
Journal of Advanced Research 34 (2021) 65–77
Contents lists available at ScienceDirect

Journal of Advanced Research

journal homepage: www.elsevier .com/locate / jare
Hinokitiol chelates intracellular iron to retard fungal growth by
disturbing mitochondrial respiration
https://doi.org/10.1016/j.jare.2021.06.016
2090-1232/� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Peer review under responsibility of Cairo University.
⇑ Corresponding authors at: School of Pharmaceutical Sciences, Shandong University, 44 West Wenhua Road, Jinan 250012, China.

E-mail addresses: changwenqiang@sdu.edu.cn (W. Chang), louhongxiang@sdu.edu.cn (H. Lou).
Xueyang Jin a, Ming Zhang b, Jinghui Lu a, Ximeng Duan a, Jinyao Chen a, Yue Liu a, Wenqiang Chang a,⇑,
Hongxiang Lou a,⇑
aDepartment of Natural Product Chemistry, Key Laboratory of Chemical Biology (Ministry of Education), School of Pharmaceutical Sciences, Cheeloo College of Medicine,
Shandong University, Jinan, Shandong 250012, China
b Institute of Medical Science, The Second Hospital, Cheeloo College of Medicine, Shandong University, Jinan, Shandong 250012, China
g r a p h i c a l a b s t r a c t
a r t i c l e i n f o

Article history:
Received 14 February 2021
Revised 1 June 2021
Accepted 15 June 2021
Available online 17 June 2021

Keywords:
Hinokitiol
Candida
Iron chelator
Mitochondria
Drug resistance
a b s t r a c t

Introduction: The increasing morbidity of fungal infections and the prevalence of drug resistance high-
lighted the discovery of novel antifungal agents and investigation of their modes of action. Iron chelators
have been used to treat superficial fungal infections or potentiate the efficacy of certain antifungal drugs.
Hinokitiol exhibits potent antifungal activity and iron-chelating ability. However, their relationships have
not been established.
Objectives: This study aims to explore the selectivity of hinokitiol against fungal cells and mammalian
cells and determine the role of iron-chelating for the antifungal activity of hinokitiol.
Methods: Iron probe FeRhonox-1 was used to determine intracellular Fe2+ content. 5-Cyano-2,3-ditolyl
tetrazolium chloride probe and Cell Counting Kit-8 were used to detect the mitochondrial respiratory
activities. Quantitative real-time PCR and rescue experiments were performed to determine the effect
of iron on the antifungal activity of hinokitiol. The effects of hinokitiol on fungal mitochondria were fur-
ther evaluated using reactive oxygen species probes and several commercial Assay Kits. The ability of
hinokitiol to induce resistance in Candida species was carried out using a serial passage method. The
in vivo therapeutic effect of hinokitiol was evaluated using Galleria mellonella as an infectious model.
Results: Hinokitiol was effective against a panel of Candida strains with multiple azole-resistant mecha-
nisms and persistently inhibited Candida albicans growth. Mechanism investigations revealed that
hinokitiol chelated fungal intracellular iron and inhibited the respiration of fungal cells but had minor
effects on mammalian cells. Hinokitiol further inhibited the activities of mitochondrial respiratory chain
complexes I and II and reduced mitochondrial membrane potential, thereby decreasing intracellular ATP
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synthesis and increasing detrimental intracellular reductive stress. Moreover, hinokitiol exhibited low
potential for inducing resistance in several Candida species and greatly improved the survival of
Candida-infected Galleria mellonella.
Conclusions: These findings suggested the potential application of hinokitiol as an iron chelator to treat
fungal infections.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Candida species cause various superficial and systemic fungal
infections and are an important focus of antifungal research [1,2].
Invasive candidiasis was globally estimated to occur in >250,000
patients each year with a mortality rate exceeding 40% [3]. Candida
albicans is the leading cause of candidemia. Candida species have
developed multiple resistant mechanisms to counteract antifungal
agents, particularly the azole drugs [3]. The rapid evolution of
resistance and the slow development of new therapies result in
tough challenges to global health and are particularly grim in the
developing world [4]. High mortality and the emergence of drug
resistance highlight the need for novel antifungals. While synthetic
efforts remain the mainstream in the antifungal drug discovery,
natural products provide drugs including amphotericin B and
caspofungin, which have novel mechanisms [5].

Hinokitiol, a tropolonemonoterpeneisolatedfromcupressaceous
plants, exhibits diverse pharmacological effects, such as anti-
inflammatory, antioxidant, antitumor and antimicrobial activities
[6–9].Hinokitiolhasbeenusedinfoodpreservationandhasexcellent
biologicalsafety,with lowcytotoxicitytowardsmanynormalhuman
cell lines, such as human pulp cells, oral epithelial cells and vascular
smoothmuscle cells, and low chronic toxicity in vivo [9–13]. Hinoki-
tiol has been suggested to inhibit the growth and virulence factors of
Candida speciesby regulating theRas1-cAMP-PKApathwayand tran-
scriptionfactorsassociatedwithhyphal formation[14],but theexact
molecular mechanisms of the antifungal action of hinokitiol remain
elusive. In this study, we examined the role of iron chelation in the
antifungal activity of hinokitiol.

Hinokitiol can bind iron via its hydroxyketone moiety [15] and
has been reported to inhibit the progression of Parkinson’s disease
by chelating iron in susceptible cerebral regions [16]. Intracellular
iron is essential for many vital physiological processes, such as
electron transport chains and oxygen transport [17]. Some iron
chelators have exhibited potential for the treatment of fungal
infections either directly or by enhancing the sensitivity of cells
to antifungal drugs such as fluconazole (FLC) and nystatin [18–21].

Here, we observed that hinokitiol significantly inhibited the
growth of Candida species, including a panel of drug-resistant iso-
lates. Depletion of fungal intracellular iron by hinokitiol inhibited
mitochondrial respiration and decreased mitochondrial membrane
potential (mtDw), which in turn led to a decline in intracellular
ATP generation and an increase in detrimental reductive stress.
Hinokitiol exhibited very low potential in inducing drug resistance,
probably due to its inability to induce cellular stress responses and
provide enough energy support. Furthermore, hinokitiol greatly
improved the survival of Candida-infected Galleria mellonella. These
findings support further applications of hinokitiol in fighting
against fungal infections.
Materials and methods

Strains, culture conditions and chemicals

All Candida strains used in this study are presented in Table 1
and Table 2. For all cultures, strains were propagated from frozen
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stocks at �80 �C onto yeast peptone dextrose (YPD) agar plates
(1% yeast extract, 2% peptone, 2% glucose and 2% agar) using ster-
ile inoculating loops, followed by incubation overnight at 30 �C.
For further experiments, a selected colony was inoculated in
1 mL of YPD liquid medium overnight at 30 �C with agitation
(200 rpm). Morpholinopropanesulphonic acid (MOPS)-buffered
RPMI1640 (pH = 7.4) and synthetic dextrose (SD) medium
(0.17% yeast nitrogen base without amino acids, 2% glucose, 0.5%
ammonium sulfate and the appropriate amino acids) were used
in some assays.

