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Abstract: Isougenol is a phytoconstituent found in several essential oils. Since many natural products
are potent antimicrobials, the synthesis of hybrid molecules—combining the chemical skeleton of the
phytochemical with synthetic groups—can generate substances with enhanced biological activity.
Based on this, the objective of this study was to evaluate the antifungal activity of isoeugenol and
hybrid acetamides against Candida albicans isolated from the oral cavity. The methodologies used were
the determination of minimum inhibitory concentration (MIC), minimum fungicidal concentration
(MFC), action on fungal micromorphology, interaction test with nystatin by the checkerboard
method and molecular docking study with important enzymes in the maintenance of fungal viability.
The synthetic molecules did not demonstrate significant antifungal activity in vitro. The isoeugenol
MIC and MFC varied between 128 and 256 ug/mL, being the phytoconstituent able to interfere in the
formation of blastoconid and chlamydoconid structures, important in the pathogenic process of the
species. The molecular docking study revealed that isoeugenol is a potential inhibitor of the enzymes
14-x-demethylase and delta-14-sterol reductase, interfering in the fungal cell membrane biosynthesis.
Thus, this research provides clearer expectations for future pharmacological studies with isoeugenol
and derived molecules, aiming at its therapeutic application against infections caused by Candida spp.

Keywords: Candida albicans; isoeugenol; checkerboard method; molecular docking; antifungal activity;
oral candidiasis

1. Introduction

Candidiasis is an infectious process of clinical importance caused by dimorphic, commensal,
opportunistic fungi, belonging to the genus Candida [1]. It is an infection of considerable public
relevance, since yeasts of this genus are responsible for about 80% of hospital fungal infections [2],
representing the fourth most common nosocomial pathogen in systemic infections [3], with morbidity
and mortality rates between 30-50% [4].

The genus Candida comprises of about 150-200 described species, however only fifteen can be
pathogenic to humans, with C. albicans, C. glabrata, C. parapsilosis, C. tropicalis and C. krusei being the
most prevalent in different types of candidiasis [5-7]. Several virulence factors are directly related to
the capacity of these species to infect their hosts, including: the ability to morphological transition
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between the yeast and hyphal states, phenotypic plasticity, biofilm formation, production and secretion
of hydrolytic enzymes such as phosphatases, lipases and hemolysins, adhesin and invasin expression
and growth via tigmotropism [8,9].

Among fungal infections of mucous membranes, oral candidiasis is one of the most prevalent,
with clinical features presenting as the appearance of whitish-yellow plaques or reddish nodules,
of various aspects, found adhered to the oral mucosa, tongue, palate and gums [10]. Several predisposing
factors are associated with a high prevalence of oral candidiasis, including nighttime use of
dental prostheses, decreased salivary pH, dry mouth, prolonged use of antibiotic therapy and
immunosuppressive drugs, nutritional deficiency, endocrine disorders and increased life expectancy of
the population [6,11,12].

The treatment of oral candidiasis is based on the use of antifungal agents, especially nystatin [1,13].
However, with the increase in fungal resistance to antimicrobial agents and the limited number of
antifungal molecules available today, the search for new bioactive compounds capable of inhibiting
Candida growth and demonstrating low toxicity to human cells is increasing [14,15].

In this context, medicinal plants represent a vast source of new pharmacologically active
molecules for the treatment of fungal diseases [15-17]. Among the compounds isolated from plants,
phenylpropanoids constitute a group of phytoconstituents derived from phenylalanine widely found
in essential oils such as Syzygium aromaticum (clove), Myristica frangrans (walnut shown), Ocimum
basilicum (basil) and Laurus nobilis (louro) oils [15,18-20], with isoeugenol being a representative of this
class of molecules [21,22].

Numerous publications report antimicrobial, antioxidant, anti-inflammatory, anti-tumor and
analgesic properties of phenylpropanoids [15,19,23,24]. However, there are still few published studies
on the antifungal activity of isoeugenol on Candida spp., demonstrating the need for further studies to
understand this property on strains of this genus.

