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Abstract
Infections caused by Candida species, especially Candida albicans, threaten the public 
health and create economic burden. Shortage of antifungals and emergence of drug 
resistance call for new antifungal therapies while natural products were attractive 
sources for developing new drugs. In our study, fangchinoline, a bis-benzylisoquinoline 
alkaloid from Chinese herb Stephania tetrandra S. Moore, exerted antifungal 
effects on planktonic growth of several Candida species including C. albicans, with 
MIC no more than 50 μg/mL. In addition, results from microscopic, MTT and XTT 
reduction assays showed that fangchinoline had inhibitory activities against the 
multiple virulence factors of C. albicans, such as adhesion, hyphal growth and biofilm 
formation. Furthermore, this compound could also suppress the metabolic activity 
of preformed C. albicans biofilms. PI staining, followed by confocal laser scanning 
microscope (CLSM) analysis showed that fangchinoline can elevate permeability 
of cell membrane. DCFH-DA staining suggested its anti-Candida mechanism also 
involved overproduction of intracellular ROS, which was further confirmed by N-
acetyl-cysteine rescue tests. Moreover, fangchinoline showed synergy with three 
antifungal drugs (amphotericin B, fluconazole and caspofungin), further indicating its 
potential use in treating C. albicans infections. Therefore, these results indicated that 
fangchinoline could be a potential candidate for developing anti-Candida therapies.
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1  |  INTRODUC TION

Diseases caused by fungal pathogens affect millions of people 
worldwide and annual death resulting from fungal infections ap-
proaches 2 million and is still rising.1 The reasons for the this rise in 
fungal infections include the increase in the susceptible population 
(due to HIV infections, immunosuppression therapy and diabetes 
mellitus), late diagnosis, the prevalence of drug resistance, and most 
importantly, the scarcity of antifungal drugs.2 Among these patho-
gens, Candida species, especially Candida albicans, are the major 
causes of fungaemia.3–5 Besides Candidaemia, C. albicans can also 
cause mucosal infections such as oral thrush and vulvovaginal can-
didiasis, although this fungus belongs to one of the commensal fungi 
residing in gastrointestinal and vaginal tracts.2 The pathogenicity of 
C. albicans is closely associated with its ability to form hypha, which 
enables its difficulty to be engulfed by and easy escape from phago-
cytes, even death of phagocytes.6 C. albicans hyphae also express 
superoxide dismutase 5 (SOD5) that detoxifies reactive oxygen 
species (ROS), and secret pore-forming candidalysin that damages 
tissues.6 In addition, hyphae, along with pseudohyphae and yeasts, 
are essential components of C. albicans biofilms that usually formed 
on surfaces of mucosae and medical devices.2,7 The extracellular 
exopolysaccharide (EPS) matrix encasing cells within biofilms exerts 
protection against antifungal drugs and immune attacks from host, 
increasing the tolerance of biofilms to antifungal therapeutics.8,9 
The resistance of biofilms to antifungal drugs often necessitates 
replacement of medical devices, exerting additional economic bur-
den on patients.2 This, along with above-mentioned reasons for rise 
in incidence, as well as the emergence of new drug-resistant fun-
gal pathogens, highlights the necessity to develop novel antifungal 
therapies.7,10

In the past decades, there are continuous efforts to search 
and develop antifungal agents, from natural products, especially 
from herbal plants.2,11 Among Chinese traditional medicinal plants, 
Stephania tetrandra S. Moore (fang ji in Chinese) is used to cure mul-
tiple diseases and harbours various kinds of bioactive compounds 
including mainly alkaloids, as well as flavonoids and steroids.12 
Fangchinoline (FN, Figure 1A), is one such alkaloids containing bis-
benzylisoquinoline structure. FN has demonstrated antitumour ac-
tivities in various kinds of cancer cells,13 antiviral activities against 
porcine epidemic diarrhoea virus, human coronavirus strain OC43, 
SARS-CoV-2 and human immunodeficiency virus14–17 and anti-
inflammatory activities in rat model of rheumatoid arthritis.18 FN 
can also ameliorate diabetes-related nephropathy19 and retinopathy 
induced by streptozotocin.20 Although FN has been reported to own 
weak or no antifungal activity against plant fungal pathogens such 
as Ascosphaera apis,21 Phomopsis adianticola, Altermaria adianticola, 
Colletotrichum fructicola, Pestalotiopsis theae, Phoma adianticola and 
Gibberella zeae,22 with all minimal inhibitory concentration (MIC) 
above 200 μg/mL, its effects on human fungal pathogens, such as 
C. albicans have never been evaluated. In this study, we investigated 
the effects of FN on the planktonic growth and virulence factors of 
C. albicans, and its underlying mechanisms.

2  |  MATERIAL S AND METHODS

2.1  |  Strains, culture conditions and chemicals

Candida albicans SC5314 and C. albicans ATCC10231, as well as four 
other Candida species (Table 1), were obtained from CGMCC (China 
General Microbiological Culture Collection Center) and kept on YPD 
agar at 4°C in fridge. Prior to each assay, one colony was propagated 
in YPD medium for 18 h at 28°C with a rotation of 140 rpm.

Fangchinoline (Purity > 98%, HPLC), DCFH-DA-containing 
ROS kit, dimethyl sulfoxide (DMSO) and N-acetyl-cysteine (NAC) 
were purchased from Solarbio (Beijing, China). MTT, XTT, fluco-
nazole and Amphotericin B (AmB) were purchased from Sangon 
(Shanghai, China). PI and Calcofluor White (CFW), were purchased 
from Sigma (Shanghai, China). Caspofungin acetate was purchased 
from Aladdin Scientific (Shanghai, China). Syto 9 and RPMI-1640 
medium (powder) were purchased from Thermo (Shanghai, China). 
FN was dissolved in DMSO at a concentration of 10 mg/mL as 
stocking solution. AmB, prepared in DMSO at 1 mg/mL, was used 
as the positive control.

