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Abstract
Onychomycosis is the most common disease affecting the nail unit and accounts for at least 50% of all nail diseases. 
In addition, Candida albicans is responsible for approximately 70% of onychomycoses caused by yeasts. This study 
investigated the antifungal effect of (R) and (S)-citronellal enantiomers, as well as its predictive mechanism of 
action on C. albicans from voriconazole-resistant onychomycoses. For this purpose, in vitro broth microdilution 
and molecular docking techniques were applied in a predictive and complementary manner to the mechanisms 
of action. The main results of this study indicate that C. albicans was resistant to voriconazole and sensitive to the 
enantiomers (R) and (S)-citronellal at a dose of 256 and 32 µg/mL respectively. In addition, there was an increase 
in the minimum inhibitory concentration (MIC) of the enantiomers in the presence of sorbitol and ergosterol, 
indicating that these molecules possibly affect the integrity of the cell wall and cell membrane of C. albicans. 
Molecular docking with key biosynthesis proteins and maintenance of the fungal cell wall and plasma membrane 
demonstrated the possibility of (R) and (S)-citronellal interacting with two important enzymes: 1,3-β-glucan 
synthase and lanosterol 14α-demethylase. Therefore, the findings of this study indicate that the (R) and (S)-
citronellal enantiomers are fungicidal on C. albicans from onychomycoses and probably these substances cause 
damage to the cell wall and cell membrane of these micro-organisms possibly by interacting with enzymes in the 
biosynthesis of these fungal structures.

Keywords: (R) and (S)-citronellal, voriconazole, onychomycosis, mechanism of action.

Resumo
A onicomicose é a doença mais comum que afeta a unidade ungueal e representa pelo menos 50% de todas as 
doenças ungueais. Além disso, a Candida albicans é responsável por aproximadamente 70% das onicomicoses 
causadas por leveduras. Nesse estudo, foi investigado o efeito antifúngico dos enantiômeros (R) e (S)-citronelal, 
bem como seu mecanismo de ação preditivo sobre C. albicans de onicomicoses resistentes ao voriconazol. Para 
este propósito, foram aplicadas técnicas in vitro de microdiluição em caldo e docking molecular de forma preditiva 
e complementar para os mecanismos de ação. Os principais resultados deste estudo indicam que C. albicans foi 
resistente ao voriconazol e sensível aos enantiômeros (R) e (S)-citronelal na dose de 256 e 32 µg/mL respectivamente. 
Além disso, houve aumento da concentração inibitória mínima (CIM) dos enantiômeros na presença do sorbitol 
e do ergosterol, indicando que estas moléculas possivelmente afetem a integridade da parede e da membrana 
celular de C. albicans. O docking molecular com proteínas chave da biossíntese e manutenção da parede celular 
e da membrana plasmática fúngica, demonstraram a possibilidade do (R) e (S)-citronelal interagir com duas 
importantes enzimas: 1,3-β-glucan sintase e lanosterol 14α-demetilase. Portanto, os achados desse estudo indicam 
que os enantiômeros (R) e (S)-citronelal são fungicidas sobre C. albicans de onicomicoses e provavelmente essas 
substâncias causem danos a parede e a membrana celular desses microrganismos possivelmente por interagir 
com as enzimas da biossíntese destas estruturas fúngicas.

Palavras-chave: (R) e (S)-citronelal, voriconazol, onicomicose, mecanismo de ação.
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2. Material and Methods

2.1. Substances

The substances used in the trials: (R)-(+)-citronellal [(R)-CIT] 
and (S)-(-)-citronellal [(S)-CIT], fluconazole (FLU), 
voriconazole (VOR) and amphotericin B (AMB), were 
purchased from Sigma-Aldrich® (São Paulo-SP). To carry out 
the pharmacological tests, the substances were solubilised 
in DMSO and diluted in sterile distilled water.

