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Abstract
Berberine hydrochloride (BH), an active component of Coptis chinensis and other plant taxa, has broad antimicrobial
activity and may be useful for the treatment of Candida infections. In this study, the mechanisms underlying the inhibitory
effect of BH against Candida albicans were evaluated, with a focus on the high-osmolarity glycerol mitogen-activated
protein kinase (HOG-MAPK) pathway, which regulates multiple physiological functions. BH (256 and 64 μg ml−1)
significantly increased intracellular glycerol and ROS levels in C. albicans, inhibited germ tube and hyphal formation, and
increased chitin and β−1,3-glucan exposure on the cell wall. The inhibitory effect of BH was positively correlated with its
concentration, and the inhibitory effect of 256 μg ml−1 BH was greater than that of 4 μg ml−1

fluconazole (FLC).
Furthermore, RT-PCR analysis showed that 256 and 64 μg ml−1 BH altered the HOG-MAPK pathway in C. albicans. In
particular, the upregulation of the core genes, SLN1, SSK2, HOG1, and PBS2 may affect the expression of key downstream
factors related to glycerol synthesis and osmotic pressure (GPD1), ROS accumulation (ATP11 and SOD2), germ tube and
hyphal formation (HWP1), and cell wall integrity (CHS3 and GSC1). BH affects multiple biological processes in C.
albicans; thus, it can be an effective alternative to conventional azole antifungal agents.

Introduction

Candida albicans is a common fungal pathogen in humans
that has been the focus of several clinical studies owing to
the high mortality rate (up to 45%) of the invasive fungal

infection it causes [1]. However, owing to increasing drug
resistance and the limited availability of agents that can be
used in the treatment of the infections it causes, new anti-
fungal drugs are urgently needed. Berberine is an iso-
quinoline alkaloid extracted from Coptis chinensis, which is
a flowering plant belonging to the family Ranunculaceae
and is native to China, particularly Sichuan. It can also be
extracted from numerous other plant taxa, including Ber-
beris sargentiana Schneid, C. chinensis, and Phelloden-
dron, among which C. chinensis is its main source. It has
anti-inflammatory, anti-oxidation, antiapoptotic, insulin
resistance-promoting, and blood lipid level-lowering effects
[2, 3]. Additionally, it shows antimicrobial activity against
various bacterial taxa, including Staphylococcus aureus,
Escherichia coli, Pseudomonas aeruginosa, and C. albicans
[4]. However, the specific mechanism underlying its inhi-
bitory effect against C. albicans is still unclear.

Sensing and responding to changes in the surrounding
environment is essential for survival, and in fungi, the
mitogen-activated protein kinase (MAPK) pathway med-
iates responses to a variety of stimuli. Specifically, the
HOG-MAPK pathway, which has been extensively studied
at the molecular level, is a classical MAPK pathway in C.
albicans that participates in the regulation of many
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important physiological functions. Osmotic pressure is
sensed by a two-component sensor, Sln1, located in the
plasma membrane of C. albicans. Under normal growth
conditions, auto-phosphorylated Sln1 phosphorylates the
response regulator Ssk1, resulting in its inactivation. Fur-
ther, external osmotic pressure can inhibit the auto-
phosphorylation of Sln1 and render Ssk1 non-phosphory-
lated, enabling it to bind to the N-terminal regulatory
domain of Ssk2, leading to the phosphorylation and acti-
vation of Ssk2 [5], which is the only MAP3K in this
pathway that is capable of regulating Hog1 via the activa-
tion of Pbs2 [6]. Further, Enjalbert et al. [7] identified
HOG1 as the core stress response gene in C. albicans via
genome-wide transcriptional analysis. Therefore, it has been
proposed that MAP3K (Ssk2) → MAP2K (Pbs2) → MAPK
(Hog1) constitutes the central HOG-MAPK signaling
pathway in C. albicans [8]. Furthermore, given that acti-
vated Hog1 is translocated into the nucleus, where it exerts
regulatory effects depending on specific stimuli, the HOG-
MAPK pathway may be involved in the regulation of
intracellular osmotic pressure, oxidative stress pressure,
respiratory metabolism, yeast-mycelium phase transition,
and cell wall biosynthesis in C. albicans [9–15].

