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In vitro and in vivo synergistic
Inhibition of Malassezia furfur
targeting cell membranes by Rosa
rugosa Thunb. and Coptidis
Rhizoma extracts

Li Li?, Yuanyuan He?, Qinghui Zou?, Weiwei Chen?, Yanxia Liu?,
Huifen He?* and Jun Zhang'*

!School of Pharmaceutical Sciences, Guangzhou University of Chinese Medicine, Guangzhou, China,
2The First Affiliated Hospital, Guangzhou University of Chinese Medicine, Guangzhou, China

Background: Malassezia furfur (M. furfur) is a prevalent dermatophyte that
significantly impairs patients’ quality of life. This study aimed to evaluate the
synergistic antifungal effects of combined extracts from Rosa rugosa Thunb.
(MG) and Coptidis Rhizoma (HL) against M. furfur, both in vitro and in vivo.

Methods: High-performance liquid chromatography (HPLC) was used to identify
the major active compounds present in MG and HL. The antifungal activity
of the combined Meilian extract (ML) was assessed using the checkerboard
method and time-kill curves. Microstructural alterations in the fungi were
observed using scanning electron microscopy (SEM) and transmission electron
microscopy (TEM). The impact of the extracts on the fungal cell membrane
was investigated through propidium iodide staining, protein concentration
assays, and ergosterol quantification. Transcriptomic analysis was conducted
to elucidate the molecular mechanisms underlying the effects of the extracts.
Furthermore, the synergistic antifungal effects of ML were evaluated in a mouse
model of seborrheic dermatitis induced by M. furfur.

Results: The study demonstrated that the combined application of MG and HL
significantly affected the integrity of the M. furfur cell membrane and potentially
modulated its formation processes. In the M. furfur-induced seborrheic
dermatitis model, ML exhibited synergistic antifungal effects and effectively
alleviated skin inflammation. These findings provide an important theoretical
basis for understanding the antifungal mechanisms of ML and its potential
application in dermatological therapy.

KEYWORDS

Rosa rugosa Thunb., Coptidis Rhizoma, Meilian, Malassezia furfur, synergistic
antifungal

1 Introduction

The skin microbiome is one of the largest microecosystems of the human body, essential
for maintaining skin health through its intricate ecological balance (Grice and Segre, 2011;
Boxberger et al., 2021). Malassezia, a lipid-dependent basidiomycete yeast, is a resident of
human and warm-blooded animal skin, primarily growing in the stratum corneum. Its
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lipophilic nature significantly impacts skin ecological balance. Studies
indicate that abnormal proliferation of Malassezia has been linked to
various skin diseases, such as pityriasis versicolor (PV), Malassezia
folliculitis (MF), and seborrheic dermatitis/dandruft (SD/D) (Ianiri
etal, 2022; Vest and Krauland, 2023). Seborrheic dermatitis, affecting
approximately 3% of the general population, is characterized by
erythema, itching, and varying degrees of scaling, significantly
reducing patients’ quality of life (Borda et al., 2019; Hamdino et al.,
2022). M. furfur is considered one of the main pathogens. Various
azole drugs are used to treat seborrheic dermatitis caused by M. furfur,
but long-term use of antifungal drugs can cause irritation and
resistance. Zinc pyrithione (ZPT), a commonly used treatment for
seborrheic dermatitis, has been banned by the European Commission
due to its potential carcinogenic, mutagenic, and teratogenic effects
(Schwartz, 2016; Huang et al., 2021; Liu et al., 2022). Thus, there is an
urgent need to identify new, safe, and effective natural antifungal
alternatives (Ayatollahi et al., 2021).

In recent years, a variety of natural plant products, including
natural compounds, plant extracts, and essential oils, have
demonstrated significant antibacterial and antifungal properties. Their
nontoxic nature, cost-effectiveness, and efficacy position them as
promising alternatives to conventional antifungal agents (Ayatollahi
et al., 2021). Rosa rugosa Thunb. is known for its rich content of
bioactive compounds, such as flavonoids, phenolic acids, amino acids,
trace elements, volatile oils, and polysaccharides (Nowak et al., 2014).
Studies have shown that rose extracts can inhibit the activity of various
bacteria and fungi, including Staphylococcus —epidermidis,
Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae,
Candida albicans, and Candida parapsilosis (Nowak et al., 2014;
Cendrowski et al., 2020). Coptidis Rhizoma is a Ranunculaceae plant
containing main components such as berberine and coptisine, which
possess broad-spectrum antibacterial effects (Wang et al., 2019).
Research has found that coptisine exhibited strong antifungal activity,
inhibiting the growth of Candida albicans at low concentrations (Kong
etal, 2009). Furthermore, berberine hydrochloride has been reported
to possess antibacterial activity against Staphylococcus aureus.