2.2. Strains

The C. albicans strains used in this study, belong to the 
fungal library of the Research Laboratory of Antibacterial 
and Antifungal Activity of Natural and/or Synthetic 
Bioactive Products of the Federal University of Paraiba 
(UFPB) and include: LM 441, LM 123, LM 37, LM 157, LM 
600, LM 615, LM 74, LM 95, LM 35, LM 20, LM 72, LM 73, 
LM 65, LM 522 and LM 122. The American Type Culture 
Collection strain (C. albicans ATCC 76645) was used as a 
control. For the in vitro assays, the fungal suspensions were 
prepared in 0.85% saline solution of fresh cultures and 
turbidity was equivalent to 0.5 on McFarland’s standard 
scale, which corresponds to an inoculum of approximately 
1-5 × 106 colony forming units per millilitre (CFU/mL) 
(Hadacek and Greger, 2000; CLSI, 2017).

2.3. Minimum Inhibitory Concentration (MIC)

The MIC values of the substances were determined 
against C. albicans strains by broth microdilution technique. 
Initially, 100 µL of RPMI-1640 broth (Sigma-Aldrich®) were 
dispensed in the orifices of the plates. Then, 100 µL of 
the test substance emulsions were deposited in the first 
horizontal row of the plate and serial dilutions by a factor 
of two were performed, where a 100 μL aliquot was taken 
from the most concentrated well to the next well, resulting 
in concentrations of 1,024-0.5 μg/mL. Finally, 10 µL of the 
fungal inoculum suspensions were added to each well of 
the plate, where each column represented a fungal strain. 
Sterility controls were also performed with Amphotericin 
B, cell viability assay and interference of solubilising 
agents (5% DMSO and 2% Tween 80) (Diniz-Neto et al., 
2022). The plates were then sealed and incubated at 35 ± 
2 °C for 48 hours. After the incubation time, the presence 
(or absence) of microbial growth was observed visually 
(Hadacek and Greger, 2000; Ncube  et  al., 2008; CLSI, 
2017). The MIC was defined as the lowest concentration 
at which the substance produced visible inhibition of 
yeast growth. The antifungal activity of the substances 
was interpreted as active or non-active according to the 
criteria proposed by Morales et al. (2008): strong/good 
activity (MIC <100 μg/mL); moderate activity (MIC >100 to 
500 μg/mL); weak activity (MIC >500 to 1,000 μg/mL).

2.4. Minimum Fungicide Concentration (MFC)

The MFC was determined after reading the MIC, in which 
10 μL aliquots of the supernatant from the wells where 
complete inhibition of fungal growth was observed (MIC, 
MIC × 2 and MIC × 4) in the microdilution plates, were 
transferred to the wells of a new microplate containing 

1. Introduction

Onychomycosis is an infection of the nail unit caused 
by fungi (dermatophytes, non-dermatophyte moulds 
and yeasts) characterized by discolouration of the nail, 
onycholysis and thickening of the nail plate (Köhler et al., 
2017; Almeida et al., 2019). Onychomycosis is the most 
common disorder affecting the nail unit and accounts for 
at least 50% of all nail diseases (Piraccini and Alessandrini, 
2015; Almeida  et  al., 2019; Paškevičius  et  al., 2020). 
In addition, C. albicans is responsible for approximately 
70% of onychomycoses caused by yeasts (Köhler  et  al., 
2017). The worldwide prevalence of onychomycosis in 
the general population is approximately 5.5%, based on 
recently published epidemiological studies (Piraccini 
and Alessandrini, 2015; Fernandes  et  al., 2017; Lipner 
and Scher, 2019).

This clinical condition can bring several discomforts to 
its bearers, such as: difficulty in wearing shoes, aesthetic 
embarrassment, low self-esteem, clinical conditions of 
chronic pain and functional limitations. Occasionally, 
these infections can also disseminate and cause systemic 
infections, especially in diabetic and immunosuppressed 
individuals. These situations result from the morphological 
changes that set in during active infection and permanent 
nail dystrophy may persist after the cure as sequelae 
(Christenson et al., 2018).

The treatments for Onychomycosis have low cure 
rates, related to the difficulty of drug penetration in the 
keratinised structure that makes up the nail plate, with 
constant need for mechanical removal of the affected 
portion (Perusinha  et  al., 2019). Additionally, the long 
duration of the treatment favours its discontinuation, 
which corroborates with the establishment of resistant 
strains, which limits its effectiveness even further (Lipner 
and Scher, 2019; Vieira et al., 2019; Aggarwal et al., 2020). 
Thus, it is necessary to expand the possibilities of current 
treatments, in the search for molecules with antifungal 
potential that may play a viable alternative in the therapy 
of these infections.

