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Abstract

Background: Given the escalating resistance of Candida albicans biofilms to conventional antifungal
agents, in this research, we evaluated the potential of combination therapy comprising hinokitiol
(HNK) and fluconazole (FLZ), as an alternative, for combating biofilm-associated infections.
Methods: To assess their synergistic effects, the fractional inhibitory concentration index was
calculated. The viability of biofilms and intracellular oxidative stress were quantified by XTT and
reactive oxygen species assays. Structural integrity and viability were further investigated by
fluorescence and scanning electron microscopy; gene expression levels were measured by real-time
fluorescence analysis. Results: Treatment with HNK combined with FLZ led to noticeable
disruptions in the biofilm architecture of Candida albicans and resulted in significant modulation of
multiple biofilm-associated genes, such as ALS3 and HWP1. The observed increase in oxidative
stress, together with a marked decline in biofilm viability, provided strong support for a synergistic
effect between the two compounds. Conclusions: The findings in this study revealed a potential
synergistic effect between HNK and FLZ, with influences on fungal biofilm architecture and
modulation of genetic pathways associated with biofilm development.

Keywords: hinokitiol; fluconazole; Candida albicans; hyphae; synergistic activity

1. Introduction

Systemic candidiasis continues to present substantial clinical challenges, with Candida albicans
(C. albicans) remaining the leading causative agent and representing the majority of isolates yielded
in surveillance studies [1]. Once bloodstream dissemination occurs, outcomes among affected
patients are often poor, with frequent mortality rates exceeding 40% [2—4]. The expanded clinical use
of azole antifungals, particularly fluconazole (FLZ), has further intensified concerns, as selective
pressure has played a critical role in the emergence of drug-tolerant or resistant C. albicans lineages
[5]. Despite increasing medical demand, few new antifungal classes have been introduced to the
therapeutic landscape, highlighting a critical need for alternative agents and adjuvant strategies [6—
8].

Biofilm formation plays a central role in the pathogenicity of C. albicans. Compared with
planktonic cells, biofilm-associated cells exhibit reduced susceptibility to antifungal drugs, increased
tolerance to oxidative and chemical stresses, and enhanced evasion of host immune defenses [9].
Biofilm formation on mucosal surfaces such as the oral cavity or vagina contributes to recurrent
infections and limited responses to standard therapy. Notably, biofilms show reduced sensitivity to
drugs including amphotericin B and FLZ, providing a mechanistic basis for treatment failure in
mucosal candidiasis [10,11].

Given the slow pace of antifungal drug discovery, exemplified by the approval of only
isavuconazole in the past decade [12], research efforts have increasingly shifted toward strategies that
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leverage the existing compounds. Combination therapy, widely adopted in oncology and antiviral
research [13-15], has similarly demonstrated potential in fungal infections. Several pharmacologic
agents already in clinical use enhance the fungicidal activity of azoles and polyenes, including
activity against resistant C. albicans isolates [16-18].

Natural compounds have emerged as promising antifungal adjuncts. Bioactive phytochemicals,
including terpenes, phenolic compounds, alkaloids, and essential oils, have demonstrated the ability
to impair C. albicans biofilm development or disrupt mature biofilms, often through modulation of
biofilm-associated gene expression [19-21]. Some compounds, such as eugenol, cinnamaldehyde,
thymol, and menthol, enhance FLZ sensitivity by altering membrane permeability and disrupting
sterol biosynthesis [22-24]. Likewise, berberine increases FLZ susceptibility by perturbing sterol
biosynthesis and intensifying oxidative stress [24-28].