Dimethylsulfoxide (DMSO) was purchased from Solarbio (Bei-
jing, China). FLC, hinokitiol, tropolone, maltol, deferiprone (DFP),
deferoxamine mesylate (DFO), ferrozine disodium salt hydrate, fer-
ric chloride, ferrous chloride and adenosine 50-triphosphate dis-
odium salt hydrate (ATP-Na2) were purchased from Aladdin
(Shanghai, China). Geldanamycin, FK506 and cyclosporine A were
purchased from Sigma (St. Louis, MO, USA).

Determination of minimum inhibitory concentrations (MICs) against
Candida species

The MICs of drugs against Candida species were determined
according to Clinical and Laboratory Standards Institute document
M27-A3 [22]. Briefly, overnight cultured fungal cells were diluted
in MOPS-buffered RPMI1640 medium to yield approximately
1 � 103 cells/mL. A 100 lL aliquot of inoculum was inoculated into
the wells of 96-well microtiter plates. The tested compounds were
added into the medium at a range of concentrations from 0.25 lg/
mL to 128 lg/mL and subsequently cultured at 35 �C for 24 h. The
MIC endpoints were identified as the lowest concentration that led
to no visible growth.

Observation of C. albicans cell growth in situ

An ImageXpress Micro 4 imaging system (Molecular Devices,
Sunnyvale, CA, USA) was used to monitor C. albicans cell growth
in situ in 96-well plates. Briefly, overnight cultured C. albicans
SC5314 cells were diluted in RPMI 1640 medium to yield approx-
imately 1 � 104 cells/mL, and hinokitiol or FLC was added into
the cultures and incubated for 72 h at 30 �C. Images were acquired
at three-hour intervals.

Propidium iodide (PI) staining and colony counting assays

In order to determine the survival rate of hinokitiol-treated C.
albicans cells, C. albicans SC5314 strain with an initial concentra-
tion of 1 � 103 cells/mL was treated with 4 lg/mL of hinokitiol
or equal volume of dimethyl sulfoxide (DMSO) in 10 mL RPMI
1640 medium at 30 �C. After 24 h, 48 h or 72 h of incubation,
100 lL aliquots were taken from the cell suspensions, diluted in
phosphate buffer saline (PBS) buffer, and plated on YPD agar plates.
These plates were incubated for 48 h at 30�C and the survival colo-
nies were counted. Another 500 lL aliquots were washed with PBS
and stained by PI at a final concentration of 5 lM. After 20 min of
staining, stained cells were imaged by an Olympus fluorescence
microscope (Olympus IX71, Olympus, Tokyo, Japan). The dead cells
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Table 1
Antifungal activity of three hydroxyketones and FLC against Candida species.

Strainsa MICs (lg/mL)

Hinokitiol Tropolone Maltol FLC

C. albicans SC5314 2 16 >128 2
ATCC10231 2 16 >128 1

C. tropicalis CT-LY1 2 32 >128 1
CT2 1 32 >128 1

C. parapsilosis CP-LY8 2 32 >128 1
CP001 1 8 >128 0.5

C. glabrata CG-LY12 0.5 8 >128 1
CG1 0.5 8 >128 0.5

C. krusei CK-LY16 1 16 >128 2
CK1 2 64 >128 2

a ATCC10231 is a standard strain of C. albicans obtained from ATCC (American Type culture collection). SC5314 is a wild-type C. albicans strain. Other Candida strains were
clinically derived.

Table 2
Antifungal activity of hinokitiol against FLC-resistant or FLC-sensitive C. albicans
strains.

Strainsa Characteristics MICs (mg/mL)

Hinokitiol FLC

DAY364 FLC-sensitive strain with
homozygous cnb1/cnb1

2 0.5

DSY465 FLC-sensitive strain with
homozygous mdr1/mdr1

2 0.5

YEM13 FLC-resistant strain with
hyperexpressed MDR1

8 64

YEM15 FLC-resistant strain with
hyperexpressed CDR1 and CDR2

2 64

SCMRR1R34MPG2A FLC-resistant strain with P683S
mutation in MRR1

8 128

SCUPC2R14MPG2A FLC-resistant strain with G648D
mutation in UPC2

2 >128

G5 FLC-resistant clinical isolate with
G997V mutation in MRR1

8 >128

GU5 FLC-resistant clinical isolate with
G980E mutation in TAC1

1 >128

DSY296 FLC-resistant clinical isolate with
N977D mutation in TAC1

1 64

DSY1751 FLC-resistant strain with
homozygous erg3/erg3 and
heterozygous erg11/ERG11

2 >128

28A FLC-resistant clinical isolate 2 >128
28I FLC-resistant clinical isolate 2 >128
28D FLC-resistant clinical isolate 2 >128

a All the strains in this Table were C. albicans. DAY364 is a constructed C. albicans
strain with deletion of CNB1; DSY654 is a constructed C. albicans strain with dele-
tion of MDR1; YEM13 is a constructed C. albicans strain with hyperexpression of
MDR1; YEM15 is a constructed C. albicans strain with hyperexpression of both CDR1
and CDR2; SCMRR1R34MPG2A is a constructed C. albicans strain with a gain-of-
function mutation in MRR1; SCUPC2R14MPG2A is a constructed C. albicans strain
with a gain-of-function mutation in UPC2; G5 is a FLC-resistant clinical isolate from
AIDS patient G with a gain-of-function mutation in MRR1; Gu5 is a FLC-resistant
clinical isolate from AIDS patient Gu with a gain-of-function mutation in TAC1.
DSY296 is a FLC-resistant clinical isolate with a gain-of-function mutation in of
TAC1. DSY1751 is a constructed C. albicans strain with deletion of ERG3 and
heterozygous erg11/ERG11. 28A, 28I and 28D are clinical pan-azole-resistant strains
isolated from a cancer patient.
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emitted red fluorescence due to the intracellular accumulation of
PI.

Quantitative real-time PCR

Overnight cultured C. albicans SC5314 cells were diluted in
20 mL RPMI 1640 medium to yield approximately 1 � 105 cells/
mL and treated with 4 lg/mL or 8 lg/mL hinokitiol at 30 �C or
37 �C. The cells were harvested and washed twice with sterile
PBS after incubation of 30 min, 1 h, 2 h or 10 h. Total RNA was
obtained by using a hot phenol/chloroform method. After analysis
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of RNA quality by a biophotometer (Eppendorf, Hamburg, Ger-
many), a cDNA Reverse Transcription kit (Takara Biotechnology,
Beijing, China) was used for the synthesis of cDNA. Then the SYBR
Green-based PCR assays were carried out in an Eppendorf Real-
Time PCR System. The primer sequences used in this study were
displayed in Table S1.

