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Abstract

Purpose The emergence of multidrug-resistant Candida auris highlights the urgent need for alternative antifungal agents.
This study evaluates the biological potential of xanthenones (XA1, XA2, XA3), previously synthesized xanthone derivatives
with unexplored bioactivity, focusing on their antifungal efficacy and anti-melanogenic activity.

Methods All hydroxathenones were first screened in vitro against a series of pathogens. The active compound was then
comprehensively tested against C. auris, with minimum inhibitory concentration (MIC) testing and mechanistic assays
conducted to assess membrane permeability disruption, reactive oxygen species (ROS) production, and biofilm inhibition.
Cytotoxicity was examined in HaCaT keratinocytes and B16F10 melanoma cells. Anti-melanogenic activity was assessed
through in vitro tyrosinase inhibition and melanin quantification, followed by in vivo pigmentation analysis in zebrafish
embryos, with kojic acid as a reference standard.

Results The most active analogue, 7-hydroxy-2,3,4,4,4a-tetrahydro-1H-xanthen-1-one (XA3), exhibited an MIC of 100 pg/
mL against C. auris. Mechanistic investigations indicated disruption of fungal cell integrity through increased membrane
permeability and elevated ROS production, contributing to reduced biofilm formation. Cytotoxicity assays showed accept-
able safety profiles, with HaCaT keratinocytes retaining 85% viability at 25 pg/mL and consistent tolerance observed in
B16F10 melanoma cells. Additionally, XA3 demonstrated potent anti-melanogenic activity, significantly reducing tyrosinase
activity, melanin content, and zebrafish embryo pigmentation, comparable to kojic acid.
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Conclusion This study presents the first preliminary report of the biological activity of XA3, highlighting its antifungal and
anti-melanogenic effects at distinct concentration ranges. These findings position XA3 as an early-stage hit compound with
separate pharmacological properties that require further investigation.

Graphical Abstract
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Introduction

Candida auris is a multidrug-resistant fungal pathogen of
global concern, spreading rapidly in over 30 countries and
associated with a high mortality rate, particularly among
immunocompromised patients [1]. Its persistence on medi-
cal device surfaces and resistance to standard antifungal
agents such as fluconazole and echinocandins significantly
limit treatment options and complicate infection control
[2—4]. Agents such as tigecycline and atovaquone impair
mitochondrial function and energy production, leading to
fungal cell death [5]. However, the efficacy of these drugs
is compromised by the strong biofilm-forming ability of
C. auris. These biofilms, composed of structured microbial
communities within a protective extracellular matrix, are
highly resistant to antifungal agents and evade the immune
response [6]. Therefore, there is an urgent need for new drug
candidates capable of penetrating and destroying these bio-
films to improve treatment outcomes [7, 8].

In response to this therapeutic challenge, researchers
are investigating alternative drug candidates, including
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xanthones and their xanthenone derivatives (Fig. 1). These
compounds exhibit a broad range of pharmacological
properties, including potent antifungal and antimicro-
bial activities via various mechanisms of action [9-13].
Hydroxyxanthones have attracted considerable interest
because the hydroxyl groups enhance free radical scaveng-
ing, improve bioavailability, and facilitate interaction with
fungal membranes [14—18]. Specific substitution patterns,
such as 1,3-dihydroxylation, are associated with greater bio-
film penetration and antifungal efficacy [19, 20], as well as
to low cytotoxicity to mammalian cells [21, 22].
Interestingly, some fungal skin infections can be fol-
lowed by post-inflammatory hyperpigmentation, which
may complicate treatment and cosmetic outcomes [23, 24].
Although antifungal therapy resolves the underlying infec-
tion, pigmentary alterations may persist and often require
independent dermatological intervention. Melanogenesis,
the process of melanin production, is primarily regulated by
tyrosinase, a copper-dependent enzyme that catalyzes key
steps in melanin biosynthesis. Excess melanin production
can cause hyperpigmentation disorders such as melasma,
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freckles, and age spots, increasing interest in alternative
anti-melanogenic agents [25]. Several xanthones have dem-
onstrated stronger tyrosinase inhibition than the reference
standard kojic acid [26]. Molecular docking studies suggest
that these compounds act via allosteric inhibition of tyrosi-
nase, providing greater specificity and fewer side effects
than conventional inhibitors [26]. Additionally, structure—
activity relationship (SAR) analyses show that hydroxyl
and methoxy groups enhance both tyrosinase inhibition and
antioxidant activity, supporting their potential as effective
anti-melanogenic agents. Together, these findings indicate
that hydroxanthone derivatives may exhibit antifungal and
anti-melanogenic properties through different underlying
mechanisms.

In this study, three xanthenones, 2,3,4,4a-tetrahydro-1H-
xanthen-1-one (XA1), 7-methoxy-2,3,4,4a-tetrahydro-1H-
xanthen-1-one (XA2) and 7-hydroxy-2,3,4,4a-tetrahydro-
1 H-xanthen-1-one (XA3), as depicted in Fig. 1, were synthe-
sized and characterized using spectroscopic and molecular
structural analyses. Their comprehensive antifungal activi-
ties against C. auris, as well as the in vitro and in vivo anti-
melanogenic potential of the most active derivative, were
evaluated using B16F10 melanoma cells and zebrafish
models. By exploring the structural versatility and bioac-
tivities of hydroxyxanthones, this research aims to support
the development of compounds that may be independently
optimized for antifungal or anti-melanogenic applications.

Results and Discussion

Synthesis and Molecular Characterization of
Xanthenones

The xanthenone derivatives, XAl1l, XA2 and XA3, were
synthesized by a one-pot domino-Oxa-Michael addi-
tion reaction, using cyclohexen-1-one and substituted

Fig. 1 General chemical struc-
tures of xanthone, xanthenone
and their derivatives (XA, XA2
and XA3)

Xanthone
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hydroxybenzaldehydes, with the base 4-dimethylaminopyr-
idine (DMAP) in ethanol for 24-48 h. XAl has been pre-
viously characterized [27], whereas the full spectroscopic
characterization of XA2 and XA3, is provided in Section S1
(Figs. S1 — S6 of the Supplementary Materials). For XA2,
the molecular ion peak at m/z 231.0997 [M+H]" in the
HR-MS (ESI) spectrum corresponds to the molecular for-
mula C,4H,,0;, consistent with the 'H and '*C NMR spec-
tra showing 14 proton and 14 carbon signals. Similarly, the
structure of the repurposed compound XA3 was confirmed
by its molecular ion peak at m/z 216.08 [M]" in the GC-MS
(EI) spectrum, matching the molecular formula C;;H;,0;,
and supported by the expected 'H and '*C resonance sig-
nals. In addition, the predicted physicochemical parameters
and ADMET profiles for the xanthenone derivatives, indi-
cating their drug-likeness and pharmacokinetic potential,
are summarized in Section S2, Table S1 of the Supplemen-
tary Materials.