Studies have shown that the butyl alcohol extract of
Baitouweng decoction increases the glycerol content in C.
albicans, while octyl gallate and Sanguinarine inhibit the
hyphal formation and Paeonia lactiflora inhibits cell wall
synthesis [16–19]. Therefore, we hypothesized that ber-
berine hydrochloride (BH) inhibits the growth of C. albi-
cans via the HOG-MAPK pathway. To determine the
mechanisms underlying the effects of BH on C. albicans,
we analyzed the intracellular glycerol content, reactive
oxygen species (ROS) content, ATP content, morphological
transformation, cell wall components, and the expression
levels of key genes and proteins in the HOG pathway in C.
albicans following BH treatment.

Materials and methods

Strains and media

C. albicans (ATCC10231) was purchased from the
Guangdong Microbial Strain Preservation Center. The
strain was preserved in Yeast Extract Glucose Agar
(Hopebio, Qingdao, China) containing glycerol at −80 °C.
This medium contains 10.0 g peptone, 20.0 g glucose, 5.0 g
yeast extract, and 14.0 g agar in 1.0 l tap water. Before the
experiment, the strain was cultured at 35 °C and 160 rpm for
24 h and passaged twice. The fungal solution was then
diluted with sterile physiological saline and counted using a
Bovine Bauer counter. The concentration of the fungal
solution was adjusted to 2 × 106 CFUml−1.

Antimicrobial agents

BH (Pfeiffer Biotechnology, Chengdu, China) and fluco-
nazole (FLC) were each dissolved with dimethyl sulfoxide
to obtain 25.6 and 12.8 mgml−1 solutions, respectively. The
solutions were thereafter sterilized using a sterile filter and
kept in the dark at 4 °C.

Broth microdilution assay

The minimum inhibitory concentration (MIC) values of BH
and FLC on ATCC10231 were determined according to the
microbroth dilution method recommended by the Clinical
and Laboratory Standards Institute (CLSI) M27-A4 pro-
gram [20]. Briefly, the concentration of the prepared fungal
solution was adjusted to 4 × 103 CFUml−1 with RPMI 1640
(Gibco, Grand Island, NY, USA), and then the solutions
were added to a 96-well plate (100 μl/well) such that the
final concentrations of the fungal solution, BH, and FLC
were 2 × 103 CFUml−1, 256–0.25 μg ml−1, and 128–0.125
μg ml−1, respectively. The 96-well plate was incubated at
35 °C for 24 h, and absorbance was measured at 450 nm
(A450nm) using a microplate reader (Molecular Devices
SpectraMax iD5, Shanghai, China); the lowest drug con-
centration required for the inhibition of the growth of 80%
of C. albicans in the fungal solution was determined as the
MIC. Blank controls were prepared without yeast, and drug-
free wells were set as growth controls.

Intracellular glycerol content assay

The effect of BH on the intracellular glycerol content of C.
albicans was measured according to the method described by
Hu et al[16]., with some modifications. After the concentration
of the fungal solution was adjusted to 1 × 106 CFUml−1 with
RPMI 1640, the drugs were each added and the solutions were
cultured at 35 °C and 160 rpm for 24 h. Further, an appropriate
amount of cell lysate was added to the fungal solutions fol-
lowed by even mixing, and after standing at 70 °C, the lipase
was heat-inactivated and the supernatant was obtained via
centrifugation. In 96-well plates, the sample (10 μl) and
detection solution (190 μl) (Apply Technologies, Beijing,
China) were added to each well. After reaction at 37 °C for 10
min, the A550 of each well was determined using a microplate
reader. Standard curves were then plotted to calculate the
glycerol content of each sample fungal solution, which was
thereafter corrected based on the number of cells per ml.