While MG and HL exhibit various degrees of antifungal activity, the
antifungal effect of a single plant component is often limited.
Consequently, the synergistic effect of different plant extracts might result
in more significant therapeutic outcomes. In addition, to date, there are
no reports on the synergistic antifungal effects of MG and HL against
M. furfur in vitro and in vivo. This study aims to reveal the synergistic
antifungal activity of MG and HL against M. furfur. This will be achieved
by investigating the physiological and molecular mechanisms affecting
cell membrane function and verifying the synergistic antifungal effects
and therapeutic potential in a seborrheic dermatitis mice model induced
by M. furfur. This study contributes to new insights into the synergistic
antifungal mechanisms of ML extract and promotes its application in
treating skin diseases caused by M. furfur.

2 Materials and methods

2.1 Materials

Rosa rugosa Thunb. and Coptidis Rhizoma were purchased from
Guangzhou Zhixin Traditional Chinese Medicine Slice Co., Ltd., and
identified by Professor Zhang Jun from Guangzhou University of

Frontiers in Microbiology

10.3389/fmicb.2024.1456240

Chinese Medicine. Malassezia furfur (M. furfur, BNCC324536) was
procured from Beina biology-Henan industrial microbial strain
engineering technology research center (Henan, China); ATCC
Modified Dixon medium (mDixon) was acquired from Qingdao
Haibo Biotechnology Co., Ltd. (Qingdao, China); Propidium Iodide
(PI) fluorescent dye was sourced from Yesen Bio-tech (Shanghai,
China); BCA Protein Assay Kit was obtained from Beyotime (Haimen,
China). All other chemicals were purchased from Sigma-Aldrich
Corporation (MO, United States).

2.2 Preparation of MG, HL and ML

MG and HL were prepared as follows: 25 g of each plant material
were accurately weighed. A two-step extraction process was employed
using 60% ethanol at a ratio of 1:6 (w/v), with each extraction lasting
for 1h. The extracts were combined, filtered, and then concentrated
under reduced pressure at 60°C to a final volume of 25 mL, resulting
in a crude drug concentration of 1.0 g/mL for both extracts. Prior to
experimentation, the stock solutions were diluted with the growth
medium to an intermediate concentration, after which a surfactant
mixture was added. This mixture composed of 1g propylene glycol,
2 g ethoxylated hydrogenated castor oil, and 0.59 g isopropyl palmitate,
was added to adjust the final concentration of the solution, ensuring
that the surfactant comprised 10% of the total volume of the final
diluted solution.

Preparation of the ML: The diluted solutions of the MG and HL
were mixed in a 1:2 ratio to yield the final ML solution.

2.3 Preparation of M. furfur suspension

Malassezia furfur was first streaked on ATCC mDixon agar plates
and cultured at 30°C for 72h. A single colony was selected and
transferred into mDixon liquid medium, then incubated at 200 rpm,
30°C for 48h. The cells were collected by centrifugation and washed
twice with physiological saline solution. Subsequently, the turbidity of
the fungal suspension was adjusted to match the McFarland standard
No. 1, and the concentration, confirmed using the plate count method,
was (1-2) x 10° CFU/mL.

2.4 HPLC analysis

The analysis of the extracts was performed using an Agilent
1,260 HPLC system (Agilent Technologies, United States), equipped
with a variable wavelength detector (VWD) and a Kromasil 100-5-
C18 column (250 x 4.6 mm, 5pm). The mobile phase comprised
solvents A and B, utilizing a gradient elution method as follows:
2-10% B from 0 to 10 min, 10-13% B from 10 to 20 min, 13-14% B
from 20 to 35 min, 14-22% B from 35 to 40 min, 22% B from 40 to
70 min, 22-50% B from 70 to 90 min. Solvent A was a 0.3% aqueous
phosphoric acid solution, solvent B was acetonitrile. The detection
wavelength was set at 280nm, with a column temperature
maintained at 30°C, an injection volume of 2 pL, and a flow rate of
1.0mL/min. For sample preparation, 1 mL of each MG, HL and ML
was transferred into a 10 mL volumetric flask. An adequate volume
of 60% ethanol was added, followed by sonication (280 W, 40 kHz)
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for 30 min. The extracts were then allowed to equilibrate at room
temperature and adjusted to the final volume with ethanol.
Afterward, the samples were filtered. The HPLC analysis was
conducted as described, and the compounds gallic acid, rutin,
coptisine, palmatine, epiberberine and berberine were analyzed
using the aforementioned methodology.

2.5 In vitro antifungal activity against
M. furfur

2.5.1 Determination of minimum inhibitory
concentration

To ascertain the antifungal activity of MG and HL against
M. furfur, the broth microdilution method was employed to determine
the minimum inhibitory concentration (MIC) (Wang S. et al., 2024).
Initially, the fungal strains were cultured to the logarithmic growth
phase, followed by the preparation of serial dilutions of extracts in a
96 well plate. Each well received 100 pL of fungal suspension mixed
with 100 pL of the drug solution, including both positive and negative
controls. The 96well plates were incubated at 30°C for 72 h. The lowest
inhibitory concentration at which no visible colonies appeared to the
naked eye was defined as the MIC.