Natural products, such as essential oils, are 
an important source of  drugs, which present 
therapeutically important bioactive compounds, such 
as monoterpenes (Dehsheikh  et  al., 2020; Belhadj-
Salah et al., 2022). Among these compounds, citronellal 
presents a range of biological activities described 
in the literature, such as antimicrobial, antioxidant, 
antinociceptive and anti-inflammatory (Santos  et  al., 
2019). The enantiomers of citronellal: (R)-(+)-citronellal 
and (S)-(-)-citronellal [(R)-CIT and (S)-CIT], already have 
antifungal activity described in academic literature 
(Fernandes et al., 2017; Medeiros et al., 2017), however, 
their antifungal activity against C. albicans strains 
from nail infections, as well as the elucidation of their 
mechanism of action has not yet been described.

Therefore, this study aimed to investigate the antifungal 
activity of the monoterpenes (R)-CIT and (S)-CIT against 
C. albicans strains isolated from nail infections, as well as 
the predictive elucidation of their possible mechanisms 
of action.
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100 μL of RPMI-1640 broth, which were incubated for 
24 h at 35 ± 2 °C.

All controls were then performed after 24-48 h of 
incubation, and a reading was carried out to assess MFC 
based on the controls. The MFC is defined as the lowest 
concentration capable of causing complete inhibition 
of fungal growth after 24-48 h (Ncube  et  al., 2008; 
Siddiqui et al., 2013). The MFC/MIC ratio was performed to 
specify the nature of the antimicrobial effect. The product 
will be considered as fungicide when the MFC/MIC ratio 
is between 1:1 to 2:1, on the other hand, if the ratio is 
greater than 2:1, the mode of action is more likely to be 
fungistatic (Ncube et al., 2008).

2.5. Effect on fungal cell wall (assay with sorbitol)

Based on the results of the MIC and MFC, the clinical 
strain of C. albicans LM 600 and the standard strain of 
C. albicans ATCC 76645 were considered representative 
for the next essays. Therefore, the determination of the 
MIC of the substances in the presence of sorbitol (Sigma-
Aldrich®) (osmotic protector of fungal protoplasts) was 
performed by microdilution in 96-well plates, where the 
microorganisms were exposed to different concentrations 
of the test substances in a medium containing sorbitol 
(0.8M). All controls were then performed as already 
described in the previous sections.

2.6. Action on the cell membrane (ergosterol assay)

The determination of the MIC of (R)-CIT and (S)-CIT 
against C. albicans strains (LM 600 and ATCC 76645) in 
the presence of exogenous ergosterol was performed 
by microdilution in 96-well plates. If the antifungal 
activity of the substance tested is caused by its binding 
to ergosterol, the exogenous ergosterol will prevent the 
compound from binding to ergosterol in the fungal cell 
membrane. Therefore, RPMI-1640 broth was used with 
the addition of 400 μg/mL of ergosterol (Sigma-Aldrich®). 
The same procedure was carried out with AMB, whose 
mechanism of action is known and involves interaction 
with ergosterol from the fungal cell membrane to serve 
as a positive control of the results. Growth control of the 
microorganisms was performed with 100 μL of culture 
medium and ergosterol at equal concentrations and 10 μL 
of each standard fungal inoculum. The plates were then 
sealed and incubated at 35 ± 2 °C for 24-48 h for further 
reading (Escalante et al., 2008).

2.7. Molecular docking

Hard molecular docking simulations were performed 
with the respective proteins: 1,3-β-glucan synthase 
(1,3-β-GS) (PBD ID: 1EQC) 1.85 Å, and the lanosterol 
14α-demethylase (CYP51) (PBD ID: 5TZ1) 2.00 Å of 
C. albicans, whose structures were taken from the Protein 
Data Bank (PDB) and loaded into PyMol 2.5.3, for the 
removal of water molecules and the co-crystallised 
ligands (castanospermine and oteseconazole respectively). 
The structures of the (R)-CIT and (S)-CIT ligands were 
obtained from PubChem, and using the software Avogadro 
1.2.0 at pH 7.4 and Mopac2012 at the PM6 level, energy 
minimisation and molecular optimisation were performed 

with the MMFF94 force field (Halgren, 2002; Hanwell et al., 
2012).

