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Objective: To investigate the influence of shikonin (SK) on the formation of Candida albicans biofilms and discuss the possible 
mechanism.
Methods: The inhibition of the formation of C. albicans biofilms by SK was observed by scanning electron microscopy. A silicone 
film method and a water–hydrocarbon two-phase assay were performed to investigate the effects of SK on cell adhesion. Real-time 
reverse-transcription polymerase chain reaction was used to analyse the expression of genes related to cell adhesion and Ras1–cyclic 
adenosine monophosphate (cAMP) – enhanced filamentous growth protein 1 (Efg1) signalling pathway. Finally, the level of cAMP in 
C. albicans was detected and exogenous cAMP rescue experiment was conducted.
Results: The results showed that SK could destroy the typical three-dimensional structure of the biofilms, inhibit cell surface 
hydrophobicity and cell adhesion, downregulate the expression of Ras1-cAMP-Efg1 signalling pathway-related genes (ECE1, 
HWP1, ALS3, RAS1, CYR1, EFG1 and TEC1) and effectively reduce the production of key messenger cAMP in the Ras1-cAMP- 
Efg1 pathway. Meanwhile, exogenous cAMP reversed the inhibitory effect of SK on biofilms formation.
Conclusion: Our results suggest that SK exhibits potential anti-C. albicans biofilms effects related to the inhibition of Ras1-cAMP- 
Efg1 pathway.
Keywords: shikonin, Ras1-cAMP-Efg1 signalling pathway, Candida albicans, biofilms

Introduction
Candida albicans is a type of fungus that is part of the normal human microbiota, which is a collection of microorgan-
isms that live on and in the human body. It is commonly found in the mouth, intestines, and genital tract of healthy 
individuals. However, under certain conditions, such as a weakened immune system, antibiotic use, or hormonal 
imbalances. C. albicans can overgrow and cause infections, particularly deep fungal infections.1 In addition, recent 
research has shown that biofilms, which are structured communities of microorganisms that attach to human organs or 
medical devices, are becoming a more common source of C. albicans infections. The formation of C. albicans biofilms is 
a multifaceted process that entails several developmental stages. It begins with the adhesion of yeast cells to the 
substrate, followed by cell proliferation, elevation of hyphal growth, and production of extracellular matrix 
materials.2,3 Once formed, C. albicans biofilms are highly adapted to the environment and less sensitive to stimuli 
such as changes in hydrogen peroxide and pH. More importantly, they develop a high tolerance to the human immune 
system and various antifungal drugs. Studies have shown that C. albicans biofilms show a 1000-fold greater resistance to 
antifungals than planktonic cells.4,5 Therefore, once a biofilm is formed in the body, it is difficult to completely eliminate 
and can pose great challenges to treatment. The formation of biofilms is highly regulated and involves multiple 
interconnected signaling pathways, Ras1-cAMP-Efg1 signaling pathway is one of the most important.6,7
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Shikonin (SK), an extract from the roots of Lithospermum erythrorhizon, is a naphthoquinone. Previous studies have 
demonstrated that SK have various pharmacological activities including antifungal.8,9 Especially against some species of 
fluconazole-resistant C. albicans, it has been shown to have 8 to 32 times more antifungal activity than fluconazole.10 

Additionally, SK was also found to be the first natural compound reported to execute antifungal activity directly via 
boosting H3K56ac mediated by HST3.11 Moreover, SK has an inhibitory effect on biofilms causing highly resistant 
C. albicans,12 but the underlying mechanism involved has not been fully clear.