Molecular characterization is essential to confirm the
structural identity of the synthesized xanthenone deriva-
tives. Although XA3 has been previously reported, its solid-
state structure has not been elucidated. This study presents
the first single crystal X-ray diffraction (SC-XRD) analysis
of the compound. The SC-XRD analysis verified structural
purity, while Hirshfeld surface analysis reveals key intermo-
lecular interactions that contribute to the molecular pack-
ing and overall stability of the compound [28, 29]. Yellow
block crystals of XA3 were obtained by slow ethanol evapo-
ration. The molecular structure of the asymmetric unit of
XA3 is shown in Fig. 2A, with the superimposed enantio-
meric arrangement illustrated in Fig. 2B. Detailed crystallo-
graphic information and refinement parameters are provided
in Table 1, and additional geometry data are summarised in
Tables S2 and S3 (Supplementary Material). The structure
confirms that XA3 is chiral, with a stereogenic centre at C9
(bonded to 02, sp*hybridised carbon C8, sp*-hybridised
carbon C13, and H9). Further analyses revealed that the

Xanthenone

XA2
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(A)

Fig. 2 Molecular structure of XA3. (A) Atom labelling scheme with anisotropic displacement parameters at 50% probability level. (B) Overlay

of the XA3 enantiomer

Table 1 Crystal data and structure refinement for XA3

Compound XA3 Compound XA3

Formula C5H,,04 V4 4

Formula weight ~ 216.23 Peale@CM 7y 1.409

Crystal size 0.223x0.070x0.044  p(mm ) 0.820

(mm3)

Crystal system Monoclinic F (000) 456.0

Space group P2/c Reflection

a(A) 7.60560(10) Collected 12,854

b (A) 6.83750(10) Unique 2102

c(A) 19.6893(4) with I>206(]) 1964

a(®) 90 R(F) [I>2 0.0389
o(D)]

B (°) 95.491(2) No. 150
parameters

Y () 90 WR(F?) [all 0.1103
data]

Volume (A3) 1019.21(3) max/min Ap (e 0.39/-
A 0.24

sample exists as a racemic mixture, containing both enantio-
mers in a 1:1 ratio. Supplementary analyses of intermolecu-
lar contacts, supramolecular packing, and Hirshfeld surface
features (d,,, maps and 2D fingerprint plots), are provided
in Figs. S7-S11 (Section S3 of Supplementary Material).

Evaluation of the Antifungal Effect of Xanthenone
Series on Fluconazole-Resistant C. auris

A preliminary evaluation of the antibacterial efficacy of
XA1, XA2 and XA3 was conducted against various patho-
genic microorganisms, including those from oral, foodborne,
aquatic and nosocomial sources, such as Streptococcus spp.
and Candida spp. (Section S4, Table S4 in the Supplemen-
tary Material). Meanwhile, detailed antifungal studies of
XA1 were previously discussed by Ramli et al. (2024) [27].
At 100 pg/mL, XA3 inhibited 52.08% of C. auris, while
XA2 showed no detectable inhibition. Neither compound

@ Springer

inhibited C. glabrata, and both XA2 and XA3 exhibited low
activity (<25% inhibition) against C. albicans.

The observed differential susceptibility suggests a sub-
stituent-dependent structure—activity relationship (SAR).
X A3 contains a free phenolic hydroxyl group, whereas XA2
has a methoxy substituent. The hydroxyl group may enhance
hydrogen-bonding capacity, polarity, and interactions with
fungal cellular targets, consistent with reports highlighting
the importance of hydroxy substituents in xanthone deriva-
tives [64—65, 10]. In contrast, methoxy substitution may
alter physicochemical properties such as lipophilicity and
target engagement, potentially reducing antifungal potency.
Thus, structural differences between XA2 and XA3 likely
influence properties including polarity, hydrogen-bonding
capacity, and membrane interaction, thereby affecting anti-
fungal activity.

Species-specific biological factors may also contribute
to variable susceptibility. C. auris has a thicker, chitin-rich
cell wall that may allow selective permeation of polar com-
pounds such as XA3 [66, 67], whereas C. glabrata and C.
albicans, which are known to influence antifungal sensitiv-
ity [66—69]. Differences in membrane composition, permea-
bility, oxidative stress responses, and drug transport systems
may therefore affect intracellular accumulation and activity
of these compounds. Collectively, these findings suggest
that both substituent-dependent SAR effects and species-
specific fungal biology contribute to the observed differen-
tial activity of xanthenone compounds.

XA3 Effects on the Morphology, Structure and
Membrane Permeability of C. auris

After determining the minimum inhibitory concentration
(MIC: 100 pg/mL) and fungistatic profile of XA3 (Fig. S12,
Section S5 in Supplementary Material), field emission scan-
ning electron microscopy (FE-SEM) was used to observe
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morphological and ultrastructural changes in C. auris fol-
lowing treatment with XA3 at MIC and 2xMIC concentra-
tions, as well as in control groups for comparison. Unlike
the smooth, oval-shaped untreated cells (Fig. 3A), XA3-
treated cells showed a roughened surface, constrictions and
structural collapse, particularly evident at 2xMIC (Fig. 3C).
At MIC, some cells retained normal morphology (Fig. 3B),
but overall, similar destructive changes were observed at
both concentrations. In comparison, fluconazole-treated
cells showed milder surface damage without constriction
(Fig. 3D). These similar morphological changes at MIC
and 2xMIC strongly suggest that XA3 disrupts the cellu-
lar integrity of C. auris, leading to membrane damage that
likely causes leakage of cytoplasmic contents.

To support this hypothesis, the propidium iodide (PI)/
fluorescein diacetate (FDA) [PI/FDA] uptake assay was
performed to assess the effects of XA3 on membrane
permeability and cell viability in C. auris. PI selectively
stains dead or damaged cells with compromised mem-
branes, emitting red fluorescence, while FDA labels liv-
ing cells with intact membranes and active metabolism,
emitting green fluorescence [30]. Treatment of C. auris
with XA3 at MIC and 2xMIC significantly increased PI
uptake (red fluorescence) and decreased FDA staining

Fig. 3 Evaluation of morpho-
logical and structural changes

by FE-SEM of cells treated with
XA3. (A) Untreated cells (nega-
tive control), (B) cells treated
with the MIC of XA3 (100 pg/
mL), (C) cells treated with 2 x
MIC of XA3 (200 pg/mL), and
(D) cells treated with fluconazole
(300 pg/mL; positive control).

