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Purpose: The resistance of C. albicans to traditional antifungal drugs brings a great challenge to 
clinical treatment. To overcome the resistance, developing antifungal agent sensitizers has 
attracted considerable attention. This study aimed to determine the anti-Candida activity of 
BEH alone or BEH–FLC combination and to explore the underlying mechanisms.
Materials and Methods: In vitro antifungal effects were performed by broth microdilution 
assay and XTT reduction assay. Infected Galleria mellonella larvae model was used to 
determine the antifungal effects in vivo. Probes Fluo-3/AM, FITC-VAD-FMK and rhoda
mine 6G were used to study the influence of BEH and FLC on intracellular calcium 
concentration, metacaspase activity and drug efflux of C. albicans.
Results: BEH alone exhibited obvious antifungal activities against C. albicans. BEH plus 
FLC not only showed synergistic effects against planktonic cells and preformed biofilms 
within 8 h but also enhanced the antifungal activity in infected G. mellonella larvae. 
Mechanistic studies indicated that antifungal effects of drugs might be associated with the 
increasement of calcium concentration, activation of metacaspase activity to reduce virulence 
and anti-biofilms, but were not related to drug efflux.
Conclusion: BEH alone or combined with FLC displayed potent antifungal activity both 
in vitro and in vivo, and the underlying mechanisms were related to reduced virulence 
factors.
Keywords: fluconazole-resistant Candida albicans, benserazide, fluconazole, synergism, 
biofilm, Galleria mellonella

Introduction
The Candida genus includes many fungal pathogens, Candida albicans 
(C. albicans) is the main species, which can cause superficial infections and 
systemic infections.1,2 Candidiasis is the fourth most common nosocomial infection 
with relative high morbidity and approximately 50% of them were caused by 
C. albicans.3,4 One of the first lines of antifungal agents against C. albicans 
infections is azoles, and fluconazole (FLC) is the most commonly used agent 
since it is cheap, effective and low in toxicity.1,5 However, the frequent use of 
FLC leads to the increase in drug resistance, which has posed great challenges to 
clinic. Therefore, it is urgent to explore effective therapeutic strategies to combat 
with the drug resistance of C. albicans.6,7
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Benserazide hydrochloride (BEH) is a peripheral aro
matic L-amino acid decarboxylase inhibitor that can be 
combined with L-3,4-dihydroxyphenylalanine (L-DOPA) 
to treat age-related neurodegenerative disorder and 
Parkinson's disease.8 Currently, several studies have 
suggested that BEH could suppress tumor growth by 
inhibiting hexokinase 2 (HK2), a prominent enzyme in 
glycolysis pathway.9 HK2 has been proved to be neces
sary for the hyphal growth and full virulence of 
C. albicans.10,11 Furthermore, the combination of BEH 
and L-DOPA has an inhibitory effect on Staphylococcus 
aureus with MIC of 1.25 mg/mL and 5 mg/mL, respec
tively, but the drug combination exhibits no effects on 
C. albicans.12 However, no reports have illustrated the 
antifungal activity of BEH alone or combined with FLC 
against C. albicans.

In the present study, the antifungal activities of BEH 
alone or combined with FLC against C. albicans plank
tonic cells were evaluated by the chequerboard micro
dilution method, and the XTT reduction assay was 
conducted to determine the antibiofilm effects. In addi
tion, the antifungal effects of the drug combination 
against C. albicans in vivo were evaluated by establish
ing a Galleria mellonella (G. mellonella) larva infection 
model and measuring the number of surviving larvae, 
fungal cells burden, and the degree of tissue damage. 
Furthermore, potential antifungal mechanisms were 
explored by assessing intracellular calcium fluctuations, 

the activation of metacaspase and drug efflux in resistant 
C. albicans.

Materials and Methods
Isolates and Growth Media
The isolates used in this study are listed in Table 1, includ
ing six FLC-resistant C. albicans and six FLC-susceptible 
C. albicans. CA103, CA632, and CA20003 were kindly 
provided by Professor Changzhong Wang (School of 
Integrated Traditional and Western Medicine, Anhui 
University of Traditional Chinese Medicine, Hefei, 
China), and the rest of strains were isolated from the 
clinical laboratory of Shandong Provincial Qianfoshan 
Hospital, Jinan, China. The quality control strain 
C. albicans ATCC 10231 was kindly provided by the 
Institute of Pharmacology, School of Pharmacy, 
Shandong University, Jinan, Shandong Province, China. 
All strains were stored at −80°C and were subcultured at 
least three times on Sabouraud dextrose agar (SDA) solid 
medium.