On the other hand, the amide group is widely found and is of fundamental importance for
the biological and material properties of a large number of compounds created by man and present
in nature [25]. There are some reports of acetamide derivatives as antibacterial and antifungal
agents [26-28]. As Aschale [29] explains, there was considerable interest in making substitutions for
acetanilide derivatives because this group is present in several synthetic drugs related to a wide range
of biological activities, such as antibacterial, antiviral, antifungal and anthelmintic.

Due to the potent antimicrobial activity of natural products, these substances can serve as targets
for molecular changes that aim to improve their biological activity and, among these modifications,
combinatorial syntheses that produce hybrid molecules allow the joining of phytoconstituents with
other chemical classes, obtaining interesting pharmacological results [30].

Based on this, the objective of this study was to evaluate the antifungal activity of isoeugenol
and hybrid acetamides against Candida albicans isolated from the oral cavity, investigating their effects
through in vitro and in silico analyzes.

2. Results

2.1. Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC) Determination

The screening of hybrid acetamides and isoeugenol antifungal activities on C. albicans revealed
that the synthetic molecules did not show a significant capacity to inhibit fungal growth (Table 1),
in contrast to isoeugenol, which presented MIC ranging from 128 to 256 pg/mL.
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Table 1. Screening of hybrid acetamides and isoeugenol antifungal activities against Candida albicans
strains (Minimum Inhibitory Concentrations—MICs).

Substances MIC Range
ISO A1 1024 to > 1024 pg/mL
ISO A2 1024 to > 1024 pug/mL
ISO A3 1024 to > 1024 pg/mL
ISO A4 1024 to > 1024 pg/mL
ISO A5 1024 to > 1024 pug/mL
ISO A6 1024 to > 1024 pg/mL
ISO A7 1024 to > 1024 pg/mL
ISO A10 1024 to > 1024 pug/mL
ISO A11 1024 to > 1024 pg/mL

Isoeugenol 128 to 256 ug/mL

Among the analyzed molecules, isoeugenol showed superior antifungal activity and, for this
reason, the following tests were carried out with this phytoconstituent.

The MIC and MFC values of isoeugenol and nystatin against C. albicans are shown in Table 2.
The isoeugenol MIC and MFC values ranged between 128 pg/mL and 256 pug/mL. For nystatin,
the MIC values were 8 ug/mL, while the MFC varied between 8 ug/mL and 32 pg/mL. The control of
strains viability showed fungal growth in all wells and the sterility of the medium did not have any
fungal growth.

Table 2. Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC) of
isoeugenol and nystatin on C. albicans.

Isoeugenol (ug/mL) Nystatin (ug/mL) Controls

C. albicans

MIC MFC MFC/MIC MIC MFC MFC/MIC CB FV

LM-4b 128 128 1 8 8 1 - +
LM-5b 128 128 1 8 8 1 - +
LM-10b 128 128 1 8 8 1 - +
LM-11b 256 256 1 8 32 4 - +
LM-13b 256 256 1 8 32 4 - +
ATCC-76485 256 256 1 8 32 4 - +

CB: culture broth, FV: fungal viability, (-) absence of fungal growth (+) presence of fungal growth.

2.2. Interference of Isoeugenol on C. albicans Micromorphology

The test of possible interferences of isoeugenol on the micromorphology of C. albicans American
Type Culture Collection (ATCC)-13803 and LM-4b was carried out with the objective of verifying the
growth or absence of characteristic structures, blastoconidia, chlamydoconidia and pseudo-hyphae,
at the concentrations of MIC, MIC x 2, MIC X 4 and in absence of isoeugenol. The number of virulence
structures, blastoconidia and pseudo-hyphae, was performed by averaging the structure counts per
field, in five fields analyzed from each slide (Figure 1).
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Figure 1. Growth of pseudo-hyphae and blastoconidia of (A) American Type Culture Collection
(ATCC)-76485 and (B) LM-4b in groups treated (MIC, MIC x 2, MIC X 4) and not treated (negative
control) with isoeugenol.

Chlamydoconidia resistance structures were not found in the MIC, MIC X 2 and MIC x 4
concentrations of isoeugenol (Figure 2).