Intracellular ROS assay

The effect of BH on intracellular ROS levels in C. albicans
was evaluated as described previously [21, 22]. After drug
treatment, the fungal solution was rinsed with sterile
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phosphate-buffered saline (PBS), and its concentration was
adjusted to 2 × 106 CFUml−1 followed by the addition of
DCFH-DA (20 μgml−1; MeilunBio, Dalian, China) and the
incubation of the samples for 40min at 37 °C and 160 rpm.
ROS levels in C. albicans were observed by dropping 10 μl
samples onto glass slides for observation under an inverted
fluorescence microscope (OLYMPUS CKX53, Tokyo, Japan).
After the reaction, the fungal solution was added to the 96-well
plate, and the fluorescence intensity of each well was mea-
sured using a microplate reader (ex: 485 nm, em: 535 nm).

Intracellular ATP content assay

The effect of BH on intracellular ATP content in C. albicans
was evaluated according to the method described by Özdemir
et al. [23]. The fungal solution obtained after drug treatment
was collected and rinsed with sterile PBS, and its concentra-
tion was adjusted to 1 × 107 CFUml−1. Thereafter, C. albicans
cells were lysed on ice and the supernatant was collected via
centrifugation followed by the addition of the working enzyme
solution (100 μl/well; Nanjing JianCheng, Nanjing, China) to a
96-well plate. After 1 min, the relative light unit value (RLU)
of each well was determined. The standard curve was drawn
by plotting the concentration of the standard against the RLU
values corresponding to the different wells. This was followed
by the calculation of the ATP content in each sample.

Hyphal growth assay

According to a previously described protocol, a hyphal growth
assay was performed, with slight modifications [24]. Briefly,
the fungal solution (2 × 106 CFUml−1) was added to the 96-
well plate, treated as described in Table 1, and cultured at 35 °C
for 4 and 6 h. Then, Hoechst33258 (Solarbio, Beijing, China)
staining was used to observe the formation of hyphae under an
inverted fluorescence microscope.

Germ tube formation assay

The effect of BH on germ tube formation of C. albicans was
evaluated as previously described by Zhao et al[25].

Specifically, RPMI 1640 medium containing 10% fetal
bovine serum was used to adjust the concentration of the
fungal solution to 1 × 106 CFUml−1. After drug treatment
(Table 1), the culture was shaken at 35 °C and 160 rpm for 4
and 6 h. Then, 10 μl of the fungal solution was added to the
bovine Bauer counting board, and the number of germ tubes
in 100 C. albicans cells was counted in random fields under
a high-power microscope (OLYMPUS 4J0205, Tokyo,
Japan). The rate of germ tube formation was then calculated
as follows: Germ tube formation rate (%)= (number of
germ tubes/number of C. albicans) × 100.

Cell wall chitin exposure assay

To evaluate the effect of BH on the cell wall of C.
albicans, a chitin exposure assay was performed [26].
After drug treatment, the fungal solution was rinsed with
sterile PBS, and its concentration was adjusted to 1 × 107

CFU ml−1, followed by the staining of the cells with
calcium fluorescent white (GenMed Scientifics, Wil-
mington, DR, USA). Thereafter, 10 μl of the fungal
solution was dripped onto the glass slide and chitin
exposure in the cell wall was observed via confocal laser
scanning microscopy (CLSM) (ex: 405 nm, 630×)
(LEICA TCS SP8 SR, Germany). The stained fungal
solution (100 μl/well) was added to a 96-well plate, and
the fluorescence intensity of each well was measured
using a microplate reader (ex: 355 nm, em: 440 nm).

Cell wall β−1,3-glucan exposure assay

After drug treatment, the β−1,3-glucan content of C. albi-
cans cell wall was determined [27]. Drug treatment and the
collection of fungal fluid (2 × 106 CFUml−1) were per-
formed as previously described. Specifically, aniline blue
(Solarbio) at a concentration of 0.1% was added to the
fungal solution, followed by incubation at 80 °C for 15 min.
After cooling to 25 °C, the dyed fungal solution (200 μl/
well) was added to a 96-well plate and the fluorescence
intensity of each well was measured using a microplate
reader (ex: 398 nm, em: 508 nm).