2.2  |  Antifungal activity test

Broth microdilution assay following CLSI-M27-A3 guidelines was 
employed to test the antifungal activity of FN against the above-
mentioned Candida strains. Fungal cells (2 × 103 cells/mL in RPMI-
1640 medium) were exposed to a serial of concentrations of FN for 
24 h at 37°C to monitor the fungal growth in 96-well plates. The MIC 
was set as the lowest concentration at which in the corresponding 
wells no fungal growth was observed. When fungal cultures in MIC 
tests exposed to FN (above MIC) were transferred to YPD agar to 
allow growth for 24 h, the lowest concentration where no fungal 
colony was found was defined as minimal fungicidal concentration 
(MFC).23

2.3  |  Adhesion to polystyrene surfaces

Hundred microlitres of C. albicans SC5314 suspension (106 cells/mL 
in RPMI-1640 medium) was filled into each well of 96-well plate 
and treated with 0, 25, 50 and 100 μg/mL FN for 90 min at 37°C. 
After washing with PBS, 100 μL fresh medium and 10 μL MTT solu-
tion were added, followed by a 3-h incubation in dark. Later, the 
supernatant of each well was decanted and DMSO was added to 
dissolve formazan. The optical density at 490 nm of each well was 
read by microplate reader (VarioSkan, Thermo) to calculate the rela-
tive adhesion.7

CFW staining was also performed to show directly the influ-
ence of FN on adhesion to 96-well plate bottom. After treatment 
with FN for 90 min and washing, the fungal cells left on surfaces 
were stained with CFW and photographed. To explore whether 
the effects of FN on adhesion were due to the killing activity of 
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FN, the fungal cultures in each group above-mentioned before 
washing were taken out, serially diluted and plated on SD agar. 
After 24-h incubation at 37°C, the colony forming units (CFU) on 

each agar plate were counted to calculate the number of viable 
cells in each group.

2.4  |  Time-kill assay

This assay was performed in RPMI-1640 medium at 28°C with a rota-
tion of 140 rpm. C. albicans cells (104, 105 and 106 cells/mL) were ex-
posed to 12.5, 25, 50, 100 and 200 μg/mL of FN. At the 2nd, 4th, 6th, 
8th, 12th and 24th hour after FN exposure, 100 μL of the suspension 
was retrieved from each group, serially diluted and spread on SD agar. 
The CFU on each agar were counted after 24 h incubation at 37°C.

2.5  |  Hyphal growth

The C. albicans cells from 18-h grown cultures were diluted to get 
a density of 106 cells/mL in RPMI-1640 medium, which was further 
treated with 0, 25, 50 and 100 μg/mL FN at 37°C for 4 h. Cellular 
morphologies were photographed by a microscope (Olympus IX81, 
Japan)-linked camera.

F I G U R E  1 The chemical structure of FN and the suppression of FN on the adhesion of Candida albicans cells to polystyrene surfaces. 
(A) The chemical structure of FN. (B) FN inhibited the adhesion of C. albicans SC5314 to polystyrene surfaces. Adhesion was considered as 
the relative viability of adherent fungal cells determined by MTT assay. (C) Representative graphs of adherent C. albicans cells left by FN 
treatment and PBS washing. (D) The total viable cells in each group after 1.5 h treatment with different concentrations of FN at 37°C (before 
PBS washing). *, p < 0.05 and **, p < 0.01.

TA B L E  1 The antifungal activities of FN against Candida species.

Fungal strains

FN Amphotericin B

MIC 
(μg/mL)

MFC 
(μg/
mL)

MIC 
(μg/mL)

MFC 
(μg/mL)

C. albicans SC5314 50 50 0.625 1.25

C. albicans ATCC 
10231

50 200 0.3125 1.25

C. glabrata ATCC 
2001

50 200 0.625 2.5

C. parapsilosis ATCC 
22019

25 100 0.625 2.5

C. krusei ATCC 
6258

12.5 50 1.25 2.5

C. tropicalis ATCC 
7349

50 100 0.3125 2.5
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2.6  |  Biofilm test

The 96-well plates-based biofilm formation of C. albicans SC5314 
was used as employed before.24 Biofilms formed in the presence 
of 0, 12.5 25, 50, 100 and 200 μg/mL FN for 24 h at 37°C were 
washed with PBS, prior to the XTT reduction assay. To evaluate 
the influence of FN on biofilm development, biofilms produced 
in the absence of any drug were washed with PBS and further 
incubated with fresh medium containing various concentrations of 
FN for another 24 h. Then, XTT assay was performed to determine 
the biofilm viability.

To get a view of biofilm structures, confocal laser scanning micro-
scope (CLSM, Olympus FV1000, Japan) was employed to record the 
three-dimensional structures of C. albicans SC5314 biofilms formed 
in the presence of 0, 25, 50 and 100 μg/mL FN. Biofilms were stained 
with 10 μM Syto9 and washed with PBS. 40× objective and a step-
size of 2 μm were used to record the biofilms in 3D mode. Recordings 
were re-built with Imaris 7.2.3 (Bitplane AG, Zurich, Switzerland) as 
described previously.25

2.7  |  EPS production

The 24-h matured biofilms in 24-well plates were treated with 0, 25, 
50 and 100 μg/mL FN for 24 h at 37°C, followed by washing with 
PBS. A total quantity of 0.9% NaCl solution, 5% phenol and 0.2% 
hydrazine sulphate were added into wells in a ratio of 1:1:10 and 
kept in dark for 60 min. Microplate reader was used to determine the 
optical density of each well at 490 nm.23

2.8  |  Membrane permeability test

Cell membrane-impermeable fluorescent dye PI was used to assay 
the permeability of C. albicans cell membrane. Fungal cells chal-
lenged with 0, 25, 50 and 100 μg/mL FN for 4 h at 37°C were stained 
with10 μM PI for 10 min. After washing with PBS, the fluorescence 
of C. albicans cells was examined using CLSM.

2.9  |  ROS determination

The widely used ROS-detecting fluorescent dye DCFH-DA (final 
concentration: 10 μM) was employed to stain the C. albicans cells that 
were treated with 0, 25, 50 and 100 μg/mL FN for 4 h. Cells with ex-
cessive intracellular ROS production emit green fluorescence, which 
could be detected and recorded by CLSM.