Measurement of intracellular Fe2+ and Ca2+

FeRhonox-1, a commercial fluorescent probe that specifically
binds Fe2+, was used to determine intracellular Fe2+ content. The
calcium ion probe Fluo-3AM was used to detect calcium in the
cytoplasm. Overnight cultured C. albicans SC5314 cells were
diluted in RPMI 1640 medium to yield approximately 1 � 106

cells/mL and challenged with various doses of hinokitiol at 30 �C
or 37 �C for 30 min, 1 h, 2 h or 10 h. The cells were then immobi-
lized with 4% paraformaldehyde for 1 h and washed thrice with
PBS. After the addition of 5 lM FeRhonox-1, stained cells were
placed in the dark for 20 min. The measurements of fluorescence
intensities were performed in a flow cytometer (Becton Dickinson,
San Jose, CA, USA), and images of cells were obtained using a fluo-
rescence microscope. A similar protocol was used for the detection
of Ca2+ using the probe Fluo-3AM. Hinokitiol-treated cells without
immobilization with 4% paraformaldehyde were stained with 5 lM
Fluo-3AM for 30 min. The measurements of fluorescence intensi-
ties were performed using flow cytometry.

Analysis of respiratory activity

5-Cyano-2,3-ditolyl tetrazolium chloride (CTC), a redox-
sensitive dye, is mainly used to detect the metabolic activity of
microorganisms [23]. CTC can be reduced by electron transport
in respiration to CTC formazan, which produces red fluorescence.
Overnight cultured C. albicans SC5314 cells were diluted in RPMI
1640 medium to yield approximately 1 � 106 cells/mL and chal-
lenged with different concentrations of hinokitiol at 30 �C or
37 �C for 30 min, 1 h, 2 h or 10 h. Cells were harvested and stained
using 1 mM CTC in PBS. The measurements of fluorescence inten-
sities were performed using flow cytometry, and images of cells
were obtained by fluorescence microscopy.

Dehydrogenase activity in the mitochondria of mammalian or C.
albicans cells was measured using Cell Counting Kit-8 (CCK-8). For
mammalian cells, cell suspensions (1 � 104 cells/well) in DMEM
medium plus 10% FBS were dispensed in a 96-well plate and placed
in an incubator (37 �C, 5% CO2). After 24 h of incubation, cells were
carefully washed thrice with PBS, then an aliquot of 100 lL DMEM
medium plus 2% FBS was added into each well. After 12 h of incu-
bation with various concentrations of hinokitiol, 10 lL of CCK-8
solution was added into each well. After another 2 h of incubation,
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the OD450 of each well was detected by microplate reader. For fun-
gal cells, C. albicans SC5314 cells (5 � 106 cells/mL in RPMI 1640
medium) were treated with different concentrations of hinokitiol
at 30 �C or 37 �C. After 12 h or 48 h of treatment, the cell suspen-
sion of each group was adjusted to 5 � 106 cells/mL with RPMI
1640 medium and dispensed into the wells of 96-well plates. Then
CCK-8 assays were performed as described above.

Determination of the activities of mitochondrial respiratory chain
complexes

The mitochondria of C. albicans SC5314 cells were isolated fol-
lowing previous method [24]. The mitochondria were diluted to
an OD600 value of 1.0 by using the extraction buffer from the Elec-
tron Transport Chain Complex Activity Assay Kit for the mitochon-
drial respiratory chain complex of interest (Solarbio, Beijing,
China). Hinokitiol was added to the suspensions to obtain various
final concentrations. After 3 h of incubation at 30 �C, the enzyme
activity assays were conducted according to the suggested instruc-
tions by the manufacturer. Protein quantity was determined using
the BCA protein assay kit (Solarbio, Beijing, China). The activities of
each respiratory chain complex were normalized by comparing the
protein content in the samples.

Analysis of mtDw

Mitochondrial proton pump activity was measured by measur-
ing mtDw using a rhodamine 123 (Rh123) probe. Overnight cul-
tured C. albicans SC5314 cells were suspended in RPMI 1640
medium to yield approximately 1 � 106 cells/mL. Various concen-
trations of hinokitiol were added to the cultures. Cells were col-
lected and resuspended in PBS with 5 lM of Rh123 after
incubation at 30 �C for 10 h. The measurements of fluorescence
intensities were performed in a flow cytometer.

Measurement of reactive oxygen species (ROS) and superoxide

The contents of intracellular ROS and superoxide in C. albicans
SC5314 were assessed using 20,70-dichlorodihydrofluorescein diac-
etate (DCFH-DA, Sigma-Aldrich, St. Louis, MO, USA) and MitoSOX
Red (Thermo Fisher, Waltham, MA, USA). C. albicans SC5314 cells
were diluted in RPMI 1640 medium to yield approximately
1 � 106 cells/mL and challenged with various doses of hinokitiol
for 10 h at 30 �C or 37 �C for 1 h, 2 h or 10 h., followed by incuba-
tion with 40 lg/mL of DCFH-DA or 5 lM of MitoSOX Red in the
dark for 30 min. The cells were washed twice with PBS, and the
measurements of fluorescence intensities were performed by flow
cytometry.

Evaluation of reductive stress in hinokitiol-treated C. albicans cells

For stress sensitivity analysis, overnight cultures of C. albicans
SC5314 cells were harvested and adjusted to 5 � 104 cells/mL in
SD medium containing 5 mM thiourea (Tu), 5 mM N-acetyl-L-
cysteine (NAC) or 0.5 mM dithiothreitol (DTT). Various concentra-
tions of hinokitiol were added to the cultures and incubated at
30 �C for 16 h. Cells that were not treated with hinokitiol served
as a control. Growth curves were plotted based on the values
recorded by a microplate reader at 600 nm.

Measurement of ATP levels

The extraction of intracellular ATP was conducted using a previ-
ously described method [24]. Briefly, hinokitiol-treated C. albicans
SC5314 cells were harvested and resuspended in cell lysate from
an ATP Assay Kit (Beyotime, Shanghai, China). Glass beads vortex-
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ing was then used for disrupting fungal cells. The cell debris and
glass beads were removed by centrifuging at 14,000 g. The ATP
in the supernatant was quantified using the ATP Assay Kit with fol-
lowing the manufacturer’s instructions.

Rescue experiments

Overnight cultured C. albicans SC5314 cells were diluted in
RPMI 1640 medium to yield approximately 1 � 103 cells/mL with
the indicated concentrations of Fe2+, Fe3+, Cu2+ or ATP-Na2. Various
concentrations of hinokitiol ranging from 1 lg/mL to 128 lg/mL
were immediately added into the cultures. Cells incubated with
the rescue agents but not hinokitiol were taken as the control.
The MIC values were determined as described above.