The formation of biofilms is a major cause of antifungal treatment failure, and the development of novel antifungal 
drugs that can effectively inhibit biofilms is urgently needed.13 Consistent with our previous published results, we further 
verified the potent inhibitory effect of SK on C. albicans biofilms using scanning electron microscopy experimental 
observations in this study. In previous study,12 the possible mechanism of SK against C. albicans biofilms has been 
described, it was through the enhancement production of farnesol, which can reduce CSH in a dose-dependent manner, 
by which SK may hinder the initial adhesion of C. albicans cells and thus prevent the formation of biofilms. However, 
this study did not provide an in-depth analysis of the above aspect, mainly to investigate the effect of SK on the biofilms 
formation relevant signalling pathways, and it is complementary to such studies as it enables a clearer understanding of 
the mechanism of SK against C. albicans biofilms at the genetic level. We believe our findings will provide new ideas for 
the clinical treatment of chronic refractory fungal infections caused by C. albicans biofilms.

Materials and Methods
Fungal Strains, Culture Media and Chemical Compounds
The American Type Culture Collection (ATCC) strain of C. albicans SC5314 was used in many fungal studies. 
C. albicans cells were cultured on Sabouraud dextrose agar medium (1% peptone, 4% glucose, and 1.8% agar) and 
incubated in Yeast Peptone Dextrose (YPD) liquid medium (1% yeast extract, 2% peptone, and 2% glucose) at 30 °C 
with oscillation at 200 r/min. For all in vitro experiments, 6.4 mg/mL SK (purity > 99%, Beijing Solarbio Science and 
Technology Co., Ltd., dissolved in DMSO) was used as a stock solution and added to the culture medium to obtain the 
desired concentration with the concentration of solvent DMSO was uniform Less than 1%. cAMP standards were 
purchased from Beijing Solarbio Science and Technology Co., Ltd., and RPMI-1640 medium (Gibco, USA) was used for 
biofilms formation experiments.

Reagents
The following reagents were used: a fungal RNA extraction kit (TIANZ, Beijing, China), a cDNA synthesis kit (TaKaRa 
Biotechnology, Dalian, China), SYBR Green I stain (TaKaRa Biotechnology, Dalian, China), a cAMP enzyme immu-
noassay kit (Kingsley Biotechnology, Nanjing, China), XTT (Sigma) and menadione (Sigma).

Observation of the Effect of SK on Biofilms Formation Using Scanning Electron 
Microscopy
A 1-mL volume of the culture solution (1.0 × 106 CFU/mL) was inoculated into 6-well plates; each well contained a pre- 
placed 1-cm-long silicone catheter to be used to develop biofilms, which had been soaked in 75% ethanol for 24 h. The 
catheter was inoculated with C. albicans and incubated statically at 37°C for 120 min to allow adhesion. After removing 
non-adhesion cells, the catheters were incubated with fresh RPMI 1640 medium at 37°C for 24 h. For SK treatment 
group, 8 μg/mL SK was added with the fresh RPMI 1640 medium after 120 min of adhesion. Next, the catheter was 
washed three times with sterile PBS and placed in a fixative consisting of 2.5% (vol/vol) glutaraldehyde in 0.15 
M sodium cacodylate buffer (pH 7.2) for 2 h. Then, the catheter was rinsed three times with sterile PBS and dehydrated 
for about 10 min each with 30% ethanol, 70% ethanol, and anhydrous ethanol, respectively, and dried at room 
temperature overnight. And then, it was attached with double-sided tape to a sample table, sprayed with gold by an HVS- 
GS vacuum vaporizer and observed and photographed by a scanning electron microscope,14 with observation multiples 
of 3500 ×, 2000 × and 1000 ×.
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Effects of SK on the Cell Adhesion of C. albicans
Investigation of the Effects of SK on the Adhesion of C. albicans to Cells Using the Silicone Film Method
C. albicans can form biofilms on the surfaces of inert materials or other organisms, such as artificial organ implants or 
devices/catheters implanted in vivo. Such biofilms can be formed on the surfaces of inert materials mainly because of the 
strong adhesive effect of C. albicans on inert materials. SK was added at different concentrations during the early stages (120 
min) of adhesion to compare the biofilms formation ability of C. albicans on silicone film.15 The experiment was performed 
as follows: Cells of C. albicans (1.0 × 106 CFU/mL in RPMI 1640 medium) were added to a 6-well culture plate, and 
a silicone film that was prepared by soaking in fetal bovine serum and incubated for 24 h was pre-placed in each well. SK at 
4, 8, 16 μg/mL concentrations was added simultaneously and incubated during 120 min of adhesion at 37 °C and 100 r/min 
oscillations; then, the medium was aspirated, non-adherent cells were removed, and fresh medium was added to the adherent 
cells. The plates were further incubated at 37 °C for 24 h under gentle stirring until a mature biofilm was formed. Then the 
silicone films with attached biofilms were removed from the wells, dried overnight and weighed. The total biomass of 
biofilms was calculated by subtracting the weight of the silicone prior to biofilm growth from the weight of the silicone after 
the drying period, with adjustment for the weight of control silicone film exposed to no cells.