Drugs and G. mellonella Larvae
Drugs and G. mellonella larvae were bought from Dalian 
Meilun Biotech Co., Ltd. (Dalian, China) and the Biotech 
Co., Ltd. of Tianjin Huiyude (Tianjin, China), respectively. 
The stock solutions of FLC and BEH were prepared to 
2560 µg/mL and 1024 μg/mL in sterile distilled water. We 
selected larvae of appropriate age with moderate body 

Table 1 Drug Interactions of BEH Used Alone or in Combination with FLC Against Candida albicans

Isolates MIC (μg/mL) FICI Interpretation

Alone Combined

FLC BEH FLC BEH

CA10(R) >512 32 0.125 8 0.25 SYN
CA16(R) >512 32 0.25 8 0.25 SYN

CA103(R) >512 16 0.25 4 0.25 SYN

CA137(R) >512 32 0.5 4 0.125 SYN
CA632(R) >512 32 0.5 8 0.25 SYN

CA20003(R) >512 16 0.125 8 0.5 SYN

CA4(S) 0.5 16 0.25 2 0.625 NI
CA8(S) 0.5 8 0.25 2 0.75 NI

CA14(S) 0.5 16 0.25 1 0.562 NI

CA20(S) 0.125 32 0.125 8 1.25 NI
CA19(S) 0.125 32 0.125 8 1.25 NI

CA129(S) 1 32 0.5 4 0.75 NI

Notes: MIC denotes minimum inhibitory concentration of drug that inhibited fungal growth by 80% compared with the control group. MIC values and FICIs are shown as 
the median of three independent experiments. 
Abbreviations: CA, Candida albicans; BEH, benserazide hydrochloride; FLC, fluconazole; FICI, fractional inhibitory concentration index; SYN, synergism; NI, no interaction.
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length and weights, and then divided them into groups 
randomly.

Antifungal Effects of BEH and FLC Against 
C. albicans in vitro
Determination of Minimal Inhibitory Concentrations 
(MICs)
This experiment followed the M27-A3 document13 issued 
by the Clinical and Laboratory Standards Institute (CLSI) 
with some modifications. We used the microbroth dilution 
method to determine the antifungal effects of BEH and 
FLC on 96-well plates against C. albicans.14,15 Each 
experiment was conducted once every 24 h, repeated at 
least 3 times, and finally, we recorded the median drug 
concentrations. Specifically, we added 100 μL fungal sus
pension (2 × 103 CFU/mL), 50 μL BEH (4–64 µg/mL) and 
FLC (0.125–64 µg/mL) to 96-well plates. The wells in 
column 12 containing 200 µL RPMI-1640 were set as 
control groups, and the drug-free well was served as the 
growth control group. Then, the 96-well plate was placed 
for 24 hours. The growth inhibition was observed by eyes, 
and the optical density (OD) was measured by 
a microplate reader. The MIC endpoint was defined as 
the lowest concentration of drug that reduced growth by 
80% compared to the growth control group.6,16 The syner
gistic effects on planktonic cells in vitro were interpreted 
by the fractional inhibitory concentration index (FICI) 
model using the following calculating equation:16 FICI = 
FICBEH + FICFLC = (MIC80 of BEH in combination/MIC80 

of BEH alone) + (MIC80 of FLC in combination/MIC80 of 
FLC alone). In this model, we regarded the combination of 
drugs as a synergistic effect when the FICI value was ≤0.5; 
the combination of drugs has an antagonistic effect when 
the FICI value was >4; and when 0.5 < FICI < 4, the 
combination of the two drugs showed an irrelevant 
effect.17