Assessment of the potential for developing drug resistance

The drug resistance assessment was conducted by repeatedly
exposing Candida strains to hinokitiol or FLC. Specifically, Candida
cells challenged with a subinhibitory concentration (1/2 of MIC
value) of hinokitiol or FLC acted as the inoculum for the MIC mea-
surement of the next passage. The MICs were recorded throughout
30 passages.

The antifungal interaction of hinokitiol and Hsp90 or calcineurin
inhibitors

The interaction of hinokitiol and Hsp90 or calcineurin inhibitors
against C. albicans SC5314 isolate was assessed using the broth
microdilution checkerboard assay. Briefly, the C. albicans culture
was diluted to a final concentration of 0.5–2.5 � 103 cells/mL with
RPMI 1640 medium. In a 96-well plate, 2-fold dilutions of hinoki-
tiol, along the x-axis, and 2-fold dilutions of Hsp90 inhibitor gel-
danamycin, calcineurin inhibitors FK506 or cyclosporine A, along
the y-axis, were mixed for a total volume of 100 lL per well. The
concentrations of hinokitiol were set ranging from 0.25 lg/mL to
2 lg/mL. The concentrations of the Hsp90 inhibitor geldanamycin
were set from 0.625 lg/mL to 5 lg/mL. The concentrations of the
calcineurin inhibitors FK506 and cyclosporine A were set from
8 lg/mL to 64 lg/mL. The plates were incubated at 35 �C for
24 h, and the MIC was determined by using the broth microdilu-
tion method as described above.

In vivo evaluation using a G. mellonella infection model

G. mellonella larvae were used as an in vivo model to evaluate
the effects of hinokitiol on the virulence of C. albicans [25]. Larvae
with a body weight of about 0.25 g and without melanisation were
selected for the subsequent experiment. Selected Larvae were then
randomly divided into four groups: blank group, control group, FLC
(2 lg/larva) group or hinokitiol (2 lg/larva) group. C. albicans
SC5314 cells were diluted to 2 � 107 CFU/mL with PBS, and 20 lar-
vae per group were injected with 10 lL of C. albicans suspension
via the last right proleg of each larva. The blank group was injected
with the same volume of PBS. Two hours later, the infected larvae
were injected with 10 lL of the indicated drug solution for treat-
ment. The blank group and the control group were injected with
the same volume of PBS. The larvae were cultured at 30 �C and sur-
vival was recorded daily for 7 days.

Another four groups (each containing 9 larvae) treated as
described above were used to assess the fungal burden of infected
larvae. On the fourth day, the surface of each larva was disinfected
with 75% ethanol. Then each larva was homogenized in 1 mL of
sterile PBS by vortexing with glass beads. Candida cell counts were
performed by smeared serial dilutions of the homogenate onto YPD
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plates. The surviving cells in each group were calculated by enu-
meration of colonies after 48 h of growth at 30 �C.

For histopathological analysis, 8 larvae were divided into 4
groups as described above. Two larvae were randomly picked from
each group and fixed in 4% paraformaldehyde at 48 h post-
infection. Samples were embedded in paraffin wax, sectioned and
stained with periodic acid-Schiff (PAS). The tissue slides were
examined under an Olympus microscope at 40 � magnification.

Statistical analysis

The statistical significance of differences between treated and
control groups was evaluated by one-way ANOVA test or Student’s
t-test (two-tailed, unequal variance). For survival analysis, the
Mantel-Cox test was used to compare differences between groups.
Data were showed as mean ± standard deviation (SD). Statistical
significance was determined according to the P value. *P < 0.05,
**P < 0.01, ***P < 0.001.
Results

Hinokitiol is a persistent antifungal agent

Potent inhibitory activity of hinokitiol against Candida species,
including several FLC-resistant strains, was reported previously
[14]. Consistent with this report, hinokitiol exhibited MIC values
of 0.5–2 lg/mL against our panel of clinically derived Candida
strains (Table 1). We further utilized a group of C. albicans strains
with definite resistance mechanisms to test the antifungal activity
of hinokitiol. Gain-of-function mutations in Mrr1, Tac1 or Upc2 are
considered to result in constitutive overexpressions of MDR1,
CDR1/CDR2 or ERG11, respectively, and increase azole resistance
[26–28]. We observed that the antifungal activities of hinokitiol
against wild-type strains and azole-resistant C. albicans strains
with gain-of-function mutations in Tac1 or Upc2, were similar
(Table 1 and Table 2). However, two strains with an upregulated
MDR1 showed an increase in the MIC against hinokitiol to 8 lg/
mL (Table 2).

FLC is one of the most commonly administered antifungal drugs
to treat candidiasis. However, trailing growth or tolerance by Can-
dida strains can compromise the efficacy of FLC and cause persis-
tent candidemia by allowing a subpopulation of cells to replicate
at a slow rate in the presence of FLC, even at doses much higher
than its MIC [29]. To determine if a similar phenomenon occurs
in the use of hinokitiol as a fungistatic agent, we monitored C. albi-
cans cell growth in situ by using an ImageXpress Micro 4 imaging
system. Untreated C. albicans cells maintained a fast division rate
and transformed to elongated hyphal cells in RPMI 1640 medium.
When challenged with FLC, the cells still replicated, although the
growth rate was slower than that of untreated cells. By contrast,
hinokitiol-treated cells stopped dividing after one to two genera-
tions of cell division and did not form hyphae (Fig. S1). This inhibi-
tory effect lasted >72 h, suggesting that hinokitiol treatment can
persistently inhibit C. albicans growth. Moreover, the staining assay
by using propidium iodide and colony counting assays revealed
that hinokitiol-treated cells were still alive (Fig. S2), suggesting
the fungistatic activity of hinokitiol.