Cellular Surface Hydrophobicity (CSH) Assay
The CSH of C. albicans biofilms was determined using a water–hydrocarbon biphasic assay.12 C. albicans biofilms were scraped 
from the surface of the silicone films using a sterile spatula. The suspension (optical density [OD] 600 = 1.0) was prepared with 
YPD broth; 1.2 mL of the suspension was placed in a clean glass tube for each group and covered with 0.3mL of n-octane. The 
suspensions were vortexed for 3 min, and the OD600 values of the aqueous phase were measured immediately after the 
separation of the two phases at room temperature. The OD600 value of the YPD broth without n-octane was used as a negative 
control, and the CSH was calculated as relative hydrophobicity = (OD600control group − OD600experimental group) / OD600control group. 
Assays were performed in triplicate.

Real-Time Reverse-Transcription Polymerase Chain Reaction Experiments
Real-time reverse transcription-PCR (RT-PCR) was performed as described previously.16 Fungal RNA was extracted 
according to the method described in the fungal RNA extraction kit (TIANZ, Beijing, China). The extracted RNA was 
resuspended in diethyl pyrocarbonate-treated water. The OD260 and OD280 were measured. First-strandcDNA was 
obtained using a cDNA synthesis kit for RT-PCR (TaKaRa Biotechnology, Dalian, China), and a real-time PCR was 
performed using a real-time PCR system (7500, Applied Biosystems). Finally, SYBR green I (TaKaRa Biotechnology, 
Dalian, China) is used for real-time monitoring of amplification products. The primers are shown in Table 1. The PCR 
protocol consisted of a denaturation programme (90 °C, 10s), a 40-cycle amplification and quantification programme (95 
°C, 10s [denaturation]; 60 °C, 20s [annealing]; 72 °C, 30s [extension]), a melting curve programme (60 °C – 95 °C, with 
a heating rate of 0.1 °C/s) and a final cooling to 40 °C. The results were analysed using an ABI 7500 SDS software 
system (Applied Biosystems), with 18S rRNA as the internal reference standard. The levels of gene expression were 
reported as ploidy changes (the 2−(ΔΔCt) method). Assays were performed in triplicate.

Measurement of cAMP Levels
C. albicans cells (1 mL, 2.0×106 CFU/mL) were added to 6-well culture plates, each containing a pre-placed silicone film 
(prepared as described above 1.4.1). They were adhered for 120 min, and then incubated at 37 °C for 4 h (for adherence) 
or 24 h (for biofilms formation) with 4, 8, 16 μg/mL concentrations of SK, which were added under oscillation at 100 r/ 
min. C. albicans cells were scraped from the silicone film using a cell scraper, rinsed three times in PBS buffer and 
transferred to a 1.5 mL microcentrifuge tube containing 0.5 g glass beads and 500 µL 10% trichloroacetic acid. They 
were vortexed briefly and frozen immediately in liquid nitrogen. After centrifugation at 12,700 g for 3 min, trichlor-
oacetic acid was extracted four times with water-saturated ether. The cAMP content in the supernatant was measured 
using a cAMP enzyme immunoassay kit (Kingsray Biotechnology, Nanjing, China) according to the kit manufacturer’s 
instructions for analysing cAMP in the supernatant.17 The experiments were performed in triplicate.