Determination of Sessile Minimum Inhibitory 
Concentrations (sMICs) of Biofilms
The sMIC values of FLC combined with BEH against 
C. albicans biofilms were measured at 96-well microtiter 
plates at different times as previously described, with 
slight changes.18,19 Similarly, each experiment was con
ducted once every 24 h, repeated at least 3 times, and 
finally, we recorded the median drug concentrations. 
Specifically, C. albicans biofilms at four different time 
points (4, 8, 12, and 24 hours) were formed by adding 
yeast suspensions (2 × 103 CFU/mL) into each well. Then, 

at the above time points, we washed each well for three 
times to remove the planktonic yeast cells. Moreover, 
100 μL BEH dilutions (16–1024 μg/mL) and FLC dilu
tions (2–1024 μg/mL) were added to the wells except for 
the drug-free group. Subsequently, we used XTT [2,3-bis- 
(2-methoxy-4-nitro-5-sulfophenyl)- 2H- tetrazolium-5-car
boxanilide] reduction assay to evaluate the anti-biofilm 
activity of drugs. We used a microplate reader to measure 
the colorimetric change of XTT reduction at 492 nm and 
recorded the results. In this experiment, FICI model was 
used to interpret the interaction between BEH and FLC 
against C. albicans biofilms. sMIC value was regarded as 
the lowest concentration at which 80% of the biofilm 
metabolic activity was inhibited.

Antifungal Effects of BEH and FLC Against 
Candida albicans in vivo
G. mellonella Larvae Survival Assay
The larvae survival assay was performed according to the 
previously described methodology with some 
modifications.16,20 Before the experiment, 80 larvae were 
randomly divided into the following groups: control group, 
FLC group, BEH group, and BEH-FLC combination 
group. At first, each larva was injected with 10 μL fungal 
suspension (5 × 108 CFU/mL) through the last right pro
leg. After 2 hours of infection, each larva was injected 
with 10 μL phosphate buffer solution (PBS), FLC (160 µg/ 
mL), BEH (96 µg/mL) or FLC + BEH through the last left 
proleg, respectively. Then, they were cultured at 35°C and 
recorded the number of surviving larvae in each group 
every 24 hours. We considered they were dead when 
larvae became black or soft and there was no obvious 
tactile response. The recording lasted for 4 days, and the 
experiment was repeated at least 3 times. Finally, SPSS 
software was used for survival analysis (Kaplan–Meier 
method), and survival curves of different groups of larvae 
were drawn.

Fungal Burden Determination
First, we constructed larvae-C. albicans infection model in 
accordance with the method described above. Then we 
randomly selected 3 larvae from each group every 24 
hours (regardless of whether they were dead or alive), 
then placed them in 3 mL sterile PBS solution, and 
grinded them with a high-speed homogenizer. The homo
genate was diluted for multiple times and inoculated on 
the Yeast Extract Peptone Dextrose (YPD) medium. 
Subsequently, we drew 10 μL of homogenates under 
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different concentration gradients and spotted them on ster
ile YPD medium. After the colonies grow on the culture 
medium, the numbers of fungal cells were recorded by the 
colony counting method.21,22 We then converted it to 
obtain the C. albicans content of each larva in different 
groups before dilution. Finally, we used the unpaired t-test 
pair to analyze the results.

Histological Study
We firstly constructed larvae-C. albicans infection model 
in accordance with the method described above. After 
post-infection for 2 days, we randomly selected 5 larvae 
from each group, and cut them into sections with 
a thickness of about 18–22 μm. Subsequently, these tissue 
sections were stained with a regular periodic acid-Schiff 
(PAS) staining step and dehydrated in different ethanol 
solutions. Then, we observed and photographed tissue 
sections under the microscope with 4.2 × magnification 
(Leica DMi 8, Germany).

Detection of BEH on Cytosolic Calcium 
Concentration ([Ca2+]i)
The measurement of [Ca2+]i fluctuations in C. albicans 
(CA 10) was performed by using fluorescent probe Fluo- 
3/AM (DMSO, Sigma-Aldrich, MO, USA). The experi
ment was conducted as previously described.22,23 Briefly, 
CA10 yeast cells were activated by YPD medium, and 
then they were harvested and washed three-times by 
D hank’s buffer solution (calcium ion, magnesium ion 
and phenol red free, Solarbio, Beijing, China). Moreover, 
yeast cells were re-suspended to the final concentration of 
107 CFU/mL and were stained with 5 μM Fluo-3/AM 
for 45 min at 37°C in the dark. Then, solutions containing 
FLC (1 μg/mL), BEH/FLC (8 μg/mL + 1 μg/mL, respec
tively), BEH (2 μg/mL, 4 μg/mL, 8 μg/mL, respectively) 
was added to the experimental groups, and the 
control group that was only treated with above Fluo-3/ 
AM. [Ca2+]i was calculated as follows:24