Table 1 Summary of the effects of berberine hydrochloride at various concentrations

Group Glycerol content (μmol ml−1) ROS level ATP content (nmol l−1) Chitin level β−1,3-glucan level

C 75.17 ± 3.26 142.13 ± 3.67 170 ± 4.53 2102.83 ± 9.48 316.07 ± 3.59

F 480.75 ± 4.55♦▲ 1343.44 ± 29.23♦▲ 617 ± 19.69♦▲ 6012.63 ± 50.04♦▲ 391.71 ± 12.88♦▲
A1 649.33 ± 9.42♦* 462.875 ± 13.24♦* 297 ± 12.54♦* 16550.58 ± 75.07♦* 2138.23 ± 7.92♦*
A2 144.08 ± 5.88♦▲* 187.02 ± 4.28♦▲* 234 ± 8.56♦▲* 2705.60 ± 11.33♦▲* 412.88 ± 13.97♦▲*

A3 103.75 ± 5.95♦▲* 165.32 ± 5.27♦▲* 210 ± 11.42♦▲* 2162.64 ± 17.45▲* 331.05 ± 5.54♦▲*

♦ compared with the negative control group, P < 0.05; ▲compared with the 256 μg ml−1 BH group, P < 0.05; * compared with 4 μg ml−1 FLC
group, P < 0.05

C blank control; F: 4 μg ml−1 FLC; A1: 256 μg ml−1 BH; A2: 64 μg ml−1 BH; A3: 16 μg ml−1 BH
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Quantitative reverse transcription PCR

To explore the effect of BH on the HOG-MAPK pathway,
quantitative reverse transcription PCR (qRT-PCR) was per-
formed [28]. After adjusting the concentration of the prepared
C. albicans solution to 1 × 106 CFUml−1 with RPMI 1640, the
corresponding drugs were added followed by the shaking of
the resulting solutions for 24 h at 35 °C and 160 rpm. The cells
were then washed and total RNA was extracted using TRIzol
reagent (Invitrogen, Carlsbad, CA, USA). TransScript First-
Strand cDNA Synthesis SuperMix (TransGen, Beijing, China)
was used to synthesize cDNA for qPCR. Primers for target
genes and the internal reference gene (ACT1) were designed
and synthesized by Shanghai Shenggong Bioengineering Co.,
Ltd. (Supplementary Table 1). The qPCR system was com-
posed of cDNA (20 μl), primers, and TransStart Green qPCR
SuperMix (TransGen), and the qRT-PCR was performed using
the qTower Real-time PCR System (Analytik Jena qtower2.2,
Germany) as follows: pre-denaturation at 94 °C, denaturation at
94 °C, denaturation at 57 °C, annealing at 57 °C, and extension
for 10 s at 72 °C, for a total of 40 cycles. The melting curve
was analyzed at temperatures in the range 60–95 °C. Relative
target gene expression fold changes were calculated using the 2
−ΔΔct method.

Western blotting

The effect of BH on Hog1 was analyzed according to the
methods described by Mancuso et al. [29], with some
modifications. The fungal solution was treated and collected
according to the method described for total protein extrac-
tion. The Protein Extraction Kit (Keygen, Nanjing, China)
was used to extract total protein, and the protein con-
centration was determined using the BCA Protein Quanti-
tative Kit (Beyotime, Beijing, China). The prepared protein
sample was then separated using SDS-PAGE and trans-
ferred to a PVDF membrane. The membrane containing
Hog1 was then incubated with the appropriate antibody
(Supplementary Table 2), and a gel imager (Analytik Jena
UVP Chemstudio, Germany) was used to obtain images.
The gray values of each strip were analyzed using ImageJ
(NIH, Bethesda, MD, USA), and the results were expressed
as the ratio of the gray value corresponding to the target
protein, Hog1, to the gray value corresponding to the
reference protein, β-tubulin, in the corresponding channel.

Statistical Analysis

SPSS Statistics v21.0 was used to analyze differences
among experimental groups via ANOVA, and the results
obtained were presented as x ± S. P < 0.05 was considered
statistically significant. All the experiments were performed
in triplicates on different days.