Hinokitiol (HNK), a naturally occurring tropolone derivative first isolated in Japan in the early
20th century, has garnered considerable attention for its broad-spectrum antimicrobial activity
against bacterial and fungal pathogens [29,30]. Owing to these properties, HNK has been
incorporated into various quasi-drug formulations, including toothpastes, mouthwashes, and hair-
care products. Beyond antimicrobial functions, accumulating evidence—including our previous
findings—indicates that HNK induces apoptosis and suppresses proliferation of human oral
squamous cell carcinoma cells [31-33], highlighting potential relevance as a therapeutic agent in oral
oncology. Additionally, experimental models of oral candidiasis suggest that loss of topical gel
carriers may facilitate fungal adhesion to oral mucosa, implying that HNK itself warrants
examination as a direct antifungal agent rather than solely as a formulation additive.

Candida-associated oral infections frequently occur among patients with systemic disease,
denture use, salivary dysfunction, malignancy, or immunosuppression, and progression to invasive
disease might occur when adequate control is not achieved [34-38]. Recent evidence has also
suggested a potential link between fungal invasion of the central nervous system and
neurodegenerative pathology, including Alzheimer's disease [39]. Given these concerns, identifying
agents capable of suppressing early mucosal colonization might hold clinical significance.

On the basis of these considerations, direct antifungal activity of HNK and potential
enhancement of standard antifungal efficacy were postulated. In this study, we aimed to evaluate the
antifungal effects of HNK against C. albicans and examine potential interactions with FLZ, a first-line
topical therapy for oral candidiasis.

2. Materials and Methods

2.1. Fungal Strain and Culture Conditions

In this study, the C. albicans ATCC 10261 strain was used and maintained in the laboratory. The
strain was stored at —80°C in Bacto Peptone (Beckton, Dickinson and Company, Franklin Lakes, NJ,
USA) containing 4% D-glucose (Sabouraud's medium; SM) and 10% glycerol until experiments were
performed. C. albicans was cultured on Candida GS agar plates (Eiken Chemical Co., Ltd., Tokyo,
Japan) at 37°C for 24 h. After incubation, the cells were collected and resuspended in Roswell Park
Memorial Institute 1640 (RPMI 1640) medium containing 2.5% fetal bovine serum (FBS) for
subsequent in vitro testing. All cultures were incubated at 37°C under aerobic conditions.

2.2. Antifungal Substances

FLZ, a first-generation triazole antifungal drug, was purchased from Meiji Seika Pharma Co.,
Ltd. (Tokyo, Japan) and dissolved in sterilized water at a concentration of 1.0 mg/mL for use in this
study.

HNK (Tokyo Chemical Industry Co., Ltd., Tokyo, Japan) was prepared as a 100 mg/mL stock
solution by dissolving it in dimethyl sulfoxide (DMSO; Kishida Chemical Co., Ltd., Osaka, Japan).
The final HNK concentration in the culture medium, with a DMSO concentration of 0.1%, was
achieved by adding the stock solution to the working medium at a 1:1000 ratio.
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2.3. Determination of Minimum Inhibitory Concentration

A preliminary assay was conducted to determine the minimum inhibitory concentration (MIC)
required for suppressing 50% of C. albicans growth (MICs) for HNK. Using the standard micro-broth
dilution technique, six independent measurements yielded a consistent dose-response curve, with
an MICs of 6.3 pug/mL. To assess the potential synergistic antifungal interaction between HNK and
FLZ on C. albicans, particularly regarding the yeast-to-hypha transition (dimorphism), HNK
concentrations that did not independently inhibit fungal proliferation were selected. Employing
HNK at or above its MICso could mask the intrinsic fungicidal activity of FLZ; thereby, confounding
assessment of combined effects. Clinical considerations also guided this selection. In the oral cavity,
drug concentrations exceeding the MICs, are rapidly diluted by saliva and dispersed across mucosal
surfaces. Consequently, evaluating the activity of sub-MICs; HNK levels provides a more realistic
approximation of in vivo exposure. Subsequent experiments generated dose-response curves for FLZ
administered alone and in combination with 3.2 pg/mL HNK. Triplicate measurements revealed clear
synergism across FLZ concentrations ranging between 0.8 and 3.2 ug/mL. Based on these findings,
all subsequent assays employed HNK at 3.2 ug/mL together with FLZ at 0.5 pug/mL.

