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ABSTRACT

The objectives of the study were to explore the effect of carvacrol on Candida tropi-
calis in vitro and in animal model, alone and in combination with fluconazole. The
activity of carvacrol alone and in combination with fluconazole were tested on C.
tropicalis using the CLSI reference method and in murine models. Carvacrol in
combination with fluconazole showed satisfactory activity, with FICI mainly in the
range of 0.375-1.00. Microbiologically, treatment with carvacrol alone in combina-
tion with fluconazole decreased the fungal load of kidneys of infected animal at
negligible level of the number of colony counts of C. tropicalis. Histologically, in
treated animals, no Candida organisms were found in the kidney tissues; this was
in contrast to control groups in which many yeasts mixed with hyphae were ob-
served. Carvacrol alone in combination with fluconazole as an alternative approach
could be considered as the extensive opportunities for the treatment and preven-
tion of systemic candidiasis.
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INTRODUCTION

The rapid emergence of non-albicans Candida species are major public health
importance, notably Candida tropicalis, C. parapsilosis, C. krusei and C.
glabrata. Candida species account for about 80% of fatal systemic infection,
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where the most frequent cause of fungal infections in immunocompromised
persons. The distribution of Candida species influenced by geographical lo-
cation and healthcare factors*°. In this context, C. tropicalis emerged as the
most common non-albicans Candida species’. The reasons for dominance of
C. tropicalis and its resistance to fluconazole have been difficult to clear®. Evi-
dence suggests that marked shift in the epidemiological profile of Candida spe-
cies are associated with increasing use of antifungal drugs®.

The currently available antifungal drugs which are used for fungal infections,
have the limitation of drugs resistance and high toxicity of the compounds®°.
Novel therapeutic strategies are needed to counter non-albicans Candida spe-
cies infections. Natural products are the most important source for promis-
ing antimicrobials, the majority of which are surprisingly found in plants**.
To combat the continual emergence of non-albicans Candida species, there is
a critical need to develop new strategies. Combination therapies are the lan-
guage of antimicrobial interactions, evolved to mediate non-albicans Candida
species?'34, Within natural products, carvacrol (2-methyl-5-[1-methylethyl]
phenol), a phenolic monoterpenoid with its pharmacological ability including
antimicrobial, antioxidant, anti-inflammatory, antitumor activities, antispas-
modic and antiangiogenic, have become promising therapeutic potentialt>5:1,

Antifungal activity of carvacrol against C. tropicalis has also been reported'7-2°,
However, the activity of carvacrol against C. tropicalis in animal model is not
known. Recent reports showed that combinatorial therapy of antifungal drugs
and carvacrol is very effective to eradicate Candida infections®-22, In fact, this
armamentarium of therapeutic drugs provides substantial benefits in terms of
rapid effect of the antifungal therapy, wide drug spectrum and potency of drug
activity, synergy, lowered toxicity and reduced risk of antifungal resistance'*-2,

We hypothesized that natural products in combination with antifungal drugs
inhibit yeast cells growth. In this study, we explored the effect of carvacrol
on C. tropicalis in vitro and in animal model, alone and in combination with
fluconazole.

METHODOLOGY
Candida tropicalis

Two clinical isolates of C. tropicalis SN1 and SN2 and C. tropicalis ATCC 750
were used in this study. Clinical isolates from the vagina of patients with re-
current vulvovaginal candidiasis in Yasooj, were kindly provided by Microbi-
ology Laboratory, Cellular and Molecular Research Center, Yasuj University
of Medical Sciences (Iran). C. tropicalis cells were subcultured in Sabouraud
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Dextrose Agar (SDA; Difco Laboratories, USA) and chromogenic culture me-
dia (CHROMagar Company, France). All isolates were stored at —80 °C in Sab-
ouraud Dextrose Broth (SDB; Difco Laboratories, US) and supplemented with
300 pg/ml of chloramphenicol and isolates sterile maintained in 20% (v/v)
glycerol.