Ca2þ� �

i¼Kd� F� Fminð Þ= Fmax� Fð Þ½ �

In this formula, Kd is the effective dissociation constant of 
calcium binding to Fluo-3/AM (204 nmol/l at 37°C). Fmin 

is the background fluorescence intensity with 0.1% Triton 
X-100 and 0.1 mM EDTA solution, while Fmax is the 
maximum fluorescence intensity with 0.1% Triton X-100 
plus 1 mM CaCl2 solution. F is the mean fluorescence 
intensity (MFI) for each sample. [Ca2+]i was determined 
by a flow cytometer (Becton Dickinson FACSARIAII, 

United States) at an excitation wavelength of 488 nm 
and an emission wavelength of 525 nm. Fluctuations of 
[Ca2+]i were detected every 10 min for 50 min. In this 
experiment, we selected a series of drug concentrations 
based on MIC and different fungal suspension concentra
tions, and finally selected the optimal drug concentrations.

Detection of Metacaspase Activity
In this experiment, the reagent FITC-VAD-FMK In Situ 
Marker (Promega, Madison, WI, United States) was used 
to explore whether the antifungal effects of BEH-FLC 
against drug-resistant C. albicans were related to the 
activation of intracellular metacaspase.6,25 In detail, 
C. albicans suspension (5 × 106 CFU/mL) was treated 
with FLC (1 μg/mL), BEH (32 μg/mL), and BEH plus 
FLC for 16 h, respectively. After centrifugation, yeast 
cells were incubated with FITC-VAD-FMK probes for 1 
h. Subsequently, we collected cell suspension from each 
group to glass slides, then observed and photographed 
the fluorescence of fungal cells using the microscope 
(Leica DMi 8, Germany). In this experiment, we selected 
a series of drug concentrations based on MIC and dif
ferent fungal suspension concentrations, and finally 
selected the optimal concentrations: 1 μg/mL and 
32 μg/mL.

FLC Efflux Assay
In order to clarify the effect of BEH on drug transporters, 
the fluorescent Rh6G was used as a substitute for FLC to 
determine whether BEH has an effect on FLC efflux.22,26 

After incubating, yeast cells (1 × 105 CFU/mL) were 
centrifuged and washed with PBS solutions for twice. 
Afterwards, the fungal cells were shaken for 1 h to com
pletely deplete the ATP. Subsequently, we added Rh6G 
solution (10 μM) to the cell suspension for 70 min of 
incubation and re-suspended in 5 mL Glu-PBS (5% glu
cose). Meanwhile, Rh6G-alone group was the control 
group, and an appropriate amount of BEH was added to 
make the final working concentration at 32 μg/mL. The 
detection conditions of the flow cytometer (Becton 
Dickinson FACSARIA-II, USA) were excitation wave
length 488 nm and emission wavelength 530 nm. We 
measured every 30 minutes for a total of 150 minutes, 
and recorded the data. In this experiment, we selected 
a series of drug concentrations based on MIC and different 
fungal suspension concentrations, and finally selected 
BEH optimal concentration: 32 μg/mL.
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Statistics
All experiments were conducted at least three times inde
pendently. Graphs and statistical analyses were per
formed with GraphPad Prism727 (version 7.3.0, 
GraphPad, La Jolla, CA, www.graphpad.com) and IBM 
SPSS Statistics 2228 (version 22, SPSS, Chicago, IL, 
https://www.ibm.com/products/spss-statistics). Survival 
assay was analyzed by Kaplan–Meier method, and fungal 
burden determination and FLC efflux assay were ana
lyzed using an unpaired t-test. P < 0.05 was considered 
significant.