Untreated

(A’-D”) Stepwise magnifications =
of (A-D). Scale bar =10.0 um. 2 g
(A-D); 5.0 pm (A’-D"); 2.0 um =
(A™-D") 3 S

=

XA3 2xMIC

(200 pg/mL)

Fluconazole
(300 ug/mL; PC)

(green fluorescence), indicating increased membrane per-
meabilization and loss of cell viability, consistent with the
morphological damage observed by FE-SEM. These fluo-
rescence data (Fig. 4) quantitatively and visually confirm
that membrane disruption induced by XA3 leads to cyto-
plasmic leakage and cell death.

Effects of XA3 on ROS Production in C. auris

Excessive accumulation of reactive oxygen species (ROS)
can cause DNA and RNA damage. To determine whether
the inhibitory effect of XA3 is related to ROS genera-
tion, intracellular ROS levels were measured using the
H,DCFDA assay. H,DCFDA is a non-fluorescent probe that
fluoresces upon reaction with ROS, enabling the quantifi-
cation of oxidative stress. As shown in Fig. 5, both XA3-
treated groups (MIC and 2xMIC) showed moderate green
fluorescence, higher than the negative control but lower
than the fluconazole-treated group (300 pg/mL, positive
control). This signifies that although XA3 induces oxidative
stress in C. auris, it likely exerts its effects via additional
mechanisms beyond ROS generation, compared to flucon-
azole. Furthermore, bright field (Fig. 5) and PI/FDA images
support reduced cell density and membrane destruction in

@ Springer
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Fig.4 Alterations in C. auris membrane permeability induced by XA3
in the PI/FDA uptake assay. Cells were exposed to PBS (negative con-
trol), XA3 at MIC and 2 x MIC, and fluconazole (300 pg/mL; positive
control), then incubated at 37 °C for 10 h. Stained cells were visual-

XA3-treated cells, indicating a multifaceted mechanism. In
contrast to fluconazole [31, 32], XA3 appears to act primar-
ily through structural damage and changes in membrane
permeability over ROS generation, emphasising its poten-
tial as an antifungal agent.

Inhibition and Eradication of Biofilm Formation by
XA3

Biofilm formation increases resistance to antimicrobial treat-
ment by limiting drug penetration. To evaluate the effect of
XA3 on C. auris biofilm formation, the crystal violet (CV)
staining method was used. XA3 showed considerable bio-
film inhibition at 50, 100 and 200 pg/mL, with inhibition
rates of 43.56%, 62.19% and 66.78%, respectively (Fig. 6A).
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ized using the confocal laser scanning microscopy (CLSM) at excita-
tion wavelengths of 535 nm and 617 nm, and emission wavelengths of
488 nm and 535 nm. Scale bar; 10 um

Remarkably, even at the lowest concentration of 50 pg/
mL, XA3 outperformed the positive control fluconazole at
300 pg/mL (29.74% inhibition). This suggests that the bio-
film inhibitory effect of XA3 is concentration dependent.
Furthermore, the efficacy of XA3 in eradicating pre-existing
biofilms was similar to that of fluconazole. Eradication rates
remained below 50% at all concentrations tested: 16.01% at
50 pg/mL, 34.36% at 100 pg/mL and 32.47% at 200 pg/mL.
Interestingly, the biofilm eradication efficacy of XA3 at 50
and 100 pg/mL was comparable to the positive control fluco-
nazole (eradication rate of 34.85%; Fig. 6B). These findings
indicate that XA3 is particularly more effective in preventing
biofilm development than in eradicating established biofilms
and thus offers a strategic approach to controlling C. auris
infections in their early stages.
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Fluconazole XA3 2xMIC XA3 MIC Untreated
(300 pug/mL; PC) (200 pug/mL) (100 pug/mL) (NO)

Fig.5 ROS generation in C. quris induced by XA3. CLSM bright field
and fluorescence images show ROS production in C. auris treated with
fluconazole (300 pg/mL; positive control), XA3 (MIC and 2 x MIC),
and PBS (negative control). At excitation and emission wavelengths
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XA3 concentrations (ug/mL)

Fig. 6 Quantitative assessment of biofilm (A) inhibition and (B)
eradication of XA3 in C. auris. Increasing concentrations of XA3
(0-200 pg/mL) were used in both assays, with fluconazole (300 pg/
mL) as the standard drug (PC: positive control). After treatment with
XA3, the biofilm adhering to the wall surface was stained with CV

PIeY Jsug

20UIDSAIONJ
U310

of 488 nm and 535 nm, respectively, green fluorescence was detected
in fungal cells stained with H,DCFDA and observed by CLSM. Scale
bar: 10 pm

(B)
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©
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0
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XA3 concentrations (ug/mL)

and quantified by measuring ODsys. Statistical significance is denoted
by ****p<0.0001, indicating a significant difference compared to the
negative control, while ‘ns’ indicates no significant difference in bio-
film eradication. Error bars represent the mean+SD (n=3)
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The CV staining showed that XA3 effectively inhib-
its and eradicates biofilms of C. auris. Biofilm-associated
infections are clinically challenging due to their protec-
tive matrix, which increases microbial resistance by up to
1,000-fold [33, 34]. C. auris readily forms robust biofilms
on medical devices (such as catheters, heart valves and joint
prostheses) and tissues, contributing to persistent infections
with high morbidity [34]. This resistance stems from limited
drug penetration, an altered microenvironment and the pres-
ence of persister cells, often necessitating prolonged therapy
or removal of the device [35, 36].

XA3 shows a strong inhibitory effect on C. auris bio-
film formation, comparable to fluconazole, highlighting
its potential as a preventive antifungal. While its activity
against mature biofilms is limited, its primary strength is in
preventing biofilm development, which is crucial for treat-
ing infections associated with medical devices. In antifungal
treatment protocols, XA3 could be particularly valuable for
prophylaxis or as part of combination therapy, preventing
initial colonisation while other agents target established bio-
films [37-39]. This dual strategy approach could improve
treatment outcomes and help reduce resistance to fungal
infection by reducing persistent infections.

To further substantiate the antifungal mechanisms of
XA3, the expression of key virulence genes in C. auris
was analyzed after treatment with its MIC (Section S6
and Table S5 in the Supplementary Material). XA3 down-
regulated genes related to drug resistance (cdr! and mdrl),
redox homeostasis (cat!), hyphae formation (/yr/) and pro-
tein folding (sti/) compared to the PBS control (Fig. S13
in the Supplementary Material). Notably, expression of
cdrl remained near baseline with XA3 (0.90-fold) but was
upregulated by fluconazole (1.91-fold), suggesting that XA3
may better circumvent common resistance mechanisms and
provide therapeutic benefits.

