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kill assays showed a strong synergistic effect between BBH and FLC in resistant
C. albicans isolates, causing a significant 32-512-fold reduction in minimum inhibitory
concentrations. BBH combined with FLC inhibited intracellular FLC efflux due to
key efflux pump gene CDRT downregulation, whereas FLC alone induced high
CDR1 transcription in resistant strains. Further, BBH + FLC inhibited yeast adhesion,
morphological hyphae transformation, and biofilm formation by downregulating the
hyphal-specific genes ALS3, HWP1, and ECE1. BBH caused cytoplasmic Ca2* influx,
while FLC alone did not induce high intracellular Ca2t levels. The vacuolar calcium
channel gene YVCT was upregulated, while the vacuolar calcium pump gene PMC1
was downregulated in the BBH + FLC and BBH alone groups. However, vacuolar
calcium gene expression after FLC treatment was opposite in biofilm-positive FLC-
resistant C. albicans, which might explain why BBH induces Ca?* influx. These results
demonstrate that BBH + FLC exerts synergistic effects to increase FLC sensitivity by
regulating multiple targets in FLC-resistant C. albicans. These findings further show
that traditional Chinese medicines have multi-target antimicrobial effects that may inhibit
drug-resistant strains. This study also found that the vacuolar calcium regulation genes
YVC1 and PMC1 are key BBH + FLC targets which increase cytoplasmic Ca?™* in
resistant isolates, which might be critical for reversing biofim-positive FLC-resistant
C. albicans.
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INTRODUCTION

Candida is a common pathogen of nosocomial bloodstream
infections, causing high-mortality invasive candidiasis. The
SENTRY antifungal surveillance program showed that 46.4-
57.4% of invasive candidiasis cases from 1997 to 2016 were caused
by Candida albicans infection (Pfaller et al., 2019). Fluconazole
(FLC) is a commonly used antifungal drug with a broad drug
spectrum, high efficiency, and safety. However, widespread
medication use has caused increased resistance annually (Xiao
et al., 2018) making most FLC therapy ineffective. Thus, anti-
fungal treatments face enormous challenges.

Berberine, an active component extracted from Coptis
chinensis, which is a common traditional Chinese medicinal
(TCM) herb, has a wide range of pharmacological effects
and multiple-target therapeutic effects on several diseases. In
particular, berberine is widely used to treat bacterial diarrhea
in China. Additionally, berberine has anti-arrhythmic and
anti-inflammatory activity (Lau et al, 2001; Kuo et al., 2004),
reduces colorectal adenoma recurrence after polypectomy
(Chen et al, 2019), decreases total cholesterol, improves
insulin-resistance in vivo, and prevents or delays Alzheimer’s
disease development associated with atherosclerosis (Cai et al.,
2016; Imenshahidi and Hosseinzadeh, 2019). Furthermore,
this compound exerts DNA damage-mediated antimicrobial
effects on various microorganisms, including Staphylococcus
aureus, Pseudomonas aeruginosa, Escherichia coli, Candida
albicans, Cryptococcus, and Vibrio cholerae (Cernakova and
Kost'alova, 2002; Tillhon et al, 2012). Modern medicine
indicates that Chinese herbal monomers or phytocompounds
inhibit C. albicans growth by regulating multiple targets while
inducing little drug resistance. Previous studies show that
TCMs target several cellular pathways to exert antifungal
effects, such as ergosterol biosynthesis suppression (Sun
L. M. et al, 2015) intracellular reactive oxygen species
(ROS) production (Sharma et al., 2010) inhibition of efflux
pump Cdrlp and Mdrlp overexpression (Garcia-Gomes
et al., 2012), biofilm inhibition (Sharma et al., 2010; Sun L.
et al, 2015), and yeast apoptosis induced by intracellular
or mitochondrial high Ca’?t levels (Yun and Lee, 2016;
Tian et al, 2017). Previous studies revealed that ergosterol
synthesis inhibition and apoptosis induced by endogenous
ROS augmentation contribute to the synergistic effect of
berberine plus FLC against C. albicans (Xu et al., 2009; Xu
et al., 2017; Yang et al,, 2018). Furthermore, this combination
could also downregulate efflux pump genes CDRI and CDR2
overexpression (Zhu et al., 2014).

Biofilm formation and calcium homeostasis are also important
antifungal mechanisms against FLC-resistant C. albicans.
However, there is no relevant literature exploring the synergistic
antifungal effects of berberine and FLC on these two processes.
Therefore, berberine hydrochloride (BBH) combined with FLC
was tested to explore the molecular mechanism underlying the
synergistic effect on efflux pump activity, biofilm formation,
and intracellular calcium homeostasis. Synergistic molecular
targets were investigated using multiple approaches to provide an
effective solution for clinical treatment of drug-resistant strains.