International Journal of General Medicine 2023:16                                                                             https://doi.org/10.2147/IJGM.S417327                                                                                                                                                                                                                       

DovePress                                                                                                                       
2655

Dovepress                                                                                                                                                             Pang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Determination of the Effects of cAMP Re-Supplementation on the Anti-Biofilms Effect 
of SK by the XTT Method
A cell suspension of 1.0×106 CFU/mL was prepared using RPMI 1640 medium, and 100 μL of the solution was inoculated into 
96-well polystyrene plates and incubated at 37 °C for 120 min. After aspirating the medium and removing the non-adherent cells, 
the cells were divided into the following eight groups: control group, 5 mM cAMP group, 4 μg/mL SK group, 8 μg/mL SK group, 
16 μg/mL SK group, 4 μg/mL SK + 5 mM cAMP group, 8 μg/mL SK + 5 mM cAMP group and 16 μg/mL SK + 5 mM cAMP 
group. Incubation was continued at 37 °C for 24 h. The nonadherent cells were washed off with PBS, and XTT–methanone– 
quinone solution was added. Then, the samples were placed in the dark for 2 h at 37°C. The OD values (directly reflecting the 
change in the metabolic activity of the periplasmic cells) were measured at 490 nm with a microtiter plate reader.18,19 Data were 
expressed as percentages of biofilms formation in treated sample vs untreated control. The experiments were performed in 
triplicate.

Statistical Analysis
Statistical processing software SPSS 19.0 was used for the statistical analysis. All data were tested for normality using 
the Shapiro–Wilks test before the statistical analysis. Measurement data conforming to a normal distribution are 
expressed as mean ± standard deviation (SD), and enumeration data are expressed as rates. A one-way analysis of 
variance was used to compare groups, and P < 0.05 was used as the significance test criterion.

Results
SK Inhibits the Formation of C. albicans Biofilms
Consistent with our previous results,12 scanning electron microscopy analysis further detected the antibiofilm activity of 
SK. In the control group, the normal mature biofilms presented a dense irregular three-dimensional network, mainly 
composed of true hyphae. With 8 µg/mL SK, the filamentous structure of the biofilms to each other was disrupted; it 
mainly comprised pseudohyphae and yeast-state cells, and very few true hyphae could be observed (Figure 1). The result 
further confirmed that SK had a strong inhibitory effect on the biofilms formation of C. albicans.

Table 1 Primers Used in This Study

Number Primer Sequence

1 ECE1-F GCTGGTATCATTGCTGATAT
ECE1-R TTCGATGGATTGTTGAACAC

2 HWP1-F TGGTGCTATTACTATTCCGG

HWP1-R CAATAATAGCAGCACCGAAG
3 ALS3-F CTAATGCTGCTACGTATAATT

ALS3-R CCTGAAATTGACATGTAGCA

4 RAS1-F GGCCATGAGAGAACAATATA
RAS1-R GTCTTTCCATTTCTAAATCAC

5 CYR1-F TTCATCAGGGGTTATTTCAC
CYR1-R CTCTATCAACCCGCCATTTC

6 EFG1-F TATGCCCCAGCAAACAACTG

EFG1-R TTGTTGTCCTGCTGTCTGTC
7 TEC1-F AGGTTCCCTGGTTTAAGTG

TEC1-R ACTGGTATGTGTGGGTGAT

8 18S rRNA-F AATTACCCAATCCCGACAC
18S rRNA-R TGCAACAACTTTAATATACGC

Abbreviations: F, forward primer; R, reverse primer.
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SK Concentration-Dependent Inhibition of C. albicans Cell Adhesion
As adherence is a fundamental prerequisite for promoting biofilms formation, we investigated the impact of SK on the 
adhesion of C. albicans cells. In the control group, a thick opaque capsule was formed on the silicone film. However, 
with the increasing concentration of SK added during the adhesion period, the biofilms on the silicone film gradually 
became thinner and transparent. When the SK concentration reached 16 µg/mL, only a few C. albicans cells adhered to 
the silicone film, and essentially, no biofilm formation was observed (Figure 2). The result was also confirmed by 
biofilms biomass determination, indicating that SK significantly inhibited the adhesion of C. albicans to the silicone film.