In vitro Studies

Suspensions of C. tropicalis (5 x 102 — 2.5 x 103 cells/ml) were incubated in
the U-bottomed 96-well polystyrene microtiter plate at 35°C for 24 to 72 h
with RPMI 1640 medium without sodium bicarbonate and with L-glutamine
(Sigma-Aldrich Chemicals Co. St. Louis, MO, USA) [buffered to pH 7.0 with
0.165 M morpholinepropanesulfonic acid (MOPS, Sigma-Aldrich)] and added
a range of carvacrol (Sigma-Aldrich) concentrations between 0.049 and 100
pg/ml and fluconazole (Merck, Darmstadt, Germany) concentrations between
0.03125 and 64 ug/ml in Dimethyl sulfoxide (DMSO, Sigma-Aldrich) alone
or in combination (1 : 1 ratio). Yeast cell- and drug-free controls were used as
sterile and growth controls, respectively. The minimum inhibitory concentra-
tions (MICs) were determined for each isolate in accordance with Clinical and
Laboratory Standards Institute (CLSI) guidelines (CLSI M27-A3). Referring
to the MICs of carvacrol and fluconazole alone and in combination, fractional
inhibitory concentration index (FICI) was calculated for clinical isolates of C.
tropicalis as described earlier+. The combining effect of carvacrol with flucon-
azole against clinical isolates of C. tropicalis interpreted as follows: Synergy,
FICI<o0.5, partial synergy FICI> 0.5 but < 1.0, additive FICI= 1.0, Indifference
FICI> 1.0 but < 4.0, and antagonism FICI=> 4.0.

In vivo Murine Studies

Female BALB/c mice (Animal Breeding Stock Facility of Pasteur Institute of
Iran, Karaj, Iran), weighing 25g to 30g, were used according to experimental
protocol approved by the Islamic Azad University Animal Ethics Committee
(IR.IAU.YASOOJ.REC.1396.12), which adheres to international procedures
for animal care.

The mice (n=10 per group) were infected with 5 x 10° yeast cells/ml suspen-
sions of C. tropicalis ATCC 750 diluted to 200 ul with sterile PBS by intrave-
nous (i.v.) injection. At 1h following the infection, mice were treated with 5
mg/kg/day of i.v. injections of carvacrol and intraperitoneal (i.p.) injections of
fluconazole alone or combination in a final volume of 200 pl/mouse for 5 days.
The untreated control animals received 200 ul/mouse of sterile PBS.

For the systemic candidiasis study, at 2, 4, 7, 14 and 30 days after infection,
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mice were sacrificed and kidneys was collected for evaluation of microbio-
logical characteristics following the methods described by Khodavandi et al®.
Briefly, kidney tissues were homogenized in 1 ml of sterile normal saline and
serial dilutions plated on SDA to obtain the numbers of viable C. tropicalis
ATCC 750 per gram of tissue and identified the fungal loads.

At day 14 after infection, mice were sacrificed and their kidneys were harvested
and formalin fixed, dehydrated and embedded in paraffin wax using a Shandon
Automated Tissue Processor (ThermoShandon, PA, USA). Sectioning of tissue
samples was done at 4-5um and samples were stained with haematoxylin and
eosin (H&E) and periodic acid—Schiff (PAS). Final slides were then mounted
and viewed under Leica microscope (DMRA II, Germany). Images were cap-
tured at 400x and 1000x magnification to visualize fungi and the intensity of
the inflammatory response.

Ethical Approval

All procedures performed in studies involving human participants, which are
obtained from Microbiology Laboratory, Cellular and Molecular Research
Center, Yasuj University of Medical Sciences, were in accordance with the ethi-
cal standards of the institutional and/or national research committee and with
the 1964 Helsinki declaration. The animal studies were approved by Islamic
Azad University Animal Ethics Committee, which adheres to international
procedures for animal care.

Statistical Analysis

Data were normalized with Kolmogorov—Smirnov test. Differences between
means of values were compared for significance with one way ANOVA and
Tukey’s post-hoc test. ANOVA with repeated measure and nonparametric tests
including Kruskal-Wallis test followed by Bonferroni’s post hoc test were used
when appropriate. Data shown reflect means + standard division of the means.
Significant findings are denoted as: *p <0.01; and **p < 0.001 in each figure.
SPSS Statistics (SPSS Inc., Chicago, IL, USA) v. 24 software was used for sta-
tistical analysis.

RESULTS AND DISCUSSION

In order to investigate the antifungal activity of carvacrol or fluconazole alone
and in combination against clinical isolates of C. tropicalis, FICI of a combina-
tion of carvacrol and fluconazole was determined based on the MICs of car-
vacrol and fluconazole alone and in combination. Through antifungal activity
assay, result show that carvacrol in combination with fluconazole exhibited
significantly greater inhibitory activity towards clinical isolates of C. tropicalis
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(Table 1). Specifically, the MIC range for carvacrol alone and in combination
with fluconazole which exhibited antifungal inhibition, were 4.00+0.00 pg/ml
t0 10.00+0.00 pg/ml and 1.00+0.00 pg/ml to 2.50+0.00 pg/ml, respectively
for C. tropicalis. Calculation of the FICI produced values of 0.375-1.00, indicat-
ing significant synergism, partial synergism and indifferent. The MIC with syn-
ergistic and partial synergistic effects of carvacrol and fluconazole were mark-
edly decreased by 4- and 8-fold in C. tropicalis ATCC 750 and C. tropicalis
SN2, respectively compared to the MICs of carvacrol and the fluconazole alone.