MATERIALS AND METHODS

Strains and Media

Fluconazole-resistant C. albicans, CA 0253, CA 1460, CA
2119, CA 12038, and CA 21065 (Table 1), were isolated and
identified by the clinical laboratory of Chengdu University
of Traditional Chinese Medicine Hospital, Chengdu, China.
C. albicans ATCC10231 was purchased from the Guangdong
Microbial Culture Collection Center Co., Ltd., China. All strains
were stored in yeast extract peptone dextrose (YPD) (Hope,
China) medium containing glycerol at —80°C and subcultured
twice with YPD medium at 35°C for 24 h before experiments.

Antimicrobial Agents

Berberine hydrochloride and FLC were purchased from Chengdu
Pufei De Biotech Co., Ltd., China, dissolved with dimethyl
sulfoxide to achieve stock solutions of 12.8 and 20.48 mg/L,
respectively, filtered using 0.22 pm filters, and stored at —20°C.

Checkerboard Microdilution Assay

The BBH and FLC minimum inhibitory concentrations (MICs)
against C. albicans were determined by broth microdilution
assay. Drug interactions were evaluated using checkerboard
microdilution assays according to CLSI (M27-A3) (CLSI,
2008). Briefly, yeast cell suspension was diluted in RPMI-
1640 medium (Gibco, United States) buffered with morpholino
propanesulfonic acid (MOPS) (Saiguo, China), and added to 96-
well microtiter plates at a final concentration of 2 x 103 CFU/mL.
The serially diluted agents were subsequently added to each
well. The final drug concentrations were 128-0.25 pg/mL for
BBH and 32-0.5 pg/mL for FLC. Blank controls were prepared
without yeast. Drug-free wells were set as growth controls. After
incubation at 35°C for 24 h, prepared 2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) (KeyGen,
China) working solution was added to the wells and incubated in
the dark for 2 h at 35°C. Finally, absorbance was measured with a
microplate reader (Kehua, China) at 450 nm. MICs were defined

TABLE 1 | Interactions of BBH with FLC against Candida albicans.

MICgo (ig/ml) Interactions

Isolate Drugs Alone Combined FICI IN

CA 0253 FLC 512 1 0.03 SYN
BBH 64 2

CA 1460 FLC >512 1 <0.06 SYN
BBH 64 4

CA 2119 FLC >512 1 <0.038 SYN
BBH 64 2

CA 12038 FLC >512 1 <0.08 SYN
BBH 64 2

CA 21065 FLC 512 1 0.03 SYN
BBH 64 2

CA, C. albicans; MICgy, minimum inhibitory concentration inhibiting 80% C.
albicans growth in the control group; FICI, fractional inhibitory concentration index;
IN, Interactions; SYN, synergism.
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as the lowest drug concentration inhibiting 80% C. albicans
growth in the growth control group. The fractional inhibitory
concentration index (FICI) was calculated by the following
equation: FICI = MIC (A combo)/MIC (A alone) + MIC (B
combo)/MIC (B alone). FICI was used to identify whether the
two drugs had a synergistic antifungal effect, where FICI < 0.5
indicated synergy, no synergism when FICI was between 0.5-4,
and FICI > 4 indicated antagonism.

Time-Kill Curve Assay

Time-kill curve assays were performed to monitor the dynamic
antifungal effect of BBH and FLC against C. albicans (Liu et al,,
2016). The final concentrations were 2 pg/mL for BBH, 1 pg/mL
for FLC, and 2 x 10° CFU/mL for C. albicans (CA 0253).
A drug-free group served as the negative control. The cells
were incubated at 35°C with constant shaking (200 rpm) after
different treatments. 100 WL was sampled at 0, 6, 12, 24, and
48 h in each group, and drug effects were detected with XTT
tests(h = 450 nm).

Rh6G Efflux Assay

To evaluate the combined BBH and FLC effect on resistant
C. albicans drug efflux, Rh6G assays were performed as previously
described, with some modifications (Xu et al., 2019). The cells
were first incubated with constant shaking (200 rpm) in fresh
RPMI 1640 at 35°C for 2 h to exhaust cellular energy stores.
A fungal suspension was added with Rh6G (Acros Organics,
United States) at a final concentration of 10 wM, cultured at
35°C with constant shaking (200 rpm) for 1h, washed three times
with PBS, and resuspended in PBS containing 5% glucose to
4 x 107 CFU/mL. Drugs were then added, and the cells were
incubated for 0, 10, 30, 60, and 120 min at 35°C in a shaker.
After incubation, the supernatant was collected by centrifugation
at 12,000 rpm for 1 min at room temperature. The 530 nm
fluorescence of the centrifuged supernatant was detected at
designated time points by a microplate reader.