Figure 1 Morphology alteration of C. albicans SC5314 biofilms after treated by 8 μg/mL SK. 
Notes: The inset in the 3500×, 2000×, 1000× panels show the area that was magnificated.

Figure 2 Inhibitory effect of different concentrations of SK on cell adhesion of C. albicans SC5314. 
Notes: (A) Control; (B) 4 μg/mL SK; (C) 8 μg/mL SK; (D) 16 μg/mL SK compared with control, **P < 0.01.
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We investigated the impact of SK treatment on the cellular surface hydrophobicity (CSH), given that CSH is a critical 
factor for cell adhesion. Our results, shown in Figure 3, indicate a negative correlation between SK concentration and the 
CSH of C. albicans biofilms. The relative CSH of the untreated C. albicans biofilms was higher (approximately 0.77), 
and the CSH of the biofilms formed by SK treatment was significantly reduced to 0.69 (P < 0.05) at 2 µg/mL SK; after 
this, it decreased with increasing drug concentration to 0.47 (P < 0.05) at 4 µg/mL SK, 0.35 (P < 0.01) at 8 µg/mL, 0.15 
(P < 0.01) at 16 µg/mL, below 0.05 (P < 0.01) at 32 µg/mL and almost 0 (P < 0.01) at 64 µg/mL. The results showed that 
SK decreased the CSH of the biofilms in a concentration-dependent manner.

SK Affects the Expression of Biofilms-Associated Genes in the Ras1-cAMP-Efg1 
Signalling Pathway
To understand the molecular basis for SK with inhibit action on C. albicans biofilms, we investigated the expression of 
genes related to adhesion, hyphae growth and biofilms formation, especially those related to the Ras1-cAMP-Efg1 
pathway through the real time PCR methods. Compared with the control group, the expression levels of ECE1, HWP1, 
ALS3, RAS1, EFG1, TEC1 and CYR1, which are involved in positive regulation of biofilms formation biological 
processes and also crucial members of the Ras1-cAMP-Efg1 pathway, were downregulated by 2.17-, 2.38-, 2.94-, 
1.35-, 2.32-, 2.13- and 2.08-fold in the 8 µg/mL SK treatment group, respectively (Figure 4). This result suggested 
that the potential mechanism of inhibition of biofilms formation by SK might be associated with the Ras1-cAMP-Efg1 
pathway.

SK Inhibits Biofilms Formation by Reducing cAMP Levels in C. albicans
To delve deeper into the impact of SK on the Ras1-cAMP-Efg1 pathway, we assessed the production of cAMP - The 
critical messenger molecule of this pathway - in C. albicans exposed to SK at 4- and 24-hours post-treatment. The result 
showed that SK could significantly decrease cAMP production in a concentration-dependent manner at 4- and 24- h (P< 
0.01) (Figure 5). The result suggested that SK significantly decreases cAMP production at both the adhesion (4 h) and 
maturation (24 h) stages of biofilms formation in C. albicans.