Subsequently, the proteins were loaded in the AutoDock 
Tools software (Morris et al., 2009), for the addition of 
hydrogens and Kollman charges, in addition to the mixing 
of non-polar hydrogens. Next, docking simulations were 
performed with the identification of the active sites of the 
targets with the grid centres: 1,3-β-GS (34.282; 35.261; 
56.222 Å), dimensions (40 x 40 x 40 Å) and spacing of 
0.375 Å; CYP51 (71.381; 65.319; 4.808 Å), dimensions 
(40 x 40 x 40 Å) and spacing of 0.375 Å.

After locating the active sites, the docking was developed 
in AutoDock 4.2, with 100 Lamarckian genetic algorithm 
operations and the standard parameters of the AutoDock 
Tools. With this, values of Free Energy of Binding (ΔG) 
and Inhibitory Constant (Ki) were generated, and the 
conformations with the lowest ΔG value were selected. 
Finally, with the aid of PyMol 2.5.3 and Discovery Studio 
2021 software, the results were analysed, determining the 
binding regions of the target with the ligand molecule, the 
types of interactions and the amino acids in the active site 
that participate in the bonds. Validation of the methodology 
was performed by molecular redocking, which consists 
of reflecting the position and orientation of the ligand 
found in the crystallographic structure and selecting the 
conformation of the ligand with the lowest mean square 
deviation (RMSD) the distances between the atoms should 
be ≤ 2,0 Å (Bell and Zhang, 2019).

3. Results

3.1. Fungicidal effect of (R) and (S)-citronellal against 
C. albicans strains

(R)-CIT showed a MIC of 256 μg/mL for 12 (75%) 
strains, while (S)-CIT showed a MIC of 32 μg/mL for 
11 (≈ 69%) of the strains. Fluconazole and voriconazole, 
used as the positive control, showed MIC values between 
1-64 μg/mL. All C. albicans strains were found to be 
resistant to voriconazole, while 4 strains (25%) were 
resistant and 12 (75%) were dose-dependent sensitive 
(S-DD) to fluconazole. The data presented indicated that 
the fungal strains analysed are sensitive to (R)-CIT and 
(S)-CIT enantiomers and that these presented MFC/MIC 
fungicidal activity ≤ 4 (Table 1).

3.2. Effect of (R) and (S)-citronellal on the cell wall of 
C. albicans

The effect of (R)-CIT and (S)-CIT on the fungal cell wall 
was investigated based on the results of the previous 
experiments. C. albicans strains LM 600 and C. albicans ATCC 
76645 were chosen as representative in the analysis of the 
subsequent results. The fungal growth was evaluated in 
the presence and the absence of 0.8 M sorbitol (osmotic 
protoplast protector of fungal protoplasts). The MIC of the 
monoterpenes for both strains increased in the presence of 
sorbitol indicating that these enantiomers interfere with the 
viability of fungal strains through molecular mechanisms 
that probably involve cell wall disruption (Table 2).
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3.3. Effect of (R) and (S)-citronellal on C. albicans cell 
membrane

As a possible mechanism of action, the interference of 
(R)-CIT and (S)-CIT enantiomers with fungal cell membrane 
ergosterol was investigated. The enantiomers in the 
presence of exogenous ergosterol showed an increased 
MIC, indicating that the compounds may interfere with 
fungal cell viability through mechanisms involving the 
fungal cell membrane (Table 3).

3.4. Iterations of (R) and (S)-citronellal with 1,3-β-glucan 
synthase and lanosterol 14α-demethylase in silico

In this study, when redocking was performed, which 
consists in removing the co-crystallized ligands and 
performing docking simulations, it was possible to obtain 
RMSD values lower than 2.0 Å (Table  4), allowing the 
validation of the applied methodology. Moreover, with 
redocking, structures with spatial arrangements (3D) 
were obtained similar to the crystallographic structures 

and the interactions of cocrystals with the active sites of 
enzymes (2D) (Figures 1 and 2).