2.10  |  NAC rescue test

To further confirm the role of ROS in the antifungal activity of FN, 
150 μg/mL NAC was supplemented in RPMI-1640 medium. Biofilms 

formed in the absence and presence of 100 μg/mL FN, in the me-
dium containing NAC or not, were subjected to XTT assay to deter-
mine the viability. Biofilms of these groups were also photographed 
using inverted microscope.26 In addition, the influence of 150 μg/mL 
NAC on the MIC of FN against C. albicans SC5314 was also evalu-
ated, as following the protocols described in part 2.2.

2.11  |  Checkerboard assay

The MIC-based checkerboard assay was performed to test the in-
teractions between FN and other antifungal drugs (amphotericin B, 
fluconazole and caspofungin), as described previously.26

2.12  |  Statistical analysis

Data shown were mean ± SD from triplicates in three independent 
tests and GraphPad Prism 6.02 was used to perform Student t test 
to obtain the statistical significance.

3  |  RESULTS

3.1  |  Antifungal susceptibility

As shown in Table 1, fangchinoline inhibited all the six strains tested, 
with MIC ranging from 12.5 μg/mL against C. krusei to 50 μg/mL 
against C. albicans, C. tropicalis and C. glabrata. The MFC of fangchi-
noline also varied in a similar trend roughly. Being able to form bio-
films easily, C. albicans SC5314 was selected for further analysis.

3.2  |  Adhesion assay

As shown in Figure  1B, FN could impede the adhesion of C. al-
bicans to the abiotic polystyrene surfaces of 96-well plates, in a 
concentration-dependent way. A total quantity of 25, 50 and 
100 μg/mL FN could inhibit the adhesion by about 20%, 32% and 
70%, as compared to the FN-free control. This inhibition could also 
be confirmed by microscopic graphs of adherent fungal cells that 
experienced FN treatment and PBS washing, which showed that 
increasing FN concentration caused less cells left on polystyrene 
surfaces (Figure 1C). To validate whether the inhibition of adhesion 
was due to the decrease in viable cell number caused by FN treat-
ment, the CFU in each group were counted. As shown in Figure 1D, 
25 and 50 μg/mL FN did not reduce the CFU number significantly, 
suggesting that FN, at these concentrations, did inhibit adhesion 
without influencing the cell viability. However, 100 μg/mL FN re-
duce the CFU number significantly, as compared to the control. 
This, combined with results of 25 and 50 μg/mL FN, suggested 
that the killing effect may further contribute to the inhibition of 
adhesion.
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3.3  |  Time-kill kinetics

The fungicidal effects of FN on C. albicans cells were dependent 
on both the FN concentration and the initial fungal cell density, as 
shown in Figure 2. Candida cells exposed to sub-MIC 12.5 and 25 μg/
mL FN showed similar curves to drug-free control, as expected, in 
all the three assays with different initial cell density. While 50 μg/
mL only retard the fungal growth to some extent in assays with ini-
tial density of 104 and 105 cells/mL (Figure 2A,B), this concentration 
was MFC in assays with initial density of 2 × 103 cells/mL (Table 1). 
When the cell density increased to 106 cells/mL, this effect became 
indiscernible to controls (Figure 2C). A total quantity of 100 μg/mL 
FN showed potent fungicidal activity in assays with density of 104 
and 105 cells/mL, reducing about 3 log10CFU at the end of assays 
(Figure 2A.B), but it did not reduce viable cells in assays with density 
of 106 cells/mL (Figure 2C). Although 200 μg/mL FN demonstrated 

strong killing activity in all the three assays, increasing the cell den-
sity to 106 cells/mL leads to more viable cells that could be detected 
(Figure 2), further suggesting the dependence of FN killing on initial 
cell density.

3.4  |  Hyphal formation

Hyphal formation was induced in RPMI-1640 medium at 37°C, while 
treatment with FN from 25 to 100 μg/mL could gradually reduce the 
hyphal growth. As shown in Figure 3, compared with control, treat-
ment with 25 μg/mL FN caused more cells blocked in yeast morphol-
ogy while treatment with 50 μg/mL FN not only impeded hyphal 
formation but also inhibited hyphal elongation. Most Candida cells 
exposed to 100 μg/mL FN were in yeast form.

3.5  |  Biofilm assay

The anti-biofilm effects were evaluated mainly through XTT reduc-
tion assay. As revealed by Figure 4A, increasing the FN concentration 
from 12.5 to 200 μg/mL in the medium where C. albicans biofilms 
were formed, could decrease the biofilm viability from 82% to 11% 
relative to control. The half-maximal inhibition concentration (IC50) 
fell between 50 and 100 μg/mL. As for biofilm development, the in-
hibition was also dose-dependent but weaker than that of formation 
(Figure 4B). The IC50 for biofilm development was around 200 μg/
mL. The results from CLSM also confirmed the inhibition of biofilm 
formation caused by FN (Figure 4C). Biofilms formed in presence of 
higher FN concentration left more void space within biofilms.

3.6  |  EPS in biofilms

Biofilm EPS often make a hurdle to access of drugs to cells within 
biofilms and impede their efficacy.2 In this study, EPS determination 
was performed through colorimetry.23 As shown in Figure 5, the EPS 
in the preformed biofilms was decreased and the decrease varied 
in response to the FN concentration: 25, 50 and 100 μg/mL caused 
22%, 30% and 49% reduction in EPS respectively.

F I G U R E  2 The time-kill curves of FN in Candida albicans SC5314 cells. Candida cells with different initial inoculum densities (104 cells/mL 
(A), 105 cells/mL (B) and 106 cells/mL (C)) were treated with 0, 12.5, 25, 50, 100 and 200 μg/mL FN for 24 h. At indicated time points, 100 μL 
aliquot was taken from each group, diluted and spread on SD agar to count the viable cell number of each group.