Table 1. The combined antifungal effects of carvacrol with fluconazole against
Candida tropicalis evaluated by FICI.

Ar;t!i]f:r:ltgal Isolates MICs (pg/ml) FICI | Interpretation
C. tropicalis ATCC 750 10.00+0.00
Carvacrol C. tropicalis SN1 4.00+0.00
C. tropicalis SN2 8.00+0.00
C. tropicalis ATCC 750 0.50+0.00
Fluconazole C. tropicalis SN1 0.25£0.00
C. tropicalis SN2 0.125+0.00
Carvacrol/ C. tropicalis ATCC 750 | 2.5+0.00/0.0625+0.00 | 0.375 Synergy
C. tropicalis SN1 2.00+£0.00/0.125+0.00 | 1.00 Indifference
Fluconazole C. tropicalis SN2 | 1.00:0.00/0.0625:0.00 | 0.75 | Partial synergy

Data are means + standard deviation of three independent experiments.

To determine whether these effects operated in an in vivo setting, we con-
ducted the impact of a carvacrol or fluconazole alone and in combination in
systemic candidiasis animal model. The efficacy of combination therapy was
evaluated based on tissue fungal burden of kidneys and tissue histopathology.
We found that mice exposure to carvacrol or fluconazole alone and in combina-
tion caused a decrease in the fungal load of kidneys (p <0.01 and p <0.0001)
(Figure 1).
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Figure 1. Fungal load of kidneys in systemically infected BALB/c mice treated or not with
carvacrol or fluconazole alone and in combination, at days 2 (A), 4 (B), 7 (C), 14 (D) and 30
(E) after infection with C. tropicalis ATCC 750. Data are means + SD of three independent (*p
<0.01 and **p <0.0001).

Carvacrol or fluconazole alone and in combination inhibited systemic candidi-
asis during the first 2 days of infection comparing to their control groups (p
<0.0001). There was no statistically significant difference between the two
treated groups with carvacrol or fluconazole alone and in combination in the
fungal load of kidneys (Tukey post hoc, p > 0.05). We also noted a significant
difference in Kruskal-Wallis test on the fungal load of kidneys; as expected,
carvacrol or fluconazole alone and in combination exposure elicited a decrease
in number of the fungal load of kidneys after 4 days of infection (p <0.0001).
Post hoc Bonferroni’s multiple comparison test indicated a significant reduc-
tion of the fungal load of kidneys in carvacrol and combination of carvacrol and
fluconazole treated groups (p < 0.01). While carvacrol or fluconazole alone and
in combination reduced the fungal load of kidneys between treated groups after
7days of infection (p <0.0001), there was no statistically significant difference
in the fungal load of kidneys between the carvacrol and fluconazole treated
groups (Tukey post hoc, p > 0.05). At 14 days after infection, one-way ANOVA
indicated a statistically significant difference between groups (p <0.0001).
Interestingly, significant difference between the two treated groups were ob-
served in fungal load of kidneys (Tukey post hoc, p <0.0001). In the kidneys
at 3o0days after infection indicated a significant reduction of fungal load in
treated groups comparing to their control groups. Repeated measures ANOVA
indicated considerable difference between two groups of carvacrol alone and
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in combination with fluconazole at different time points (p <0.0001). No sig-
nificant differences were found between two groups after treatment with flu-
conazole alone (p = 0.058).

The presence of microabscesses with fungal elements was confirmed in kidney
tissue in the untreated group. The most predominant forms of C. tropicalis in
the kidney tissue were yeast mixed with hyphae (Figure 2).

e T— v T Y TR S——
Candida yeasts and hyphae (H&E) Candida yeasts and hyphae (PAS)
> 1T SRAN PO
" . -

Microabscess in kidney tissue

Figure 2. The presence of microabscesses with yeast mixed with hyphae of C. tropicalis in
kidney tissue from BALB/c (H&E and PAS x400).

The kidneys showed moderate congestion and cellular density in the untreated
group. Treatments of systemically infected BALB/c mice with carvacrol and
fluconazole alone and in combination presented a normal appearance of kid-
ney tissue (Figure 3).