Following the validation of the methodology, docking 
was performed with the enantiomers (R)-CIT and (S)-
CIT and the 1,3-β-GS and CYP51 enzymes, in which they 
showed moderate affinities in relation to the co-crystallized 
ligands when comparing the binding energies (ΔG) of 
the molecules. Although cocrystals showed lower ΔG 
values and consequently, higher affinity compared to 
monoterpenes, the latter are also capable of binding to 
the enzymes studied (Table 4).

The ΔG between the (R)-CIT and (S)-CIT enantiomers for 
the enzymes under study, as well as the inhibitory constants 
(Ki) also showed discrete differences, and probably the ΔG 
of (R)-CIT is slightly lower compared to (S)-CIT because of 
the total amount of bonds formed, 14 and 12 respectively 
with the 1,3-β-GS enzyme. However, for CYP51 the ΔG 
and Ki of (R)-CIT were slightly lower than that of (S)-CIT 
probably because the former binds to an extra amino acid 

Table 1. MIC values and MFC (µg/mL) of (R) and (S)-citronellal, fluconazole and voriconazole against C. albicans strains by broth microdilution.

Strains
1(R)-CIT 1(S)-CIT 2FLU 3VOR

GC
MIC MFC MFC/MIC Effect MIC MFC MFC/MIC Effect MIC MFC MIC MFC

LM 20 512 1,024 2 Fungicidal 256 128 2 Fungicidal 4 2 1 2 +

LM 35 256 512 2 Fungicidal 32 64 2 Fungicidal 4 2 1 2 +

LM 37 256 1,024 4 Fungicidal 128 128 1 Fungicidal 4 2 1 2 +

LM 65 256 512 2 Fungicidal 32 64 2 Fungicidal 4 2 1 2 +

LM 72 512 1,024 2 Fungicidal 256 64 0.250 Fungicidal 4 4 1 2 +

LM 73 256 512 2 Fungicidal 128 128 1 Fungicidal 4 2 1 2 +

LM 74 256 512 2 Fungicidal 32 64 2 Fungicidal 4 2 1 2 +

LM 95 256 512 2 Fungicidal 32 64 2 Fungicidal 8 4 1 2 +

LM 122 256 512 2 Fungicidal 32 64 2 Fungicidal 4 4 1 2 +

LM 123 256 512 2 Fungicidal 32 64 2 Fungicidal 4 2 1 2 +

LM 157 256 512 2 Fungicidal 32 128 4 Fungicidal 8 2 1 2 +

LM 441 256 512 2 Fungicidal 32 64 2 Fungicidal 4 2 1 2 +

LM 522 512 512 1 Fungicidal 32 64 2 Fungicidal 4 4 1 2 +

LM 600 256 512 2 Fungicidal 32 64 2 Fungicidal 64 4 1 2 +

LM 615 512 1,024 2 Fungicidal 128 128 1 Fungicidal 8 2 1 2 +

ATCC 76645 256 512 2 Fungicidal 32 64 2 Fungicidal 4 2 1 2 +

GC: growth control of the microorganism in RPMI-1640, DMSO (10%), and Tween 80 (2%), without monoterpenes or antifungals. S: susceptible; 
S-DD: susceptible dose-dependent; R: resistant. 1Cutoff points: fungistatic (MFC/MIC ˃ 4) and fungicidal (MFC/MIC ≤ 4) (Siddiqui et al., 
2013). 2Cutoff points: MIC of fluconazole ≤ 2 µg/mL (S); 4 µg/mL (S-DD); ≥ 8 µg/mL (R), document M60 (CLSI, 2017). 3Cutoff points: MIC of 
voriconazole ≤ 0.12 µg/mL (S); ≥ 1 µg/mL (R) (CLSI, 2017).

Table 2. Effect of (R) and (S)-citronellal against C. albicans LM 600 and C. albicans ATCC 76645 in the absence and presence of 0.8M sorbitol.

Drug

MIC (μg/mL)

C. albicans LM 600 C. albicans ATCC 76645

Absence of sorbitol Presence of sorbitol Absence of sorbitol Presence of sorbitol

(R)-CIT 256 >1,024 256 >1,024

(S)-CIT 32 >1,024 32 >1,024
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Table 3 . Effect of (R), (S)-citronellal and amphotericin B against C. albicans LM 600 and C. albicans ATCC 76645 in the absence and 
presence of ergosterol at 400 μg/mL.

