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Abstract

The resistance of Candida albicans to azole drugs represents a great global challenge. This study investigates the potential
fungicidal effects of atorvastatin (ATO) combinations with fluconazole (FLU), itraconazole (ITR), ketoconazole (KET) and
voriconazole (VOR) against thirty-four multidrug-resistant (MDR) C. albicans using checkerboard and time-kill methods.
Results showed that 94.12% of these isolates were MDR to > two azole drugs, whereas 5.88% of them were susceptible to
azole drugs. The tested isolates exhibited high resistance rates to FLU (58.82%), ITR (52.94%), VOR (47.06%) and KET
(35.29%), whereas only three representative (8.82%) isolates were resistant to all tested azoles. Remarkably, the inhibition
zones of these isolates were increased at least twofold with the presence of ATO, which interacted in a synergistic (FIC
index <0.5) manner with tested azoles. In silico docking study of ATO and the four azole drugs were performed against the
Lanosterol 14-alpha demethylase enzyme (ERG11) of C. albicans. Results showed that the mechanism of action of ATO
against C. albicans is similar to that of azole compounds, with a docking score (—4.901) lower than azole drugs (=5.0) due
to the formation a single H-bond with Asp 225 and a pi—pi interaction with Thr 229. Importantly, ATO combinations with
ITR, VOR and KET achieved fungicidal effects (>3 Log, cfu/ml reduction) against the representative isolates, whereas a
fungistatic effect (<3 Log,, cfu/ml reduction) was observed with FLU combination. Thus, the combination of ATO with
azole drugs could be promising options for treating C. albicans infection.
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Introduction

Fungal diseases kill more than 1.5 million per year and affect
over a billion people. However, they are still a neglected
topic by public health authorities even though most deaths
from fungal diseases are avoidable (Bongomin et al. 2017).
Candida genus is one the most important opportunistic fungi
responsible for high morbidity and mortality worldwide,
especially with immunocompromised hosts. The members
of this genus can cause vaginitis, oral candidiasis, cutaneous
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candidiasis, candidemia, and systemic infection (Matthaiou
et al. 2015; Pappas et al. 2015, 2018; Gintjee et al. 2020;
Wall and Lopez-Ribot 2020). Approximately, 80% of Can-
dida infections are caused by C. albicans, although there
is a progressive shift to Candida non-albicans infections
especially C. glabrata, C. tropicalis, C. krusei and C. dub-
liniensis (Friedman and Schwartz 2019).

Four main antifungal classes are used in the treatment of
candidiasis; azoles, polyenes, fluoropyrimidines, and echino-
candins (Santos et al. 2018). However, the limited number of
antifungal drugs represents a leading cause of morbidity and
mortality of fungal infections worldwide. Furthermore, the
toxicity of current antifungal drugs and the increasing inci-
dence of Candida infections, associated with the emergence
of pathogens that are highly resistant to most antifungal
agents, as well as the emergence of drug-resistance by non-
albicans strains of Candida, have demanded steady research
and development of new antifungal drugs that exert their
effects by alternative mechanisms of action and combined
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with low toxicity (Perlin et al. 2017; Santos et al. 2018; Pris-
tov and Ghannoum 2019; Gintjee et al. 2020). Despite the
necessity of the discovery of novel antifungals, the financial
resources for this field of research are still restricted and the
approval process is already long and expensive (Sanglard
2016; Campoy and Adrio 2017; Wall and Lopez-Ribot
2020). Repurposing of existing drugs represents a promising
strategy in developing drug molecules with new therapeutic
indications (Wall and Lopez-Ribot 2020; Juarez-L6pez and
Schceolnik-Cabrera 2021). Based on this perspective, statin
drugs are widely used to reduce cardiovascular event risk
by inhibiting the synthesis of cholesterol in the liver. These
drugs have exhibited other pleiotropic effects; antioxidant,
anticoagulant (Vadivoo et al. 2018), anticancer (Gupta et al.
2019; Di Bello et al. 2020); anti-inflammatory (Koushki
et al. 2021) and antibacterial activities (Ko et al. 2017; Vad-
ivoo et al. 2018, however the antifungal activities of these
drugs remain poorly studied. Interestingly, atorvastatin is
one of statin drugs has shown significant antifungal activ-
ity against different Candida species. particularly against C.
albicans (Esfahani et al. 2019; Lima et al. 2019). Our study
aimed to explore the potential antifungal activity of ATO
against multidrug resistant isolates of C. albicans, as well
as to evaluate its synergistic potential with some azole drugs
against these isolates.