After analyzing the aforementioned results, we hypothesized that SK’s ability to hinder C. albicans biofilms 
formation could be linked to the suppression of the Ras1-cAMP-Efg1 pathway. To confirm our assumption, we 
performed experiments involving the rescue of exogenous cAMP. As shown in Figure 6, the formation rates of the 
biofilms in the 4, 8 and 16 µg/mL SK-alone groups were 65%, 42% and 26%, respectively. But, when exogenous cAMP 
was added at the same time, the formation rates of the biofilms were promoted to 77% (P < 0.05), 60% (P < 0.01) and 

Figure 3 Effects of different concentrations of SK on cell surface hydrophobicity (CSH) of C. albicans SC5314 biofilms. 
Notes: Compared with control, *P < 0.05, **P < 0.01.

https://doi.org/10.2147/IJGM.S417327                                                                                                                                                                                                                                 

DovePress                                                                                                                                   

International Journal of General Medicine 2023:16 2658

Pang et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 4 Changes in biofilms related genes of RAS1-cAMP-EFG1 pathway expression after treated by SK (8 μg/mL) for C. albicans SC5314. 
Notes: The mRNA levels were normalized on the basis of their 18S rRNA levels, gene expression was calculated as the fold increase relative to the control group.

Figure 5 Effects of SK on the production of cAMP protein of C. albicans SC5314 biofilms. 
Notes: Compared with control, **P < 0.01.

Figure 6 Exogenous cAMP reverts the inhibitory effect of SK on C. albicans SC5314 biofilms. Biofilm formation was evaluated by XTT reduction assay, and the results were 
presented as the percentage compared to the control biofilms formed without drug treatment. 
Notes: Compared with different concentrations of SK single use groups, *P < 0.05, **P < 0.01.
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51% (P < 0.01), respectively; Given that 5 mM cAMP alone had no effect on the biofilms, the results in above indicated 
that cAMP could significantly reverse the inhibitory effect of SK on biofilms formation. Together, these data suggested 
that SK might inhibit C. albicans biofilms through the Ras1-cAMP-Efg1 pathway.

Discussion
In this study, the antibiofilm effect of SK was further confirmed by SEM. Compared with the normal C. albicans 
biofilms, with true hyphae criss-crossing, a dose of 8µg/mL of SK resulted in a significant decrease in cell density and 
severe defects in filamentation. Our utilization of SEM provided a clearer and more detailed visualization of the three- 
dimensional network structure of C. albicans biofilms, which allowed us to demonstrate the disruptive effects of SK on 
this biofilms structure. By showcasing this enhanced visualization, we believe our study adds valuable insights into the 
mechanistic understanding of the action of SK on C. albicans biofilms.

Adhesion of single C. albicans cells in the basal layer is the initial stage of C. albicans biofilms formation and plays 
an important role in the formation of C. albicans biofilms.20 Therefore, in this study, we specifically focused on 
investigating the influence of SK on cell adhesion through experiments such as the silicone film method and cell surface 
hydrophobicity assay. Unlike previous study that added drugs after the adhesion stage of biofilms formation, we 
introduced SK during the 120 min cell adhesion stage. This approach allowed us to examine the direct impact of SK 
on the initial adhesion process. Our results indicated that SK exhibited a significant inhibitory effect on the early cell 
adhesion process of C. albicans biofilms formation, and this effect was closely related to its effect on the cell surface 
hydrophobicity of C. albicans, as previous studies have found that the ability of the fungus to adhere to the surface of 
inert materials such as plastic is related to its cell surface hydrophobicity (CSH).21,22 It has been reported that CSH plays 
an important role in the biofilm adhesion phase of C. albicans, and the larger the CSH value, the stronger the cell 
adhesion and the stronger the biofilms formation capacity.23 Our experimental results showed SK could reduce CSH in 
a dose-dependent manner, which is consistent with literature reports. Therefore, we speculated that influencing cell CSH 
and thus inhibiting cell adhesion could be a possible mechanism for SK to disrupt biofilm formation.