Moderate congestion and cellular density Treated mouse

kidney tissue (H&E)

Figure 3. Moderate congestion and cellular density in systemically infected BALB/c mice and
treated mouse with carvacrol and fluconazole alone and in combination (H&E x400).

Through our in vitro and in vivo assessment, we show carvacrol in combina-
tion with fluconazole present a promising effect in the antifungal armamentar-
ium. Our application of carvacrol in combination with fluconazole displayed an
increase of their antifungal activity against C. tropicalis. The unique chemical
defenses of plant phenolic compounds, such as carvacrol, have been a fruitful
discovery resource in the past few years227. Inhibition of C. tropicalis high-
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lights the value of carvacrol as a source of bioactive molecules72>?%. Impor-
tantly, carvacrol alone and in combination with fluconazole retain high efficacy
in mouse models of systemic C. tropicalis infection.

Several research studies have shown that the plant phenolic compounds trig-
gered attachment of the cell surface and penetrate the phospholipid bilayer of
the cell membrane afterwards. The accumulation of plant phenolic compounds
disturbed structural integrity of cell membrane, and detrimentally affect the
overall cell metabolism, eventually leading to cell death. p-Cymene is an aro-
matic monoterpene consists of a benzene ring without any functional groups
on its side chains which is the precursor of carvacrol. p-Cymene is not an effec-
tive antimicrobial when used alone, but it potentiate the activity of compounds
like carvacrol**#729. This effect has been ascribed to the accumulation of carvac-
rol and p [l cymene in the lipid phase of the membrane and caused an expan-
sion of the phospholipids bilayer increasing spaces through which ion leakage
might occur3®3. In Escherichia coli, carvacrol and p-cymene impact protein
synthesis and cell motilitys°.

Carvacrol alone and in combination with fluconazole appear a particularly
valuable source of antimicrobials in vitro and in systemic candidiasis mouse
model. High overall mortality and high rate of antifungal resistance to many
known antifungals have made Candida infections a global health burden.
Combinatorial antifungal therapy has emerged as a promising alternative ap-
proach in the treatment of Candida infections3. Fluconazole block ergosterol
biosynthesis by inhibiting fungal cytochrome P -dependent enzyme lanoster-
ol 14-a-demethylase3334, Many mechanisms involved in the synergistic activity
of antifungal agents. The inhibition of different stages in the fungal intracellu-
lar pathways that are essential for cell survival, increase uptake of an antifun-
gal agent resulting from the action of another antifungal agent on the fungal
cell wall or cell membrane and reach their target fungal DNA, the inhibition
of carrier proteins and the simultaneous inhibition of different cell targets'+3s.
Studies demonstrated that carvacrol combined with fluconazole suggested
as an approach to achieve synergy and expand fluconazole spectrum?-22, The
synergistic combination of carvacrol with fluconazole might be explained by
the carvacrol promoting the effects of fluconazole, mainly on the cell wall, cell
membrane and other membrane structures of yeast. Additionally, carvacrol
damage the fungal cell membrane may facilitate the entrance of fluconazole to
the cell, thereby leading to a higher effect on inhibition of ergosterol biosynthe-
sis. Moreover, this issue might induce apoptosis in yeast cell by reactive oxygen
species accumulation33:3%37. This raises the possibility that carvacrol may also
turn the fungistatic action of fluconazole into a fungicidal action3s:°.
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Many murine models of systemic candidiasis have been reported?5:3¥39. Carvac-
rol alone and in combination with fluconazole inhibited C. tropicalis growth in
a murine systemic candidiasis model. Microbiological and histopathological
changes suggest that carvacrol alone and in combination with fluconazole can
prevent candidiasis by inhibiting growth and morphogenesis of C. tropicalis.
Carvacrol was previously reported to inhibit hyphal growth+°-43, The results of
our present study were in agreement with the previous report that carvacrol
significantly reduced the number of CFU sampled from the oral and vaginal
candidiasis in immunosuppressed rats. In addition, no hyphal colonization of
the epithelium and lumina of the vagina were seen in animals treated with car-
vacrol4>4445, Similar results were obtained from Manohar et al** experiments.

Antifungals developed from combinatorial therapy are the foundation of
modern medicine and have saved millions of lives. The promise of carvacrol
in combination with fluconazole as a source of antifungals has the potential
to reinvigorate the stagnated antifungal discovery pipelines. Our validation of
carvacrol in combination with fluconazole as an alternative approach demon-
strates the extensive opportunities for the treatment and prevention of sys-
temic candidiasis after further investigations and sufficient clinical trials.
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