F I G U R E  3 FN inhibited the hyphal growth of Candida albicans. 
C. albicans hyphal growth induced by RPMI-1640 medium at 37°C 
for 4 h was impeded by FN.
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3.7  |  Cell membrane damage

Cell membrane is important for living cells as it keeps life processes, 
such as metabolism, catabolism and protein synthesis, from being 

disturbed directly by outside. Many antimicrobials can cause dam-
ages to cell membrane, making membrane more permeable to intra-
cellular contents. As revealed by Figure 6, the 4-h treatment with 25, 
50 and 100 μg/mL FN could gradually increase the cells that emitted 
red fluorescence, suggesting damages to cells membrane.

3.8  |  ROS production

Since FN has been found to induce ROS overproduction in mamma-
lian cancer cells,27 we further proceeded to explore its ROS-inducing 
effects in C. albicans SC5314 using fluorescent dye. As shown in 
Figure  7, the fungal cells with green fluorescence indicating ROS 
production were increased as the concentration of FN was elevated.

3.9  |  NAC rescue

As ROS overproduction was confirmed in FN-treated C. albicans 
cells, we further performed rescue assay with 150 μg/mL NAC 

F I G U R E  4 Escalating concentrations of FN inhibited both the formation and development of Candida albicans SC5314 biofilm. (A) The 
viability of C. albicans SC5314 biofilms formed in the presence of escalating concentrations of FN was determined through XTT reduction 
assay. (B) Twenty-four hour biofilms formed in the absence of FN were exposed to FN for another 24 h. XTT assay was used to evaluate the 
influence of FN on the biofilm development. (C) Biofilms formed in the presence of 0, 25, 50 and 100 μg/mL FN were stained with Syto 9 
and recorded by CLSM in 3D mode, followed by reconstruction using Imaris 7.2.3 software. *, p < 0.05, and **, p < 0.01.

F I G U R E  5 The presence of FN in preformed biofilms attenuated 
the EPS production. Twenty-four hour mature biofilms treated with 
0, 25, 50 and 100 μg/mL FN for another 24 h were subjected to EPS 
determination. **, p < 0.01.
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in biofilm formation protocols. The biofilms formed in the pres-
ence of NAC was lower in viability than drug-free control, which 
was similar to our previous data.26 The presence of 100 μg/mL 
FN greatly impeded the biofilm formation (Figure 8A), consistent 
with the results of Figure 4A. As expected, the presence of NAC 
in the process of biofilm formation significantly saved the viabil-
ity of biofilms treated with 100 μg/mL FN (Figure 8A). This saving 
found in viability test was also confirmed by biofilm morphology 
photographs, as shown in Figure 8C. In addition, the presence of 
150 μg/mL NAC could also increase the MIC of FN from 50 μg/mL 
to 100 μg/mL (Figure 8B), further confirming the role of ROS in the 
anti-Candida action of FN.

3.10  |  Drug combination test

Fractional inhibitory concentration index (FICI) was used to inter-
pret the interactions between FN and antifungal drugs. As shown in 
Table 2, FN can synergize with all the three drugs, with FICI below 
0.5.

4  |  DISCUSSION

In spite of the increase in the infections caused by non-albicans 
Candida species, the incidence of C. albicans infections is still the 

F I G U R E  6 FN induced hyper-permeability of Candida albicans SC5314 cell membrane. After a 4-h co-incubation with 0, 25, 50 and 
100 μg/mL FN at 37°C, C. albicans cells were stained with PI for detecting cell membrane damages.
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highest among all Candida species.28 The mortality of bloodstream 
infections due to C. albicans was reported to be as high as 40%.2 
The treatment for C. albicans, and other fungal pathogens, is hard 
to be considered as successful, due to the lack of antifungal drugs 
and emergence of resistance.2,10 The occurrence of drug-resistant 
Candida auris further aggregates the public concern of antifungal 
shortage.10 Natural products from herbal plants have continually 
showed significant antifungal activities against Candida species, as 
well as other pharmacological activities.2,5,29–31 Examples include 
dioscin, dracorhodin perchlorate, alantolactone, carnosol and poly-
phyllin I, as reported previously.7,24,30,32,33

FN is a bis-benzylisoquinoline moiety-containing alkaloid, struc-
turally similar to tetrandrine which has demonstrated antifungal ac-
tivities against C. albicans in several studies.16,22,34 FN owns multiple 
bioactivities, including antitumour, anti-inflammatory and antiviral 

activities,13,15,18 but its activity against human fungal pathogens re-
mains to be explored. Given that FN and tetrandrine share similar 
chemical structures, and that tetrandrine showed activity against C. 
albicans,16,34 we reasoned that FN is possible to have similar anti-
Candida activity. Results from CSLI-based methods showed, for 
the first time, that FN has antifungal activities against all Candida 
strains (C. albicans, C. krusei, C. glabrata, C. tropicalis and C. para-
psilosis) tested. The MIC of FN we obtained were much lower than 
those against plant fungal pathogens,22 these differences could be 
explained by the far evolutionary distance between them.

C. albicans biofilms formed on medical devices are calcitrant to 
azole drugs, which makes agents with anti-biofilm activity appealing.2 
In this study, FN not only displayed activity in planktonic growth, but 
also showed anti-biofilm effects. The FN concentration required for 
about half maximal inhibition (IC50) of biofilm formation was higher 

F I G U R E  7 FN induced ROS overproduction in Candida albicans cells. DCFH-DA was used to stain the ROS produced in C. albicans cells 
challenged with 0, 25, 50 and 100 μg/mL FN for 4 h at 37°C.
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than its MIC, and IC50 for biofilm development was even higher. This 
is often seen in many antifungal agents.8,26,32,35 However, the ratio 
of IC50 (in biofilm formation assay) to MIC (in planktonic growth) for 
FN was lower than those reported for other drugs, which were over 
1000 for azoles.8 This indicated the future anti-biofilm potential of 
FN. Biofilms are formed starting from adhesion to surfaces and FN 

could inhibit adhesion of C. albicans to polystyrene surfaces. The 
ability to form hyphae is considered as critical for C. albicans patho-
genicity and hyphae of C. albicans can reinforce the biofilm struc-
ture and confer resistance to host immune attack.2,36 Their length 
often makes phagocytosis by immune cells hard and elongating may 
pierce membranes of macrophages. Hyphae-associated superoxide 

F I G U R E  8 NAC rescued biofilm inhibition caused by FN treatment. (A) Addition of 150 μg/mL NAC could save part of viability of 
Candida albicans biofilms treated with 100 μg/mL FN. **, p < 0.01. (B) The presence of 150 μg/mL NAC could increase the MIC of FN. (C) 
Representative graphs of C. albicans biofilms formed in the absence and presence of NAC and exposed to 0 and 100 μg/mL FN.