2.4. Inhibitory Effect of HNK-Containing FLZ on C. albicans Biofilm Formation

In the study, we aimed to examine the combined pharmacological effects of HNK and FLZ on
inhibiting C. albicans biofilm formation. Crystal violet staining, frequently employed to assess yeast
biofilm biomass, provides high sensitivity and accuracy in detecting substantial biofilm formation
[40]. Biofilm biomass, including both viable and nonviable cells, was visualized under crystal violet
staining. The impact of combined HNK and FLZ treatment on C. albicans biofilm development was
assessed by a protocol adapted from the method described by Manoharan et al [41]. Suspensions of C.
albicans were adjusted to a final density of 1 x 106 CFU/mL in RPMI 1640 medium. Aliquots of 200 pL
were then dispensed into flat-bottom 96-well microplates and cultured at 37 °C for 24 h. Following
incubation, nonadherent cells were eliminated by rinsing each well three times with sterile
phosphate-buffered saline (PBS). Next, 200 uL of RPMI 1640 medium containing the test compounds
at the indicated concentrations was added to each well and incubated at 37 °C for 24 h to evaluate
drug-induced changes in biofilm mass. Biofilm biomass was quantified with crystal violet staining at
a final concentration of 0.05%. Briefly, wells were rinsed three times with sterile PBS to eliminate
nonadherent cells, stained with crystal violet for 15 min, and washed an additional three times with
PBS. After the plates were allowed to air-dry, 120 uL of 95% ethanol was added to each well to
dissolve the bound dye. Subsequently, 100 uL of the extracted solution was transferred to a fresh flat-
bottom 96-well plate; absorbance was measured at 570 nm by a microplate reader (BioSpectrometer;
Eppendorf, Hamburg, Germany). All experiments were conducted in triplicate.

2.5. Biofilm Inhibition Assay

A standardized C. albicans suspension (100 pL) was added to each well of a sterile 96-well tissue-
culture plate and incubated at 37°C for 24 h to establish biofilms. Following adhesion, the medium
was aspirated, and wells were gently rinsed twice with PBS. Treatment solutions (100 pL per well)
were then applied under the following conditions: HNK, 3.2 ug/mL; HNK, 3.2 ug/mL + FLZ 0.5
ug/mL; FLZ, 0.5 ug/mL; and an untreated control of RPMI 1640 medium alone. Plates were incubated
statically at 37°C for an additional 24 h. After incubation, supernatants were removed, and wells were
washed twice with PBS. To quantify metabolic activity, 200 puL of 2,3-bis-(2-methoxy-4-nitro-5-
sulphenyl)-(2H)-tetrazolium-5-carboxanilide (XTT)/menadione solution (Sigma, USA) was added to
each well in the dark, the plates were covered with aluminum foil to protect from light, and incubated
statically at 37°C for 1 h. Subsequently, 100 pL of the supernatant from each well was transferred to
a fresh sterile 96-well plate; absorbance was measured at 492 nm by a microplate reader. The
percentage inhibition of biofilm formation was calculated as described by Koban et al. [42].
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2.6. Quantification of Intracellular Reactive Oxygen Species