2.5.2 Determination of fractional inhibitory
concentration index (FICI)

Microdilution checkerboard test was used for determining the
FICI of antifungal combination of MG and HL, with some
modifications (White et al., 1996). The antifungal agents were tested
within a concentration range of 1/64 MIC to 4 MIC, while the
concentration of M. furfur suspension remained the same as
previously described. Fractional inhibitory concentration (FIC) and
fractional inhibitory concentration index (FICI) were calculated as
follows: FIC = MIC of a drug in combination/MIC alone; FICI=FICA
+ FICB. FICI values of<0.5 indicates synergistic activity, 0.5 < FICI<1
indicates additive activity, 1 < FICI<2 indicates indifferent interactions,
and FICI>2 indicates antagonistic interactions. All experiments were
performed in triplicate.

2.5.3 Time-kill curve determination

The time-kill curve of MG and ML against M. furfur was
determined using the method with minor modifications (Chen
Z.etal., 2022). M. furfur in the logarithmic growth phase was exposed
to treatments with MG at a crude drug concentration of 3.125mg/mL,
HL at 6.25mg/mL, and ML at the MIC concentration, and then
incubated at 30°C with shaking at 200 rpm. At predetermined time
points (0h, 3h, 6h, 12h, 24h, 36 h, 48h, 72h), aliquots of 100 pL from
the fungal suspension were taken, serially diluted with sterile saline,
and plated on solid medium. After incubation at 30°C for 72h, the
colony count was recorded. The time-kill curves were plotted with
time as the x-axis and inhibition rate as the y-axis.

2.6 Ultrastructure observation of M. furfur
2.6.1 Scanning electron microscopy (SEM)

SEM was used to observe the morphological changes in
M. furfur following treatment with MG and HL (Chen J. et al,,
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2022). M. furfur suspension (10°CFU/mL) was inoculated in
medium containing MG at a crude drug concentration of
3.125mg/mL, HL at 6.25mg/mL, and ML at the MIC
concentration, with untreated controls. After 48 h of incubation
at 37°C, the fungi were collected by centrifugation, washed with
PBS, and fixed with electron microscopy fixative at 4°C for 12 h.
After washing with PBS, the samples were dehydrated through a
series of ethanol solutions (30, 50, 70, 80, 90, 95, and 100%),
treated with a mixture of ethanol and isoamyl acetate (v/v=1/1),
and then with pure isoamyl acetate. The samples were then
critically point dried, mounted on sample stubs using conductive
adhesive, and observed under a

gold-coated, scanning

electron microscope.

2.6.2 Transmission electron microscopy (TEM)

TEM was employed to observe the ultrastructural changes in
M. furfur treated with MG at a crude drug concentration of 3.125mg/
mL and HL at 6.25 mg/mL, and ML at the MIC concentration (Zhou
et al.,, 2024). The sample preparation was the same as for SEM. After
dehydration with ethanol, the samples were immersed in pure acetone
for 20 min followed by infiltration with a graded series of embedding
agent and acetone mixtures (1,3, 1:1, and pure embedding agent) at
room temperature. The samples were embedded in embedding molds
and polymerized at 37°C for 24 h, followed by 48 h at 60°C. Ultrathin
sections (100nm) were obtained using an ultramicrotome, stained
with uranyl acetate in 50% ethanol and lead citrate, and finally
observed under a transmission electron microscope.

2.7 Effect on M. furfur cell membrane

2.7.1 Propidium iodide fluorescence staining

To evaluate changes in cell membrane integrity of M. furfur
following treatment with MG at a crude drug concentration of
3.125mg/mL and HL at 6.25mg/mL, and ML at the MIC
concentration, Propidium Iodide (PI) fluorescence staining was
employed (Wang et al., 2023). PI, a cell impermeant dye, is utilized to
evaluate cell permeability. M. furfur suspension (100pL) was
incubated with MG, HL, and ML in 6well plates at 30°C for 24h.
Following incubation, the cells were centrifuged and washed with
PBS. The cells were resuspended in 500 pL of Binding Buffer, and 3 uM
PI was added and incubated in the dark for 10 min. The samples were
washed with PBS, resuspended in PBS buffer, and observed under a
fluorescence microscope. The excitation and emission wavelengths of
PI were set to 535nm and 617 nm, respectively.

2.7.2 Protein concentration measurement

The total protein content in M. furfur cells treated with MG at a
crude drug concentration of 3.125mg/mL and HL at 6.25mg/mL, and
ML at the MIC concentration was determined (Wang L. et al., 2024).
M. furfur suspension (10°CFU/mL) was incubated in 6well plates for
24, followed by centrifugation, and washing with PBS. Subsequently,
the cell density was adjusted, and the appropriate concentrations of
MG, HL, and ML were added. After 48 h of incubation at 30°C, the
cells were collected, washed with PBS, and lysed with RIPA lysis buffer
(containing protease inhibitors) with a homogenizer. The lysate was
centrifuged, and the supernatant was used for protein content
measurement using the BCA protein assay Kkit.
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2.7.3 Ergosterol content measurement

The effect of MG and HL on ergosterol content in M. furfur was
measured using high performance liquid chromatography (HPLC)
(OuYang et al., 2021). M. furfur suspension (100 uL) was incubated
with MG at a crude drug concentration of 3.125mg/mL and HL at
6.25mg/mL, and ML at the MIC concentration in 6well plates at 30°C
for 72h, centrifuged, and washed. The fungal cells were weighed, and
15mL of ethanol KOH solution was added. The mixture was vortexed,
sonicated, and incubated at 80°C for 2h. After cooling to room
temperature, saponified products were extracted with petroleum ether
and washed with distilled water. The petroleum ether layer was
evaporated, and the unsaponifiable fraction was dissolved in
methanol, filtered through a 0.22 pm filter, and analyzed by HPLC.

