ajkd.2001.24530
http://www.ncbi.nlm.nih.gov/pubmed/11382696
http://dx.doi.org/10.1016/0022-1759(83)90303-4
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Yeasts 
	Essential Oils 
	Reference Antifungal Agent 
	In Vitro Antifungal Susceptibility Assays 
	Human Polymorphonuclear Leucocytes (PMNs) 
	Influence of Antimicrobial Agents on Intracellular Killing by PMNs 
	PMNs Viability Evaluation in the Presence of EOs 
	Statistical Analysis 

	Conclusions 
	References