Fig. 7 MTT-based cytotoxicity *%

In Vitro Toxicity Analysis of XA3 on HaCaT and
B16F10 Cultured Cells

In vitro cytotoxicity assessment using human HaCaT kerati-
nocytes and B16F10 murine melanoma cells was conducted
to confirm the selective safety of XA3 and to ensure that its
antifungal and depigmenting effects were not due to non-
specific cytotoxicity. Confirmation of cytocompatibility
with both skin and pigment-producing cells supports the
potential therapeutic use of XA3, particularly for treating
skin-related C. auris infections and pigmentation disorders.

The cytotoxic effects of XA3 on HaCaT keratinocyte
cells were assessed using the MTT assay at different con-
centrations: 6.25 pg/mL (90.45% viability), 12.5 pg/mL
(91.61% viability), 25 pg/mL (85.04% viability) and 50 ug/
mL (73.69% viability) (Fig. 7A). Although a statistically
significant reduction in cell viability was observed at all
concentrations compared to the negative control, viabil-
ity remained above 80% at concentrations up to 25 pg/
mL. indicating low cytotoxicity according to ISO 10993-5
guidelines [40, 41]. At 50 pg/mL, viability decreased to
73.69%, indicating mild cytotoxicity. These results support
the safety of XA3 at lower concentrations and highlight the
importance of optimizing the balance between cytocom-
patibility and antifungal efficacy.XA3 also showed strong
antifungal activity against fluconazole-resistant C. auris,
particularly by inhibiting biofilm formation at 50 pug/mL,
outperforming fluconazole at 300 pg/mL. Although effec-
tive, defining a clear therapeutic window is critical to ensure
host cell safety. The higher MIC required for C. auris likely
reflects its resilient cell wall and drug-resistant character-
istics, underscoring the need for dose optimization in the
further development of XA3.

The cytotoxicity of XA3 in B16F10 melanoma cells was
tested at concentrations ranging from 1.56 to 50 pg/mL,

analysis of XA3 on (A) HaCaT ( A)
and (B) B16F10 cells. Untreated *%
cells served as control groups
(a-MSH-induced for B16F10). *
XA3 treatments at different con- Kk
centrations (HaCaT: 6.25-50 pg/

mL; BI6F10: 1.56-50 pg/mL) 100
decreased cell viability after EE TR =
24 h. Kojic acid (7.10 pg/mL)
was included as a reference in
(B). Cell viability was measured
at (A) ODsys and (B) ODs, and
expressed as mean+SD (n=3).
Statistical significance: *p<0.05,
**p<0.005, ****p<0.0001

Cell viability (%)
3

H
Cell viability (%)

(B)

*kkk
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following pre-treatment with 200 nM o-melanocyte stimu-
lating hormone (a-MSH) to maintain melanogenic activity.
As shown in Fig. 7B, XA3 induced a dose-dependent reduc-
tion in cell viability, decreasing from 87.56% (at 1.56 pg/
mL) to 29.19% (at 50 ug/mL). In comparison, kojic acid
(7.10 pg/mL) caused only a slight decrease in viability. The
higher sensitivity of B16F10 cells compared to HaCaT cells
to XA3, particularly above 12.5 pg/mL, is likely due to
active melanin synthesis and tyrosinase expression, which
metabolize XA3 into reactive intermediates that trigger
redox cycling and Fenton reactions, increase intracellular
ROS levels and induce oxidative stress-related cell death
[42]. In contrast, HaCaT cells lack tyrosinase and produce
less ROS, suggesting that XA3 acts via a selective pro-oxi-
dant mechanism that targets melanocytic cells while sparing
normal keratinocytes.

Altogether, the selective cytotoxicity of XA3 suggests a
favourable therapeutic window and shows efficacy against
C. auris, inhibition of melanocyte activity in B16F10 cells,
and safety in normal skin cells. The relatively low cytotox-
icity in HaCaT cells at the biofilm inhibitory concentration
(50 pg/mL) suggests a measurable safety margin for anti-
fungal testing conditions. To further investigate the other
bioactivity, anti-melanogenesis and anti-tyrosinase assays
were performed in vitro on a-MSH-induced B16F10 cells
and in vivo using zebrafish.

In Vivo Toxicity Tests of XA3 Effects in Zebrafish
Animal Model

To validate the anti-melanogenic potential of XA3 and
assess its biosafety in the whole organism, in vivo stud-
ies were performed using zebrafish. This approach offers
a complementary platform to cellular assays and enables
the evaluation of developmental and pigmentation out-
comes in a physiologically relevant system. Zebrafish
embryos and larvae, up to 5 days post-fertilization (dpf),
provide a cost-effective and ethical alternative for animal
studies that supports the 3Rs (Replacement, Reduction,
and Refinement) guidelines [48]. Their exceptional trans-
parency allows direct observation of pigmentary changes
and developmental effects [49-52], while whole-organism
assessment accounts for pharmacokinetic factors such as
absorption and distribution [53]. With 84% genetic homol-
ogy to humans, including conserved pigmentation genes
(mitf, tyr, tyrpl) and signalling pathways (PI3K, cAMP/
PKA, MAPK) [51, 53, 54], zebrafish offer greater trans-
lational relevance for evaluating melanogenesis inhibitors
compared to cellular models. This complementary platform
bridges the gap between in vitro assays and mammalian
studies, providing comprehensive efficacy and safety data
in a living system.

In this study, the in vivo activity of XA3 was evaluated
by exposing zebrafish embryos at the gastrulation stage (6
hpf) to various concentrations (12.5, 6.25, 3.125, 1.5 and
0.7 pg/mL), with morphological observations conducted up
to 72 hpf. The results showed that the median lethal dose
(LDsg) of XA3 was 6.25 ng/mL (Fig. S14 in Supplementary
Material). Concentrations above 12.5 ug/mL were not used
in zebrafish experiments as the preliminary testing showed
severe acute toxicity, with near-complete mortality at 24
hpf and an estimated LDso of approximately 6.25 pg/mL.
Therefore, lower sublethal concentrations were selected
for in vivo evaluation. Prolonged exposure to XA3 at sub-
lethal concentrations of 3.125 and 1.5 pg/mL produced vis-
ible anti-melanogenic effects at 48 hpf, whereas embryos
exposed to the lowest concentration (0.7 ug/mL) showed no
changes in pigmentation (Fig. 8). Based on these findings,
the effects of XA3 on vascular development were assessed
using a blood vessel-specific transgenic zebrafish embryo
[Tg(kdri: egfp)], which expresses green fluorescent protein
(GFP) in vascular endothelial cells [55]. These embryos
were treated with XA3 (3.125, 1.5 and 0.7 pg/mL) at 10
hpf and analyzed at 30 hpf. While the lowest concentration
(0.7 ng/mL) had no observable effect on vascular develop-
ment, higher concentrations (3.125 and 1.5 pg/mL) induced
structural alterations in the intersegmental vessels (ISVs)
of both trunk and head regions, indicating a concentration-
dependent effect on angiogenesis (Fig. 9A).