The antifungal activity of hinokitiol is dependent on chelation of fungal
intracellular iron

Hinokitiol contains a hydroxyketone moiety that chelates iron.
Compared with tropolone, hinokitiol exhibited more potent iron-
chelating ability in vitro (Fig. 1A) [15] and 8- to 32-fold greater
antifungal activity (Table 1). Maltol exhibits much weaker iron
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binding than hinokitiol and tropolone [15], and consistent with
this observation, maltol did not exhibit any antifungal activity even
at concentrations up to 128 lg/mL (Fig. 1A and Table 1). Due to the
lack of commercial probes to detect intracellular Fe3+, we utilized
the probe FeRhonox-1, which specifically binds Fe2+, to measure
intracellular iron in the presence of hinokitiol. Staining with
FeRhonox-1 revealed that hinokitiol treatment decreased intracel-
lular iron levels in C. albicans cells (Fig. 1B-D). Other common iron
chelators with no apparent antifungal activities, such as DFO, DFP
and ferrozine, did not elicit obvious drops in intracellular Fe2+ in C.
albicans cells (Fig. S3). In order to exclude iron-chelation as a sec-
ondary effect, we measured the intracellular iron contents of
hinokitiol-treated C. albicans cells within a short time. FeRhonox-
1 staining assay revealed that the intracellular iron content had
decreased after 1 h of hinokitiol treatment (Fig. 1E and Fig. S4).
However, the decrease of intracellular iron content was more obvi-
ous at 37 �C compared with that at 30 �C. This is probably due to
the differential intracellular hinokitiol uptake rates at different
temperatures. When the treatment lasted for 2 h at 30 �C, greater
decrease of intracellular iron was observed. DFP was reported to
show antifungal activity at high dose with its MIC value of
160 lg/mL against C. albicans SC5314 [21]. Consistent with its
MIC value, DFP did not exhibit potent ability of chelating fungal
intracellular ferrous iron until the dose increased to 100 lg/mL.
However, the intracellular ferrous iron chelating activity of DFP
at 100 lg/mL or even at 200 lg/mL was still slightly lower than
that of hinokitiol at the dose of 2 lg/mL (Fig. S5). These suggest
that potent iron-chelation is an important determinant for the
antifungal activity of hinokitiol.

We also assessed the transcriptional response to the iron defi-
ciency caused by hinokitiol. Sef1 and Hap43 are two important
transcription factors required for C. albicans cell growth in an
iron-depleted environment [30]. Under the treatment of 4 lg/mL
hinokitiol for 10 h, the transcriptional expression of SEF1 and
HAP43 was upregulated by an average of 4.59-fold and 8.13-fold,
respectively, reflecting regulatory feedback on iron depletion
(Fig. 1F). To alleviate iron deficiency stress, C. albicans activates
the expression of iron transporter genes including FTR1, FTR2,
and FTH1 (Fig. 1F). Transcriptions of the high-affinity iron perme-
ase encoding gene FTR1 and high-affinity iron transporter encoding
gene FTH1 were strongly up-regulated by an average of 8.44-fold
and 21.21-fold, respectively, in the presence of 4 lg/mL hinokitiol.
In addition, the transcription of the mitochondrial iron transporter
gene MRS4 was upregulated by an average of 1.73-fold, and the
transcription of the vacuolar iron importer gene CCC1 was down-
regulated by an average of 8.33-fold (Fig. 1F). These changes indi-
cate a re-allocation of iron, probably due to a lack of iron in the
mitochondria [31]. We further measured the iron depleted
responses of Candida cells upon the treatment of hinokitiol within
a short time scale at both 30 �C and 37 �C. The transcriptional
expression of most iron transporters encoding genes was respon-
sively upregulated and CCC1 transcriptional expression was down-
regulated after 30 min of hinokitiol treatment (Fig. 1G-I and
Fig. S6), although the expression of some genes varied as the time
elapsed (Fig. S6).

To further confirm that iron deprivation is a key factor in the
antifungal activity of hinokitiol, we performed rescue experiments.
Exogenous addition of non-cytotoxic concentrations of Fe2+ or Fe3+

deactivated hinokitiol (Table 3, Table S2 and S3). By contrast,
exogenous addition of Cu2+ had no effect on the antifungal activity
of hinokitiol although hinokitiol can chelate copper ions (Table 3).
We further noticed that the iron in the culture medium also influ-
enced the activity of hinokitiol. When C. albicans cells were cul-
tured in SD medium, the activity of hinokitiol was reduced by 4-
fold compared with cultured in RPMI1460 medium. When DFO at
non-toxic dose of 100 lΜ was added into the SD medium to



Fig. 1. Effects of hinokitiol on iron homeostasis. (A) Chemical structures of hinokitiol and its two analogues. (B, C) C. albicans SC5314 cells were cultured in RPMI 1640
medium with hinokitiol for 10 h. The cells were then stained with FeRhonox-1, fluorescence intensity was detected by flow cytometry, and the Gmean value was calculated.
(D) FeRhonox-1-stained C. albicans cells were further observed by fluorescence microscopy (scale bars: 50 lm). (E) C. albicans SC5314 cells were cultured in RPMI 1640
medium with hinokitiol for 30 min, 1 h or 2 h. The cells were then stained with FeRhonox-1 for measurement of intracellular iron through determining the fluorescence
intensity by using flow cytometry. (F) C. albicans SC5314 cells were challenged with hinokitiol for 10 h at 30 �C. The transcription levels of genes encoding proteins in iron
metabolism or regulators of iron homeostasis were determined by qPCR and are shown as the fold change relative to the control group. (G-I) C. albicans SC5314 cells were
challenged with hinokitiol for 30 min, 1 h or 2 h at 30 �C. The transcription levels of genes associated with iron metabolism or regulators of iron homeostasis were determined
by qPCR and were shown as the fold change relative to the control group. The bars represent means ± SD from three independent experiments. *P < 0.05, **P < 0.01,
***P < 0.001.

X. Jin, M. Zhang, J. Lu et al. Journal of Advanced Research 34 (2021) 65–77

70



Table 3
Effects of Fe3+, Fe2+ or Cu2+ on the antifungal activity of hinokitiol against C. albicans
SC5314.

Concentrations of metal ions
(lM)

MICs (mg/mL)

Addition of
Fe3+

Addition of
Fe2+

Addition of
Cu2+

0 2 2 2
0.1 2 2 2
1 4 4 2
10 16 16 2
100 64 64 2
250 >128 >128 2
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deplete the extracellular iron, the antifungal activity of hinokitiol
restored to the same as in RPMI1640 medium (Table S4). Similar
phenomenon was observed in Saccharomyces cerevisiae YPH499
strain (Table S4). Iron depletion in C. albicans decreases ergosterol
content through the reciprocally regulated expression of ERG11
Fig. 2. Effects of hinokitiol on respiratory activity. (A, B) C. albicans SC5314 cells were cult
CTC, and the fluorescence intensity was measured by flow cytometry. (C) C. albicans SC5
100 lm). (D) C. albicans SC5314 cells were cultured in RPMI 1640 medium and treated by
CTC, and the fluorescence intensity was detected by flow cytometry. (E, F) Extracted mito
Fe3+ was used in the rescue experiments. Enzyme activity assays of mitochondrial respira
of mitochondrial respiratory chains complexes III and IV were shown in Fig. S8. (G) C.
transcription levels of genes related to the mitochondrial respiratory chains complex I a
change relative to the control group. (H) C. albicans SC5314 cells were challenged with 4
and SDH2 were determined by qPCR and were shown as the fold change relative to the c
*P < 0.05, **P < 0.01, ***P < 0.001.
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and ERG3, resulting in increased membrane fluidity and sensitivity
to FLC [19]. Consistent with these previous observations, hinokitiol
treatment downregulated ERG11 and upregulated ERG3 transcrip-
tion in C. albicans and potentiated the antifungal activity of FLC
(Fig. S7). These results reveal that the antifungal activity of hinoki-
tiol involves chelation of fungal intracellular iron.