2.8 Transcriptomics

2.8.1 Sample preparation

Malassezia furfur in the logarithmic growth phase was diluted to
10° CFU/mL and incubated with MG at a crude drug concentration
of 3.125mg/mL and HL at 6.25mg/mL, and ML at the MIC
concentration in sterile, enzyme free 6well plates at 30°C for 72 h. The
cells were collected by centrifugation, washed with PBS, and
immediately frozen in liquid nitrogen and stored at 80°C. Total RNA
was extracted using Trizol reagent and the purity, quality, and integrity
were assessed with a spectrophotometer.

2.8.2 cDNA library construction and sequencing

Total RNA was isolated using Trizol Reagent (Invitrogen Life
Technologies) and quantified using a NanoDrop spectrophotometer
(Thermo Scientific). cDNA libraries were constructed from 3 pg of
RNA as input material, following standard protocols. mRNA was
purified using poly-T oligo magnetic beads, fragmented, and reverse
transcribed using random hexamers and Superscript II. The second
strand cDNA synthesis was performed using DNA Polymerase I and
RNase H, followed by end repair, A-tailing, adapter ligation, and PCR
amplification. The libraries were purified using AM-Pure XP beads
and assessed using the Agilent 2,100 bioanalyzer. Sequencing was
performed on an [llumina platform.

2.8.3 Bioinformatics analysis of transcriptome
sequencing data

High quality reads were obtained by filtering raw data using fastp
(v0.22.0). Clean reads were aligned to the M. furfur reference genome
using HISAT2 (v2.1.0), and gene expression was quantified using
HTSeq (v0.9.1). Differential expression analysis was conducted using
DESeq (v1.38.3), with the following criteria: [log2FoldChange| > 1 and
p<0.05. GO and KEGG enrichment analyses were performed to
annotate and analyze the functions of differentially expressed
genes (DEGs).

2.9 Effect of ML extract on
M. furfur-induced seborrheic dermatitis
in mice

A seborrheic dermatitis mice model was established using
M. furfur olive oil suspensions (Yang et al., 2022). SPF Balb/c male
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mice were randomly divided into seven groups: control, model, MG
(0.1g/mL), HL (0.2g/mL), low-dose ML (a combination of 0.1 g/mL
MG+0.2g/mL HL), high-dose ML (a combination of 0.4g/mL
MG +0.8g/mL HL), and ketoconazole (0.08 mg/mL), with eight mice
per group. Before the experiment, the back hair of the mice was
removed using depilatory cream, and the skin barrier was disrupted
with sandpaper for two consecutive days. 200 pL of M. furfur olive oil
suspension (10° CFU/mL) was applied to the back skin of the mice for
eight consecutive days, while the control group received olive oil. Each
group of mice was treated with the corresponding extract for the study
duration. Skin scales were collected on days 0, 7, and 14, cultured on
solid plates, and the fungal colony count was recorded. On day 14, the
mice were euthanized, and skin samples were collected for hematoxylin
and eosin (HE) staining. This study was approved by the Animal
Ethics Committee of Guangzhou University of Chinese Medicine.

2.10 Statistical analysis

SPSS 26.0 software was used for statistical analysis. The Shapiro
Wilk test was employed to check the normality of the data. If the data
followed a normal distribution, the results were expressed as
mean * standard deviation. Group comparisons were performed using
one-way ANOVA with Levene’s test for homogeneity of variances.
When variances were homogeneous, LSD tests were used for multiple
comparisons. When variances were heterogeneous, Dunnett’s T3 test
was applied. A p-value <0.05 was considered statistically significant.

3 Results
3.1 HPLC analysis

After identification, ML was found to contain six components
(Figure 1). Gallic acid, rutin belong to MG, while berberine,
palmatine, epiberberine and coptisine belong to HL.

3.2 Antifungal activity of MG and HL
against M. furfur

3.2.1 MIC and FICI determination

The results indicated that the MICs of MG and HL against
M. furfur were 12.5mg/mL and 25 mg/mL, respectively. Interestingly,
when combined, referred to as the Meilian (ML), a combination of
crude drug concentration of 3.125mg/mL of MG and 6.25mg/mL of
HL achieved the MIC, with an FICI value of 0.5, indicating a
synergistic effect. Specific results are presented in Tables 1, 2.