To determine whether the observed anti-melanogenic
and anti-angiogenic effects were associated with gen-
eral cytotoxicity, AO staining was performed at 72 hpf to
detect apoptotic cells in embryos treated with XA3 (3.125,
1.5 and 0.7 pg/mL). Apoptosis, characterised by distinct

48 hpf 72 hpf
———— s
e @
T | ot
R Control . Control
[ -
3.125 pg/mL 3.125 pg/mL
P e e
1.5 pg/mL A 1.5 pg/mL
———— pr—— L
AP e A e - . o o= ->
‘—‘" et - -
- 0.7 pg/mL w‘ e 0.7 pg/mL

Fig. 8 Effects of XA3 on melanogenesis in zebrafish larvae. Represen-
tative lateral views (anterior to the left) of zebrafish larvae treated with
XA3 at different concentrations (0.7, 1.5, and 3.125 pg/mL) and cor-
responding controls at 48 hpf (left panel) and 72 hpf (right panel). XA3
exhibited anti-melanogenic effects at 3.125 pg/mL and 1.5 pg/mL,
while no significant change in pigmentation was observed at 0.7 pg/
mL compared with the control groups. Five larvae were analyzed per
concentration. Scale bar: 200 pm
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(A)

Control

3.125 pg/mL

Head region

Trunk region

Control 3.125 ug/mL

1.5 pg/mL 0.7 pg/mL

1.5 pg/mL 0.7 pg/mL

Fig. 9 Evaluation of vascular development and cellular apoptosis in
zebrafish embryos following XA3 exposure. (A) Effects on angio-
genesis in the transgenic Tg/kdrl: egfp] line at 30 hpf. Representative
fluorescence images of the head and trunk vasculature show that XA3
treatment at 1.5 pg/mL and 3.125 pg/mL impairs intersegmental vessel
(ISV) formation (white arrows) and reduces head vasculature, while
no impairment is observed at 0.7 pg/mL. (B) Assessment of cell death

morphological features such as cell shrinkage, membrane
blebbing and chromatin condensation [56], was not detected
at any of the concentrations tested (Fig. 9B). The absence
of detectable apoptosis suggests that the vascular and pig-
mentation phenotypes are not attributable to widespread
cytotoxicity. However, given the observed anti-angiogenic
activity, these findings indicate biologically specific effects
that require further mechanistic investigation to clarify their
underlying pathways, safety implications, and relevance for
future pharmacological optimisation [70, 71].

Collectively, cytotoxicity assays in HaCaT keratino-
cytes, BI6F10 melanoma cells, and zebrafish embryos
showed that XA3 is well tolerated at sub-inhibitory con-
centrations, although these concentrations are below the
MIC (100 pg/mL) required for antifungal activity against
C. auris. The MIC of XA3 against C. auris, together
with cytotoxicity observed at lower concentrations, indi-
cates a limited therapeutic window in its current form.
Therefore, XA3 is not proposed as a standalone antifun-
gal but should be considered an early-stage hit requiring

@ Springer

by acridine orange (AO) staining. Representative fluorescence images
show no significant increase in AO-positive cells in XA3-treated
groups compared to the control, indicating a lack of pro-apoptotic
activity at the tested concentrations. Note: Bright green fluorescence in
the yolk region is due to natural autofluorescence. Each condition was
validated using three embryos per concentration. Scale bar: 200 um

further optimization. Such efficacy and safety profiles
are common in discovery-stage compounds and can be
improved through rational structural modification [72,
73]. In addition, topical delivery strategies and combi-
nation approaches of XA3 with existing antifungals may
improve therapeutic feasibility by reducing the effective
concentration required [74, 75].

On the other hand, this suggests that the available safety
data are more relevant for anti-melanogenic than antifun-
gal use, highlighting the need for further studies to define
the therapeutic window at fungicidal doses. Importantly,
the antifungal and anti-melanogenic effects of XA3 occur
at different concentration ranges and through different
mechanisms: (1) the antifungal effect at the MIC is due to
membrane disruption and fungal cell death, while (2) the
anti-melanogenic effects at lower, sublethal doses result
from inhibition of melanin biosynthesis, including suppres-
sion of tyrosinase. This concentration-dependent distinction
indicates that the antifungal and anti-melanogenic activities
of XA3 occur within distinct pharmacological ranges.
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Evaluation of Anti-Melanogenic Efficacy in B16F10
Cells and Zebrafish Embryos

The anti-melanogenic efficacy of XA3 was evaluated
using a dual-model approach involving a-MSH-stimulated
B16F10 melanoma cells and zebrafish embryos to rep-
licate physiological hyperpigmentation. In the B16F10
cell model, a-MSH stimulation successfully established
a hyperpigmented state [43], increasing melanin content
and tyrosinase activity to 100%. XA3 treatment produced
a potent, dose-dependent inhibitory effect, reducing mela-
nin content to 85%, 42%, and 13% at concentrations of
1.56, 6.25, and 25.0 pg/mL, respectively (Fig. 10A.I). This

performance was highly comparable to the benchmark
inhibitor, kojic acid (6% melanin). Similar results were
observed in the anti-tyrosinase assay (Fig. 10A.II), where
XA3 suppressed enzymatic activity to as low as 5% at the
highest dose. These concurrent reductions suggest that XA3
inhibits melanogenesis through direct suppression of tyrosi-
nase, likely via competitive enzymatic inhibition or protein
downregulation, rather than through indirect antioxidant
pathways [25, 44—47].