Materials and methods
Candida albicans isolates

Thirty-four C. albicans isolates were obtained from the
clinical laboratory at Kasr El-Ainy Hospital, Cairo, Egypt,
during the period from 2019 to 2020. These isolates were
previously isolated from different clinical specimens (urine,
sputum, pus, wound and blood). The isolates were purified
by streaking on sterile Chromagar Candida plates (Difco)
and incubated at 37 +2 °C for 48 h. The metallic green
colonies (De Angelis et al. 2020) were picked up and sub-
cultured again in Sabouraud dextrose broth medium (SDB,
Oxoid) and incubated at 37 +2 °C for 24 h and then diluted
1:1 with sterile 50% glycerol and stored at —20 °C until use.

Antifungal susceptibility testing

The susceptibility of thirty-four C. albicans isolates to five
different antifungal agents were studied by determination of
the minimum inhibitory concentration (MIC) using micro-
dilution method according to the clinical and laboratory
standards institute (CLSI) guideline (CLSI 2017). Briefly,
the stock solutions of amphotericin B, (AMP, Bristol Myers
Squibb Woerden, The Netherlands), fluconazole (FLU,
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Novartis, Egypt), itraconazole (ITR, Apex pharma, Egypt),
ketoconazole (KET, Ramedia, Egypt) and voriconazole
(VOR, Pfizer, Egypt) powders were separately prepared to
the concentrations 16 mg/l, 128 mg/1, 25.6 mg/l, 16 mg/l and
25.6 mg/1, respectively in 1% dimethyl formamide (Sigma).
Following the two-fold serial dilution of each stock solution
with sterile SDB in a 96-well microtiter plate. The suspen-
sion of each tested isolates was separately prepared in SDB.
Aliquots (100 pL) of each isolate suspension was separately
added to each antifungal diluent. The final inoculum size
of each examined isolate was approximately 1x 10° cfu/ml.
Wells containing 200 pl of un-inoculated and inoculated
SDB were considered as negative and positive controls. All
experiments were conducted in triplicate. The plates were
incubated overnight at 37 +2 °C and then the MIC of each
tested solution was visually determined. The MIC was con-
sidered the lowest concentration of the examined drug capa-
ble of inhibiting of the fungal growth (Espinel-Ingroff et al.
2016). Additionally, MIC of atorvastatin calcium trihydrate
(ATO, EIPICO, Egypt) was determined by the same above-
mentioned method against the representative (the most anti-
fungal resistant) C. albicans isolate at concertation 256 mg/l.

The interaction between ATO and the five different anti-
fungal agents against the representative isolates was ini-
tially investigated by the disc diffusion method using Muel-
ler—Hinton agar containing 200 mg/I glucose and 0.005 mg/I
methylene blue dye (MHG) (CLSI 2017). The overnight
culture of each tested isolates on Sabouraud dextrose agar
medium (SDA, Oxoid) was adjusted to a turbidity equiva-
lent to a 0.5 McFarland standard at 520 nm (approximately
1% 103 cfu/ml). A sterile cotton swab was dipped into each
isolate suspension and spread on the surface of sterile MHG
plates containing 0.0 (control), 0.5 and 1.0 mg/1 ATO. Fol-
lowing the inoculation, the plates allowed to dry before plac-
ing the discs [AMP (100 pg), FLO (25 pg), ITA (8 pg), KET
(15 pg), and VOR (1 pg)]. Additionally, discs containing
100 pg ATO were made in-house as a part of this study.
These discs were placed on control MHG plates. All the
plates were incubated for 24 h at 37 +2 °C. Following the
incubation, the diameter (mm) of inhibition zone around
each disc was measured.

Docking study
Ligand preparation

ATO, FLU, ITR, KET, and VOR chemical structures
were retrieved from the PubChem database (https://pubch
em.ncbi.nlm.nih.gov) (Fig. 1). LigPrep 2.4 software was
used for ligand energy minimization and preparation. The
energy minimization of compounds was carried out using
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Fig. 1 The chemical structure of A Atorvastatin, B Fluconazole, C Itraconazole, D Ketoconazole and E Voriconazole
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Fig.2 ERGI11 3D structure (PDB: 5V5Z)

the Macromodel minimization tool of the Maestro Version
12.8.117 Schrodinger software.

Protein preparation

The Protein Data Bank (PDB) database (https://www.rcsb.
org/) was used to obtain the complete structure of the Lanos-
terol 14-alpha demethylase enzyme (ERG11) of Candida
albicans based on accession number PDB: 5V5Z Fig. 2
(Keniya et al. 2018).