Drug

MIC (μg/mL)

C. albicans LM 600 C. albicans ATCC 76645

Absence of ergosterol Presence of ergosterol Absence of ergosterol Presence of ergosterol

(R)-CIT 256 >1,024 256 >1,024

(S)-CIT 32 >1,024 32 >1,024

AMB 32 >256 8 >256

Table 4. Binding energies (ΔG) and inhibition constants (Ki) of the cocrystal ligands (castanospermine and oteseconazole) and the 
experimental enantiomeric ligands (R) and (S)-citronellal against the enzymes 1,3-β-GS (PBD ID: 1EQC) and CYP51 (PBD ID: 5TZ1).

Enzymes Classification
ΔG 

(kcal/mol)
RMSD 

(Å)
Ki

ΔG 
(kcal/mol) Ki

ΔG 
(kcal/mol) Ki

(R)-CIT (S)-CIT

1,3-β-GS Hydrolase - 5.05 0.273 197.15µM - 4.45 548.91µM - 4.41 580.98µM

CYP51 Oxidoreductase - 8.47 0.632 613.44nM - 5.23 147.70µM - 5.13 173.30µM

Figure 1. Redocking of crystallised castanospermine with 1,3-β-GS (PBD ID: 1EQC). A. The 3D diagram of the cocrystal ligand in green 
and the redocking ligand in cyan. B. The 2D diagram of the cocrystal showing the types of interactions with the active site of the enzyme.

Figure 2. Redocking of crystallised oteseconazole with CYP51 (PBD ID: 5TZ1). A. The 3D diagram of the cocrystal ligand in green and 
the redocking ligand in cyan. B. The 2D diagram of the cocrystal showing the types of interactions with the active site of the enzyme.
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(Phe126) and the respective enantiomer is in a more open 
conformation. In addition, the monoterpene (R)-CIT was 
able to interact with the active site of the enzyme 1,3-β-GS 
forming various types of bonds. Among them, van der 
Waals, Pi-sigma, alkyl and Pi-alkyl bonds stand out, in 
addition to the hydrogen bond between the oxygen of the 
enantiomer and the amino acid Asp145 with a binding 
distance of 2.05 Å (Figure 3A, B).

It is still possible to observe the hydrophobicity 
surfaces and the hydrogen donor and acceptor regions 
of (R)-CIT within the active site of the enzyme, given the 
high liposolubility of the monoterpene (Figure  3C,  D). 
Furthermore, (S)-CIT also showed the potential to bind 
to the active site of the enzyme 1,3-β-GS, with practically 
the same types of interactions (Figures 4A, B). However, 
it is worth noting the hydrogen bonds between the 
oxygen of the monoterpene (S)-CIT and the amino acid 
Asn191 (1.92 Å) and the carbon-hydrogen bond with 
the amino acid Glu292 (3.01 Å). For this enantiomer, 
also observed on hydrophobicity and hydrogen donor-
acceptor surfaces the ratios of the chemical groups 
of the monoterpene and the relationships of the 
chemical groups of the monoterpene with the active 
site of the enzyme, highlighting the coherence of these 
interactions (Figures 4C, D).

The enantiomers (R)-CIT and (S)-CIT also interacted 
with the active site of the CYP51 enzyme through various 
types of bonds such as van der Waals, hydrogen bonding, 
Pi-sigma, alkyl and Pi-alkyl. It is important to highlight that 

in general the binding distances of (S)-CIT to the amino 
acids of the active site of the enzyme are shorter than for 
(R)-CIT. In prominence is the interaction of the oxygen of 
(R)-CIT to the amino acid Tyr132, which has a bond distance 
of 2.16 Å. In contrast to (S)-CIT, this same interaction takes 
place with a binding distance of 1.93 Å (Part A and B of 
Figures 5 and 6). Moreover, it is observed that the active site 
of the CYP51 enzyme is rather hydrophobic and contains 
a porphyrin ring with an iron atom in its centre, but due 
to the lipophilic character of monoterpenes, these do not 
perform more stable interactions with this structure (Part 
C and D of Figures 5 and 6).