Results
Antifungal Effects of BEH and FLC Against 
C. albicans in vitro
MICs of BEH Alone and in Combination with FLC 
Against C. albicans
The MIC values of BEH and FLC against 12 C. albicans 
are summarized in Table 1. It can be seen that BEH alone 
had obvious antifungal activity against FLC-resistant and 
FLC-sensitive C. albicans, MICs of BEH were 16–32 μg/ 
mL and 8–32 μg/mL, respectively. It also showed that 
BEH plus FLC had synergistic effects against resistant 

C. albicans with FICIs 0.125–0.5, which led to 
a decrease in the MICs of BEH from 16–32 μg/mL to 4– 
8 μg/mL and the MICs of FLC from >512 μg/mL to 
0.125–0.5 μg/mL. Although no synergism was observed 
when BEH was combined with FLC against FLC- 
susceptible C. albicans, the MICs of BEH could be 
reduced by 4–16 times.

sMICs of BEH Combined with FLC Against Biofilms 
of C. albicans
Table 2 summarizes the effect of BEH plus FLC against 
the preformed biofilms of 4 C. albicans isolates. The 
results exhibited that the combination of BEH and FLC 
had a synergistic effect on the biofilm formed within 8 
hours but showed no synergistic activity on the biofilm 
formed over 12 hours. BEH plus FLC showed a strong 
synergistic effect against the biofilm formed on 4 h, and 
the sMIC value of FLC could be reduced from >1024 μg/ 
mL to 0.5–2 μg/mL. In addition, for the biofilm preformed 
at 8 h, FICIs < 0.5, and the sMIC values of BEH and FLC 
were decreased from >1024 μg/mL to 16 μg/mL and 4 μg/ 
mL, respectively. However, no synergism was observed 
for biofilms that were preformed for more than 12 hours, 
and the FICI values >0.5.

Table 2 In vitro Interactions of BEH with FLC Against Biofilms of Candida albicans

Isolate Time (h)a sMIC (μg/mL) FICI Interpretation

Alone Combined

FLC BEH FLC BEH

CA10(R) 4 >1024 32 2 8 0.252 SYN
8 >1024 1024 4 16 0.02 SYN

12 >1024 >1024 64 512 0.625 NI
24 >1024 >1024 64 512 0.625 NI

CA16(R) 4 >1024 32 2 8 0.252 SYN
8 >1024 1024 4 16 0.02 SYN

12 >1024 >1024 64 512 0.625 NI

24 >1024 >1024 64 512 0.625 NI

CA4(S) 4 >1024 16 1 4 0.251 SYN
8 >1024 >1024 4 16 0.2 SYN

12 >1024 >1024 512 512 1 NI

24 >1024 >1024 512 512 1 NI

CA8(S) 4 >1024 16 0.5 4 0.250 SYN
8 >1024 >1024 4 16 0.252 SYN
12 >1024 >1024 1024 512 1.5 NI

24 >1024 >1024 1024 512 1.5 NI

Notes: sMIC denotes the sessile minimum inhibitory concentration of drug that produced an 80% reduction of biofilms metabolic activity compared with the growth 
control. sMIC values and FICIs are shown as the median of three independent experiments. aTime indicates the incubation period of preformed biofilms. 
Abbreviations: CA, Candida albicans; benserazide hydrochloride; FLC, fluconazole; FICI, fractional inhibitory concentration index; SYN, synergism; NI, no interaction.
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G. mellonella Larvae Infection Model
G. mellonella Survival Assay
The survival numbers of larvae infected by C. albicans 
and treated with drugs within 4 days was significantly 
different as shown in Figure 1A. The results showed that 
the survival rates after 4 days of BEH group (40%) and 
FLC group (35%) had a slight increase compared with the 
control group (P > 0.5), while the BEH-FLC combination 
group could increase the survival rates (85%) significantly 
(P < 0.01). The difference in survival rates indicated that 
BEH plus FLC could obviously prolong the survival time 
and improve survival rates of G. mellonella larvae com
pared with other groups.

Fungal Burden Determination
The number of fungi in larvae infected by C. albicans and 
treated with drugs within 4 days was also different, as 
illustrated in Figure 1B. During the 4-day period, the 
content of fungi in all groups increased gradually over 
time. Treatment with FLC or BEH alone only led to 
a slight decrease on C. albicans numbers in larvae com
pared with the control group. However, FLC combined 
with BEH resulted in a significant decrease in fungi num
ber compared to other groups (P < 0.01). In addition, the 
data of BEH alone group are not shown in Figure 1B since 
it is very similar to FLC group.