Intracellular reactive oxygen species (ROS) were quantified by the oxidation-sensitive dye 2',7'-
dichlorodihydrofluorescein ~ diacetate =~ (DCFH-DA; Sigma, USA). A  standardized C.
albicans suspension (100 uL) was dispensed into sterile black 96-well tissue-culture plates and
incubated at 37°C for 24 h to permit adhesion. After incubation, the culture medium was removed,
and wells were rinsed twice with sterile PBS. Wells were then treated with 100 pL of one of the
following solutions: HNK 3.2 ug/mL; HNK 3.2 ug/mL + FLZ 0.5 pg/mL; FLZ 0.5 pg/mL; or RPMI
1640 medium as an untreated control. Plates were incubated statically at 37°C for an additional 24 h.
Subsequently, 30 uL. of DCFH-DA (10 uM) was added to each well, and the plates were incubated in
the dark at 37°C for 40 min. The supernatant was carefully removed, and wells were washed twice
with sterile PBS to eliminate excess extracellular dye. Finally, 200 puL of sterile RPMI 1640 medium
was added to each well, and fluorescence was measured at an excitation wavelength of 488 nm and
an emission wavelength of 522 nm by a microplate reader.

2.7. Morphological Analysis with the Light Microscope and Scanning Electron Microscope

To investigate the effect of HNK in combination with FLZ on the various morphological states
of C. albicans, fungal cells were calculated in RPMI 1640 medium t 37°C for 24 h and subsequently
examined using an all-in-one microplate (BZ-X800; Keyence Corporation, Tokyo, Japan) and a
scanning electron microscope (SEM) (5-4800; Hitachi High-Tech Corporation, Tokyo, Japan).
Regarding light microscopic observation, 10 uL of the C. albicans, suspension was analyzed under
bright-field illumination at a magnification of x200. C. albicans cultures were first incubated in RPMI
1640 at 37°C until an optical density of 1.2 at 600 nm (ODew) was reached for scanning electron
microscopy. Thereafter, 100 uL of culture was inoculated into 10 mL of fresh RPMI 1640 medium
containing HNK and FLZ or no treatment control. Aliquots of 1 mL were then dispensed onto glass
coverslips placed in 24-well plates and incubated for an additional 24 h at 37 °C. Following
incubation, cells were fixed overnight at 4 °C in 2.5% glutaraldehyde and rinsed with sterile
phosphate-buffered saline. The specimens were subsequently dehydrated through a graded ethanol
series (30-100%), with each step lasting 15 min, after which the coverslips were air-dried. After
sputter-coating with a thin osmium layer, the samples were examined by SEM. Three randomly
selected fields per specimen were imaged at x2000 magnification.

2.8. Quantitative Real-Time Polymerase Chain Reaction Analysis of C. albicans Virulence-Related Gene
Expression

Biofilms of C. albicans were generated using sterile, enzyme-free 6-well tissue-culture plates.
Each well contained 2 mL of a standardized fungal suspension and was incubated for 48 h to allow
mature biofilm formation. Following incubation, the wells were gently washed three times with ice-
cold sterile PBS to remove non-adherent (planktonic) cells. Two mL of one of the following test
solutions was added to each well for treatment: HNK (3.2 pg/mL), HNK (3.2 ug/mL) combined with
FLZ (0.5 pg/mL), or FLZ alone (4 pg/mL). Wells assigned to the negative control group contained 2
mL of blank RPMI 1640 medium. After 24 h of further incubation, the supernatant was carefully
aspirated with a sterile, enzyme-free pipette tip. Adherent biofilms were then dislodged using a
sterile biofilm scraper; the collected cells were centrifuged to pellet biomass. Pellets were washed
once with diethylpyrocarbonate (DEPC)-treated water, centrifuged again, and supernatants
discarded. Total ribonucleic acid (RNA) was isolated from each group using the NucleoSpin® RNA
Plant and Fungi kit (MACHEREY-NAGEL, Diiren, Germany) according to the manufacturer’s
instructions. RNA purity and concentration were assessed with a NanoDrop™ 2000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). First-strand complementary
deoxyribonucleic acid (cDNA) was synthesized from purified RNA using the ReverTra Ace® gPCR
RT Master Mix (Toyobo Co., Osaka, Japan). Primers (Table 1) were designed to generate specific
amplicons targeting the HWP1 and ALS3 genes. Quantitative real-time polymerase chain reaction