Hyphal Growth Assay

The effect of combined treatment on C. albicans hyphal
formation was assessed using hyphal growth assays according
to previous protocols, with a few modifications (Haque et al.,
2016). Briefly, the cells (1 x 10> CFU/mL) were treated with
different drugs and incubated at 35°C with agitation (200 rpm)
for 16-17 h. Unstained samples and Gram-stained samples
were observed under an optical microscope and photographed
(Olympus, Japan). Three random visual fields for each well and
three duplicate wells for each group were also observed.

Biofilm Information Assay

Berberine hydrochloride and FLC inhibition of C. albicans
biofilm formation was assessed as previously described (Haque
et al., 2016). Biofilm formation assays were carried out in 6-
well plates incubated overnight with 10% fetal bovine serum
(Tianhang, China). Cell suspensions (1 x 10° CFU/mL) and
drugs were added to the wells and incubated overnight at 35°C.
The biofilm was washed with PBS and photographed under bright

field using an inverted fluorescence microscope (Olympus, Japan)
after culture (6, 12, 24, 48, and 72 h). The visual fields were
photographed as described above.

Cytoplasmic Calcium Assays

Cytoplasmic calcium assays were performed to detect
intracellular calcium concentration after combination therapy
(Liu et al., 2016). Briefly, overnight-cultured cells were washed
and diluted with HBSS.D-Hanks buffer (Thermo Fisher,
United States) (final concentration 1 x 107 CFU/mL), and then
mixed with 5 WM calcium indicator Fluo-3-AM (Solarbio, China)
and 20% Pluronic F-127 (Meilun, China). The suspensions were
incubated with agitation (200 rpm) at 35°C for 30 min, washed
three times with HBSS buffer, and diluted to 1 x 107 CFU/mL.
After drug treatment, the cells were shaken at 35°C in the dark.
Fluorescence was detected by inverted fluorescence microscopy
and flow cytometry (Beckman, United States) at 0, 2, and 3 h.

Quantitative Reverse Transcription PCR

To explore the molecular mechanism underlying the BBH and
FLC synergistic effect, quantitative reverse transcription PCR
(qQRT-PCR) experiments were performed (Haque et al, 2016).
C. albicans cells were cultured in YPD medium and diluted
to 1 x 10° CFU/mL with RPMI 1640 medium. Cells were
incubated overnight with agitation (200 rpm) at 35°C with
2 pg/mL BBH and 1 pg/mL FLC. Then cells were washed
and harvested for RNA extraction. Total RNA was isolated
using a TRIzol RNA isolation kit (Invitrogen, United States).
cDNA was synthesized using TransScript First-Strand cDNA
Synthesis SuperMix (Transgen, China) for qPCR. Target gene
and endogenous control (actinl) primers were designed and
synthesized by Shanghai Biotech (Supplementary Table S1). The
qRT-PCR reaction system was mixed with cDNA, gene primers,
and TransStart Green qPCR SuperMix kit (Transgen, China) in
20 L reaction. qRT-PCR was carried on a qTower real-time PCR
system (Analytik Jena, Germany) with an initial denaturation at
94°C for 30 s, followed by 40 cycles of 94°C for 5 s, annealing
at 59°C for 15 s, and extension 72°C for 10 s. Primer specificity
and optimal annealing temperature were determined using melt-
curve analysis. Relative target gene expression fold changes were
calculated by the 274 A< method.

Statistical Analysis

Three independent experiments were performed and a drug-free
group served as the negative control in all experiments. Statistical
differences were analyzed by ANOVA using SPSS Statistics
version 21.0 software. Data are presented as mean =+ the standard
error of the mean (SEM). P < 0.05 was considered significant.

RESULTS

BBH Enhances the Susceptibility of

Resistant C. albicans to FLC
The interactions between BBH and FLC, and treatment MICs
were assessed using five C. albicans isolates (Table 1). The clinical
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isolates showed distinct biofilm formation capacity compared
with biofilm-positive C. albicans ATCC10231. The five isolates
were all FLC-resistant strains with MIC > 512 pg/mL. The BBH
MICs were 64 pg/mL, indicating insensitivity to both drugs.
The FICI values were 0.03-0.06, indicating that BBH + FLC
has strong synergistic effects. Combined use could increase
C. albicans sensitivity to FLC and BBH, causing decreased FLC
MIC from >512 to 1 pg/mL and reduced BBH MIC from 64
to 2—-4 pg/mL. These results demonstrate that the FLC MIC is
decreased by 256-512-fold with minute BBH addition. Further,
these results show that BBH combined with FLC synergistically
inhibits FLC-resistant C. albicans and significantly enhances FLC
antifungal activity. Subsequent experiments were carried out with
the CA 0253 strain using 2 pg/mL BBH and 1 pg/mL FLC.