This mechanistic profile was further validated in vivo
using the zebrafish model. To ensure accurate visualization,
embryos were pre-treated with 1-phenyl-2-thiourea (PTU)
to establish a transparent baseline before a-MSH stimulation
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Fig. 10 Comprehensive anti-melanogenic evaluation of XA3 using in
vitro and in vivo models. (A) Effects in B16F10 murine melanoma
cells stimulated with o-MSH; (A.I) Relative melanin content and (A.
II) tyrosinase activity demonstrate dose-dependent inhibition by XA3,
with the 25.0 pg/mL dose showing activity comparable to the kojic
acid (KA) standard. (B) In vivo evaluation in zebrafish embryos at

48 hpf; (B.I) Relative melanin content shows that XA3 significantly
reduces pigmentation, outperforming the KA control at the 6.25 pg/mL
concentration. (B.IT) Relative tyrosinase levels indicate potent sup-
pression of the key melanogenic enzyme, comparable to KA. All data
are expressed as relative percentages compared to a-MSH-stimulated
controls. Error bars represent mean+SD (¥***p<0.0001)
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[57, 58]. Microscopic examination revealed a pronounced
depigmenting effect in XA3-treated embryos (see Fig.
S15 in Supplementary Material). As shown in Fig. 10B.1,
quantitative analysis confirmed that XA3 (6.25 pg/mL)
reduced melanin content to 13%, significantly outperform-
ing the kojic acid control (30%) within its non-toxic range
(LD5y=6.25 pg/mL). Furthermore, XA3 reduced in vivo
tyrosinase levels to 49%, exceeding the 60% inhibition
achieved by kojic acid (Fig. 10B.II). The strong correlation
between the in vitro B16F10 data and the in vivo zebrafish
results confirms that tyrosinase suppression is the primary
mode of action for XA3. By demonstrating greater potency
than kojic acid in an organismal model, XA3 emerges as
a promising candidate for the treatment of pigment-related
disorders and the development of innovative dermatological
therapeutics.

Conclusion

In summary, XA3 is a promising dual-function xanthenone
derivative with significant antifungal and anti-melanogenic
properties. The 7-hydroxy (-OH) group in XA3 is critical
for its enhanced bioactivity, as it increases hydrogen bond-
ing, polarity, membrane interaction, ROS modulation, and
direct enzyme inhibition compared to the unsubstituted
(XA1) and methoxy-substituted (XA2) analogues. Against
C. auris, XA3 inhibited fungal growth and biofilm formation
with an MIC of 100 pg/mL. Time-kill kinetics confirmed a
primarily fungistatic effect, associated with structural dam-
age, membrane disruption, induction of ROS and inhibition
of biofilm formation. In addition, XA3 showed significant
anti-melanogenic effects by reducing melanin content and
tyrosinase activity in a-MSH-stimulated B16F10 melanoma
cells in a dose-dependent manner, surpassing the efficacy of
kojic acid. These results were further validated in zebrafish
embryos, which possess conserved melanogenesis pathways.
This concentration-dependent bioactivity demonstrates that
XA3 exhibits pharmacologically distinct antifungal and
anti-melanogenic effects. These findings position XA3 as
a bioactive hit scaffold that warrants further structural opti-
mization to enhance potency and improve safety margins.
Future pharmacological investigations are necessary to bet-
ter define its mechanistic profile and therapeutic relevance.

H DMAP, EtOH R

OH rt, 24-48 h

Experimental
Chemistry

Following the domino oxa-Michael addition procedure,
a mixture of 4-dimethylaminopyridine (DMAP; 1 mmol)
and substituted hydroxybenzaldehydes (5 mmol) was
added to cyclohexen-1-one (10 mmol) in 10 mL of etha-
nol (Scheme 1) for preparation of the XA series. The reac-
tion mixture was stirred at room temperature for 48 h, or
until the hydroxybenzaldehydes had fully reacted. The
mixture was then acidified with dilute hydrochloric acid
(HCI) solution and quenched with ice water. The result-
ing precipitate was dried in vacuo, filtered, and rinsed
with water or extracted with ethyl acetate (3x10 mL).
All crude products were purified by preparative TLC in
hexane: ethyl acetate (4:1), recrystallized from ethanol
and spectroscopically analyzed by 'H and '3C nuclear
magnetic resonance (NMR) and high-resolution mass
spectrometry (HR-MS) for structural characterization.
All compounds were confirmed to be >95% pure by 'H
NMR and GC-MS analyses, with no detectable impuri-
ties. The corresponding NMR and GC-MS spectra are
provided in Section S1, Figs. S1-S6 in the Supplemen-
tary Material. After purification, the XA compounds were
prepared with distilled water and 10% DMSO at concen-
trations of 1 mg/mL and 2 mg/mL for subsequent in vitro
antimicrobial assays.
2,3,4,4a-Tetrahydro-1H-xanthen-1-one (XA1). Follow-
ing the general synthetic procedure, DMAP (1 mmol) was
reacted with 2-hydroxybenzaldehydes (5 mmol) in 10 mL
ethanol, before the addition of cyclohexen-1-one (10 mmol).
The reaction proceeded for 24 to 48 h at room temperature,
and the product was purified and recrystallized to afford a
pale-yellow crystal. Yield: 65%; mp: 116-118 °C; Spectro-
scopic data including '"H NMR, '3C NMR and GCMS have
been reported [27].
7-Methoxy-2,3,4,4a-tetrahydro-1H-xanthen-1-one
(XA2). Following the general synthetic procedure, DMAP
(1 mmol) was first reacted with 2-hydroxy-5-methoxy-
benzaldehyde (5 mmol) in 10 mL ethanol, before cyclo-
hexen-1-one (10 mmol) was added. The reaction mixture
was stirred continuously at room temperature for 24 to
48 h, then purified and recrystallized to obtain the product

R’ Compound
XX H XAl
OCH: XA2
Q OH XA3
XA

Scheme 1 Synthetic pathway for the preparation of tetrahydro-1H-xanthen-1-ones (XA1, XA2 and XA3)
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as bright yellow crystals. Yield: 53%; mp: 116-118 -C; 'H
NMR (500 MHz, DMSO-d¢) 9: 7.33 (d, /J=2.4 Hz, 1H),
7.02 (d, J=2.9 Hz, 1H), 6.89-6.75 (m, 2 H), 4.92 (ddd,
J=10.7, 6.0, 2.4 Hz, 1H), 3.69 (s, 3 H), 2.43-2.25 (m,
3 H), 1.96-1.80 (m, 2 H), 1.72-1.58 (m, 1H); '*C NMR
(125 MHz, DMSO-d¢) &: 197.2, 154.5, 149.7, 131.9,
130.5, 122.9, 118.3, 116.8, 114.2, 74.7, 56.2, 55.9, 38.9,
29.4, 19.7, 17.7 ppm; HRMS (ESI): m/z calculated for
Cy4H,405 i 231.0997 [M+H]".