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202601.1848.v1


https://doi.org/10.20944/preprints202601.1848.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2026 d0i:10.20944/preprints202601.1848.v1

5 of 14

(qQRT-PCR) was performed on a StepOne™ Real-Time PCR System (version 2; Applied Biosystems®,
Foster City, CA, USA) using Thunderbird® Next SYBR® qPCR Mix (Toyobo Co.) following the
supplier’s protocol. The cycling program consisted of an initial denaturation at 95°C for 30 s, followed
by 40 cycles of 95°C for 5 s and 60°C for 10 s. Relative gene expression was analyzed using the 2-2ACt
method, with EFBI serving as the internal standard (Shaller M, Molecular Microbiology, 1998; Tsang
PWK, PLOS ONE, 2012). Gene expression was expressed as relative values, setting the expression
level of control samples to one.

Table 1. Sequences of primers used for qRT-PCR analysis in this study

Gene
Sequences (5—3") References

EFB1  Forward : ATTGAACGAATTCTTGGCTGAC

Reverse : CATCTTCTTCAACAGCAGCTTG 3
HwpP1 Forward : CCATGTGATGATTACCCACA

Reverse : GCTGGAACAGAAGATTCAGG “
ALS3 Forward : CAACTTGGGTTATTGAAACAAAAACA 45

Reverse : AGAAACAGAAACCCAAGAACAACC

Abbreviation: qRT-PCR, quantitative real-time polymerase chain reaction.

2.9. Statistical Analysis

Data are expressed as means * standard error (SE) from three independent experiments.
Statistical significance of differences between means was calculated by Tukey’s test with GraphPad
Prism software (version 7; GraphPad, San Diego, CA, USA). Statistical significance was set at p < 0.05,
and significance levels were indicated as *p < 0.05 and **p < 0.01.

3. Results

3.1. HNK in Combination with FLZ Synergistically Inhibited the Cell Growth of C. albicans In Vitro

This study demonstrated a significant synergistic interaction between HNK and FLZ in
inhibiting C. albicans (Table 2). Adding HNK at a concentration of 3.2 pug/mL notably reduced the
MIC ranges of FLZ from over 4.0 to 0.5 pg/mL, indicating a potent synergistic effect against C. albicans.
The interaction between the two antifungal agents was assessed by the fractional inhibitory
concentration index (FICI), based on the principles of Loewe additivity. This framework assumes a
compound does not interact with itself, and comparisons are made under conditions yielding
equivalent biological effects. The FICI was calculated using the formula:

FICI = FICIa + FICIs = (MIC Acomb) / (MIC Aatone) + (MIC Beomb) / (MIC Batone)

Interpretation of the index follows established criteria: FICI < 0.5 indicates synergy, 0.5 < FICI <
1 indicates an additive effect, 1 < FICI < 4 indicates no interaction, and FICI > 4 indicates antagonism.

Table 2. The MIC values and FICI values of HNK and FLZ against C. albicans.

Combined use

¢ S“tlrl;’i;‘;"s HNK (ug/mL) FLZ (ug/mL) FICI
HNK FLZ
ATCC 10261 12.5 40 32 0.5 0.375

Abbreviations: FLZ, fluconazole; FICI, fractional inhibitory concentration index; HNK, hinokitiol; MIC,

minimum inhibitory concentration;.
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3.2. HNK in Combination with FLZ Inhibited Biofilm Biomass

Figure 1 illustrates the effect of combining HNK with FLZ on the biofilm biomass of C. albicans.
The combined treatment produced a substantial reduction in biofilm biomass compared to the control
group, FLZ alone, or HNK alone (Figure 1).

**]'):0.004 l:l Control
! “'p=0.006 : [ 1Nk (3.2 pgimLy
20 1 . - FLZ (0.5 pg/mL)
—’— [—wl B NKFLZ (32 gl + 0.5 pg/ml)

1.0 =

Biofilm Biomass (ODs-)

05 -

Figure 1. Honokiol in combination with fluconazole inhibited C. albicans biofilm biomass after 24 h.