The combined BBH and FLC antifungal effect was first
investigated by a 48-h dynamic time-kill study (Figure 1).
Compared with the control group, growth was delayed in the
other groups. However, much lower cell viability was observed
in the BBH + FLC group than in the drug-monotherapy groups,
especially at 0-24 h, indicating BBH + FLC treatment effectively
inhibits FLC-resistant C. albicans growth (p < 0.05). A weak
antifungal effect was observed in the FLC group, which was
significantly lower than the combined group (p < 0.05). BBH
alone had a poor antifungal effect, instead promoting growth at
24-48 h. These data indicate that BBH increases resistant isolate
drug sensitivity, and that BBH combined with FLC synergistically
inhibits C. albicans with a significantly dynamic antifungal effect.

Combination of BBH and FLC Reduces
Rh6G Efflux

Rh6G fluorescent substrate was used to evaluate the effect of
drug combinations on drug efflux pumps. C. albicans actively
transported the absorbed Rh6G out of the cells, indicated
by gradually increased fluorescence in the supernatant over
time. Compared with the control group, lower supernatant
fluorescence was observed in the BBH + FLC group, FLC group,
and BBH group (p < 0.05), showing inhibited Rh6G efflux after

1.0
-o—- BBH+FLC
~ 0.8 -= FLC
o
() -+ BBH
> 98] -+ Control
2
S 0.4
°
8 0.2
=
Q_ 4
o 0.0 * ' T T T T T !
0 6 12 18 24 30 36 42 48

Time(h)

FIGURE 1 | Synergistic BBH and FLC antifungal effect. CA 0253 were treated
with BBH (2 ng/mL) plus FLC (1 pg/mL), FLC (1 ng/mL), BBH (2 pg/mL), and
RPMI-1640 medium. The optical density (OD) was measured at 0, 6, 12, 24,
and 48 h after drug treatment. Three independent experiments were
performed, with eight replicates in each group (n = 8). Values represent
means + SEM. ANOVA tested statistical differences.

drug treatments (Table 2). When BBH + FLC was applied for
2 h, the extracellular Rh6G concentration was 1.43-fold lower
than the FLC alone group and 1.28-fold lower than the BBH
alone group (p < 0.05). These data indicate that BBH plus FLC
significantly reduce the FLC efflux effect. Moreover, there was
no significant difference between FLC or BBH treatment alone
(p > 0.05).

BBH Combined With FLC Inhibits

Hyphae and Biofilm Formation

The biofilm-producing strain CA 0253 was used to detect the
effect of BBH combined with FLC on yeast-to-hyphae conversion
(Figure 2) and biofilm formation (Figure 3). Hyphal growth
was absent in the presence of BBH + FLC, with very few
spherical yeast cells. FLC monotherapy significantly increased
the number of fungal cells, and yeast-to-hyphae conversion
occurred in a portion of cells, accompanied with pseudohyphae
formation. The number of fungal cells in the BBH alone group
and the control group significantly increased with extensive
hyphae forming a network.

Berberine hydrochloride combined with FLC completely
inhibited biofilm production within 6-72 h. Only a few cells
remained in the yeast form without obvious hyphae. Notably,
BBH plus FLC significantly reduced yeast cell surface adherence,
especially in the biofilm adhesion stage (0-12 h). Pseudohyphae
growth (ellipsoidal cells joined end to end) was observed in FLC
alone group, and numerous pseudohyphae formed and adhered
to the surface at 24-72 h, forming an aggregated cell population.
The BBH alone and the control group contained complex biofilm
structure with hyphae (chains of cylindrical cells), pseudohyphae,
and yeast-form cells. Hyphae growth appeared at 6 h. Hyphal
cells continued to elongate at 12 h. Numerous long hyphae
formed and adhered to the surface at 24-48 h, accompanied with
yeast-form cells and pseudohyphae that accumulated around
the hyphal cells. These data indicate that BBH combined with
FLC inhibits yeast adherence and hyphae development, causing
biofilm formation defects.

BBH Plus FLC Increases Cytoplasmic

Calcium

Inverted fluorescence microscopy was used to observe cellular
calcium levels (Figure 4). The BBH plus FLC and BBH alone
groups showed pale green fluorescence at 2 and 3 h, indicating
Ca** influx. However, no fluorescence was observed in the FLC
monotherapy or control groups, indicating no Ca** influx.

Flow cytometry was performed to compare the cytoplasmic
Ca?™ concentration (Table 3). Compared with control and drug-
monotherapy groups, higher fluorescence was observed in the
BBH + FLC group at 0, 2, and 3 h (p < 0.05). Further, the
fluorescence of BBH + FLC group at 2 h was 1. 17-, 1. 07-, and
1.18-fold higher than the FLC monotherapy, BBH alone, and
control groups, respectively (p < 0.05). The fluorescence after
BBH treatment alone was higher than after FLC alone (p < 0.05),
but there was no significant difference between the FLC alone and
control groups (p > 0.05). These observations indicate that BBH
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TABLE 2 | Rhodamine 6G efflux in BBH and FLC-treated C. albicans.