Histological Study
As illustrated in Figure 2, the degree of tissue damage to 
larvae treated with different drugs was different. There 
were a large number of black clumps and tissue infiltration 

areas in the control group. The areas and numbers of 
fungal clumps in BEH single group and FLC single 
group were reduced slightly, while in BEH-FLC combina
tion group, the clumps and the number were significantly 
reduced, and only small dot-like clumps were scattered in 
larvae tissue. The observation of the histological study was 
consistent with the fungal burden determination.

Detection of BEH on Fluctuations of [Ca2+]i
The fluctuation of intracellular calcium is a potential antifun
gal mechanism for many antifungal compounds. The results 
showed that, after 20 minutes, 8 μg/mL BEH could signifi
cantly increase the intracellular calcium ion concentration 
compared with the control group (P < 0.001, Figure 3A). 
For the drug combination experiment, after 20 minutes, we 
could see that both the BEH single-use group and the combi
nation group can increase the calcium concentration, but there 
was no significant difference between the two curves 
(Figure 3B). Therefore, the increase of intracellular [Ca2+]I 

concentrations may be one of the potential antifungal 
mechanisms for BEH alone against C. albicans (CA10).

Metacaspase Activation
The results showed that, compared with control group, 
neither FLC alone group nor BEH alone group produced 
green fluorescence under the microscope. We observed 
that the number of fungal cells was reduced both in BEH 
alone group and BEH-FLC combination group, but the 
bright green fluorescence was produced only in BEH- 
FLC group (Figure 4), which indicated that the metacas
pase in C. albicans was activated by BEH plus FLC. 

Figure 1 Survival curve (A) and Fungal burden (B) of Galleria mellonella infected with Candida albicans. The concentration of yeast cells was 5×108 CFU/larva. Treatments 
consisted of phosphate buffered saline (PBS), fluconazole (FLC) (160 μg/mL), benserazide hydrochloride (BEH) (96 μg/mL), and a combination of FLC (160 μg/mL) with BEH 
(96 μg/mL). For clarity, data for treatment with BEH (B) are not shown because the data obtained closely followed those for the control group. Data are the median of three 
independent experiments.
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Therefore, the activation of metacaspase in FLC-resistant 
C. albicans may be one of the potential mechanisms for 
BEH plus FLC to show a synergistic antifungal effect.

FLC Efflux Assay
Since both reagent-rhodamine 6G (Rh6G) and FLC were 
the substrates of Cdr1p and Cdr2p in drug efflux transpor
ters, Rh6G was often used as a fluorescent tracer to replace 
FLC for monitoring the effect of drugs on drug transpor
ters in C. albicans.29 In the drug efflux experiment, the 
results are shown in Figure 5. The concentration of Rh6G 
continued to decrease gradually both in BEH group and 
the control group over time, and the curves of two groups 
were highly similar (P > 0.05), which suggested that BEH 

did not inhibit intracellular FLC efflux. Therefore, the 
synergistic antifungal effects of BEH in combination 
with FLC against resistant C. albicans were independent 
of inhibiting FLC efflux.

Discussion
At present, the increasing number of multidrug resistant 
(MDR) pathogen strains has been regarded as one of the 
most serious public health problems in the world, posing 
challenges to the global health system.30 In order to deal with 
this problem, many studies have been carried out on the dis
covery of antibacterial sensitizers or new antibacterial com
pounds. Researchers have identified that a variety of plant 
essential oils have obvious antifungal activities against 

Figure 3 Detection of benserazide hydrochloride (BEH) alone (A) and in combination with fluconazole (FLC) (B) on Fluctuations of [Ca2+]i in C. albicans. Yeast 
concentrations were adjusted to 107 CFU/mL. (A) The concentrations of BEH were 2, 4, and 8 μg/mL, respectively. (B) The concentrations of BEH were 8 μg/mL when 
combined with 1 μg/mL FLC. Data are the median of three independent experiments. ***P < 0.001.