Homology Model 3D Structure Build

Homology modeling of HMG-CoA reductase sequences
was carried out. The Swiss-modeling server (https://swiss
model.expasy.org/) was used to predict the homology 3D
structure of HMG-CoA reductase based on target protein
sequence alignment using ProMod3 and QMEAN scoring
function (Guex et al. 2009; Benkert et al. 2011; Remmert
et al. 2012; Bertoni et al. 2017; Waterhouse et al. 2018). The
three-dimensional quaternary structure of the templates was
used to build models of target proteins with the accession
number (pdb: 3cd0) (Sarver et al. 2008).

In silico Molecular modelling

In silico docking was used to determine the inhibitory mode
of action of the studied ligands. Maestro 12.8 software was
used to conduct inhibitory binding mode of action studies
on ligands. The ligands were docked using the Schrodinger
Maestro 11.9 software and Glide's standard Precision (SP)
(Friesner et al. 2006). The grid box size was set to 20 A by
default for each protein.
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Homology model analysis

An analysis of homology models for reductase of HMG-
CoA revealed 59.16% identity for coenzyme A reductase
(HMG-CoA reductase) of 3-hydroxy-3-methylglutaryl (pdb:
3cd0) (Sarver et al. 2008). The three-dimensional structure
of HMG-CoA reductase was depicted in Fig. 3.

In vitro synergy assay

The fractional inhibitory concentration (FIC) of ATO combi-
nations with FLU, ITR, KET and VOR against the represent-
ative isolates was evaluated by checkerboard microdilution
method (Lima et al. 2018). Briefly, two-fold serial dilutions
of ATO (50 pl) and the tested antifungal agent (50 pl) were
dispensed in horizontal and vertical orientations, respec-
tively. Next, aliquot (100 pL) of each isolate suspension was
separately added to each diluent. The final concentrations of
ATO and tested antifungal agents were ranged from 2 X MIC
to 1/16 MIC, whereas the final inoculum size of each isolate
was approximately 1x 10° cfu/ml. Tests were conducted in
triplicate. The plates were incubated overnight at 37 +2 °C
and then the FIC index of each combination was calculated
as follows: FIC index =FIC 1o +FIC ¢ gryg, Where the
FIC value is calculated as follows: MIC of drug in combi-
nation/ MIC of drug alone. The interpretation of FIC index
was defined as synergism (FIC index <0.5), indifference
(0.5>FIC index < 4), and antagonism (FIC index >4) (Lee
et al. 2012). Based on the FIC index, the synergistic ATO
combinations were selected in the subsequent studies.

Time-Kill kinetic Assay

Time-kill experiments were conducted with sterile
50 ml SDB in 200 ml bottles. Time-kill assay of ATO
combinations with different antifungal agents against
the representative isolates was performed as follows;

Fig.3 The homology model of HMG-CoA reductase
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the suspension of each examined isolate was separately
prepared and adjusted to approximately a 0.5 McFarland
standard (approximately 1x 10° cfu/ml) in sterile SDB
containing single (ATO, FLU, ITR, KET or VOR) and
combination (ATO/FLU, ATO/ITR, ATO/KET or ATO/
VOR) drugs, whereas inoculated sterile SDB was used as
control. Test and control treatments were incubated over-
night at 37 + 2 °C on rotary shaker (150 rpm). Aliquots of
20 ul were removed at 0 and 24 h, serially diluted ten-fold
with sterile distilled water, plated on SDA plates and incu-
bated 48 h at 37 +2 °C for colony count determination.
Tests were conducted in triplicate and the combined data
were presented as mean of bacterial counts (Log;, cfu/
ml) at each time point. For judgment of the interaction
between ATO and the tested antifungal agents, synergism
was defined as a>2 Log,, decrease in cfu/ml and indif-
ference as a <2 Log,, decrease in cfu/ml compared to the
most active drug, and antagonism as a >2 Log,, increase
in CFU/ml compared to the least active drug (Li et al.
2014). The time-kill curve of control and each treatment
was constructed by plotting the cfu/ml surviving at each
time point. Fungistatic and fungicidal effects were defined
as <3 Log,, and >3 Log,, reductions in cfu/ml from the
starting inoculum, respectively (Scorneaux et al. 2017).

Results

The susceptibility of thirty-four C. albicans isolates to five
different antifungal agents was evaluated through the deter-
mination of the MIC using the broth microdilution method.
As shown in Table 1, out of the thirty-four isolates, 20
(58.82%) isolates were resistant to FLU, 18 (52.94%) iso-
lates were resistant to ABP and ITR, 16 (47.06%) isolates
were resistant to VOR, and 12 (35.29%) isolates were resist-
ant to KET. Notably, the sensitivity to all used antifungal
agents was only observed with 2 (5.88%) isolates, whereas
the resistance was only observed with 3 (8.82%) isolates.
These isolates were selected as representative isolates for
the subsequent studies.