Hinokitiol inhibits fungal mitochondrial respiration

Many genes associated with the mitochondrial respiratory
chain are regulated by the transcription factor Hap43 under iron-
deprivation conditions [30]. The upregulation of HAP43 by hinoki-
tiol treatment implied a potential influence of hinokitiol on mito-
chondrial respiration. We first studied the effect of hinokitiol on
respiratory activity using a CTC staining assay. As shown in Fig. 2-
A-C, CTC was largely converted to fluorescent formazan in cells
that were not treated with hinokitiol. Hinokitiol treatment dose-
dependently reduced the fluorescence intensity in C. albicans cells,
ured in RPMI 1640 mediumwith hinokitiol for 10 h. The cells were then stained with
314 cells stained with CTC were observed by fluorescence microscopy (scale bars:
4 lg/mL of hinokitiol for 30 min, 1 h or 2 h at 30 �C. The cells were then stained with
chondria were challenged with 2, 4 or 8 lg/mL hinokitiol for 3 h. 100 lM of Fe2+ or
tory chains complexes I and II were then carried out. The results of enzyme activities
albicans SC5314 cells were treated with 4 lg/mL hinokitiol for 10 h at 30 �C. The
nd II and alternative oxidases were determined by qPCR and are shown as the fold
lg/mL of hinokitiol for 30 min, 1 h or 2 h at 30 �C. The transcription levels of NDH51
ontrol group. The bars represent means ± SD from three independent experiments.
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with very faint fluorescence when the dose was increased to 4 lg/
mL or higher (Fig. 2A-C), suggesting that the respiratory activity of
fungal cells was significantly retarded by hinokitiol. We also eval-
uated the effect of hinokitiol on the respiratory activity within a
short time at both 30 �C and 37 �C. The retarded mitochondrial res-
piration at 37 �C was clearly observed after 2 h of treatment,
slightly later than the incidence of iron chelation although these
two events almost simultaneously occurred at 30 �C (Fig. 1E,
Fig. 2D and Fig. S4), suggesting that inhibited respiration is a result
of the iron-chelating effect caused by hinokitiol.

Given its inhibitory effect on respiratory activity, we further
investigated the effect of hinokitiol on the activities of mitochon-
drial respiratory chain complexes using isolated fungal mitochon-
dria. As shown in Fig. 2E, treatment with 2 lg/mL, 4 lg/mL or 8 lg/
mL hinokitiol reduced the activity of complex I in C. albicans to
Fig. 3. Effects of hinokitiol on mitochondrial function. C. albicans SC5314 cells were cultu
Rh123 (A, B) for measurement of mtDw. The cells were lysed for measurement of intrace
with MitoSOX Red (F, G) to determine the intracellular or mitochondrial ROS contents. Th
Gmean value was calculated. The bars represent means ± SD from three independent exp
to 5 � 104 cells/mL in SC medium containing 5 mM Tu, 5 mM NAC or 0.5 mM DTT. 4 lg/
was measured by a microplate reader at 600 nm. Cells that were not treated with hinokiti
replicated measurements. The OD600 values at the final detection point are used for sign
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71.65%, 43.81% and 25.77% compared with the control group,
respectively. When exogenous Fe3+ or Fe2+ was added, the inhibi-
tory effects of hinokitiol were reversed (Fig. 2E). Complex II
enzyme activity was reduced by half at hinokitiol concentrations
up to 8 lg/mL (Fig. 2F). Complex III and complex IV activities
remained above 70% even at 8 lg/mL hinokitiol (Fig. S8). Consis-
tent with these effects, hinokitiol treatment downregulated the
transcription levels of genes encoding subunits of respiratory chain
complexes I and II, namely, NDH51, NUO2, NUO3, SDH2 and SDH12
(Fig. 2G). Moreover, the transcription of alternative oxidase encod-
ing genes AOX1 and AOX2was upregulated by hinokitiol treatment,
possibly as feedback from inhibition of the classical respiratory
chain, as AOX-based respiration allows respiration when the clas-
sical chain is suppressed [32]. We further evaluated the transcrip-
tion levels of selected two genes NDH51 and SDH2 of respiratory
red in RPMI 1640 medium with hinokitiol for 10 h. The cells were then stained with
llular ATP content (C). The cells were further stained with DCFH-DA (D, E) or stained
e fluorescence intensity of the stained cells was detected by flow cytometry and the
eriments. *P < 0.05, **P < 0.01, ***P < 0.001. (H) C. albicans SC5314 cells were adjusted
mL of hinokitiol were added to the cultures and incubated at 30 �C for 16 h. Growth
ol and reducing agents served as the control. Each point represents the mean of three
ificant difference analysis. *P < 0.05, **P < 0.01, ***P < 0.001.
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chain complexes I and II under the treatment of hinokitiol within a
short time at both 30 �C and 37 �C. The transcriptional expression
of both genes was downregulated after 0.5 h, 1 h, or 2 h of hinoki-
tiol treatment (Fig. 2H and Fig. S6), consistent with the observation
of 10 h treatment by hinokitiol.

mtDw fluctuation and ATP generation are two important indi-
cators of the functional status of the mitochondrion. As shown in
Fig. 3A and 3B, hinokitiol significantly decreased the fraction of
cells with high Rh123 fluorescence intensity, and the geometric
mean (GMean) value decreased from 274.5 (control) to 206.74,
101.86 and 70.28 upon exposure to 2, 4 and 8 lg/mL hinokitiol,
respectively, suggesting mtDw collapse. The effects of hinokitiol
on intracellular ATP content were similar to the effects on mtDw
(Fig. 3C). However, in the presence of 10 mM ATP-Na2, the MIC
of hinokitiol against C. albicans SC5314 increased from 2 lg/mL
to 8 lg/mL (Table S5).