Figure 2 Histopathology of Galleria mellonella infected with Candida albicans. The concentration of yeast cells was 5×108 CFU/larva. Treatments consisted of phosphate 
buffered saline (PBS), fluconazole (FLC) (160 μg/mL), benserazide hydrochloride (BEH) (96 μg/mL), and a combination of FLC and BEH. Melanized nodules were the 
mixtures of yeast cells and filaments. The photographs were from three independent experiments.
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different Candida species.31,32 Several studies have shown that 
the combination of plant essential oils and traditional antifun
gals could greatly reduce MDR incidence.32 In addition, com
mercial ophthalmic solutions containing PVP-I 0.6% or 0.05% 
Hexamidine Diisethionate both showed obvious antibacterial 
activity against MDR strains in vitro.33,34 Furthermore, several 
non-antifungal drugs were proved to be able to reduce the MIC 
value of FLC and increase its sensitivity to C. albicans, such as: 
ambroxol hydrochloride, budesonide, ribavirin and 
N-Butylphthalide.7,16,35,36

In the present study, we found that BEH, which is often 
combined with L-DOPA for the treatment of Parkinson's 

disease clinically, exerts potent antifungal effects when 
used alone or in combination with FLC against 
C. albicans. It can be seen that MIC values of BEH 
alone were 8–32 μg/mL for FLC-susceptible C. albicans 
and 16–32 μg/mL for FLC-resistant strains in Table 1. It 
was also showed that BEH plus FLC had synergistic 
effects when, against FLC resistant C. albicans with 
FICIs ranging from 0.125 to 0.5, the MICs of BEH and 
FLC could be reduced by 4 times and 1024–4096 times, 
respectively. Although no synergism was observed when 
BEH plus FLC against FLC-susceptible strains, the MICs 
of BEH could be obviously reduced.

Biofilm formation of C. albicans carries negative 
impacts on the treatment of fungal infections, since it 
increases the resistance to antifungal agents and the ability 
against host immune defenses.3,37 Moreover, the formation 
of C. albicans biofilm on medical devices can not only 
lead to the failure of the clinical treatment but also become 
the source for continued infections in the future.3,37 In this 
study, we found that BEH plus FLC showed a strong 
synergistic effect against the biofilm formed on 4 h and 8 
h, FICIs < 0.5. The sMICs of FLC were reduced from 
>1,024 μg/mL to 0.5–2 μg/mL and 4 μg/mL, respectively, 
and the sMICs of BEH can be reduced by 4 times and 64 
times, respectively. No synergism was observed for bio
films that were preformed for more than 12 hours. These 

Figure 5 Effect of benserazide hydrochloride (BEH) on the efflux of Rh6G in 
C. albicans. The efflux of Rh6G in the absence and presence of BEH (32 μg/mL) were 
determined by a flow cytometer. Mean fluorescence intensity represents the intracel
lular Rh6G in C. albicans. Data are the median of three independent experiments.

Figure 4 Effect of benserazide hydrochloride (BEH) alone or in combination with fluconazole (FLC) on metacaspase activity. CA10 cells were collected, stained with FITC- 
VAD-FMK, and observed under a fluorescent microscope after treating with FLC (1 μg/mL), BEH (32 μg/ mL), and a combination of FLC (1 μg/mL) with BEH (32 μg/mL). The 
photographs were collected from three independent experiments.
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findings indicated that the biofilm would become more 
mature and more complex over time, and the drug resis
tance would increase. Therefore, BEH-FLC drug combina
tion may provide potential application value for early 
treatment of biofilm-related infections, but the effect on 
mature biofilms was limited.

BEH in combination with FLC not only exhibited syner
gistic effects in vitro but also enhanced the antifungal activity 
in vivo. In the present study, G. mellonella larvae model was 
used to perform the in vivo experiments. Compared with 
mammalian models, the larvae models have a lot of advan
tages in economy, ethics and operation.38,39 In addition, the 
immune response produced by larvae is very similar to that of 
mammals when facing fungal infection.38,39 Therefore, 
G. mellonella larvae models have been used increasingly in 
the study of the in vivo effects of drugs against fungal 
pathogens.38–40 The results of the survival assay in 
Figure 1A proved that BEH plus FLC could significantly 
reduce the number of deaths of larvae compared with the 
other three groups. In addition, further experiments on the 
fungal burden and histological studies on larvae showed that 
the BEH plus FLC could not only reduce the amount of 
C. albicans in larvae but also significantly reduce the damage 
to larvae tissues as illustrated in Figures 1B and 2. The 
in vivo data were consistent with the in vitro antifungal 
effect, indicating that BEH could indeed enhance the anti
fungal activities of FLC, and we hope the experiment could 
provide a data basis for further exploration of antifungal 
effects in mammalian models.