The susceptibility results of the representative isolates
(CA1, CA2 and CA3) to FLU, ITR, VOR, KET, AMB and
ATO are summarized in Table 2. The results showed that
FLU and KET exhibited the highest antifungal activities
against the examined isolates, with inhibition zones ranging
from 30 mm to 40 mm, followed by VOR and ITR, with inhi-
bition zones ranges (30-35 mm) and (17-20 mm), respec-
tively. Whereas AMB and ATO exhibited the lowest antifun-
gal activities against the examined isolates, with inhibition
zones ranges (13—17 mm) and (13-20 mm), respectively.
It worth noting that adding 0.5 mg/l ATO to HMG was

Table 1 Susceptibility of thirty-

S tibilit tt
four Candida albicans isolates HScepUbIty patier

Antifungal agents

to five different antifungal AMP FLU ITR VOR KET All
agents ) )
No. of C. albicans isolates (%)
Resistant 18 (52.94)  20(58.82) 18 (52.94) 16 (47.06) 12(35.29) 3(8.82)
Sensitive 16 (47.06) 14 (41.18) 16 (47.06) 18 (52.94)  22(64.71)  2(5.88)

No Number, AMP Amphotericin B, FLU Fluconazole, ITR Itraconazole, VOR voriconazole, KET Keto-

conazole

Table 2 Susceptibility of the
three representative isolates to

Antimicro- Zone inhibition (mm) of drug discs on MHG

MIC (mg/l)/ Interpreta-

; N bial agents
atorvastatin and five different

Control (ATO- free) ATO (0.5 mg/l)

tion
ATO (1.0 mg/1)

antifungal agents - -
C. albicans isolates

CA1 CA2 CA3 CA1 CA2 CA3 CA1 CA2 CA3 CAl1 CA2 CA3
ATO 13 20 20 ND ND ND ND ND ND 32/ND 16/ND 16/ND
AMP 13 17 17 14 13 15 11 10 14 40/R 20R 20/R
FLU 32 30 40 58 53 55 62 60 65 16/R  8.0/R  8.0/R
ITR 17 20 20 28 30 28 35 32 33 32/R 1.6/R 1.6/R
VOR 35 30 35 57 60 60 60 62 65 40/R 4.0R 20/R
KET 40 30 35 57 60 60 60 62 65 32/R  1.6/R 128/R

ATO Atorvastatin, AMP Amphotericin B, FLU Fluconazole, ITR Itraconazole, VOR voriconazole, KET
Ketoconazole, CAl, 2 & 3 Candida albicans isolate 1, 2 & 3, respectively, MHG Mueller—Hinton agar con-
taining 200 mg/1 glucose and 0.005 mg/I methylene blue dye, MIC The minimum inhibitory concentration,

MFC The minimum fungicidal concentration, ND Not determined, R Resistant, S Sensitive
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significantly increased the inhibition zones of the first four
antifungal agents to the ranges (53-55 mm), (57-60 mm),
(57-60 mm) and (28-30 mm), respectively. Moreover,
adding 1.0 mg/l ATO to HMG was significantly increased
the inhibition zones of the first three antifungal agents to
the range (60-65 mm). whereas the antifungal activities
of ITR against the three isolates were slightly increased,
with inhibition zones ranging from 23 mm to 35 mm. Con-
versely, adding 1.0 mg/l ATO to HMG was decreased the
inhibition zones of AMP against the three isolates from the
range (13-17 mm) to (10-14 mm). Thus, this antifungal
agent was excluded in the subsequent studies (Fig. 4). The
highest MIC values of the tested drugs were observed with
ATO followed by FLU, AMP, KET, VOR and ITR, with
MIC ranges (16-32 mg/1), (8.0-16 mg/l), (3.2-12.8 mg/1),
(2.0-4.0 mg/1), (2.0-4.0 mg/1) and (1.6-3.2 mg/l), respec-
tively (Table 2).

An in-silico approach is a complementary strategy to the
animal studies used to elucidate molecular mechanisms.
While the ERG11 gene in C. albicans encodes lanosterol
demethylase, which is the target of azole antifungals, ATO
is a synthetic lipid-lowering agent. ATO inhibits hydrox-
ymethyl-glutaryl coenzyme A (HMG-CoA) reductase in a
competitive manner (Table 3).