Consistent with the decrease in mtDw, we observed drops in
ROS and superoxide in C. albicans challenged with hinokitiol at
both short time (1 h or 2 h) and long time (10 h) treatment (Fig. 3-
D-G and Fig. S9). However, the decrease of both ROS and superox-
ide was more obvious at 37 �C compared with that at 30 �C within
Fig. 4. The differential effects of hinokitiol on iron chelation and mitochondrial respirator
C) and PANC-1 (D-F) cells were cultured with hinokitiol for 10 h. The cells were then stai
and the Gmean value was calculated (B, E). FeRhonox-1-stained cells were further observ
mammalian BEAS-2B or PANC-1 cells were treated with different concentrations of hinok
on mitochondrial dehydrogenase activities in fungal cells or mammalian cells. The detail
of CCK-8 solutions were imaged by a camera (G), and the absorbance at 450 nm was
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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short time scales (Fig. S9). This is consistent with above findings of
slight decrease of intracellular iron content upon hinokitiol treat-
ment for 1 h at 30 �C (Fig. 1E). ROS levels below the physiological
requirement induce ‘‘reductive stress”, which is as detrimental to
cells as oxidative stress [33]. We utilized SD medium to evaluate
the reductive stress in hinokitiol-treated cells because of the
potent inhibitory activity of hinokitiol and low growth rates
of fungal cells in RPMI 1640 medium. As expected, non-cytotoxic
concentrations of the antioxidants Tu, NAC and DTT
potentiated the inhibitory effect of hinokitiol on C. albicans growth
(Fig. 3H).

Hinokitiol exhibits cell selectivity in chelating intracellular iron

In contrast to the large decrease in intracellular Fe2+ in C. albi-
cans cells, hinokitiol had minor effects on intracellular Fe2+ in
mammalian cells, including BEAS-2B human bronchial epithelial
cells, and PANC-1 human pancreatic cancer cells (Fig. 4A-F). These
results suggest that hinokitiol exhibits selectivity in chelating
intracellular iron. We further utilized CCK-8 assays to evaluate
the influence of hinokitiol on mitochondrial dehydrogenase activ-
y activity between fungal cells and mammalian cells. (A-F) Mammalian BEAS-2B (A-
ned with FeRhonox-1, fluorescence intensity was detected by flow cytometry (A, D),
ed by fluorescence microscopy (scale bars: 100 lm) (C, F). (G, H) C. albicans SC5314,
itiol for 12 h at 37 �C. CCK-8 assays were performed to reveal the effects of hinokitiol
ed procedures were seen in Materials and methods section. The wells with addition
measured by a microplate reader (H). The bars represent means ± SD from three
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ity in fungal cells or mammalian cells. As shown in Fig. 4G and 4H,
the reagent WST8 in CCK8 was converted to orange formazan by
non-treated fungal cells or mammalian cells. However, in
hinokitiol-treated C. albicans cells, the orange color was faint, and
the absorbance at 450 nm decreased dose-dependently as the con-
centration of hinokitiol increased from 1 to 8 lg/mL. By contrast,
hinokitiol even at 80 lg/mL had minor effects on the mitochondrial
dehydrogenase activity of mammalian cells after 12 h of treatment
(Fig. 4G and 4H). Due to the slower growth of mammalian cells
compared with fungal cells, we further evaluated the cytotoxicities
of hinokitiol after 48 h of culture of mammalian cells. Hinokitiol
caused limited harm on the growth and mitochondrial function
of mammalian PANC-1 cells even at high dose (Fig. S10). These
results suggest biological safety of hinokitiol in antifungal applica-
tions due to its selectivity.
Fig. 5. The potential of hinokitiol to induce resistance. (A) The organisms of indicated C. al
the MIC measurement of the next passage. These passages lasted for 30 days. (B) A dose–
and Hsp90 inhibitor (geldanamycin) or calcineurin inhibitors (FK506 and cyclosporine A
map. (C) C. albicans cells were cultured in RPMI 1640 medium with hinokitiol for 10 h
measured by flow cytometry. The bars represent means ± SD from three independent e
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Hinokitiol has low capacity to develop resistance

Candida species tend to develop resistance to azole drugs [34].
To evaluate the ability of hinokitiol to induce resistance in Candida
species, C. albicans SC5314 cells were exposed to a sub-MIC level of
hinokitiol or FLC for 30 days using a serial passage method in 96-
well plates. After 30 passages of induced resistance, the MICs of
hinokitiol against all Candida species remained constant. By com-
parison, the MIC values of FLC against SC5314 increased by 32 fold
and up to 64 lg/mL after 30 passages (Fig. 5A), and similar results
were obtained for other Candida species (Fig. S11). These results
demonstrate that hinokitiol has a very low potential of inducing
drug resistance in Candida species and suggest that iron restriction
by chelators is a promising method to copy with the challenge of
drug resistance in antifungal therapy.
bicans strains at a sub-lethal dose of hinokitiol or FLC were taken as the inoculum for
response matrix was performed in RPMI 1640 medium with gradients of hinokitiol
). Data were analyzed after incubation for 24 h at 35 �C and are displayed as a heat
. The cells were then stained with Fluo-3AM, and the fluorescence intensity was
xperiments. *P < 0.05, **P < 0.01, ***P < 0.001.
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C. albicans has developed multiple stress response pathways to
adapt to host conditions and promote the evolution of drug resis-
tance [35]. The molecular chaperone Hsp90 and its effector protein,
the phosphatase calcineurin, are stress response regulators whose
inhibition can enhance the antifungal activity of azole or
echinocandin drugs against diverse fungal pathogens. Therefore,
we evaluated the roles of Hsp90 and calcineurin in the response
of C. albicans to hinokitiol treatment. Deletion of the calcineurin
catalytic subunit Cnb1 or pharmaceutical inhibition of Hsp90 or
calcineurin function had no obvious effect on the activity of hinoki-
tiol (Fig. 5B and Table 2), implying no stress response via the
Hsp90-calcineurin pathway. Cytoplasmic levels of calcium, which
is a stimulator of the Hsp90-calcineurin pathway, were reduced
by hinokitiol treatment (Fig. 5C). These results suggest that the lack
of activation of Hsp90-calcineurin stress response signaling path-
ways at least reduces the potential for Candida species to develop
resistance to hinokitiol.

Hinokitiol shows therapeutic effects in C. albicans-infected larvae

In view of the potent antifungal activity of hinokitiol in vitro, we
further used G. mellonella as an infection model to assess the ther-
apeutic potential of hinokitiol in vivo. Without drug treatment,
infected larvae died within five days. By contrast, 50% of the larvae
treated with hinokitiol (2 lg/larva) survived after 7 days (Fig. 6A),
indicating therapeutic effectiveness of hinokitiol in treating C. albi-
cans infection. Moreover, the fungal burden of hinokitiol-treated
Fig. 6. Hinokitiol has therapeutic effects on C. albicans-infected G. mellonella. The larvae i
larvae were treated with PBS (control), FLC (2 lg/larva) or hinokitiol (2 lg/larva). The l
Survival curve of infected G. mellonella by C. albicans (n = 20 per group). The number of
differences between the groups. *P < 0.05, **P < 0.01, ***P < 0.001. ns means non-significan
larvae in different treated groups (n = 2 per group) were fixed by paraformaldehyde and
mellonella under different indicated treatments was examined by microscopic inspection
cells and filaments for closer observation (right lane).
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larvae was much lower than that of untreated larvae (Fig. 6B). Con-
sistent with these observations, histological analysis using PAS
staining revealed a higher number of melanized nodules and
greater tissue infiltration in the untreated group compared with
the hinokitiol-treated group (Fig. 6C). We further utilized unin-
fected larvae to test the toxicity of hinokitiol. Injection with
20 lg of hinokitiol into each larva did not influence the survival
of larvae, suggesting the low toxicity of hinokitiol (Fig. S12). These
in vivo results suggest that hinokitiol holds potential for treating
fungal infections although its in vivo efficacy can also be dimin-
ished by excess iron (Fig. S12).