Results

MIC of BH and FLC and optimization of drug
concentrations

BH showed good antifungal activity against ATCC10231 with
a MIC of 64 μgml−1. In further analyses, BH at 4 ×MIC, MIC,
and ¼ ×MIC (i.e., 256, 64, and 16 μgml−1, respectively) were
evaluated in comparison with FLC (4 ×MIC; 4 μgml−1),
which currently is one of the most effective drug for the
treatment of infections caused by C. albicans, as a positive
drug control.

BH increases the intracellular osmotic pressure

The intracellular glycerol contents of C. albicans were
higher in the 256, 64, and 16 μg ml−1 BH-treatment groups
than in the control group (P < 0.05). Further, in the BH-
treatment groups, the variation of the intracellular glycerol
contents followed the order: 256 μg ml−1 BH > 64 μg ml−1

BH > 16 μg ml−1 BH (P < 0.05), and treatment with 256 μg
ml−1 BH resulted in a higher intracellular glycerol content
than treatment with 4 μg ml−1 FLC (P < 0.05) (Table 1).

BH increases ROS levels in ATP contents in cells

Intracellular ROS levels and ATP contents were higher in the
256, 64, and 16 μgml−1 BH treatment groups than in the
blank control group (P < 0.05). Further, considering the BH
treatment groups only, intracellular ROS levels and ATP
contents varied in the order: 256 μgml−1 BH > 64 μgml−1

BH >16 μg ml−1 BH (P < 0.05). However, the ROS levels
and ATP contents resulting from treatment with 4 μgml−1

FLC were higher than those corresponding to all the other
treatment groups (P < 0.05) (Table 1). Consistent with these
results, the DCFH-DA fluorescence intensity in
ATCC10231 cells, as determined under an inverted micro-
scope, decreased in the following order: 4 μgml−1 FLC >
256 μgml−1 BH > 64 μgml−1 BH >16 μgml−1 BH > blank
control (Fig. 1).

BH inhibits hyphal and germ tube formation

After 4 h of drug intervention, the 256 μg ml−1 BH group
mainly included yeast phase cells and the cell count
decreased. Cells in the 64 μg ml−1 BH group formed shorter
hyphae, while cells in the 16 μg ml−1 BH group and the
control group formed long hyphae that were interwoven.
The 4 μg ml−1 FLC group mainly formed short germ tubes.
At 6 h after drug intervention, the formation of hyphae in
each group was consistent with that at 4 h; however, the
number of cells was relatively higher and the hyphae were
longer (Fig. 2a).
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After 4 h of drug intervention, the germ tube formation rates
corresponding to the BH treatments, which were all lower than
that corresponding to the control group (P < 0.05), varied in the
order: 256 μgml−1 BH < 64 μgml−1 BH <16 μgml−1 BH
(P < 0.05). It was also observed that the germ tube formation
rate observed following the 256 μgml−1 BH treatment was
lower than that resulting from the 4 μgml−1 FLC treatment
(P < 0.05), and after 6 h of treatment, the rates of germ tube
formation in the 256 and 64 μgml−1 BH groups were similar to

those at 4 h, and those corresponding to the 16 μgml−1 BH and
control groups showed no significant difference (P > 0.05)
(Fig. 2b).

BH increases cell wall chitin and β−1,3-glucan
contents

The cell volume of C. albicans in the 256 μg ml−1 BH
group was significantly increased and fluorescence intensity

Fig. 1 ROS levels in ATCC 10231 after drug intervention (fluorescent Inverted microscope, 200×). ROS in C. albicans cells reacted with DCFH-
DA fluorescent probe and emitted green fluorescence under excitation. C, blank control; F, 4 μg ml−1 FLC; A1, 256 μg ml−1 BH; A2, 64 μg ml−1

BH; and A3, 16 μg ml−1 BH.