The docking results of the investigated ligands against
ERG11 and HMG-CoA) reductase and the H-bond distances
in angstrom (A) with the interreacting amino-acid residue(s)
are shown in Fig. 5 and 6 and Table 3. ATO's binding affinity
for HMG-CoA reductase was high (—5.472 kcal/mol) due

C. albicans CA1

AN
S \
VOR °VOR° |
o FLU ‘

. ATO

Fig.4 The antifungal activity of four different antifungal agents
against representative Candida albicans isolates in the presence and
absence of atorvastatin. ATO Atorvastatin, AMP Amphotericin B,
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C. albicans CA2

to the formation of two H-bonds with Gly (C) 715 (1.84 A)
and Ser (c) 720 (1.83 A). KET, VOR, and ITR all had a high
binding score of —5.375, —5.325, and —5.256, respectively,
with the formation of two hydrogen bonds with Ser (D) 841
(2.14 A) and Asn (D) 813 (2.30 A) in KET, one hydrogen
bond with Glu (C) 714 (1.73) in VOR, and one hydrogen
bond with Asn (D) 813 (2.33 A) in ITR. FLU, on the other
hand, had a lower binding score of —4.794 and formed one
H-bond with Glu (C) 714 (1.68 A). (Table 3 and Fig. 5).

Additionally, KET and FLU inhibited the active site
in their interactions with ERG11, with docking scores
of —6.642 and —6.452, respectively. KET formed three
H-bonds with GIn 66 (1.99 A), His 373 (2.44 A), and Ser
378 (1.96 A), whereas FLU formed two H-bonds with Met
508 (2.43 A), and Asp 225 (2.00 A). However, VOR and
ITR had docking scores of —5.507 and —5.308, respectively,
due to the formation of one H-bond with Asp 225 (1.65
A) in the case of VOR and Two H-bonds with GIn 309 (2
H-bonds) with distance of 2.60 A and 2.77 A in the case
of ITR, as well as a pi—pi interaction with His 310 and pi
interaction Lys 226. ATO, on the other hand, had a docking
score of —4.901 due to the formation of a single H-bond
with Asp 225 (1.77 A) and a pi—pi interaction with His 310.
(Table 3 and Fig. 6).

The checkerboard results of ATO combinations with
FLU, ITR, VOR or KET against the representative iso-
lates are summarized in Table 4. The results demonstrated
that all the ATO combinations were able to interact syn-
ergistically (FIC index <0.5) against the tested isolates,

C. albicans CA3

FLU

FLU Fluconazole, ITR Itraconazole, VOR Voriconazole, KET Keto-
conazole, A: Control medium (ATO- free), B: Medium containing
0.5 mg/l ATO, C: Medium containing 1.0 mg/l ATO
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Table 3 The docking score of HMG-CoA and ERG11
Antimi- HMG-CoA reductase ERGI11
crobial
agenlts Docking score Interaction Interreacting H-bond Docking score Interaction Interreacting H-bond
amino-acid distances amino-acid distances
residue(s) (A) residue(s) (A)
ATO -5.472 Gly (C) 715 Gly (C) 715 1.84 —4.901 Asp225form 1 Asp 225 1.77
and Ser (C) Ser (C) 720 1.83 H-bonds
720 form 2 His 310 form pi—
H-bonds pi interaction
FLU —4.794 Glu (C) 714 Glu (C) 714 1.68 —6.452 His 310 form pi— Asp 225 2.00
piinteraction et 508 2.43
Asp 225, and
Met 508 form
2 H-bonds
ITR -5.256 Asn (D) 813 Asn (D) 813 233 —5.308 His 310 form pi— Gln 309 2.60
form 1 H-bond pi interaction 277
Lys 226 form pi-
interaction
Gln 309 form 2
H-bonds
VOR -5.325 Glu (C) 714 Glu (C) 714 1.73 -5.507 Asp225form 1 Asp 225 1.65
H-bond
KET -5.375 Asn (D) 813, Asn (D) 813 2.30 —6.642 Gln 66,Hid Gln 66 1.99
and Ser (D) Ser (D) 841 )14 373,and Ser  His 373 2.44
841 form 2 378 form 3 Ser 378 1.96
H-bonds H-bonds ’

ATO Atorvastatin, FLU Fluconazole, ITR Itraconazole, VOR Voriconazole, KET Ketoconazole, HUG-CoA Hydroxymethyl-glutaryl coenzyme

A, ERG11 gene It encodes lanosterol demethylase in C. albicans

with a four-fold reduction in the MICs of these drugs. It
worth noting that the MIC values of azole drugs in these
combinations were significantly decreased lower than the
susceptible breakpoints. In these combinations, MICs
of ATO, FLU, ITR, VOR and KET were significantly
decreased from the ranges (16-32 mg/l), (8.0-16 mg/l),
(1.6-3.2 mg/1), (2.0-4.0 mg/l) and (1.6—12.8 mg/l) to
4.0 mg/1, (1.0-4.0 mg/1), (0.2-0.4 mg/1), (0.25-0.5 mg/l)
and (0.4-1.6 mg/l), respectively.