3.2.2 Time-kill curve

As illustrated in Figure 2, the growth of M. furfur was inhibited to
varying extents following treatment with MG and HL, either
individually or in combination. At the 3-h mark, the inhibition rate in
all treatment groups exceeded 50%. At 6 h post-treatment, the growth
rate of the control group surpassed the rate at which the drug inhibited
the fungus, resulting in a decreased inhibition rate. By 12h, the
inhibition rate in all treatment groups was above 77%, and after 24 h,
the rate increased to over 84%, with the combined MG and HL group
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FIGURE 1
HPLC chromatogram. S1 was ML, S2 was MG, S3 was HL, S4 was gallic acid, S5 was rutin, S6 was coptisine, S7 was berberine, S8 was palmatine,S9 was
epiberberine.

TABLE 1 Antifungal activity of MG and HL against M. furfur.

Drugs MIC (mg/mL)

MG 12.5
HL 25
Ketoconazole 3.125%x 107
Surfactant >250

reaching an inhibition rate of over 96%. At 48h post-treatment, the
control group entered a rapid growth phase, while the antifungal
effects of the MG and HL when used alone were limited, leading to a
reduction in the inhibition rate. Notably, the combined treatment of
MG and HL at the MIC showed superior inhibitory effects compared
to the individual use of each extract. Moreover, the inhibitory effect of
the combined extracts on Malassezia furfur exhibited dose-
dependence, with the effect increasing as the concentration increased.
This suggests a synergistic action between the extracts of MG and HL
in inhibiting the growth of M. furfur, with the combined use
demonstrating a more pronounced antifungal effect than when used
individually. These findings are consistent with the results of the
FICI experiments.

3.3 Ultrastructure observation of M. furfur

3.3.1SEM

Figure 3 presents SEM images of M. furfur cells treated with MG,
HL, and ML. The control group exhibited intact, oval-shaped cells
with clear cell surfaces and full, dense protoplasts, with some budding
states observed. In contrast, after treatment, the cells displayed
irregular shapes, shrinkage, depressions, as well as varying degrees of
surface holes and damage, with leakage of cellular contents. Notably,
the ML group showed more severe holes and damage than the
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individual MG and HL groups, suggesting a potential synergistic effect
in disrupting the cell wall membrane integrity of M. furfur.

3.3.2TEM

Figure 4 displays TEM images of M. furfur cells treated with MG,
HL, and ML. The control group exhibited intact oval shaped cells
with normal cell wall thickness, regular and complete cytoplasmic
membranes, orderly cellular morphology, and intact organelles.
However, after treatment, significant ultrastructural changes were
observed, including increased cell volume, disrupted cell wall
integrity, ruptured or thickened cytoplasmic membranes, reduced
lipid droplets, disorganized nuclear structures, and swollen
mitochondria with disordered internal cristae. These results suggest
that MG and HL synergistically inhibit M. furfur growth by
compromising the integrity of both the cell wall and membrane,
consistent with SEM observations.

3.4 Effect on M. furfur cell membrane

3.4.1 Pl staining

Disruption of cell membrane structure is a common antifungal
mechanism. PI, a membrane impermeable dye, is capable of
penetrating damaged cell membranes and binding to DNA, resulting
in an increase in fluorescence intensity. This property allows the
assessment of membrane damage by observing fluorescence intensity
changes under a fluorescence microscope. As shown in Figure 5, the
control group showed weak red fluorescence, signifying that PI did
not penetrate the intact cell membrane, and most cells remained
viable. After treatment, some cells exhibited red fluorescence,
indicating varying degrees of membrane damage. The red fluorescence
intensity increased with higher ML concentrations, suggesting that
these extracts inhibit the growth of M. furfur by disrupting the
integrity of the cell membrane.
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TABLE 2 FICI determination of MG and HL against M. furfur.

Alone MIC (mg/

10.3389/fmicb.2024.1456240
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MG 12.5 3.125
0.5 Synergistic
HL 25 6.250
-&- ML 2MIC(6.25mg/mL MG and 12.5mg/mL HL)
100 - ML MICG.125mg/mL MG and 6.25mg/mL HL)
—&— ML 0.5MIC(1.56mg/mL MG and 3.125mg/mL HL)
—¥ HL(6.25mg/mL)
80— —— MG(3.125 mg/mL)

-@- Ketoconazole MIC (3.125ug/mL)

*

<5 60

k]

(1

£

Z 40

2

IC|

20—
0 T T T T T T T T
0 3 6 12 24 36 48 72
Time'h
FIGURE 2
Effect of treatment with MG, HL, and ML on the time-kill curve of M. furfur.

3.4.2 Intracellular protein content

BCA protein assay results (Figure 6) revealed that a significant
decrease in intracellular protein levels among groups treated with either
individual or combined MG and HL extracts, compared to the control
group (p<0.05). Notably, treatment with MIC and 2 x MIC ML led to
more pronounced protein leakage compared to individual treatments
(p<0.05). Specifically, the MIC ML group displayed a 29.27% increase in
ergosterol inhibition rate compared to the MG group, and a 20.31%
increase compared to the HL group. These findings indicate that
combined treatment is more effective in disrupting cell membrane
integrity, ultimately leading to protein leakage.