3.3. XTT Assay Evaluating the Inhibitory Effect on Biofilms

The impact of HNK combined with FLZ on both planktonic and biofilm-associated C. albicans
cells was quantitatively assessed by the XTT reduction assay. Biofilm inhibition was expressed as the
percentage reduction in metabolic activity relative to untreated controls. Notably, treatment with
either HNK or FLZ at their respective MIC values significantly suppressed metabolic activity, and
further reductions were observed with three tested combination regimens. Among these, the co-
administration of HNK at 3.2 pg/mL and FLZ at 0.5 pg/mL produced the most pronounced and
reproducible inhibitory effect on biofilm viability (Figure 2).

M'D=0.0()3 I:I Control
"p=0.002 ' I Nk 3.2 g
! B Lz 0.5 pg/ml
10 b LU =0005 L (0.5 pg/mL)
B INKFLZ (3.2 pg/ml + 0.5 pg/ml)

0.6 -

Metabolic activity of C. albicans (OD,g,)
=
T

Figure 2. Effect of honokiol combined with fluconazole on the metabolic activity of C. albicans biofilms. The

metabolic activity of adherent fungal cells was determined using the XTT assay.

3.4. Quantification of Intracellular Reactive Oxygen Species

Using DCFH-DA as a fluorescent probe, intracellular ROS accumulation was evaluated in C.
albicans biofilms at both early and mature stages following treatment with varying concentrations of
HNK and FLZ, either alone or in combination. Across all tested concentrations, fluorescence intensity
was significantly elevated compared to the untreated control, indicating enhanced intracellular ROS
generation. Combination therapy with HNK and FLZ at high, medium, and low doses produced
fluorescence levels comparable to the respective MIC values of each agent administered individually.
Notably, the combination of HNK at 3.2 ug/mL and FLZ at 0.5 ug/mL yielded the greatest and most
consistent increase in ROS fluorescence in biofilms (Figure 3). These findings suggest that this specific

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202601.1848.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 26 January 2026 d0i:10.20944/preprints202601.1848.v1

7 of 14

combination could markedly amplify oxidative stress; thereby, promoting fungal cell damage and

death.
‘**p:0,0003 I:I Control

: "p=0.002 : [ 1Nk (3.2 pgrmLy
s 250 1 **0=0.005 B vz 0.5 pe/mL)
g B NOFLZ (3.2 pgmL + 0.5 pg/ml)
£
S 200 -
b
8
?é 150 -
z
3 100
g
w
2 s

0

Figure 3. Effect of honokiol combined with fluconazole on intracellular reactive oxygen species (ROS) levels in

C. albicans. ROS levels were measured in cells cultured with honokiol and fluconazole after 24 h.

3.5. Effect of HNK and FLZ on C. albicans Biofilm Formation by Morphology

Hyphal development was evaluated by fluorescence microscopy. In drug-resistant C. albicans,
exposure to HNK combined with FLZ markedly suppressed filamentation compared with FLZ alone
and the untreated control (Figure 4). In the combination group, cells remained exclusively in the yeast
form, without detectable hyphal structures. In contrast, the control group exhibited extensive hyphal
networks, whereas FLZ-treated and HNK-treated groups retained residual hyphal clusters, although
to a much lesser extent than the control group. These findings suggest that the dual-drug regimen
could synergistically inhibit the transition from yeast to hyphae.

Control FLZ HNK /FLZ

Figure 4. Hyphal formation in C. albicans observed using a fluorescence microscope and a scanning electron

microscope. Biofilms were grown in untreated medium or medium treated with honokiol combined with

fluconazole.