Time-kill results of FLU, ITR, VOR or KET and their
respective combinations with ATO against the represent-
ative isolates (CA1l, CA2 and CA3) are summarized in
Table 5. The results demonstrated that none of the exam-
ined drugs in monotherapy were able to stop fungal growth
completely. Remarkably, ATO (MIC levels) at concentra-
tions 32 mg/l, 16 mg/l and 16 mg/1 exhibited bactericidal
effects against CA1, CA2 and CA3 after 24 h of exposure,
with reductions of 3.0, 3.13 and 4.13 Log,, cfu/ml of the
initial inoculum, respectively. Interestingly, the combina-
tion of ATO (4 mg/l) with ITR, VOR or KET (sub-MIC
level) against different representative isolates produced
synergistic and fungicidal effects after 24 h of exposure,
with a reduction range (3.0-3.7 Log,, cfu/ml) of the initial
inoculum. Whereas, the combination of ATO (4 mg/l) with
FLU exhibited synergistic and fungicidal effects after 24 h

of exposure, with reduction range (2.34-2.7 Log,, cfu/ml)
of the initial inoculum.

Discussion

In recent years, multidrug-resistant fungi have become a
serious health problem worldwide. Improper and extensive
usage of antifungal drugs results in selective pressure sup-
porting the rise of antifungal-resistant fungi. At present,
clinical isolates of Candida spp. are considered to be one
of the highly resistant fungi to most traditional antifungal
drugs(Costa-de-oliveira and Rodrigues 2020; Tan et al.
2021) Among the different strategies to fight and overcome
antifungal resistance, drug repurposing or finding new indi-
cations for old drugs represents a promising alternative
strategy to drug development and bypass antifungal drug
resistance (Vadivoo et al. 2018; Lima et al. 2019; Kim et al.
2020). Considering the scarce number of studies on statin
drugs as antifungals against C. albicans, we aimed to fur-
ther characterize the in vitro activity of ATO alone and in
combinations with azole drugs against MDR C. albicans.
In the present study, 94.12% (32/34) of the tested C.
albicans isolates were MDR resistant to at least two differ-
ent azole drugs, whereas 8.82% (3/34) and 5.88% (2/34) of
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Fig.5 Showed the interaction
of 3-hydroxy-3-methylglutaryl
coenzyme A reductase with A
Atorvastatin, B Fluconazole, C
Itraconazole, D Ketoconazole,
and E Voriconazole
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Fig.6 Showed the interaction of
ERG11 with A Atorvastatin, B
Fluconazole, C Itraconazole, D
Ketoconazole, and E Voricona-
zole

(A)

ASP 225 243 ..'

LYS 226

@

(E)
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Table 4 FIC values of atorvastatin combinations with four different antifungal agents against the three representative isolates

Combinations Parameters

MIC (mg/1) FIC alone FIC index () FIC)

Alone In combination

C. albicans isolates

CAl CA2 CA3 CAl CA2 CA3 CAl CA2 CA3 CAl CA2 CA3
ATO/ FLU 32/16  16/8.0 16/8.0 4.0/4.0 4.0/20 4.0/1.0 0.125/0.25 0.25/0.25 0.125/0.125 0.375(S) 0.50(S) 0.25(S)
ATO/ITR 32/3.2 16/1.6 16/1.6 4.0/04 4.0/04 4.0/0.2 0.125/0.125 0.25/0.25 0.125/0.125 0.25(S) 0.50(S) 0.25(S)
ATO/VOR  32/4.0 16/4.0 16/2.0 4.0/0.5 4.0/0.5 4.0/0.25 0.125/0.125 0.25/0.125 0.125/0.250 0.25(S) 0.375(S) 0.375 (S)
ATO /KET 32/3.2 16/1.6 16/12.8 4.0/0.4 4.0/0.4 4.0/1.6 0.125/0.125 0.25/0.25 0.125/0.125 0.25(S) 0.50(S) 0.25(S)

ATO Atorvastatin, FLU Fluconazole, ITR Itraconazole, VOR Voriconazole, KET Ketoconazole, HUG-CoA Hydroxymethyl-glutaryl coenzyme
A, ERG11 gene: it encodes lanosterol demethylase in Candida albicans, (C) & (D) are C and D chains, respectively

Table 5 Summary of in vitro time kill assays of the synergetic combinations of atorvastatin with four different antifungal agents against the three
representative isolates

The concentration of the antimi-
crobial agents (mg/l)