3.4.3 Ergosterol content

Experimental results (Figure 7) demonstrated that treatment
with individual and combined MG and HL significantly inhibited
ergosterol synthesis in M. furfur. Combined treatment with MIC
and 2 x MIC ML led to more significant inhibition of ergosterol
synthesis (p<0.05). Compared to the MG group, the MIC ML
group showed a 19.69% increase in ergosterol inhibition rate, and
compared to the HL group, the MIC ML group showed a 30.34%
increase in ergosterol inhibition rate, suggesting that combined
treatment more effectively inhibits ergosterol synthesis.

3.5 Transcriptomics
3.5.1 Differential gene expression

Compared to the control group (CK), the MG group had 131
differentially expressed genes (80 upregulated, 51 downregulated),
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the HL group had 275 differentially expressed genes (126
upregulated, 149 downregulated), and the ML group had 293
differentially expressed genes (116 upregulated, 177 downregulated)
(Figure 8A). Venn diagrams showed 33 common differentially
expressed genes between the MG and ML groups, 107 common
differentially expressed genes between the HL and ML groups, and
23 common differentially expressed genes among the MG, HL, and
ML groups (Figure 8B). Heatmaps indicated distinct gene
expression profiles for each treatment compared to the control
group, with similar expression profiles for the HL and ML groups
(Figure 8C).

3.5.2 GO and KEGG enrichment

GO enrichment analysis categorized gene functions into
molecular function (MF), cellular component (CC), and biological
process (BP). Results indicated that most differentially expressed
genes were related to ATP generation, redox reactions, and metal ion
binding in MF; membrane function and mitochondrial function in
CGC; and small molecule metabolism and secondary metabolite
biosynthesis in BP (Figure 9).

Enrichment of differential genes associated with membrane
function revealed that four genes related to membrane structure were
downregulated in the MG group; thirteen genes were downregulated
in the HL group; eleven genes were downregulated in the ML group.
The specific results are presented in Table 3.

KEGG pathway analysis showed that differentially expressed
genes were enriched in pathways related to amino acid metabolism,
carbohydrate metabolism, and energy metabolism, including
phenylalanine metabolism, tyrosine metabolism, glycolysis, and the
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SEM images of M. furfur treated with MG, HL, and ML.
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TEM images of M. furfur treated with MG, HL, and ML.
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Pl staining images of Effect of M. furfur treated with MG, HL, and ML (x10)
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FIGURE 6

Effect of intracellular protein content of M. furfur treated with MG,
HL, and ML (compared to control, ** p <0.01; compared to the MG
3.125mg/mL group, *p <0.05, #*p < 0.01; compared to HL 6.25mg/
mL group, 44p <0.01)

TCA cycle, indicating that these pathways contribute to membrane
dysfunction and subsequent antifungal activity ( )

3.6 Effect of ML on M. furfur induced
seborrheic dermatitis in mice

The seborrheic dermatitis mouse model was used to evaluate the
in vivo synergistic antifungal efficacy of the ML. The antifungal
activity of the ML was assessed through fungal colony counts and
HE staining of skin lesions ( ). From day 7 onwards, the
fungal load on the skin of the mice treated with ML significantly

decreased compared to the model group (p <0.05). Additionally, the
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Effect of ergosterol content of M. furfur treated with MG, HL, and ML
(compared to control, ** p <0.01; compared to the MG 3.125 mg/mL
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fungal load was lower in the ML groups than in the individual MG
and HL groups, indicating a synergistic effect. The reduction in fungal
load was dose-dependent. HE staining revealed that the model group
exhibited thickened epidermis and inflammatory cell infiltration,
whereas these symptoms were alleviated to varying degrees in the
treatment groups. Notably, the synergistic effect of the ML observed
in vitro was also evident in vivo, aligning with the reduction in fungal
load and improvement in skin inflammation.

Globally, over 140 million people suffer from Malassezia related
skin diseases each year, significantly affecting their quality of life
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with MG, HL, and ML.

(Kulkarni et al., 2020). Current treatments for Malassezia induced skin
diseases often lead to drug resistance, making the development of cost
effective and efficient antifungal agents essential.

This study conducted component identification of MG and HL
using HPLC, revealing their significant antifungal activity against
M. furfur both in vitro and in vivo, with synergistic effects when
used in combination, which increased with dosage. Further
investigation revealed that these extracts disrupted the integrity of
M. furfur’s cell membrane, resulting in leakage of cellular contents.
Moreover, they inhibited ergosterol synthesis, which ultimately
leading to cell death. The combination of these extracts showed
more pronounced effects. Transcriptomic analysis indicated
significant changes in genes related to the cell membrane, amino

Frontiers in Microbiology 0

acid metabolism, carbohydrate metabolism, and energy metabolism
when treated with MG and HL, either alone or in combination.
Additionally, the combined use of MG and HL improved seborrheic
dermatitis induced by M. furfur, reduced fungal load, and alleviated
inflammatory conditions.