CA 0253 Time of drug action

0 min 10 min 30 min 60 min 2h
BBH + FLC®* 4 1069 + 131 2472 £ 117 8596 + 305 16892 + 310 26019 + 663
FLC*4 1107 + 169 2172 £ 101 12761 + 69 21579 + 982 38365 + 1132
BBHA 1466 + 242 2946 + 170 15366 + 902 20047 + 696 33294 + 293
Control 932 £ 15 2782 + 143 16502 + 813 26887 + 153 39751 + 705

CA 0253 were treated with BBH (2 wg/mL) plus FLC (1 wg/mL), FLC (1 wg/mL), BBH (2 wg/mL), or RPMI-1640 medium. After drug treatment, fluorescence intensity was
detected (emission wavelength 530 nm) at 0, 10, 30, 60, and 120 min. Three independent experiments were performed, with eight replicates in each group (n = 8). Values
represent means + SEM. ANOVA tested statistical differences. 4 compared with the FLC group, p < 0.05; % compared with the BBH group, p < 0.05; Acompared with

the control group, p < 0.05; « compared with the BBH group, p > 0.05.

BBH+FLC FLC

. LR RIS

FIGURE 2 | Candida albicans hyphae after BBH and FLC treatment. CA 0253 were treated with BBH (2 wg/mL) plus FLC (1 pg/mL), FLC (1 pg/mL), BBH
(2 pg/mL), and RPMI-1640 medium. Hyphae were photographed at 40x magnification.

BBH

Control

further increases intracellular calcium concentration, disrupting
C. albicans calcium homeostasis.

BBH Combined With FLC Induces

Expression of Multiple Genes

qRT-PCR was conducted to explore the effect of BBH 4 FLC
on drug-resistance, biofilm-related, and calcium-related genes
(Figure 5). Compared with the control and drug-monotherapy
groups, CDRI transcription in the BBH + FLC group was
downregulated 3-to-5-fold (p < 0.05). However, FLC alone
caused 1.52-fold CDRI upregulation (p < 0.05). Although BBH
plus FLC significantly downregulated CDR2 by 3.58-fold, much
lower CDR2 expression was observed in the FLC alone group
than in the other groups (p < 0.05). MDRI expression in the
combined group was almost 1.70-fold lower than in the drug-
monotherapy groups (p < 0.05). No significant difference was
detected between FLC or BBH treatment alone.

HWPI, ECEI, and ALS3 expression in the BBH + FLC group
was significantly decreased by 7. 26-, 12. 20-, and 3.73-fold,
respectively, compared to FLC alone (p < 0.05). Further, their
expression was substantially reduced by 54. 11-, 34. 20-, and
13.62-fold, respectively, compared with BBH alone (p < 0.05).
There was no significant difference in HWPI (p = 0.499) or
ALS3 (p = 0.396) expression between the FLC alone and control
groups, while ECEI expression was increased 5.68-fold after FLC
treatment alone (p < 0.05).

Compared with the control group, FLC alone downregulated
YVCI expression. However, YVCI was upregulated after
BBH + FLC therapy and BBH monotherapy (p < 0.05).
Nonetheless, YVCI expression in the combined group was 1.62-
and 6.47-fold higher than in the BBH alone and FLC alone
groups, respectively (p < 0.05). Compared with the control
group, PMCI expression increased when exposed to FLC alone,
and decreased when exposed to BBH + FLC or BBH alone
(p < 0.05). BBH + FLC significantly downregulated PMCI
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BBH+FLC FLC | Control

FIGURE 3 | Candida albicans biofilm after BBH and FLC treatment. CA 0253 were treated with BBH (2 ug/mL) plus FLC (1 pg/mL), FLC (1 pg/mL), BBH (2 wg/mL),
and RPMI-1640 medium. After drug treatments, biofilm was photographed (40x magnification) at 6, 12, 24, 48, and 72 h.

by 5.28-fold compared with FLC alone (p < 0.05). There was downregulated VCX1 and PMRI expression, but the difference
no significant difference between the combined group and the between the groups was not significant difference. Combined
BBH alone group. BBH + FLC and FLC alone significantly BBH and FLC significantly downregulated VCX1 and PMRI
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BBH+FLC FLC

FIGURE 4 | Intracellular calcium influx in C. albicans after BBH and FLC treatment. CA 0253 were treated with BBH (2 wg/mL) plus FLC (1 pg/mL), FLC (1 pg/mL),
BBH (2 ng/mL), and RPMI-1640 medium. Cells were photographed (40x magnification) at 0, 2, and 3 h.