Discussion

Perturbation of iron homeostasis is an established strategy for
combatting infectious diseases. Iron chelators have been used for
superficial fungal infections and improve the efficacy of certain
drugs [19]. Hinokitiol has potent antifungal activity and can che-
late iron. However, the relationship between the iron-chelating
ability of hinokitiol and its antifungal activity has not been
established.

In this study, we demonstrated that the strong antifungal activ-
ity of hinokitiol is mainly attributable to its iron-chelating ability.
Compared with tropolone and maltol, hinokitiol binds iron more
strongly [15], which explains the greater antifungal activity of
hinokitiol. FeRhonox-1 staining revealed that some iron chelators,
such as DFO, DFP and ferrozine at low dose (8 lg/mL), did not
n each group were infected with at 2 � 105C. albicans cells. After 2 h of infection, the
arvae in blank group were not infected but injected with equal volume of PBS. (A)
surviving larvae was recorded each day. The Mantel-Cox test was used to compare
ce. (B) Fungal burden of infected G. mellonella by C. albicans (n = 9 per group). (C) The
processed for periodic acid-Schiff (PAS) staining. The histopathology of infected G.
s. The rectangles highlighted the melanized nodules containing a mixture of yeast
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decrease intracellular Fe2+ content, probably due to the imperme-
ability of the fungal cell membrane to these agents or their weaker
ability to bind Fe2+. For DFP, it requires much higher dose to chelate
fungal intracellular Fe2+ and achieve the antifungal activity. On the
contrary, the intracellular iron chelating ability for hinokitiol at
2 lg/mL is comparable to that of DFP at 200 lg/mL. These findings
together with intense iron-depletion responses in response to
hinokitiol and its diminished activity by addition of iron suggest
that intracellular iron chelation is an important determinant for
the antifungal activity of hinokitiol.

Intracellular iron deficiency results in dysfunction of mitochon-
drial respiration [17], which is a fundamental function of mito-
chondria and stands as a potential therapeutic target [32,36]. In
the present study, hinokitiol treatment suppressed respiratory
activity and significantly inhibited the enzyme activities of mito-
chondrial complexes I and II in C. albicans because of the important
roles of iron-sulfur proteins in these complexes. We noticed that
reduced intracellular iron contents and iron depletion responses
of genes transcriptions occurred before the inhibition of mitochon-
drial respiration, suggesting that the repression of mitochondrial
respiration is a downstream effect of fungal intracellular iron-
chelation. The fungal mitochondrial respiration is closely linked
with Ras1-cAMP-PKA pathway [37–39]. Elevated ATP levels corre-
late with Ras1-cAMP-PKA pathway activation and the downstream
of Efg1-induced gene expressions. In hinokitiol treated C. albicans
cells, the mitochondrial respiration was inhibited and ATP genera-
tion was reduced, which downregulated the Ras1-cAMP-PKA path-
way. This result is consistent with previous findings that hinokitiol
inhibits the Candida growth by regulating the Ras1-cAMP-PKA
pathway [14].

On the other hand, hinokitiol-mediated suppression of mito-
chondrial respiration brings about reductive stress. Reductive
stress is considered as an excess accumulation of reducing equiva-
lents including NADH, NADPH, and GSH, which overwhelms the
capacity of endogenous oxidoreductases [40]. Under the treatment
of hinokitiol, NADH oxidation at complex I is inhibited, which leads
to a buildup of NADH and consequent reductive stress. Moreover,
fewer ROS generation is another source of reductive stress when
the mitochondrial respiration is inhibited by hinokitiol. Reductive
stress decreases cellular ROS levels and can also impair cellular
functions [41]. For example, proper protein disulfide formation is
perturbed under reductive stress and leads to endoplasmic reticu-
lum (ER) stress. As we expected, hinokitiol-treated cells exhibited
hypersusceptibility to reducing stresses induced by NAC, Tu, and
ER stress inducer DTT.

By contrast, at the cellular level, we did not observe notable
depletion of Fe2+ by hinokitiol in our tested mammalian cell lines.
Accordingly, the respiratory activity of mammalian cells was not
severely affected by hinokitiol. In previous study, hinokitiol is con-
sidered as an iron carrier to transport iron into or out of cells to
maintain intracellular iron homeostasis and prevent ferritoxicity
in animal cells [15]. However, the iron chelation for hinokitiol fea-
tures in Candida cells. These distinct effects of hinokitiol in mam-
malian versus fungal cells may explain the good biological safety
of hinokitiol and support its potential application as a selective
inhibitor of respiratory activity in fungal cells.

Resistant strains of fungal pathogens can quickly be generated
after the introduction of antifungal drugs, particularly fungistatic
agents [4]. The fungistatic drug FLC imposes constant inhibitory
pressure on fungal cells, eliciting stress responses such as activa-
tion of Hsp90-calcineurin signaling pathways for survival toler-
ance. Pharmacological inhibition of Hsp90-calcineurin signaling
pathways can not only prevent the emergence of azole resistance
but also render FLC fungicidal [26,34]. Hinokitiol is also a fungi-
static agent but shows low potential for the development of resis-
tance, consistent with a previous finding that the iron chelator
76
ciclopirox olamine has minimal ability to induce drug resistance
[18]. One possible reason for the lack of development of resistance
is that the low intracellular ATP levels induced by hinokitiol cannot
sustain ATP-dependent efflux or mutations to complement the
stress. Another potential reason is the non-activation of Hsp90-
calcineurin stress response signaling pathways that reduces the
possibility of drug resistance evolution. In addition, iron depletion
had minimal effects on the expressions of genes encoding efflux
pumps [19]. These findings suggest that iron chelators may be
ideal agents for treating fungal infections.

Conclusion

We demonstrated that hinokitiol has promising antifungal
activity by interfering with iron homeostasis. Respiratory chain
dysfunction caused by the disruption of iron homeostasis by
hinokitiol ultimately impeded the proliferation of fungal cells.
Our findings reveal the underlying antifungal mechanism of
hinokitiol and support its potential application to treat relevant
fungal infections, particularly those resulting from resistant
organisms.
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