HPLC analysis, conducted by comparing with authentic
standards, has confirmed the presence of specific bioactive
compounds in the extracts. Specifically, MG were found to contain
gallic acid and rutin, while HL contained coptisine, berberine,
palmatine, and epiberberine. Our findings align with previous
studies demonstrating the antibacterial properties of these
compounds against various pathogens. For instance, gallic acid has
been shown to inhibit Streptococcus mutans (Passos et al., 2021);
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TABLE 3 Differentially expressed genes associated with membrane function.

Gene ID Gene name Log?2 fold p values Significant
change
GLX27_001793 SID2 0.4731 1.08 Down
GLX27_004576 Fgd2 0.4962 1.011 Down
MG
GLX27_002096 GIT4 0.3606 1.471 Down
GLX27_003060 Bfrl 0.4822 1.052 Down
GLX27_004282 Fer2 0.1167 3.1 Down
GLX27_004283 Ferl 0.2338 2.097 Down
GLX27_002096 GIT4 0.4367 1.195 Down
GLX27_004596 PrnB 0.3077 1.7 Down
GLX27_004306 Crf2 2.5137 1.3298 Up
GLX27_000992 Ctr4 2.3102 1.208 Up
HL GLX27_001106 Sirl 0.4953 1.014 Down
GLX27_004422 MET10 0.4552 1.135 Down
GLX27_002070 Scap 0.4999 1 Down
GLX27_004216 PPX1 0.3358 1.574 Down
GLX27_000894 Xprl 0.4894 1.031 Down
GLX27_001705 Gapl 0.4724 1.082 Down
GLX27_001154 ERG1 0.3588 1.479 Down
GLX27_003033 Sdh3 0.2608 1.939 Down
GLX27_000123 SDH4 0.2824 1.824 Down
GLX27_002043 QCR9 0.3759 1.412 Down
GLX27_003437 SDH2 0.2905 1.783 Down
GLX27_001715 Caf5 0.4249 1.235 Down
ML GLX27_004596 PrnB 0.09002 3.474 Down
GLX27_003164 Erdl 0.4645 1.106 Down
GLX27_001154 ERG1 0.3647 1.455 Down
GLX27_001352 ERG5 0.4547 1.137 Down
GLX27_003903 ERG6 0.2428 2.042 Down
GLX27_002786 ERG11 0.4987 1.004 Down
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FIGURE 10
KEGG pathway enrichment analysis of differentially expressed genes in M. furfur treated with MG, HL, and ML.

rutin inhibits Shigella flexneri and Escherichia coli (Peng et al., 2018; ~ Zhang et al, 2023); berberine hydrochloride inhibits Mucor,
Prasad et al.,, 2023); coptisine shows inhibitory activity against  Candida albicans, and Enterococcus faecalis (Chen et al., 2016;
Helicobacter pylori and Pasteurella multocida (Tang et al., 2023;  Aghayan et al.,, 2017; Huang et al., 2020); palmatine is effective
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against Pseudomonas aeruginosa, Helicobacter pylori, and
Staphylococcus aureus (Aghayan et al., 2017; Long et al., 2019) and
epiberberine inhibits Helicobacter pylori (Wu et al., 2024).

Due to the easy formation of precipitates when MG and HL are
mixed, which can easily interfere with the experimental results,
we chose to add a surfactant to solve this problem and enhance
solubility. Since the MIC of the surfactant against M. furfur is greater
than 250 mg/mL, we ultimately used a final concentration of 10%
surfactant. The surfactant at this concentration not only effectively
improved the solubility of the medication but also avoided interfering
with the medication’s inhibitory activity against the fungus. According
to the Clinical and Laboratory Standards Institute guidelines, the
MICs of MG and HL against M. furfur were 12.5mg/mL and 25mg/
mL, respectively. FICI measurements revealed a synergistic effect at
concentrations of 3.125mg/mL and 6.25mg/mL for MG and HL,
respectively, reducing the MIC by 75% when used in combination
(Table 1). Additionally, time-kill curves demonstrated a dose-
dependent inhibition of M. furfur by the ML, with combined use
being more effective than individual use (Figure 2). These findings are
consistent with the results of the FICI experiments. Based on the
synergistic effects of the combined extracts, we further explored these
extracts in vivo and in vitro antifungal mechanisms.

As a protective barrier, the cell membrane ensures the exchange
of substances and energy, resisting external stress and maintaining
cellular vitality and physiological responses. Maintaining membrane
integrity is crucial for fungal survival. Yuan et al. (2023) found that
rose essential oil inhibited cell growth by increasing the conductivity
and causing leakage of proteins and nucleic acids in Pseudomonas
putida. To elucidate the antifungal mechanism of the ML, we examined
the integrity of M. furfur’s cell membrane after treatment. SEM and
TEM observations revealed significant cell deformation, including
shrinkage and wrinkling of fungal spores (Figures 3, 4). Compared to
the control group, drug-treated groups showed increased protein
concentration and PI-stained spores (Figure 6). These results suggest
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that the combination of MG and HL synergistically disrupts M. furfur’s
cell membrane integrity, contributing to their antifungal effect.