BBH Control

100 pm

expression by 8.89- and 1.69-fold, respectively, compared with
BBH alone (P < 0.05). These results indicate that BBH combined
with FLC significantly downregulates genes for the efflux pump
CDRI, hyphal-associated ALS3, HWPI, and ECEl, and the
calcium pump PMCI.

DISCUSSION

Berberine has multiple antibacterial and antifungal activities,
which suppress Gram-positive and Gram-negative bacteria,
and also suppress FLC-resistant Candida and Cryptococcus
neoformans (Cerﬁékové and Kost'dlov4, 2002; Tillhon et al,
2012; da Silva et al., 2016). Previous studies have shown that
berberine induces a significant increase in DNA strand break
and DNA damage. Berberine not only destroys the cell wall
integrity in C. albicans, but also targets the cell membrane by
affecting ergosterol synthesis, resulting in increased membrane
permeability (da Silva et al., 2016; Zori¢ et al.,, 2017). In our
study, BBH treatment alone exerted weak antifungal effects for
all resistant isolates. However, it has been reported that high
doses of berberine can cause functional damage to the lungs, liver,

and intestines of experimental animals. Therefore, combination
therapy will be an effective strategy to reduce the toxic side
effects of berberine. Because BBH + FLC will produce synergistic
effect and enhance drug sensitivity, thereby significantly reducing

TABLE 3 | Intracellular Ca?* fluorescence in C. albicans after BBH
and FLC treatment.

CA 0253 Time of drug action

Oh 2h 3h

BBH + FLC®*4  4364.70 + 44.33  5623.23 +41.16  5492.60 + 11.00

FLC* 2 3389.07 & 4.18 4793.57 £+ 9.49 4679.17 £+ 24.69
BBH4 41568.93 £563.24  5266.37 +14.98  5080.40 & 16.00
Control 3169.30 £ 54.53  4773.53 & 45.29 4736.17 £ 16.4

CA 0253 were treated with BBH (2 wg/mL) plus FLC (1 wg/mL), FLC (1 wg/mL),
BBH (2 wg/mL), and RPMI-1640 medium. Fluorescence was measured (emission:
530 nm) at O, 2, and 3 h. Three independent experiments were performed, with
eight replicates in each group (n = 8). Values represent means + SEM. ANOVA
tested statistical differences. 4 compared with the FLC group, p < 0.05; %
compared with the BBH group, p < 0.05; Acompared with the control group,
p < 0.05; A compared with the control group, p > 0.05.
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FIGURE 5 | Genes expression in C. albicans after BBH and FLC treatment. CA 0253 were treated with BBH (2 wg/mL) plus FLC (1 pg/mL), FLC (1 pg/mL), BBH
(2 pg/mL), and RPMI-1640 medium. Three independent experiments were performed, with 8 replicates in each group (n = 8). *p < 0.05, compared to the
BBH + FLC groups, ANOVA.

effective drug concentration and reducing the possibility of
toxic and side effects (Singh et al, 2018). Time-kill curve
assays further demonstrated that the dynamic antifungal effect
of combined BBH and FLC was significantly better than the
drug-monotherapy groups within 48 h. Efflux pump, biofilm,
and calcium-signaling pathways are important factors underlying
C. albicans FLC resistance. Importantly, these cellular processes

are not independent, but interact with each other in the fungus.
Constitutive efflux pump upregulation, including CDR1, CDR2,
and MDRI, is a key contributor to early biofilm resistance
in C. albicans (Nobile and Johnson, 2015). Luna-Tapia et al.
(2019) demonstrated that the calcium pump Pmclp is essential
for transformation from yeast-to-hyphae and biofilm formation.
Previous work indicated that the vacuolar calcium channel Yvclp
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participates in hyphal elongation and maintenance by regulating
hyphal-associated gene expression (Yu et al., 2014). In this study,
the effects of combined BBH and FLC on mechanisms leading to
FLC resistance were assessed to investigate possible mechanisms
for increasing drug sensitivity of FLC-resistant strains.