3.6. Expression Analysis of ALS3 and HWP1 in C. albicans Biofilm Formation by RT-PCR

Given the inhibitory effects of HNK and FLZ on C. albicans biofilm formation, transcriptional
profiles of biofilm-associated genes were examined by RT-PCR. The analysis demonstrated a marked
reduction in ALS3 and HWP1 expression following treatment. Downregulation observed at combined
concentrations was comparable to that achieved at the respective MIC levels of HNK or FLZ
individually. Importantly, the combination of HNK (3.2 pg/mL) and FLZ (0.5 ug/mL) produced the
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strongest suppressive effect, resulting in greater transcriptional inhibition than either compound
alone at its MIC concentration (Figure 5).

[:l Control
YT [ HNK (3.2 i)
* Bl iz 0.5 pgmLy

0.8
» Il INKOFLZ (3.2 pg/mL + 0.5 pg/mL)

0.6 [~
* %

04 *

Gene expression

HWP! ALS3

Figure 5. Expression of biofilm-associated genes HWP1 and ALS3 in C. albicans assessed by quantitative reverse
transcription polymerase chain reaction. Treatments included honokiol (HNK) at 3.2 pug/mL, fluconazole (FLZ)
at 0.5 pg/mL, HNK 3.2 ug/mL + FLZ 0.5 ug/mL, and an untreated control. Expression of individual genes was
normalized to the reference gene EFB1 and is shown relative to the control. Statistical significance is indicated
as *p < 0.05, *p < 0.01, and ***p < 0.001.

4. Discussion

C. albicans is frequently exist as a normal resident microorganism on human epithelial surfaces,
including the skin and the vaginal, gastrointestinal, and oropharyngeal mucosa. However, under
conditions such as immunosuppression or microbiota imbalance, it can transition into an
opportunistic pathogen leading to clinical manifestations that span from mild mucosal involvement
to severe, potentially fatal disseminated candidiasis. A major contributor to its pathogenicity is
biofilm formation, which provides protection against antifungal agents and host immune defenses,
which is associated with a significant disease burden and increased fatality, most notably in
immunosuppressed populations [46,47]. Biofilm formation also markedly increases resistance to first-
line antifungal agents, complicating clinical management [48]. In the context of rising antifungal
resistance, especially in biofilm-associated C. albicans infections, the use of combined antifungal
agents has gained recognition as a valuable approach to treatment. The synergistic interaction
between HNK and FLZ observed in this study highlights the potential of combination therapy to
enhance antifungal activity.

The need for alternative strategies targeting biofilm formation and maintenance is increasingly
recognized. Approaches such as novel antifungal agents and rational drug combinations are essential
for reducing the burden of biofilm-associated infections [46,49]. The demonstrated efficacy of the
HNK-FLZ combination in this study underscores the therapeutic potential of such strategies and
suggests their ability to overcome limitations inherent to current antifungal regimens.

HNK exhibits potent antimicrobial activity by suppressing C. albicans biofilm formation through
downregulation of HWPI and ALS3, genes critical for hyphal development, adhesion, biofilm
maturation, and immune evasion. Experimental evidence supports the inhibitory effect of HNK on
biofilm formation [50]. Low-dose combination regimens, such as HNK with FLZ, can effectively
disrupt fungal biofilms. These strategies highlight the therapeutic potential of sub-inhibitory drug
concentrations to interfere with biofilm-associated resistance pathways and restore antifungal
susceptibility.