Drugs

MIC of drugs MIC of FN

FICI InteractionAlone Combined Alone Combined

Amphotericin B 0.625 0.156 50 6.25 0.375 Synergistic

Caspofungin 0.625 0.156 50 3.125 0.3125 Synergistic

Fluconazole 2.5 0.3125 50 6.25 0.25 Synergistic

TA B L E  2 Interactions of FN with 
antifungal drugs.
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dismutase 5 (SOD5) is useful to counter the oxidative stress (pro-
duced by immune cells or drugs). In addition, the toxin candidalysin 
secreted by hyphae can cause macrophage death and tissue dam-
ages.6,37 In this scenario, the ability of FN to impede hyphal growth 
indicates its potential to block C. albicans invasion in tissues.

EPS block the access of drugs into cells within biofilms, pro-
viding another mechanism for the elevated dose needed for sup-
pressing biofilms. It was reported FerlONP exerted EPS-degrading 
effects on bacterial biofilms by in  situ ROS (hydrogen peroxide) 
production.38 Therefore, it is possible that FN decrease the EPS 
production through similar ROS overproduction, although the re-
action environments were different. It is also possible that when 
FN and other antifungal drugs were combined, the efficacy would 
be enhanced, as was the case with alantolactone and amphoter-
icin B.26 Therefore, the drug combination tests were performed, 
and the results we obtained showed that FN, combined with am-
photericin B, caspofungin or fluconazole, could produce a syner-
gistic interaction, indicating its potential in lowering the dose of 
antifungals.

Many antifungal agents, such as miconazole, θ-defensins, caspo-
fungin and others, exert their effects through excessive ROS accu-
mulation in fungal cells,23,26,39–41 and in Jurkat T cells and human 
multiple myeloma U266 cells, FN was reported to be able to stimulate 
the overproduction of intracellular ROS,42,43 so we postulated that 
FN may also incur excessive ROS production in C. albicans. DCFH-DA 
staining and NAC rescue assays confirmed the role of ROS in the an-
tifungal and anti-biofilm activity of FN. Although FN has been shown 
to have protective roles in neurodegenerative models through attenu-
ating oxidative stress,44 the concentrations in that research was lower 
than the concentrations incurring ROS in our and other studies.42,43 
The massive production of ROS would damage biomacromolecules 
that build up organelles and are important for metabolism, resulting 
in cell death finally. In this study, FN treatment increased the permea-
bility of C. albicans cell membrane, indicating its damages to cell mem-
brane. However, whether this effect was due to ROS caused by FN or 
due to the interaction between FN and the phospholipids or proteins 
within cell membrane, remains to be explored.

Although FN was effective in this study, the concentrations 
used here was a little higher, compared with other antifungal 
agents such as dioscin and polyphyllin I, posing a need for the op-
timization of its chemical structure. Fortunately, there are many 
natural analogues of FN, such as tetrandrine and cepharanthine.45 
In addition, lots of FN derivatives have been synthesized and the 
strategy for the total synthesis of bis-benzylisoquinoline alkaloids 
has been mature.22,45 All these made it plausible to explore the 
structure–activity of this kind of alkaloids. And another encour-
aging thing comes from the report that FN can attenuate the C. 
albicans-induced acute inflammation in paws of mice.46 And FN 
also showed anti-inflammatory activity in rat model of rheuma-
toid arthritis.18 It is conceivable that in treating inflammatory dis-
eases associated with C. albicans infections, such as C. albicans 
keratitis and oral candidiasis,47,48 FN may function through two 
parallel ways: suppressing C. albicans virulence and attenuating 

host inflammation. However, this requires further experimental 
validation.

5  |  CONCLUSION

In sum, this study showed the antifungal activity of FN against sev-
eral Candida species, including C. albicans, with MIC no more than 
50 μg/mL. FN also suppressed hyphal growth, adhesion, biofilm 
formation and development, as well as EPS production. Excessive 
production of ROS and cell membrane damages may underlie the 
antifungal activity of FN against C. albicans. Thus, FN may be ex-
ploited for developing alternative therapeutics for C. albicans 
infections.

AUTHOR CONTRIBUTIONS
Longfei Yang: Conceptualization (equal); data curation (lead); for-
mal analysis (equal); methodology (lead); resources (equal); software 
(equal); validation (equal); writing – original draft (equal); writing 
– review and editing (equal). Xiaonan Wang: Investigation (equal); 
project administration (equal); resources (equal); supervision (equal); 
writing – review and editing (equal). Zhiming Ma: Conceptualization 
(equal); formal analysis (equal); investigation (equal); resources 
(equal); supervision (equal); writing – review and editing (equal). 
Yujie Sui: Conceptualization (equal); data curation (equal); investiga-
tion (equal); supervision (equal); validation (equal); writing – review 
and editing (supporting). Xin Liu: Conceptualization (equal); formal 
analysis (equal); funding acquisition (equal); investigation (equal); re-
sources (equal); writing – original draft (equal); writing – review and 
editing (equal).

ACKNOWLEDG EMENTS
This work was supported by the Natural Science Foundation of 
Jilin Province (No. 20200201595JC), the Science and Technology 
Development Plan Project of Jilin Province (No. 20220505041ZP) 
and the Education Department of Jilin Province, China (No. 
JJKH20231220KJ).

CONFLIC T OF INTERE S T S TATEMENT
The authors have no conflicts of interest to declare.

DATA AVAIL ABILIT Y S TATEMENT
All the data supporting this study could be obtained from the cor-
responding author upon reasonable request.