Figure 2. Micromorphology analysis. (A) C. albicans ATCC 76485 in the absence of isoeugenol (negative
control), showing virulence structures of pseudo-hyphae and blastoconidia. (B) C. albicans ATCC 76485
treated with isoeugenol, there is a lack of pseudo-hyphae and a reduced number of blastoconidia.
(C) C. albicans LM-4b in the absence of isoeugenol (negative control), showing a large amount of
blastoconidia and pseudo-hyphae. (D) C. albicans LM-4b under the effect of isoeugenol, absence of
blastoconidia. Black arrow: Chlamydocide resistance structures.

2.3. In Vitro Association Assay

The isoeugenol and nystatin interaction was evaluated according to the checkerboard methodology,
which is an in vitro laboratory technique that allows the interaction of two or more molecules through



Pharmaceuticals 2020, 13,291 50f 13

the construction of a two-dimensional matrix between the tested substances [31]. The data obtained in
this study demonstrated that the interaction of isoeugenol with nystatin was indifferent, with index
values fractional inhibitory concentration (FIC) = 3.09 and FIC = 2.10, for C. albicans LM-4b and
C. albicans ATCC-76485, respectively (Table 3).

Table 3. Association between isoeugenol and nystatin on C. albicans ATCC-76485 and LM-4b.

FIC

C. lb FICI Effect
albicans FIC, FICs
LM-4b 1.10 1.98 3.09 Indifference
ATCC-76485 0.98 1.12 2.10 Indifference

2.4. Molecular Docking Analysis

The molecular docking study revealed that the isoeugenol fitted into the active site of
14-x-demethylase enzymes (Protein Data Bank (PDB) id: 5FSA) [32], delta-14-sterol reductase (PDB id:
4QUYV) [33], lanosterol 14-x-demethylase (PDB id: 4LX]) [34] and 1,3-B-glucan synthase (PDB id:
2J0Y) [35] responsible for the biosynthesis and maintenance of the plasma membrane fungal and cell
wall formation. The binding energies between the molecules and the target protein (MolDock score)
are shown in Table 4.

Table 4. Isoeugenol binding energies (kcal/mol) with selected fungal enzymes.

Fungal Enzymes Isoeugenol Binding Energies (kcal/mol)
14-x-demethylase —69.4023
Delta 14-sterol reductase —84.5773
Lanosterol 14-x-demethylase —-34.0519
1,3-B-glucan synthase —53.8295

Figure 3 shows the results of the study of isoeugenol docking with the evaluated enzymes.
Delta-14-sterol reductase was the enzyme with the best energy value coupled with isoeugenol
(—84.5773 kcal/mol), showing hydrogen bonds of the methoxy group and free hydroxyl with Leu347
and steric bonding with the Tyr414 residue. After delta-14-sterol reductase, 14-x-demethylase was
the second enzyme to demonstrate the best energy value (—69.4023 kcal/mol) with hydrogen bonds
of hydroxyl oxygen with Ser378 residue and electrostatic oxygen from the methoxy group with the
Met508 residue.
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Figure 3. Observed interactions between isoeugenol and (A) 14-x-demethylase, (B) delta-14-«-reductase,
(C) lanosterol-14-x-demethylase, (D) 1,3--glucan synthase. Dashed blue lines indicate hydrogen
bonds. Dashed red lines indicate electrostatic connections.

3. Discussion

Although the combinatorial synthesis of natural products with synthetic molecules may result
in an improvement in biological activity [30], in this study, the hybrid acetamides obtained from
isoeugenol did not show considerable antifungal activity, as the original phytoconstituent was more
potent against C. albicans than the synthetic molecules tested.