The marked reduction in MIC values observed with the combined use of HNK and FLZ
demonstrates a robust synergistic interaction. This finding suggests that low-dose combination
therapy can effectively potentiate biofilm disruption; thereby, enhancing antifungal efficacy.
Additionally, accumulating evidence indicates that oxidative stress serves as a pivotal mechanism
underlying antifungal activity against C. albicans, particularly within biofilms. Previous reports
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showed that D319 induces ROS-dependent apoptosis through suppression of isocitrate lyase activity,
which leads to impaired mitochondrial function and ultimately culminating in cell death [51]. It has
been shown that (+)-medioresinol increasing intracellular generation of ROS, which subsequently
induces apoptosis via mitochondria-associated pathways [52]. Likewise, the antifungal properties of
nanoparticles are attributed to their ability to elevate oxidative stress, impair cell wall structure, and
trigger ROS-dependent cellular death [53]. Collectively, these findings are consistent with our results
and indicate that the enhanced antifungal activity of the HNK-FLZ combination is likely driven, at
least in part, by the promotion of oxidative stress, which in turn diminishes fungal viability and
contributes to improved therapeutic effectiveness. These observations were further corroborated by
SEM analysis findings. Strains exposed to the two-drug combination formed biofilms composed
almost entirely of yeast cells with minimal filamentous structures. In contrast, both the FLZ-treated
group and the untreated control exhibited markedly greater filamentation (Figure 4).

To gain deeper insight into how the HNK-FLZ combination suppresses C. albicans biofilm
formation, we analyzed the transcriptional profiles of representative genes associated with adhesion,
hyphal morphogenesis, and stress-related responses. RT-PCR analysis demonstrated a pronounced
suppression of ALS3 and HWZPI following combination treatment. Notably, the three tested
concentration pairs exhibited inhibitory profiles comparable to the MIC levels of each agent
individually, with HNK at 3.2 pg/mL combined with FLZ at 0.5 ug/mL producing the most
substantial reduction in gene expression. This downregulation exceeded that achieved by either
compound alone at its respective MIC concentration. The observed transcriptional repression aligns
with the established roles of these genes in fungal pathogenicity. The adhesion-associated gene
ALS3 is essential for initial attachment and structural stability of biofilms [54-56]. HWP1, a hypha-
specific gene, is critical for filamentous growth, a defining feature of mature biofilm architecture [56,
57]. Collectively, these findings indicate that the HNK-FLZ combination disrupts multiple virulence
pathways—adhesion, hyphal morphogenesis, and stress tolerance—providing a mechanistic basis
for its enhanced antibiofilm efficacy against C. albicans.

The present findings provide new insight into elucidating the molecular mechanisms underlying
resistance in C. albicans and indicate that combinational treatment approaches, specifically those
influencing specific gene regulatory pathways, could offer an effective option for the control of fungal
infections. The synergistic suppression of key genes involved in biofilm formation and virulence by
HNK and FLZ highlights a potential therapeutic pathway for addressing the multifaceted challenge
of antifungal resistance. These findings warrant further investigation into the specific molecular
interactions triggered by the combination treatment to identify novel targets that could strengthen
antifungal interventions [58,59]. In line with current research trends [60], a growing consensus
supports the value of combination approaches against fungal biofilms. Recent reviews [61] have
emphasized that understanding biofilm biology and identifying actionable molecular targets are
essential for developing more sophisticated antifungal therapies [62]. This work contributes to this
evolving discourse by offering new insights into biofilm-mediated resistance mechanisms and
underscoring the potential of innovative therapeutic strategies to advance the management of fungal
infections.

5. Conclusions

To confront the increasing problem of antifungal resistance, particularly of biofilm-forming C.
albicans, we carried out a set of in vitro investigations to assess the effects of combined treatment with
HNK-FLZ. The results demonstrated clear synergistic activity against established biofilms. Biofilm
imaging using fluorescein isothiocyanate—concanavalin A and quantitative assessment of gene
expression via gqRT-PCR revealed that this combination disrupted biofilm architecture and markedly
downregulated key genes involved in fungal adhesion and hyphal development. The results indicate
that combination-based therapeutic strategies for defining molecular targets may markedly enhance
antifungal treatment efficacy and represent a viable approach to addressing the challenges posed by
antifungal resistance. Furthermore, our findings provide initial experimental evidence supporting
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the potential clinical use of HNK alongside antimicrobial agents for the treatment of infections
associated with drug-resistant C. albicans.
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