Antimicrobial agents Log,, cfu/ml

Oh 24h A Log;, cfu/ml

Candida albicans isolates

CAl CA2 CA3 CAl CA2 CA3 CAl CA2 CA3 CAl CA2 CA3
Control 0.0 0.0 0.0 4.74 4.78 4.74 6.30 6.48 6.40 1.56 1.70 1.66
ATO 4.0 4.0 4.0 4.70 4.70 4.65 5.60 5.30 5.48 0.90 0.60 0.82
FLU 4.0 2.0 1.0 4.74 4.74 4.70 5.40 5.54 5.48 0.66 0.80 0.78
ITR 0.4 0.4 0.2 4.65 4.65 4.70 5.65 5.48 5.60 1.00 0.82 0.90
VOR 0.5 0.5 0.25 4.65 4.74 4.54 5.48 5.60 5.48 0.82 0.86 0.93
KET 0.4 0.4 0.4 4.74 4.70 4.60 5.60 5.54 5.54 0.86 0.85 0.94
ATO 32.0 16.0 16.0 4.74 4.78 4.84 1.70 1.65 1.70 -3.00 -3.13 -3.14
ATO/FLU 4.0/4.0 4.0/2.0 4.0/1.0 4.70 4.81 4.60 2.00 2.00 2.18 -2.70 -2.81 -2.43
ATO/ITR 4.0/0.4 4.0/0.4 4.0/0.2 4.78 4.70 4.74 1.70 1.70 1.70 -3.08 -3.00 -3.04
ATO/VOR 4.0/0.5 4.0/0.5 4.0/0.25 4.74 4.78 4.74 1.70 1.70 1.70 -3.04 -3.08 -3.04
ATO/KET 4.0/0.4 4.0/0.4 4.0/0.4 4.74 4.74 4.70 1.18 1.70 1.00 -3.56 -3.04 -3.70

ATO Atorvastatin, FLU Fluconazole, ITR Itraconazole, VOR Voriconazole, KET Ketoconazole, CAl, 2 & 3: Candida albicans isolates 1, 2 &
3, respectively, MIC The minimum inhibitory concentration, FIC The fractional inhibitory concentration, S Synergism, FIC = MIC of drug in
combination/MIC of drug alone, FIC index = FIC ATO + FIC azole drug, Synergism (FIC index < 0.5), Indifference (0.5 > FIC index < 4), and
Antagonism (FIC index > 4)

these isolates were resistant and sensitive to all used drugs,
respectively. These finding may also highlight the possible
impact of the inappropriate antifungal use on the emergence
of such massive azole resistance rates in Egypt, the fact
that could be attributed to providing treatment for patients
without performing antifungal susceptibility testing, which
is essentially important to customize an appropriate thera-
peutic plan for each case individually. The obtained results
are consistent with recent studies, which noticed that due
to the wide usage of azole drugs and prolonged antifungal
therapy, the number of azole-resistant Candida isolates is
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still increasing (Bhattacharya et al. 2020; Zhang et al. 2020;
Tan et al. 2021).

Results of the antibiogram analysis demonstrated that
C. albicans isolates exhibited high resistance rates to FLU
(58.82%), ITR (52.94%), VOR (47.06%), and KET (35.29%).
These findings are partially compatible with those recently
reported in Egypt (Hassan et al. 2017; Khairat et al. 2019).
(Hassan et al. 2017) revealed that the resistance rates of C.
albicans isolates to FLU, KET and ITR reached to 61.2%,
56.7% and 43.3%, receptively. Moreover, these proportions
elevated to 93.3%, 87.8% and 100%, respectively (Darma
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et al. 2020). Another study conducted in Egypt reported
that 100% of C. albicans isolates were resistant to FLU and
VOR (El-Houssaini et al. 2019). On the contrary, (Khairat
et al. 2019) found that the sensitivity of C. albicans isolates
to FLU and ITR were 64% and 73%, respectively. Other
studies found that the resistance rates of C. albicans to dif-
ferent azole drugs are lower than 20% (Zhang et al. 2014;
Nagashima et al. 2016). These variations in azole resistance
profiles probably due to the different sources and localities
of collections of the clinical specimens in addition to the
rational antifungal prescription (El-Houssaini et al. 2019).
It is worth noting that the major mechanism responsible
for azole resistance is the mutations in ERG11 gene, which
encodes the lanosterol 14 a-demethylase enzyme (Henry
et al. 2000) or overexpression of drug efflux pumps, which
results in a decreased intracellular drug concentration (Paul
and Moye-Rowley 2014).