The results obtained indicated that isoeugenol has remarkable antifungal activity. The data
demonstrate that the lowest concentration of isoeugenol capable of inhibiting the growth of C. albicans
was 128 pg/mL. Similar results were found by Bhatia et al. [36] who reported that the MIC value
of isoeugenol was between 100-250 pg/mL for Candida ssp. resistant and sensitive to fluconazole,
and by Zemek et al. [37] who determined that the MIC value = 100 ug/mL of isoeugenol for C. albicans.
In contrast, Gallucci et al. [23] determined that the MIC value of isoeugenol capable of inhibiting the
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growth of fluconazole-resistant C. albicans was 0.17 mg/mL. Other studies have also revealed the ability
of isoeugenol to inhibit the growth of pathogenic Gram-positive, Gram-negative and Mycobacterium
fortuitum bacteria [38], in addition to fungi of the genus Aspergillus, Saccaromyces spp. and Fusarium
parasiticus [37-39].

The MFC of isoeugenol was identical in all strains analyzed, whereas for nystatin the value of
MEFC was 3x the value of MIC against C. albicans 11b, C. albicans 13b and C. albicans ATCC 76485.
According to Siddique et al. [40] a compound has a fungistatic action when the MFC/MIC ratio is >4
and fungicidal when MFC/MIC < 4. Thus, isoeugenol showed fungicidal action in all strains evaluated,
while nystatin in only 50% of the strains analyzed, as shown in Table 1. The results found by Peixoto
et al. [19] corroborate those observed in this study, in which the value of MFC/MIC of the Laurus
nobilis essential oil against C. albicans coming from the oral cavity was <4. The authors attributed the
anti-Candida activity of L. nobilis to isoeugenol, a major compound (53.5%) found in essential oil [19].

The antimicrobial activity of isoeugenol can be attributed to the structural and molecular
parameters of the phytoconstituent, in addition to the variation according to the species analyzed and
the number of substituents on the molecule’s aromatic ring [37,41]. The presence of free hydroxyl (-OH)
from the aromatic chain of isoeugenol is one of the structural parameters involved in the antimicrobial
activity of this phytoconstituent, however, molecular properties such as hydrophobicity, refractivity
and molecular geometry also seem to be related to the inhibitory capacity of isoeugenol on Candida
spp. [37,40,41].

The ability of C. albicans to present structures such as blastoconidia and pseudo-hyphae
characterizes an important virulence factor of the genus in the infectious process, since the presence
of these structures hinders phagocytosis of the pathogen by the cells of the host immune system [8].
Isougenol has been shown to be able to reduce the formation of virulence structures (chlamidoconidia,
blastoconidia and pseudo-hyphae) of C. albicans, suggesting that it is an effective product in controlling
the establishment and progression of candidiasis.

Although the mechanisms of action of isoeugenol are not fully understood, the literature reports
that the phytoconstituent is capable of inhibiting the growth of Candida spp. because it affects the
formation of the fungal cell wall and destabilizes the plasma membrane through its interaction with
proton pumps, consequently causing destruction of the microorganism, considering that this enzyme
regulates important physiological processes for the viability of fungal cells [19,36]

The association study of isoeugenol with nystatin on C. albicans showed indifference, that is, when
combined, the two compounds did not interact with each other to act negatively or positively on
C. albicans. Although the absence of interaction between the phytoconstituent isoeugenol and the
standard drug nystatin has been observed, the results of this study do not preclude further research that
seeks the interaction profile of isoeugenol with other licensed antifungal drugs or natural molecules.

Abourashed et al. [42] analyzed the combinatory effect of isoeugenol with the natural molecules
6-paradol and 6-shogaol against C. albicans and isoeugenol with isoniazid antibiotic against
Mycobacterium smegmatis and as a result, obtained strong synergism between the compounds evaluated
on C. albicans and M. smegmatis. Thus, further studies should be carried out to evaluate the association
profile of isoeugenol with antimicrobials of different classes and its potentiating effect with other
natural molecules with antimicrobial action.

Studies to elucidate biological activities of different molecules, using in vitro and in silico methods,
can be carried out concurrently with the objective of illustrating the possible interactions between test
molecules and the active site of the target microorganisms [15].