ORCID
Longfei Yang   https://orcid.org/0000-0003-4153-9670 
Xin Liu   https://orcid.org/0000-0001-9743-3934 

R E FE R E N C E S
	 1.	 Zhang F, Zhao M, Braun DR, et al. A marine microbiome antifungal 

targets urgent-threat drug-resistant fungi. Science. 2020;370:974-
978. doi:10.1126/science.abd6919

https://orcid.org/0000-0003-4153-9670
https://orcid.org/0000-0003-4153-9670
https://orcid.org/0000-0001-9743-3934
https://orcid.org/0000-0001-9743-3934
https://doi.org//10.1126/science.abd6919


    |  11 of 12YANG et al.

	 2.	 Liu X, Ma Z, Zhang J, Yang L. Antifungal compounds against Candida 
infections from traditional Chinese medicine. Biomed Res Int. 
2017;2017:4614183. doi:10.1155/2017/4614183

	 3.	 Song Y, Chen X, Yan Y, Wan Z, Liu W, Li R. Prevalence and antifungal 
susceptibility of pathogenic yeasts in China: a 10-year retrospec-
tive study in a teaching hospital. Front Microbiol. 2020;11:1401. 
doi:10.3389/fmicb.2020.01401

	 4.	 Spiliopoulou A, Lekkou A, Vrioni G, et al. Fungemia due to rare non-
Candida yeasts between 2018 and 2021 in a Greek tertiary care 
university hospital. J Med Mycol. 2023;33:101386. doi:10.1016/j.
mycmed.2023.101386

	 5.	 Chen Z-H, Guan M, Zhao W-J. Effects of resveratrol on macro-
phages after phagocytosis of Candida glabrata. Int J Med Microbiol. 
2023;313:151589. doi:10.1016/j.ijmm.2023.151589

	 6.	 Lange T, Kasper L, Gresnigt MS, Brunke S, Hube B. “Under pres-
sure” – how fungi evade, exploit, and modulate cells of the innate 
immune system. Semin Immunol. 2023;66:101738. doi:10.1016/j.
smim.2023.101738

	 7.	 Yang L, Sui Y, Zhong L, Ma T, Ma Z, Liu X. Carnosol inhibits 
the growth and biofilm of Candida albicans. J Mycol Médicale. 
2022;32:101234. doi:10.1016/j.mycmed.2021.101234

	 8.	 Zhao M, Zhang F, Zarnowski R, et al. Turbinmicin inhibits Candida 
biofilm growth by disrupting fungal vesicle–mediated trafficking. J 
Clin Invest. 2021;131:e145123. doi:10.1172/jci145123

	 9.	 Nithyanand P, Beema Shafreen RM, Muthamil S, Karutha Pandian 
S. Usnic acid inhibits biofilm formation and virulent morpholog-
ical traits of Candida albicans. Microbiol Res. 2015;179:20-28. 
doi:10.1016/j.micres.2015.06.009

	10.	 Gow NAR, Johnson C, Berman J, et al. The importance of antimicro-
bial resistance in medical mycology. Nat Commun. 2022;13:5352. 
doi:10.1038/s41467-022-32249-5

	11.	 Moloney MG. Natural products as a source for novel antibi-
otics. Trends Pharmacol Sci. 2016;37:689-701. doi:10.1016/j.
tips.2016.05.001

	12.	 Zhang Y, Qi D, Gao Y, et  al. History of uses, phytochemistry, 
pharmacological activities, quality control and toxicity of the 
root of Stephania tetrandra S. Moore: a review. J Ethnopharmacol. 
2020;260:112995. doi:10.1016/j.jep.2020.112995

	13.	 Mérarchi M, Sethi G, Fan L, Mishra S, Arfuso F, Ahn K. 
Molecular targets modulated by fangchinoline in tumor cells 
and preclinical models. Molecules. 2018;23:2538. doi:10.3390/
molecules23102538

	14.	 Dong S, Yu R, Wang X, et  al. Bis-Benzylisoquinoline alkaloids in-
hibit porcine epidemic diarrhea virus in vitro and in vivo. Viruses. 
2022;14:1231. doi:10.3390/v14061231

	15.	 Liang C, Lu Y, Liao Q, Wu Y, Chen X. Fangchinoline inhibits human 
immunodeficiency virus type 1 replication by interfering with gp160 
proteolytic processing. PLoS One. 2012;7:e39225. doi:10.1371/
journal.pone.0039225

	16.	 Kim D, Min J, Jang M, et al. Natural bis-benzylisoquinoline alkaloids-
tetrandrine, fangchinoline, and cepharanthine, inhibit human coro-
navirus OC43 infection of MRC-5 human lung cells. Biomolecules. 
2019;9:696. doi:10.3390/biom9110696

	17.	 Khadilkar A, Bunch ZL, Wagoner J, et  al. Modulation of in  vitro 
SARS-CoV-2 infection by Stephania tetrandra and its alkaloid 
constituents. J Nat Prod. 2023;86:1061-1073. doi:10.1021/acs.
jnatprod.3c00159

	18.	 Shan L, Tong L, Hang L, Fan H. Fangchinoline supplementation 
attenuates inflammatory markers in experimental rheumatoid 
arthritis-induced rats. Biomed Pharmacother. 2019;111:142-150. 
doi:10.1016/j.biopha.2018.12.043

	19.	 Jiang Y, Liu J, Zhou Z, Liu K, Liu C. Fangchinoline protects against 
renal injury in diabetic nephropathy by modulating the MAPK sig-
naling pathway. Exp Clin Endocrinol Diabetes. 2018;128:499-505. 
doi:10.1055/a-0636-3883

	20.	 Wu Q, Liu H, Zhou M. Fangchinoline ameliorates diabetic retinop-
athy by inhibiting receptor for advanced glycation end-products 
(RAGE)-nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-κB) pathway in streptozotocin (STZ)-induced dia-
betic rats. Med Sci Monit. 2019;25:1113-1121. doi:10.12659/
msm.912927