Moreover, we also explored the potential mechanisms of 
BEH alone or in combination with FLC against C. albicans. 
Calcium serves as the second messenger molecule, and it is 
important for the physiological process of cells in both fungi 
and mammals.6 Many studies have identified that calcium is 
closely associated with hyphal morphogenesis and acquired 
drug tolerance in C. albicans.41 Also, several agents could 
exert antifungal activities against C. albicans by affecting 
intracellular calcium homeostasis, such as beauvericin, ver
apamil, and silibinin.41–44 Our study found that 8 μg/mL 
BEH had an influence on C. albicans intracellular calcium 
homeostasis, resulting in a higher [Ca2+]i compared with the 
control group, while the curve of BEH-FLC combination 
group was highly similar to BEH alone group. These findings 
indicated that BEH alone may exert an antifungal effect by 
interfering with intracellular calcium concentration, and the 
combined antifungal effect of BEH-FLC was not related to 
this mechanism.

Apoptosis is a physiological process leading to cell death 
in multicellular organisms, and it plays a vital role in the 
growth, development and maintenance of normal cells.45 

Caspase activation is a sign of early cell apoptosis, it can 
participate in the degradation of specific proteins involved in 
apoptosis signal transduction, and then cause cell 
apoptosis.46,47 Studies have proved that the functions of 
metacaspase in C. albicans are similar to that of caspase in 
mammals.48 In recent years, many researchers have proved 
that some antifungal drugs could exert an antifungal effect by 
activating the intracellular metacaspase in fungi, such as 
amphotericin B and echinocandins.45,49,50 Therefore, we 
used FITC-VAD-FMK In Situ Marker reagent to detect the 
activation of metacaspase in CA10 cells after intervention of 
different drugs. As shown in Figure 4, compared with the 
other three groups, we observed that the BEH-FLC combina
tion group could produce obvious green fluorescence, which 
indicated that the intracellular metacaspase of CA10 was 
activated. Therefore, the synergistic antifungal effects of 
BEH combined with FLC may be related to the activation 
of intracellular metacaspase; however, the specific mechan
ism still needs to be further explored, which could provide 
new insights for overcoming fungal resistance.

In fungi and bacteria, up-regulation of the expression of 
efflux pump genes will increase the efflux of drugs and 
reduce the concentration of drugs, and it is one of the impor
tant reasons that drugs cannot effectively exert their antifun
gal effects.29,30,51–53 Therefore, increasing the accumulation 
of intracellular drugs by weakening the activity of the drug 
efflux pump is an effective strategy to overcome antibiotic 
resistance. Currently, it has been found that some compounds 
can indeed increase the sensitivity of antibiotics by inhibiting 
the activity of drug transporters in Staphylococcus aureus 
and Candida species.7,16,22,30,53 In this experiment, we deter
mined the influence on FLC efflux of BEH through Rh6G 
efflux analysis. The results in Figure 5 had shown that the 
Rh6G efflux curves in the control group and BEH group were 
highly overlapped, and there was no significant difference. 
This suggested that BEH had no effect on FLC efflux, indi
cating that the synergistic effect of the BEH-FLC combina
tion was unrelated to inhibit the efflux of FLC.

Conclusion
In conclusion, the present study demonstrated for the first time 
that BEH alone could exhibit antifungal activities against 
C. albicans. It could also enhance the antifungal activities of 
FLC against FLC resistant C. albicans both in vitro and in vivo. 
Mechanism studies have proved that the antifungal activity of 
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BEH used alone or in combination with FLC was related to the 
increasement of intracellular calcium concentration and activa
tion of metacaspase activity, and it was independent of FLC 
efflux in resistant C. albicans. Thus, it is promising for BEH to 
increase the sensitivity of antifungal drugs and overcome drug 
resistance. Further investigations are still needed for the appli
cation in the future.
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