4. Discussion

Onychomycosis is notoriously difficult to treat due to 
the deep-seated nature of the fungus in the nail plate, 
the prolonged treatment necessary for resolution, the 
low patient compliance and the frequent recurrences 
(Christenson  et  al., 2018). Thus, research into new 
therapeutic alternatives, as well as bioactive molecules 
against C. albicans needs to be studied, especially substances 
with characteristics that have the potential to penetrate 
the structures of the nail unit. In this sense, monoterpenes 
stand out as being molecules of low molecular weight 
and hydrophobic character. Thus, citronellal is a naturally 
occurring monoterpene with two main enantiomeric 
forms, (R)-CIT and (S)-CIT derived mainly from plants of 

Figure 3. Molecular docking of (R)-citronellal with the active site of the enzyme 1,3-β-GS (PBD ID: 1EQC). A. The main types of ligand 
interactions with the active site of the enzyme in 2D. B. The 3D distribution and chemical bond distances of the monoterpene (blue) 
with the amino acids (green) of the enzyme’s active site. C. The 3D surface model showing the regions of the ligand with a higher or 
lower degree and hydrophobicity. D. The 3D surface model of the region of the active site of the enzyme occupied with the ligand 
(blue) and the hydrogen donor and acceptor sites.
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Figure 4. Molecular docking of (S)-citronellal with the active site of the enzyme 1,3-β-GS (PBD ID: 1EQC). A. The main types of ligand 
interactions with the active site of the enzyme in 2D. B. The 3D distribution and chemical bond distances of the monoterpene (blue) 
with the amino acids (green) of the enzyme’s active site. C. The 3D surface model showing the regions of the ligand with a higher or 
lower degree and hydrophobicity. D. The 3D surface model of the region of the active site of the enzyme occupied with the ligand 
(blue) and the hydrogen donor and acceptor sites.

Figure 5. Molecular docking of (R)-citronellal with the active site of the CYP51 enzyme (PBD ID: 5TZ1). A. The main types of ligand 
interactions with the active site of the enzyme in 2D. B. The 3D distribution and chemical bond distances of the monoterpene (blue) 
with the amino acids (green) of the enzyme active site containing the porphyrin group and the iron atom in its centre. C. The 3D surface 
model of ligand hydrophobicity. D. The 3D surface model of the region of the active site of the enzyme occupied with the ligand (blue) 
and the hydrogen donor and acceptor sites.
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the genus Cymbopogon which have various bioactivities 
such as anti-inflammatory, antifungal, antinociceptive, 
antioxidant, among others (Sharma et al., 2019).

Therefore, taking together the in vitro results of this 
study that point out the enantiomers (R)-CIT and (S)-CIT 
with fungicidal activity against C. albicans (CFM/CIM ≤ 4) 
(Table 1), as well as the interference of these monoterpenes 
with the fungal cell wall and plasma membrane; as sorbitol 
is an osmotic protector of the fungal protoplasts when 
added exogenously, the MICs of the enantiomers were 
higher than the MICs in the absence of sorbitol, indicating 
activity of (R)-CIT and (S)-CIT against this microbial 
structure (Table  2) and predictive molecular docking 
with the enzyme 1,3-β-GS directly involved in chitin and 
glucan synthesis, important components of the fungal cell 
wall, indicate that these molecules are active to interact 
with and possibly inhibit the synthesis of this microbial 
structure, and may eventually cause cell death (Zhou et al., 
2022). It is important to note that the redocking ligand 
(castanospermine) binds to the active site of 1,3-β-GS 
with a lower ΔG than the enantiomers and with higher 
affinity, as well as a lower Ki, due to the greater number of 
bonds, mainly hydrogen (Figure 1). However, the (R)-CIT 
and (S)-CIT ligands, showed no significant difference in 
ΔG, also presenting practically the same affinity (Table 4).

Interestingly, (R)-CIT and (S)-CIT also appear to be 
avid against the plasma membrane of C. albicans, given 

that the MICs of the monoterpenes increased when 
exogenous ergosterol was added (main lipid of the fungal 
cell membrane) in relation to the MICs in the absence 
of this lipid, suggesting that possibly these citronellal 
enantiomers bind to ergosterol or interfere with the 
biosynthesis of this molecule (Table 3). Therefore, the 
CYP51 enzyme, oteseconazole (redocking ligand) 
establishes several interactions with the active site of 
the respective enzyme, generating a ΔG = -8.47 kcal/
mol probably due to the size of the ligand, thus enabling 
better molecular complementarity (Figure 2).