	21.	 Shin YK, Kim KY. Macelignan inhibits bee pathogenic fungi 
Ascosphaera apis growth through HOG1 pathway. Braz J Med Biol 
Res. 2016;49:e5313. doi:10.1590/1414-431x20165313

	22.	 Wang Q, Tang B, Cao M. Synthesis, characterization, and fungi-
cidal activity of novel fangchinoline derivatives. Bioorg Med Chem. 
2020;28:115778. doi:10.1016/j.bmc.2020.115778

	23.	 Zhang J, Sun J, Zhang Y, et  al. Dehydrocostus lactone inhibits 
Candida albicans growth and biofilm formation. AMB Express. 
2023;13:82. doi:10.1186/s13568-023-01587-y

	24.	 Yang LF, Liu X, Lv LL, Ma ZM, Feng XC, Ma TH. Dracorhodin 
perchlorate inhibits biofilm formation and virulence factors of 
Candida albicans. J Mycol Med. 2018;28:36-44. doi:10.1016/j.
mycmed.2017.12.011

	25.	 Yang L, Liu X, Zhuang X, Feng X, Zhong L, Ma T. Antifungal effects 
of saponin extract from rhizomes of Dioscorea panthaica Prain et 
Burk against Candida albicans. Evid Based Complement Alternat Med. 
2018;2018:1-13. doi:10.1155/2018/6095307

	26.	 Yang L, Zhong L, Ma Z, et  al. Antifungal effects of alantolac-
tone on Candida albicans: an in vitro study. Biomed Pharmacother. 
2022;149:112814. doi:10.1016/j.biopha.2022.112814

	27.	 Chen B, Song Y, Zhan Y, et  al. Fangchinoline inhibits non-small 
cell lung cancer metastasis by reversing epithelial-mesenchymal 
transition and suppressing the cytosolic ROS-related Akt-mTOR 
signaling pathway. Cancer Lett. 2022;543:215783. doi:10.1016/j.
canlet.2022.215783

	28.	 Xu Y-C, Chen SC, Kong F, et  al. Distribution and antifungal sus-
ceptibility of Candida species causing candidemia in China: an up-
date from the CHIF-NET study. J Infect Dis. 2020;221:S139-S147. 
doi:10.1093/infdis/jiz573

	29.	 Chen Y, Jiang Y, Liu X, Chen X, Fan Q, Xiao Z. Polydatin allevi-
ates mycoplasma pneumoniae-induced injury via inhibition of 
Caspase-1/GSDMD-dependent pyroptosis. Int J Med Microbiol. 
2023;313:151586. doi:10.1016/j.ijmm.2023.151586

	30.	 Liu X, Bian L, Duan X, Zhuang X, Sui Y, Yang L. Alantolactone: a 
sesquiterpene lactone with diverse pharmacological effects. Chem 
Biol Drug Des. 2021;98:1131-1145. doi:10.1111/cbdd.13972

	31.	 Yang L, Ren S, Xu F, Ma Z, Liu X, Wang L. Recent advances in the 
pharmacological activities of Dioscin. Biomed Res Int. 2019;2019:1-
13. doi:10.1155/2019/5763602

	32.	 Yang L, Liu X, Zhong L, et  al. Dioscin inhibits virulence fac-
tors of Candida albicans. Biomed Res Int. 2018;2018:1-9. 
doi:10.1155/2018/4651726

	33.	 Zhang Y, Jingxiao Z, Sun J, et al. Polyphyllin I, a strong antifungal 
compound against Candida albicans. APMIS. 2023;131(11):626-635. 
doi:10.1111/apm.13353

	34.	 Zhao LX, Li DD, Hu DD, et al. Effect of tetrandrine against Candida 
albicans biofilms. PLoS One. 2013;8:e79671. doi:10.1371/journal.
pone.0079671

	35.	 Yang L, Liu X, Sui Y, et al. Lycorine hydrochloride inhibits the viru-
lence traits of Candida albicans. Biomed Res Int. 2019;2019:1851740. 
doi:10.1155/2019/1851740

	36.	 Sudbery PE. Growth of Candida albicans hyphae. Nat Rev Microbiol. 
2011;9:737-748. doi:10.1038/nrmicro2636

	37.	 Naglik JR, Gaffen SL, Hube B. Candidalysin: discovery and function 
in Candida albicans infections. Curr Opin Microbiol. 2019;52:100-
109. doi:10.1016/j.mib.2019.06.002

	38.	 Liu Y, Huang Y, Kim D, et  al. Ferumoxytol nanoparticles target 
biofilms causing tooth decay in the human mouth. Nano Lett. 
2021;21:9442-9449. doi:10.1021/acs.nanolett.1c02702

https://doi.org//10.1155/2017/4614183
https://doi.org//10.3389/fmicb.2020.01401
https://doi.org//10.1016/j.mycmed.2023.101386
https://doi.org//10.1016/j.mycmed.2023.101386
https://doi.org//10.1016/j.ijmm.2023.151589
https://doi.org//10.1016/j.smim.2023.101738
https://doi.org//10.1016/j.smim.2023.101738
https://doi.org//10.1016/j.mycmed.2021.101234
https://doi.org//10.1172/jci145123
https://doi.org//10.1016/j.micres.2015.06.009
https://doi.org//10.1038/s41467-022-32249-5
https://doi.org//10.1016/j.tips.2016.05.001
https://doi.org//10.1016/j.tips.2016.05.001
https://doi.org//10.1016/j.jep.2020.112995
https://doi.org//10.3390/molecules23102538
https://doi.org//10.3390/molecules23102538
https://doi.org//10.3390/v14061231
https://doi.org//10.1371/journal.pone.0039225
https://doi.org//10.1371/journal.pone.0039225
https://doi.org//10.3390/biom9110696
https://doi.org//10.1021/acs.jnatprod.3c00159
https://doi.org//10.1021/acs.jnatprod.3c00159
https://doi.org//10.1016/j.biopha.2018.12.043
https://doi.org//10.1055/a-0636-3883
https://doi.org//10.12659/msm.912927
https://doi.org//10.12659/msm.912927
https://doi.org//10.1590/1414-431x20165313
https://doi.org//10.1016/j.bmc.2020.115778
https://doi.org//10.1186/s13568-023-01587-y
https://doi.org//10.1016/j.mycmed.2017.12.011
https://doi.org//10.1016/j.mycmed.2017.12.011
https://doi.org//10.1155/2018/6095307
https://doi.org//10.1016/j.biopha.2022.112814
https://doi.org//10.1016/j.canlet.2022.215783
https://doi.org//10.1016/j.canlet.2022.215783
https://doi.org//10.1093/infdis/jiz573
https://doi.org//10.1016/j.ijmm.2023.151586
https://doi.org//10.1111/cbdd.13972
https://doi.org//10.1155/2019/5763602
https://doi.org//10.1155/2018/4651726
https://doi.org//10.1111/apm.13353
https://doi.org//10.1371/journal.pone.0079671
https://doi.org//10.1371/journal.pone.0079671
https://doi.org//10.1155/2019/1851740
https://doi.org//10.1038/nrmicro2636
https://doi.org//10.1016/j.mib.2019.06.002
https://doi.org//10.1021/acs.nanolett.1c02702