Ergosterol, a critical component of fungal cell membranes, plays
essential roles in cell physiology, determining membrane protein
fluidity, permeability, and activity. Most antifungal drugs interfere
with ergosterol biosynthesis or complexation, ultimately leading to cell
death (Lees et al., 1995; Jorda and Puig, 2020). Zhong et al. (2022)
discovered that berberine and fluconazole exhibited synergistic effects
by increasing intracellular berberine concentration through ergosterol
synthesis inhibition. Do et al. (2019) found that lauryl betaine affected
cell membrane synthesis, particularly ergosterol, enhancing its
antifungal effect. In this study, HPLC analysis demonstrated a
significant reduction in ergosterol synthesis by MG and HL, with
more pronounced effects when used in combination (Figure 7).

The ergosterol biosynthesis pathway is closely related to ERG
genes, where ERGI catalyzes the conversion of squalene epoxide to
lanosterol, ERG7 converts lanosterol to ergosterol, and ERGI1
demethylates sterols. Further steps involve ERG6 and ERG5
converting sterols to ergosterol (Liu et al., 2019). Transcriptomic
analysis showed downregulation of ERG1 genes in the HL group and
downregulation of ERG1, ERG5, ERG6, and ERG11 genes in the ML
group (Table 3), corroborating the reduced ergosterol content
observed in treated M. furfur. This suggests that the ML exerts its
antifungal effects by downregulating multiple genes in the ergosterol
synthesis pathway, disrupting cell membrane structure, and causing
cellular content leakage. Interestingly, ERG6 is not involved in
cholesterol synthesis, which is essential for mammalian cell
membranes, indicating that targeting ERG6 could minimize host cell
side effects, suggesting that the ML has the potential to become a
novel, specific antifungal agent (Kodedové and Sychrova, 2015).

To further elucidate the molecular mechanisms of the MLs
antifungal activity, transcriptomic analysis revealed that MG, HL, and
ML mainly inhibited M. furfur growth by affecting cell integrity,
amino acid metabolism, carbohydrate metabolism, and energy
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metabolism (Figure 8). GO term enrichment showed that all three
treatments impacted membrane function (Figure 9), consistent with
the results of PI staining (Figure 5) and protein concentration assays
(Figure 6).

Additionally, KEGG pathway enrichment analysis revealed a
significant number of DEGs related to amino acid metabolism,
including p-alanine, phenylalanine, tyrosine, and tryptophan
metabolism (Figure 10). Amino acids serve as primary nutrients for
fungi, acting as building blocks for new proteins, carbon sources, and
nitrogen sources, promoting spore germination and hyphal growth,
TCA metabolism, and fatty acid biosynthesis (Hildebrandt et al., 2015;
Zhang et al., 2017). Some antifungal drugs interfere with amino acid
metabolism and transport, inhibiting pathogen growth (Zhou et al.,
2024). Besides amino acid metabolism, carbohydrate metabolism and
energy metabolism, including butanoate metabolism, glycolysis, TCA
cycle, and oxidative phosphorylation, were significantly affected,
disrupting ATP generation and inhibiting essential life processes such
as DNA replication, RNA synthesis, and protein synthesis, ultimately
impairing cell membrane structure and function, inhibiting normal
growth and reproduction of M. furfur (Pan et al., 2020).

To further investigate the in vivo synergistic effects of the ML against
M. furfur, we established a seborrheic dermatitis mouse model.
Compared to the model group and the individual MG and HL groups,
the ML significantly reduced fungal load on the skin (p <0.05), alleviating
skin inflammation by reducing epidermal cell proliferation and thickness
(Figure 11). These results indicate that the in vivo synergistic antifungal
effects of the ML extract are consistent with its in vitro activity.

This study has established the synergistic antifungal activity of
MG and HL against M. furfur both in vitro and in vivo, paving the way
for the development of novel antifungal agents. Future work will focus
on completing a comprehensive toxicity assessment of these extracts
to ensure their safety and exploring their potential in various
clinical applications.

5 Conclusion

In conclusion, the combination of MG and HL exhibits a synergistic
antifungal effect against M. furfur in both in vitro and in vivo
experiments. The synergistic effect is dose-dependent and is achieved
through the inhibition of ergosterol synthesis, disruption of cell
membrane integrity, and leakage of cellular contents. Transcriptomic
analysis suggests that the ML affects amino acid metabolism,
carbohydrate metabolism, and energy metabolism, leading to nutrient
and energy deficiencies, metabolic disorders, and inhibited fungal
growth and reproduction. Additionally, in vivo tests have demonstrated
their synergistic antifungal effect by reducing fungal load, decreasing
epidermal thickness, and alleviating inflammation. These findings
provide a theoretical basis for understanding the antifungal
mechanisms of ML and highlight its potential as a novel and specific
antifungal treatment for skin diseases caused by M. furfur.
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