Data of the present study demonstrated that ATO exhib-
ited antifungal activity against various representative iso-
lates of MDR C. albicans. Notably, in silico docking results
of ATO and the four azole drugs against the Lanosterol
14-alpha demethylase enzyme (ERG11) of C. albicans dem-
onstrated that the mechanism of action of ATO against C.
albicans is similar to that of azole compounds, with docking
score (—4.901) lower than azole drugs (>5.0) due to the for-
mation a single H-bond with Asp 225 and a pi—pi interaction
with Thr 229. Additionally, in silico and molecular docking
results showed that ATQO's binding affinity for HMG-CoA
reductase was high (—5.472 kcal/mol) due to the formation
of two H-bonds with Gly (C) 715 and Ser (c) 720. These
finding are consistent with previous study, which revealed
that a research on statin drugs originated with the intention
of developing new antimicrobial agents as the inhibition of
B-Hydroxy p-methylglutaryl-CoA (HMG-CoA) reductase,
results in the death of microorganisms (Liao 2005). Other
studies mentioned that the antifungal activates of ATO and
other statin drugs can be attributed to the inhibition of ergos-
terol and isoprenoid-biosynthesis are thought to result in
these antifungal properties (Rahal et al. 2015; Rodrigues
2018; Lima et al. 2019) noticed that statin drugs do not
act on the fungal membrane or wall, but instead stimulate
farnesol-dependent pathogenicity factors such as yeast-to-
hyphal transition and biofilm generation.

In this study, ATO exhibited broad-spectrum synergis-
tic interactions with different azole (FLU, ITR, VOR and
KET) drugs against the MDR C. albicans isolates. The
inhibition zones of azole drugs against these isolates were
significantly increased at least two-fold with the presence
of ATO, whereas it decreased the inhibition zones of AMP
against the same isolates. These synergistic interactions
are supported by the results of checkerboard experiments,
which demonstrated that the interactions of ATO combina-
tions with different azole drugs were synergism (FICI<0.5)

and MICs of these drugs in these combinations were sig-
nificantly decreased to the values lower than the suscepti-
ble break-points. The synergism between ATO and azole
drugs might be attributed to the combined action of these
drugs in reducing fungal ergosterol synthesis, which led to
increasing cell membrane permeability and increasing the
penetration of azoles in the fungal cell (Chamilos et al. 2006;
Nyilasi et al. 2010; Cabral et al. 2013; Lima et al. 2019). The
obtained results are consistent with previous studies, which
mentioned that there were synergistic interactions between
statins and azole drugs against Candida spp. Saccharomyces
cerevisiae and different filamentous fungi (Lorenz and Parks
1990; Chamilos et al. 2006; Nyilasi et al. 2010). Similarly,
the recent studies mentioned that combinations of ATO
with azole drugs produced synergistic effects against differ-
ent Candida sp. (Lima et al. 2019; Eldesouky et al. 2020).
Decreasing of inhibition zones of amphotericin B with the
presence of ATO is probably due to that ATO reduces the
synthesis of the fungal ergosterol, which is the target of
amphotericin B, and a decrease in this molecule is one of the
mechanisms developed by amphotericin B resistant Candida
spp. (Lima et al. 2019).

Herein, the results of time-kill experiments demonstrated
that ATO at MIC levels produced fungicidal effects against
various representative isolates. Interestingly, the combina-
tions of ATO with ITR, VOR, KET and FLU at sub-MIC lev-
els produced fungicidal effects (>3 Log, cfu/ml reduction)
with the first three drugs and exhibited a fungistatic effect
(£3 Log,( cfu/ml reduction) with the fourth drug against
these isolates. To our knowledge, this is the first study that
has determined the fungicidal interactions between ATO
and ITR, VOR, KET or FLU against MDR C. albicans. The
same fungicidal effects were associated the combinations
of Fluvastatin (Lima et al. 2019) or pitavastatin (Eldesouky
et al. 2020) with azole drugs produced fungicidal effects
against Candida ssp., especially C. albicans.

Conclusion

Our results suggest new promising combinations of ATO
with ITR, VOR, KET or FLU against MDR C. albicans.
MICs of azole drugs in these combinations were signifi-
cantly decreased to the susceptible breakpoints and exhibited
fungicidal effects with the first three drugs and a fungistatic
effect with the fourth drug. The limitation of this study
includes that the number of MDR C. albicans was relatively
low and we don’t use reference azoles resistant C. albicans.
These limitations were due to the prevalence of COVID-19
in worldwide, especially in Egypt, where all hospitals con-
sidered quarantine areas and the imported reference strains
were not available during the time of the study. Finally, we
agree that further work will be required to confirm these
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results and to assess the in vivo benefit of these combina-
tions in treatment of MDR C. albicans.
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