One important reason for FLC resistance in C. albicans is
enhanced efflux pump activity (Cdrlp, Cdr2p, and Mdrlp),
causing FLC to be pumped out of the cell (Cannon et al,
2009; Dhamgaye et al., 2014; Prasad and Rawal, 2014).
Antifungal agents such as farnesol or clorgyline are ATP-
binding cassette superfamily (ABC) and major facilitator class
(MES) transporter inhibitors, which could reverse C. albicans
azole resistance (Holmes et al., 2012; Cernakové et al., 2019).
Therefore, regulating drug transporter activity would increase
FLC sensitivity. According to our results, BBH + FLC, BBH
alone and FLC alone reduce Rh6G excretion by decreasing CDR1
and CDR2 mRNA expression. Previous studies reported that
Eucalyptal D (Xu et al, 2019) geraniol (Singh and Sharma,
2018) and magnolol (Sun L. M. et al, 2015) which are
substrates for Cdrlp efflux pumps, exert synergistic effects
by simultaneously upregulating CDRI and CDR2 expression,
while competitively inhibiting FLC efflux. Numerous studies
suggest that synergy results from increased intracellular drug
accumulation caused by downregulated efflux pump genes in
FLC-resistant strains (Garcia-Gomes et al., 2012; Zhu et al., 2014;
Shao et al, 2016). Although Rh6G efflux gradually increased
in all groups, much lower Rh6G efflux and CDRI expression
were detected in the BBH + FLC group, confirming previous
results. In addition, CDRI inhibition in the BBH + FLC
group was higher than CDR2, because the FLC-resistant strain
treated with BBH + FLC revealed considerably decreased CDRI
mRNA expression compared with the drug-monotherapy groups.
However, the inhibitory effect on CDR2 in the BBH + FLC
group was not significantly superior. Previous studies showed
that deleting the CDRI gene significantly reduces FLC resistance,
while deleting CDR2 has a relatively weak effect (Tsao et al., 2009).
Based on efflux function, both Holmes et al. (2008) and Tsao et al.
(2009) demonstrated that Cdrip plays the most important role
in inducing azole resistance. Therefore, CDRI mRNA expression
decreased after BBH + FLC therapy, whereas CDR1 upregulation
with FLC treatment was observed in resistant strains. These
results might be a crucial reason for increasing FLC sensitivity.

Candida albicans biofilm formation can significantly enhance
antifungal drug resistance, causing increased azole MIC values by
more than 1,000-fold. However, no biofilm-specific drugs exist
today (Nobile and Johnson, 2015). C. albicans is polymorphic and
capable of undergoing reversible morphological transformation
between yeast, pseudohyphae, and hyphae (Sudbery et al,
2004; Noble et al, 2017). Inhibiting the yeast-to-hyphae
transition can lead to biofilm formation defects, which is
a new target for biofilm-specific therapeutics (Romo et al.,
2017; Vila et al, 2017). We found that hyphae formation in
C. albicans was effectively inhibited by combined BBH + FLC
treatment, with very few yeast cells remaining after treatment.
However, hyphae formation was not inhibited in the drug-
monotherapy groups and was accompanied by numerous hyphae
and pseudohyphae. The formation of hyphae upregulates the

expression of the hyphal-specific genes HWPI1, ALS3, and ECEI
in the core filamentation response network, maintaining filament
morphology and function (Finkel and Mitchell, 2011; Koch et al,,
2018). Our results showed that BBH + FLC causes C. albicans
hyphal structure formation failure by inhibiting HWPI1, ECEI,
and ALS3 expression. The drug-monotherapy groups could
not effectively inhibit hyphal-specific gene expression, such as
ECEI upregulation after FLC exposure, or HWPI, ALS3, and
ECE1 upregulation after BBH exposure, indicated by numerous
hyphae or pseudohyphae. Hyphae are physical scaffolds for yeast
cell adhesion and aggregation, which enable increased biofilm
strength, integrity, and maturation (Haque et al., 2016; Lee et al.,
2019). HWPI mutants produce a thin biofilm with less hyphae
in vitro, but display serious biofilm defects in vivo, only forming
yeast microcolonies (Nobile et al., 2006b). ALS3 mutants are able
to form hyphae, but exhibit defects in biofilm formation (Nobile
et al., 2006a, 2008). Our results support this observation. Indeed,
only the combined BBH + FLC group had biofilm defects, which
might be related to hyphae-specific gene inhibition. In addition,
ALS3 and HWPI are also capable of regulating the initial
adhesion of yeast cells to surfaces, which is essential for all stages
of biofilm development (Nobile et al., 2006a; Nobile and Johnson,
2015). Compared with other groups, the BBH + FLC group
had significantly reduced yeast cell surface adherence, which
inhibited the development of the initial basal cell layer of biofilm
formation (0-12 h), thereby suppressing biofilm formation. This
inhibition might be associated with downregulated HWPI and
ALS3 expression.