12 of 12  |     YANG et al.

	39.	 Vandenbosch D, Braeckmans K, Nelis HJ, Coenye T. Fungicidal 
activity of miconazole against Candida spp. biofilms. J Antimicrob 
Chemother. 2010;65:694-700. doi:10.1093/jac/dkq019

	40.	 Basso V, Garcia A, Tran DQ, et al. Fungicidal potency and mecha-
nisms of θ-defensins against multidrug-resistant Candida species. 
Antimicrob Agents Chemother. 2018;62:e00111-18. doi:10.1128/
aac.00111-18

	41.	 Yu Q, Zhang B, Li J, Zhang B, Wang H, Li M. Endoplasmic reticulum-
derived reactive oxygen species (ROS) is involved in toxicity of cell 
wall stress to Candida albicans. Free Radic Biol Med. 2016;99:572-
583. doi:10.1016/j.freeradbiomed.2016.09.014

	42.	 Xu Y, Shao Y, Li C, Miao G. Fangchinoline, an extract of the Stephania 
tetrandra S. Moore root, promoted oxidative stress-induced DNA 
damage and apoptosis and inhibited Akt signaling in Jurkat T cells. 
Curr Mol Pharmacol. 2023;17:e100223213590. doi:10.2174/18744
67216666230210152454

	43.	 Jung YY, Ha IJ, Um J-Y, Sethi G, Ahn KS. Fangchinoline diminishes 
STAT3 activation by stimulating oxidative stress and targeting 
SHP-1 protein in multiple myeloma model. J Adv Res. 2022;35:245-
257. doi:10.1016/j.jare.2021.03.008

	44.	 Bao F, Tao L, Zhang H. Neuroprotective effect of natural alkaloid 
fangchinoline against oxidative glutamate toxicity: involvement of 
Keap1-Nrf2 Axis regulation. Cell Mol Neurobiol. 2019;39:1177-1186. 
doi:10.1007/s10571-019-00711-6

	45.	 Nguyen VK, Kou KGM. The biology and total syntheses of bisben-
zylisoquinoline alkaloids. Org Biomol Chem. 2021;19:7535-7543. 
doi:10.1039/d1ob00812a

	46.	 Hristova M, Istatkova R. Complement-mediated antiinflammatory ef-
fect of bisbenzylisoquinoline alkaloid fangchinoline. Phytomedicine. 
1999;6:357-362. doi:10.1016/s0944-7113(99)80059-2

	47.	 Niu L, Liu X, Ma Z, et al. Fungal keratitis: pathogenesis, diagnosis 
and prevention. Microb Pathog. 2020;138:103802. doi:10.1016/j.
micpath.2019.103802

	48.	 Liang X, Chen D, Wang J, et  al. Artemisinins inhibit oral candidi-
asis caused by Candida albicans through the repression on its 
hyphal development. Int J Oral Sci. 2023;15:40. doi:10.1038/
s41368-023-00245-0

How to cite this article: Yang L, Wang X, Ma Z, Sui Y, Liu X. 
Fangchinoline inhibits growth and biofilm of Candida albicans 
by inducing ROS overproduction. J Cell Mol Med. 
2024;28:e18354. doi:10.1111/jcmm.18354

https://doi.org//10.1093/jac/dkq019
https://doi.org//10.1128/aac.00111-18
https://doi.org//10.1128/aac.00111-18
https://doi.org//10.1016/j.freeradbiomed.2016.09.014
https://doi.org//10.2174/1874467216666230210152454
https://doi.org//10.2174/1874467216666230210152454
https://doi.org//10.1016/j.jare.2021.03.008
https://doi.org//10.1007/s10571-019-00711-6
https://doi.org//10.1039/d1ob00812a
https://doi.org//10.1016/s0944-7113(99)80059-2
https://doi.org//10.1016/j.micpath.2019.103802
https://doi.org//10.1016/j.micpath.2019.103802
https://doi.org//10.1038/s41368-023-00245-0
https://doi.org//10.1038/s41368-023-00245-0
https://doi.org/10.1111/jcmm.18354

	Fangchinoline inhibits growth and biofilm of Candida albicans by inducing ROS overproduction
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Strains, culture conditions and chemicals
	2.2|Antifungal activity test
	2.3|Adhesion to polystyrene surfaces
	2.4|Time-­kill assay
	2.5|Hyphal growth
	2.6|Biofilm test
	2.7|EPS production
	2.8|Membrane permeability test
	2.9|ROS determination
	2.10|NAC rescue test
	2.11|Checkerboard assay
	2.12|Statistical analysis

	3|RESULTS
	3.1|Antifungal susceptibility
	3.2|Adhesion assay
	3.3|Time-­kill kinetics
	3.4|Hyphal formation
	3.5|Biofilm assay
	3.6|EPS in biofilms
	3.7|Cell membrane damage
	3.8|ROS production
	3.9|NAC rescue
	3.10|Drug combination test

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