The evaluation of the possible mechanisms of action of isoeugenol, by the in silico method
of molecular docking, showed that it possibly acts in the biosynthesis of the Candida cell
membrane, since the best values of binding energy were demonstrated in the coupling with
delta-enzymes—14-o-reductase and 14-x-demethylase—responsible for the formation of the main
sterol present in the fungal plasma membrane: ergosterol [32,33].
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The literature does not report any other study that shows interactions between isoeugenol and
the evaluated enzymes, confirming the need for further studies aimed at elucidating the antifungal
potential of isoeugenol on the biosynthesis of structures essential to fungal cell viability.

4. Materials and Methods

4.1. Substances

Isoeugenol and nystatin were purchased from Merck/Sigma-Aldrich® (Darmstadt, Germany).
Hybrid acetamides derived from isoeugenol (Figure 4) were synthesized at the Bioenergy and Organic
Synthesis Research Laboratory of the Federal University of Paraiba (Brazil). The synthetic routes
and the respective characterizations of the substances are shown in the Supplementary Materials.
The substances were solubilized in dimethylsulfoxide (DMSO) at 5% and Tween 80 at 2% to obtain
emulsions in the necessary concentrations to be used in each in vitro assay of antifungal activity.
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Figure 4. Chemical structures of hybrid acetamides derived from isoeugenol (ISO A1-ISO A11)
and isoeugenol.

4.2. Microorganisms

The clinical isolates used in this study belong to the MICOTECA collection of Research Laboratory
on Antibacterial and Antifungal Activity of Natural and Synthetic Bioactive Products of the Federal
University of Paraiba (Brazil). Five C. albicans strains isolated from the oral cavity were used:
four clinical isolates (LM-4b, LM-5b, LM-10b, LM-11b, LM-13b) and a standard strain ATCC-76485.
All strains were preserved on Sabouraud dextrose agar (SDA) (Difco®, Sparks, MD, USA) at 4 °C.

4.3. Minimum Inhibitory Concentration (MIC) and Minimum Fungicidal Concentration (MFC) Determination

The microbiological screening and minimum inhibitory concentration (MIC) of the evaluated
products were determined by the broth microdilution method using 96-well microdilution plates.
Initially, 100 pL of double concentrated Roswell Park Memorial Institute (RPMI)-1640 broth (Merck,
Sigma-Aldrich®, Darmstadt, Germany) was added to the wells of the plate. Then, 100 uL of the
emulsion of the test product were deposited on the first line of the plate and serial dilutions were
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performed, transferring a 100 pL aliquot from the well containing the most concentrated medium
to the subsequent (less concentrated) one, obtaining different concentrations. Finally, 10 pL of the
inoculum corresponding to each yeast was added to the wells.

Each inoculum was prepared in sterile 0.9% saline and vortexed for 15 s. Cell density was
compared and standardized, using the 0.5 standard of the McFarland scale, which corresponds to
10° colony forming units per millimeter (CFU/mL). Inoculation at 10° CFU/mL was performed by
1:10 dilution and the final inoculum concentration (1-5 x 10° CFU/mL) was confirmed in a Neubauer
chamber [43-45]. Controls of sterility of the medium, viability of the strains and susceptibility to
standard antifungal nystatin 100 international units (IU) were performed in parallel.

The assay was performed in triplicate and the microdilution plates were incubated at 35 °C (+2 °C)
for 24 to 48 h for further analysis of fungal growth. MIC is considered the lowest concentration of
substance capable of inhibiting the growth of fungi compared to negative control. To interpret the
antimicrobial activity of the test products, the following standard values for MIC were determined:
<100 pg/mL (good/strong activity); 100-500 pug/mL (moderate activity); 500-1000 pg/mL (weak activity)
and MIC > 1000 pg/mL (inactivity) [46].

After determining the MIC, 10 pL aliquots of the supernatant from the wells equivalent to MIC,
MIC x 2 and MIC x 4 were transferred to new 96-well plates containing only RPMI-1640 broth and
incubated at 35 °C (2 °C) for 24-48 h. Then the fungal growth was read. MFC is determined as
the lowest concentration capable of inhibiting fungal growth. The tests were performed in triplicate.
The MFC/MIC ratio was calculated to determine the fungicidal (MFC/MIC < 4) or fungistatic (MFC/MIC
> 4) action of the products [31,40].