7-Hydroxy-2,3,4,4a-tetrahydro-1H-xanthen-1-one
(XA3). Following the general synthetic procedure, DMAP
(1 mmol) was reacted with 2,5-dihydroxybenzaldehyde
(5 mmol) in 10 mL ethanol, before cyclohexen-1-one (10
mmol) was added. The reaction mixture was stirred at room
temperature for 24 to 48 h, then purified and recrystallized
to collect the product as bright orange crystals. Yield: 60%;
mp: 120-122 °C; "H NMR (500 MHz, DMSO-d) 5: 9.18 (s,
1H), 7.27 (d, /=2.4 Hz, 1H), 6.76 (d, J=2.8 Hz, 1H), 6.71
(d, J=8.7 Hz, 1H), 6.67 (dd, /J=8.7, 2.8 Hz, 1H), 4.86 (ddd,
J=10.7,6.0,2.4 Hz, 1H), 2.41-2.27 (m, 3 H), 1.95-1.78 (m,
2 H), 1.71-1.53 (m, 1H); '*C NMR (125 MHz, DMSO-d,)
8: 197.1, 152.4, 148.5, 131.7, 130.7, 122.9, 119.2, 116.7,
115.6, 74.6, 38.9, 29.4, 17.7. GCMS (EI): m/z found for
C,3H,,051s 216.15 [M]+; 160.08.

X-ray Crystallography of XA3

Yellow blocky crystals of XA3 were obtained via slow
evaporation of the ethanolic solvent containing the com-
pound. X-ray diffraction data were collected at 100 K using
a Rigaku/Oxford Diffraction XtaLAB Synergy diffractom-
eter (Dualflex, AtlasS2) with CuKa radiation (A=1.54178
A). Data collection achieved 100% completeness up to
0=67.7° and was subjected to standard reduction proce-
dures, including absorption correction with CrysAlisPro
[59]. The structure was solved using the direct dual-space
methods implemented in ShelXT [60]. Subsequent refine-
ment was performed against F?, incorporating anisotropic
displacement parameters and placement of C-bonded H
atoms using a riding model approximation [60]. A weight-
ing scheme of w=1/[¢*(F¢?) + (0.052P)*> + 0.414P], where
P = (Fo* + 2Fc?)/3, was used in the final stages of refine-
ment. The molecular structure diagram was generated using
ORTEP3 for Windows [61] with 50% probability ellipsoids.
Further analysis of the crystal packing was performed using
PLATON [60]. The crystal data and refinement details are
summarised in Table 1. The crystallographic data for XA3
have also been deposited with the Cambridge Crystallo-
graphic Data Centre (CCDC) under the supplementary pub-
lication number CCDC 2,361,502. Free access to this data is
available at https://www.ccdc.cam.ac.uk/.

In Vitro Antifungal Evaluation

Ultra Structural, Morphological and Membrane
Permeability Changes of XA3 Treated C. auris: FE-SEM
Analysis and PI/FDA Staining Assay

FE-SEM was used to assess the ultrastructural effects
of XA3 on C. auris at MIC and 2xMIC concentrations
after a 10-hour incubation. Fluconazole (300 pg/ml) and
untreated cells served as positive and negative controls,
respectively. Morphological changes were analysed after
the cells were washed, dehydrated and platinum coated.
The effects of XA3 on the membrane permeability of C.
auris were then evaluated using PI/FDA staining assays.
FDA indicates cell viability by turning green when metab-
olized by living cells, while PI stains dead cells red due to
damaged membranes [27].

Effects of XA3 on the Reactive Oxygen Species (ROS)
Production in C. auris: H,DCFDA Staining Assay

Initially, C. auris cells (1x10° CFU/mL) were exposed
to XA3 at MIC and 2xMIC, then stained with 100 png/mL
2',7'-dichlorodihydrofluorescein  diacetate (H,DCFDA)
and incubated in the dark for 30 min. After excess dye was
removed, ROS production was quantified using a fluores-
cence spectrophotometer with excitation and emission
wavelengths set to 488 nm and 535 nm, respectively [27].

Evaluation of the Effect of XA3 on Biofilm Formation
Inhibition and Eradication

The inhibition of biofilm formation in C. auris was inves-
tigated by exposing cultures to varying concentrations of
XA3 (0-200 pg/mL) and incubating them for 24 h. For the
biofilm eradication assay, preformed biofilms were treated
with XA3 (0-200 pg/mL) or fluconazole (300 ng/mL) and
then incubated for 24 h. After staining with crystal violet,
the absorbance of the biofilm was measured at 595 nm and
the percentage of biofilm inhibition and eradication was cal-
culated using the equation [27]:

Absorbance untreated-Absorbance treated

Biofilm inhibition or eradication (%) = x 100%

Absorbance untreated

In Vitro Cytotoxicity Assessment of XA3 in HaCaT and
B16F10 Cells

The in vitro cytotoxicity of XA3 was assessed at concentra-

tions ranging from 1.56 to 50 pg/mL using HaCaT kerati-
nocytes and B16F10 melanoma cells. HaCaT and B16F10
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cells were seeded in 96-well plates at densities of 1x 10*
cells/mL and 2 x 10° cells/mL, respectively, and incubated
at 37 °C with 5% CO, for 24 h. Following treatment with
XA3, MTT solution (5§ mg/mL) was added and incubated
for 4 h. DMSO was then added to dissolve the formazan
crystals. Absorbance was measured at 595 nm using a
microplate reader (Bio-Rad, USA) and cell viability was
calculated using the equation [27]:

Absorbance treated cells

Cell viability (%) =

= 1
Absorbance untreated cells x 100%

Anti-Melanogenic Assessment of XA3

In Vitro Evaluation of Anti-Melanogenesis and Anti-
Tyrosinase of XA3 on B16F10 Melanoma Cells

To evaluate anti-melanogenic activity, B16F10 melanoma
cells were seeded in 6-well plates at a density of 2 x 10° cells/
well. After a 24-h incubation, the cells were treated with dif-
ferent concentrations of XA3 (1.15, 6.25 and 25.0 pg/mL)
along with 1 uM a-MSH to stimulate melanogenesis. After
a further 24 h, the cells were rinsed with PBS and lysed
with 1 N NaOH. The lysates were transferred to a 96-well
plate and incubated at 90 °C for 1 h. Absorbance was then
measured at 405 nm using a microplate reader (Bio-Rad,
USA) [62], and melanin content was quantified relative to
the untreated control using the equation:

Absorbance treated cells

Relative melanin content (%) = x 100%

"~ Absorbance untreated cells

Meanwhile, for the anti-tyrosinase activity assay, B16F10
cells were seeded at 2 x 10° cells/well and first stimulated
with 1 pM a-MSH to induce melanogenesis, followed by
incubation for 24 h. The cells were then treated with dif-
ferent concentrations of XA3 (1.15, 6.25 and 25.0 pg/mL)
and incubated for another 24 h. Subsequently, the cells were
washed with PBS, detached with TrypLE (1 x ) and incu-
bated for 5 min. The cells were then collected, washed with
PBS and lysed with a cold lysis buffer consisting of 10 mM
sodium phosphate (pH 6.8), 1% Triton X-100 and 1 mM
PMSEF. The lysates were homogenised, and the superna-
tants were transferred to a 96-well plate. Tyrosinase activity
was induced by the addition of L-DOPA and incubated for
15 min. The resulting dopachrome formation was quantified
by measuring the absorbance at 450 nm using a microplate
reader [62]. Tyrosinase activity was expressed as a percent-
age relative to the untreated control using the equation:

Absorbance treated cells

Relative tyrosinase activity (%) = x 100%

Absorbance untreated cells

@ Springer

In Vivo Assessment of XA3 Using the Zebrafish
Animal Model

Zebrafish Husbandry and Embryo Collection

Wild-type zebrafish (Danio rerio) and a blood vessel-
specific transgenic reporter line [Tg(kdrl: egfp)] were
maintained under standardized laboratory conditions at
our animal facility. All procedures involving live animals
were conducted in accordance with the ethical guide-
lines approved by the Institutional Animal Care and Use
Committee (IACUC) of Chungnam National University
(Approval No. 202404 A-CNU-077). Adult zebrafish
were kept in 2-liter tanks at a controlled temperature of
28 °C, following a 10-hour dark and 14-hour light pho-
toperiod. They were fed three times daily alternating
between freshly harvested brine shrimp (Artemia nauplii)
from Inve Aquaculture, Inc. (Salt Lake City, UT, USA)
and commercial flake food from Gemma Micro 75 zf,
Skretting France, (Le Pont de Pierre, France). The aquatic
system was supported by a continuous water circulation
mechanism to ensure stable water conditions. To facilitate
natural breeding behavior, each tank housed three males
and three females, minimizing environmental stress.
Fertilized embryos were collected 24 h after mating and
incubated in egg buffer at 28 °C. Only healthy embryos at
the early gastrulation stage (6 hpf) with intact chorionic
membranes were selected for experimental use, while any
unfertilized or non-viable embryos were excluded. Prior
to experimental assays, fertilized embryos were examined
under a dissecting microscope (Leica S6E with KL 300
LED, Schott, Germany) to ensure viability and develop-
mental consistency [27].

Evaluation of XA3-Induced Acute Toxicity During Early
Zebrafish Embryonic Development

OECD Test Guideline 236 (TG 236) was followed to
assess the acute toxic effects of XA3 on the early embry-
onic development in zebrafish. Embryos (n=10) were
placed in a 24-well plate with varying concentrations of
XA3 (0.7-12.5 pg/mL) and incubated at 28 °C. Mortal-
ity was recorded every 24 h up to 72 h to calculate the
LDso. The XA3 test solution was changed daily to maintain
solution freshness. For microscopic imaging, zebrafish
embryos were dechorionated with forceps, anesthetized
with tricaine (Sigma-Aldrich, St. Louis, MO, USA), and
embedded in 3% methylcellulose at 24 hpf, 48 hpf and 72
hpf. Images were captured using a Leica DFC450C digi-
tal camera (Leica TL5000 Ergo transmitted light base) and
processed with Leica Application Suite (Leica, Wetzlar,
Germany) [27].
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Evaluation of XA3 Effects on Blood Vessel Development,
Cell Death and Apoptosis

To further investigate the effects of XA3 on angiogen-
esis, transgenic zebrafish embryos (Tg/kdrl: egfp]) were
treated with XA3 at concentrations below the LDso (0.7—
3.125 pg/mL) at 10 hpf. A control group was treated with
0.1% DMSO, and vascular development was observed
at 30 hpf for comparison. GFP fluorescence was qualita-
tively assessed as an indicator of blood vessel develop-
ment and differentiation in response to the treatment. The
treated embryos were then dechorionated and embed-
ded in 3% methylcellulose on a glass slide for bioimag-
ing, and live images were acquired using a CELENA®
S Digital Imaging System (Logos Biosystems, Anyang,
Korea). For more detailed analysis, the AO staining
method was used to detect apoptotic cells in zebrafish
embryos exposed to XA3. Live zebrafish larvae (n=5)
were immersed in 4 pg/mL AO solution (Sigma-Aldrich,
St. Louis, MO, USA) for 20 min. The larvae were then
rinsed with egg water several times for 5 min each, anes-
thetized with tricaine, and embedded in 3% methylcel-
lulose. Live images were acquired using a CELENA®
S Digital Imaging System (Logos Biosystems, Anyang,
Korea) to analyse cell death [27].

In Vivo Evaluation of Anti-Melanogenic Properties of XA3
Using Zebrafish Embryo Model

Fertilised zebrafish embryos were collected 30 min post-
fertilisation and initially treated with 200 uM PTU in egg
water at 30 °C. Healthy embryos were selected for further
experiments. At 24 hpf, the medium was replaced with fresh
embryo water containing 1 pg/mL a-MSH together with
either XA3 (3.13-6.25 pg/mL) or kojic acid (7.10 pg/mL).
Each treatment group contained more than 30 embryos.
After a 24-hour exposure (up to 48 hpf), visual observa-
tions and digital images were acquired using the Leica
Application Suite. Thirty (30) embryos were used to assess
pigmentation, and another 30 embryos were used to assess
tyrosinase activity.

For analysis of melanin content, embryos were
homogenised in 500 pL lysis buffer (10 mM sodium phos-
phate, pH 6.8, 1% Triton X-100 and 1 mM PMSF) and then
centrifuged. The resulting pellet was dissolved in 300 pL
NaOH and incubated at 90 °C for 1 h before absorbance was
measured at 405 nm. The supernatant lysate was used for the
tyrosinase activity assay by adding L-DOPA and incubating
at 37 °C for 30 min, followed by absorbance measurement
at 450 nm. Melanin content and tyrosinase activity were cal-
culated as described in the in vitro protocol [62, 63].

Statistical Analysis

All generated data were analysed with GraphPad Prism
software (version 8, GraphPad Software Inc., La Jolla,
CA, USA). Experiments were performed in triplicate, and
results were independently analyzed for statistical signifi-
cance using a one-way ANOVA, while an unpaired t-test
was used for pairwise comparisons. Statistical significance
was denoted as *p<0.05, **p<0.005, and ***p<0.001.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s12247-026-10636-5.
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