To further explore the molecular basis of SK inhibition in C. albicans biofilms, we examined the expression levels of 
genes related to cell adhesion and yeast filamentous state transformation, namely ECE1, HYR1, HWP1, and ALS3. Our 
findings indicated significant downregulation of these genes, all of which are regulated by the Ras1-cAMP-Efg1 
signaling pathway,24 as reported in the literature. The Ras1-cAMP-Efg1 pathway is a crucial regulator of C. albicans 
biofilms, and is activated by extracellular environmental factors that stimulate the Ras1 protein, which in turn activates 
Cyr1 to produce the second messenger, cAMP. Thus, the protein kinase A (PKA) complex is activated, PKA complex 
phosphorylates and activates transcription factors Efg1 and Tec1, thereby controlling adhesion, mycelial development, 
biofilm formation, and other biological processes.24 Several natural products, including magnolol and sodium new 
houttuyfonate, have been shown to inhibit C. albicans adhesion, yeast-hyphae state transformation, and biofilm formation 
by downregulating the Ras1-cAMP-Efg1 pathway.6,25

Our research furtherly uncovered that SK effectively decreased the expression of genes linked to the Ras1-cAMP- 
Efg1 signalling pathway, namely RAS1, CYR1, EFG1, and TEC1. RAS1 is a gene that encodes a small GTPase involved 
in the regulation of multiple cellular processes, including cell growth and differentiation. It is a critical component of the 
Ras1-cAMP-Efg1 pathway, where it functions as a key regulator of Efg1 and other downstream genes expression.26 

EFG1 (embedded filamentation protein 1) is a gene that encodes a transcription factor that regulates hyphal growth and 
biofilms formation in C. albicans. It is a downstream target of the Ras1-cAMP pathway and is required for proper 
biofilms formation. TEC1 (transcriptional effector of Candida) is a gene that encodes a transcription factor that is 
necessary for the expression of downstream genes involved in hyphal growth and biofilms formation. It is a downstream 
target of Efg1 and is also activated by Ras1-cAMP pathway. Both the EFG1 and TEC1 positively regulate biofilms- 
specific genes expression, such as ECE1, ALS3 and HWP1.27,28 ECE1 (enhanced Candida virulence gene) is a key 
regulator of biofilms formation in C. albicans. It encodes a protein that is involved in the production of hyphae, which are 
necessary for the formation of mature biofilms. The ALS3 (agglutinin-like sequence 3) is a gene that encodes a protein 
which contributes to cell invasion and subsequent host cell damage.29 HWP1 (hyphal wall protein 1) encodes 
a mammalian transglutaminase-targeted cell surface glycoprotein that is necessary for the adhesion of hyphae to surfaces 
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and the formation of biofilm matrix.30 CYR1 (adenylate cyclase) is a gene that encodes an enzyme responsible for the 
production of cAMP, a second messenger involved in the regulation of cellular processes. When Cyr1p is disrupted, 
C. albicans’ growth rate decreases, and cells are confined to the yeast state.31 Overall, these genes are critical for the 
regulation of various cellular processes during C. albicans biofilms formation, including cell adhesion, hypha growth as 
well as virulence. Therefore, the downregulation of these genes by SK suggests that it may inhibit the formation of 
biofilms in C. albicans by disrupting these cellular processes. Additionally, our study demonstrated that SK substantially 
decreased the biofilms cAMP levels of C. albicans, and the anti-biofilm effect of SK was significantly reduced after 
cAMP back-supplementation. Together, we speculate that the mechanism of SK inhibition of C. albicans biofilms may be 
related to the blocking of the Ras1-cAMP-Efg1 signalling pathway.

Conclusion
SK may affect the expression levels of cell adhesion and yeast filamentous state transformation-related factors (ECE1, 
HWP1, ALS3, RAS1, CYR1, EFG1 and TEC1) downstream of the Ras1-cAMP-Efg1 signalling pathway by decreasing 
cAMP levels, thereby affecting the surface hydrophobicity and adhesion ability of C. albicans cells, playing an anti- 
C. albicans biofilms role and destroying the typical three-dimensional structure of C. albicans biofilms. These findings 
suggest that SK has potential as an alternative antifungal agent for the treatment of biofilm-associated infections. Further 
studies are needed to explore the in vivo efficacy and safety of SK as an antifungal agent.
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