4.4. Effect on the Micromorphology of C. albicans

Strains ATCC-76485 and LM-4b were used to evaluate possible changes in the micromorphology
of C. albicans cells exposed to isoeugenol. In this assay, microcultures were performed in a humid
chamber using solid agar-cornmeal-Tween 80 (Difco®, Sparks, MD, USA) [16]. Aliquots of 3 mL of
liquid agar-cornmeal-Tween 80, homogenized with MIC, MIC x 2 and MIC X 4 of the test products,
were poured into a glass slide and C. albicans were seeded and incubated at 35 °C + 2 °C for 24-48 h.

The slides were analyzed under optical microscopy, at 400X magnification, to observe the formation
or absence of characteristic structures such as chlamydoconidia, blastoconidia and pseudo-hyphae.
Six slides were prepared and five fields were counted on each slide. The number of virulence structures
was calculated using the total average of the structure counts per field and photo documentation was
also carried out.

4.5. In Vitro Association Study

The effect of the isoeugenol association with nystatin was verified on the C. albicans strains
ATCC-76485 and LM-4b, determined by microdilution in broth, using the checkerboard technique.
To perform this test, initially 100 puL of Saboraud dextrose broth was added to the wells of the 96-well
round bottom plate. Then, 50 uL of isoeugenol at MIC/8, MIC/4, MIC/2, MIC, MIC x 2, MIC X 4 and
MIC x 8 concentrations were added vertically and 50 pL of nystatin, at these same concentrations,
were added horizontally. Finally, the fungal inoculum of C. albicans LM-4b and ATCC 76485 was added
to the wells and the covered plates were incubated at 35 °C + 2 °C for 72 h [31,47]. Controls of sterility
of the medium and viability of the strains were performed. The assay was performed in triplicate and
the fractional inhibitory concentration index (FICI) was determined.

The FICI index was calculated using the sum of FIC, + FICg, where A is isoeugenol and B is
nystatin. The FIC,, in turn, was determined by the division of the combined MIC,/MIC4 alone and
the FICp determined by the division of the combined MICg/MICpg alone. The results were interpreted
as follows: synergism (FICI < 0.5), indifference (0.5 > FICI < 4) and antagonism (FICI > 4) [31,47].



Pharmaceuticals 2020, 13,291 10 of 13

4.6. Molecular Docking Analysis

The three-dimensional structure of isoeugenol was designed using MarvinSkentch 18.5 software
and their energy was minimized in the Spartan 18 software. The crystallized structure of the sterol
14-o-demethylase, delta-14-sterol reductase, lanosterol 14-u-demethylase and 1,3-f3-glucan synthase
were downloaded from the Protein Data Bank (PDB) (www.rcsb.org), under PDB IDs 5FSA [32],
4QUV [33], 4LX] [34] and 2JOY [35], respectively. Molecular anchors were determined using Molegro
Virtual Docker (MVD) software, (v 6.0.1, Molegro ApS, Aarhus, Denmark), in which the ligand and
receptors were subjected to molecular anchorage under GRID 15 A in radius and 0.30 A resolution to
the enzyme binding site [48].

5. Conclusions

It is concluded that the nine hybrid acetamides obtained from isoeugenol tested in this study do
not show anti-Candida albicans activity. However, other structural modifications can be performed,
using isoeugenol as a base, to obtain improvements in antifungal activity. The isoeugenol is an
effective antifungal agent against C. albicans, as it is able to interfere in the formation of blastoconid and
chlamydoconid structures, which is important in the pathogenic process of the species. The molecular
docking study revealed that isoeugenol is a potential inhibitor of the enzymes 14-x-demethylase and
delta-14-sterol reductase, interfering in the fungal cell membrane biosynthesis. Thus, this research
provides clearer expectations for future in vitro and in vivo pharmacological and toxicological studies
with isoeugenol and derived molecules, aiming at its therapeutic application against infections caused
by Candida spp.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1424-8247/13/10/291/
sl.
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