In this study, (R)-CIT and (S)-CIT also showed no 
significant difference in ΔG and consequently, the affinities 
are quite close to each other (Table 4). The types of bonds 
of the enantiomers to the enzymes studied were also the 
same, however, the binding distances for (S)-CIT were 
shorter compared to (R)-CIT (Figures 3 and 4). Furthermore, 
the high hydrophobicity of the CYP51 active site may 
account for the lower ΔG when comparing the activities 
of the enantiomers of the two enzymes (Figures 5 and 6). 
Therefore, predictively, these differences may justify 
the better results of the in vitro tests of (S)-CIT against 
C. albicans strains.

Therefore, this monoterpene seems promising 
as an antifungal with possible action on the fungal 
cell wall, because this microbial structure has been 
widely exploited as a target for selective antifungal 

Figure 6. Molecular docking of (S)-citronellal with the active site of the CYP51 enzyme (PBD ID: 5TZ1). A. The main types of ligand 
interactions with the active site of the enzyme in 2D. B. The 3D distribution and chemical bond distances of the monoterpene (blue) 
with the amino acids (green) of the enzyme active site containing the porphyrin group and the iron atom in its centre. C, the 3D surface 
model of ligand hydrophobicity. D. The 3D surface model of the region of the active site of the enzyme occupied with the ligand (blue) 
and the hydrogen donor and acceptor sites.
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therapy, in addition, there is a significant amount of 
evidence that several monoterpenes exert a fungicidal 
effect on C. albicans, interfering with the cell wall and 
plasma membrane of these cells (Zore  et  al., 2011; 
Pereira et al., 2018). Furthermore, the last class of drugs 
approved for clinical use that interfere with 1,3-β-GS 
were the echinocandins (caspofungin, anidulafungin 
and micafungin), which block glucan biosynthesis. 
However, these drugs can be costly and require patient 
hospitalisation due to their low bioavailability in oral 
administration (Chang et al., 2017).

Azole antifungals are the most commonly used drugs 
in the clinic for the treatment of mycoses, due to their 
broad-spectrum activity. Their mechanism of action is 
to inhibit the cytochrome P-450-dependent enzyme 
(CYP51) encoded by the ERG11 gene which converts 
lanosterol to ergosterol in the cell membrane inhibiting 
fungal growth and replication (McManus and Shah, 2019). 
However, the use of these drugs can have disadvantages; 
such as the emergence of strains resistant to azoles due 
to frequent use, and interaction with the cytochrome 
P-450 isoenzymes in the mammalian liver produces an 
increase in the transaminases which are characteristic of 
this class of drugs. In addition, first-generation imidazoles 
and triazoles (Clotrimazole, Miconazole, Ketoconazole, 
Fluconazole and Itraconazole) are fungistatic and not 
fungicidal against Candida (Revie et al., 2018).

In turn, the enantiomers (R)-CIT and (S)-CIT were 
fungicidal against C. albicans and active against CYP51, 
which predictively can interfere with the ergosterol content 
of fungal cells or possibly in a similar way to polygenic 
antifungals such as amphotericin B, by incorporating 
into membrane lipids and promoting the formation of 
permeability pores, as well as cell membrane rupture, 
oxidative damage and fungal cell death (Pereira  et  al., 
2018; McManus and Shah, 2019).

5. Conclusion

In summary, this research indicated that the (R)-CIT 
and (S)-CIT enantiomers are fungicidal against clinical 
strains of C. albicans from onychomycosis resistant to 
voriconazole. And based on the results of the sorbitol 
and ergosterol assays, these monoterpenes seem to 
affect the integrity of the cell wall and membrane of 
C. albicans and consequently its viability. Furthermore, 
molecular docking analyses predictively suggest the 
possibility of (R)-CIT and (S)-CIT interacting with key 
enzymes in the biosynthesis and maintenance of these 
microbial structures. However, further in vitro and in vivo 
investigations, as well as molecular dynamics analyses 
are required to better elucidate the mechanisms of action 
of these molecules.
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