Intracellular calcium is closely related to the regulation of
stress responses, antifungal drug resistance, and morphogenetic
filament conversion in C. albicans (Juvvadi et al., 2014; Liu
et al, 2015). Cytoplasmic Ca?" in C. albicans is usually
low, and calcium hypersensitivity induced by high cytoplasmic
Ca?t leads to toxicity and cell death (Li et al,, 2018). Based
on cytoplasmic calcium assay results, FLC alone failed to
disrupt Ca?* homeostasis in FLC-resistant C. albicans, but
BBH + FLC and BBH monotherapy increased cytoplasmic
Ca?*. These results indicate that BBH might be a key factor in
inducing high cytoplasmic Ca?*. The calcium cell survival (CCS)
pathway is the major calcium-signaling pathway maintaining
Ca?* homeostasis in C. albicans (Li et al., 2018). Indeed, CCS
pathway activation induces calcium-related gene expression in
response to increased Ca?*, which decreases the intracellular
Ca’* concentration by transporting excess cytoplasmic Ca?™
into internal compartments, including vacuoles, endoplasmic
reticulum, and the Golgi apparatus (Juvvadi et al., 2014; Liu
et al,, 2016). RT-qPCR results showed that BBH + FLC and BBH
monotherapy significantly upregulates YVCI and downregulates
PMCI, while FLC monotherapy had the opposite effect. Vacuoles
serves as the major storage site for excess Ca’* in C. albicans.
Yvclp localized on the vacuolar membrane mediates Ca?*
release from the vacuole into the cytoplasm, while the P-type
ATPase Pmclp translocates Ca’T from cytoplasm into the
vacuole using ATP hydrolysis (Bouillet et al., 2012; Luna-
Tapia et al, 2019). According these previous studies and our
results, BBH + FLC and BBH monotherapy promote Ca’*
release from the vacuole into the cytoplasm by upregulating
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YVCI and reduce excess cytoplasmic Ca?* transport into the
vacuole by downregulating PMCI. Together, this causes increased
cytoplasmic Ca?*, which enhances drug sensitivity in FLC-
resistant C. albicans. However, YVCI could be downregulated to
prevent Ca’* transport into the cytoplasm after FLC treatment.
In addition, upregulated PMCI promotes Ca’>* transport into
the vacuole and effectively prevents increased cytoplasmic Ca?™,
which might be an important cause of FLC resistance. The
HT/Ca?t exchanger Vcxlp transports Ca2* into the vacuole
using the proton-motive force across the vacuolar membrane.
The calcium pump Pmrlp transfers Ca>™ to the Golgi apparatus
(Forster and Kane, 20005 Jiang et al., 2018). In our study, both
FLC monotherapy and BBH + FLC downregulated VCXI and
PMRI, but there was no statistical difference. Luna-Tapia et al.
(2019) reported that pmclA/A mutants are severely impaired by
high Ca?* concentration in the medium, because they are unable
to transport Ca®* from the cytoplasm into the vacuole. However,
vex1A/A mutants are unaffected by high Ca?™, demonstrating
that Pmclp is required for C. albicans pathogenicity, FLC
tolerance, and hyphal growth (Luna-Tapia et al., 2019). Thus,
YVCI and PMCI might be the most important calcium-related
genes to maintain cellular calcium homeostasis in FLC-resistant
C. albicans, and may be antifungal therapy targets. The flow
cytometry results showed that the cytoplasmic Ca®t in the
BBH + FLC group was higher than in the BBH monotherapy
group, indicating that their combined use further enhances
cytoplasmic Ca?*. Although there was no significant difference
in PMCI expression, YVCI expression in the BBH + FLC group
was higher than in the BBH monotherapy group, which might
explain the higher cytoplasmic Ca™ in the BBH + FLC group.
Our study found that BBH + FLC treatment exerts a
synergistic antifungal effect by regulating efflux pumps, hyphae,
and calcium-related pathways. One limitation of this study is
that additional synergistic regulatory sites need to be further
explored. Hyphae are a key factor for C. albicans virulence
and invasiveness, and some researchers observed that Ca’*-
regulated genes YVCI and PMCI deletion cause hyphae defects
in C. albicans (Yu et al., 2014; Luna-Tapia et al., 2019). We found
that combined BBH + FLC simultaneously regulates vacuolar
Ca?*-regulated genes and significantly inhibits yeast-to-hyphae
conversion. Therefore, how BBH + FLC modulates vacuolar
Ca** regulation and hyphae formation in biofilm-positive FLC-
resistant C. albicans will be explored in future studies. We also
found that the Ca>* channel, YVCI, and the Ca** pump, PMCI,
increase cytoplasmic Ca®* in C. albicans, and gene transcription
level of resistant isolate treated with BBH + FLC and FLC alone
were completely opposite. This finding informs further study of
key targets to inhibit biofilm-positive FLC-resistant C. albicans.

CONCLUSION

Berberine hydrochloride synergistically suppresses FLC efflux,
hyphae and biofilm formation, and induces high cytoplasmic
Ca’*, indicating that the combination could restore FLC
antifungal activity in FLC-resistant C. albicans by regulating
multiple targets. This paper provides state-of-the-art TCM

antimicrobial research, demonstrates that TCMs have multi-
target antimicrobial effects, and suggests new ideas for resistant
strain treatments. These findings clearly suggest that BBH + FLC
may be an effective therapeutic option for infections related
to FLC-resistant C. albicans, especially biofilm-positive resistant
isolates. Future experiments will explore the relationship between
hyphae formation and Ca?* signaling pathways, and further
study the key nodes inhibiting biofilm-positive FLC-resistant
C. albicans.
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