Fig. 2 a Hyphae and b Germ
tube formation in ATCC 10231
after 4 h and 6 h of drug
intervention. Hyphae were
stained using Hoechst 33258
and observed under an inverted
fluorescent microscope (200×),
while the number of germ tubes
in 100 C. albicans cells were
counted in random fields under a
high-power microscope and the
germ tube formation rate was
calculated. * compared with the
negative control group, P < 0.05;
C blank control; F, 4 μg ml−1

FLC; A1, 256 μg ml−1 BH; A2,
64 μg ml−1 BH; and A3, 16 μg
ml−1 BH

Inhibitory effect of berberine hydrochloride against Candida albicans and the role of the HOG-MAPK. . . 811



was the highest. The cell volume of the 4 μg ml−1 FLC
group was normal but the fluorescence intensity for the
chitin marker was significantly higher than that of the other
three groups. The cells in the 64 and 16 μg ml−1 BH groups
and blank control were normal, while fluorescence intensity
was higher in the 64 μg ml−1 BH group than in the other
groups (Fig. 3).

Levels of cell wall chitin were consistent with results
obtained by CLSM. Levels of chitin and β−1,3-glucan in the
cell wall were higher in the 256 and 64 μgml−1 BH groups
than in the control group (P < 0.05); however, there was no
significant difference in chitin level between the 16 μgml−1

BH and control groups (P > 0.05) while it was opposite in β
−1,3-glucan level (P < 0.05). Further, the variation of cell wall
chitin and β−1,3-glucan levels followed the order: 256 μgml−1

BH > 64 μgml−1 BH > 16 μgml−1 BH (P < 0.05). Addition-
ally, 256 and 64 μgml−1 BH treatments resulted in higher cell
wall β−1,3-glucan levels than in the 4 μgml−1 FLC treatment;
while only the 256 μgml−1 BH-treated group showed higher
chitin levels than the FLC group (P < 0.05) (Table 1).

BH induces the expression of multiple genes

The effects of BH on the HOG-MAPK pathway and the
downstream genes in C. albicans were detected via qRT-
PCR (Fig. 4). BH (256 and 64 μg ml−1) significantly
upregulated the expression of key nodes in the HOG
pathway, i.e., SLN1, SSK2, HOG1, and PBS2 (all P <
0.05), with no differences between the 16 μg ml−1 BH and
control groups (P > 0.05). Expression levels of these
genes were higher in the 256 μg ml−1 BH group than in
the 4 μg ml−1 FLC group (P < 0.05).

GPD1 and ATP11 levels were significantly higher in the
256 and 64 μgml−1 BH groups than in the control group (P <
0.05) but did not differ significantly between the 16 μgml−1

BH group and the control group (P > 0.05). Compared with
levels in the 4 μgml−1 FLC group, GPD1 expression was
higher and ATP11 was lower in the 256 μgml−1 BH group (P
< 0.05). Compared with levels in the control group, SOD2,
HWP1, CHS3, and GSC1 levels were significantly lower in the
256 and 64 μgml−1 BH groups (P < 0.05), with no difference

Fig. 3 Chitin exposure in the
ATCC 10231 cell wall after drug
intervention (CLSM, 630×). C.
albicans cells were stained with
calcium fluorescent white
(CFW) and the chitin exposed in
the cell wall was stained. Its
emission of blue light was then
monitored. C blank control; F, 4
μg ml−1 FLC; A1, 256 μg ml−1

BH; A2, 64 μg ml−1 BH; and
A3, 16 μg ml−1 BH

Fig. 4 Gene expression in ATCC 10231 after BH treatment. C. albicans
cells were treated with BH at 35 °C for 24 h and then collected for RNA
extraction. * compared with the negative control group, P < 0.05; C

blank control; F, 4 μgml−1 FLC; A1, 256 μgml−1 BH; A2, 64 μgml−1

BH; and A3, 16 μgml−1 BH
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in the 16 μgml−1 BH group (P > 0.05). Compared with levels
in the 4 μgml−1 FLC group, SOD2 levels were higher and
HWP1, CHS3, and GSC1 levels were lower in the 256 μgml−1

BH group (P < 0.05). There was no significant difference in
GSC1 expression between the 64 μgml−1 BH and 4 μgml−1

FLC groups, but the expression of other genes was significantly
higher in the 64 μgml−1 BH group (P < 0.05). These results
indicated that BH upregulates GPD1 and ATP11, key down-
stream genes of the HOG pathway, and inhibits SOD2, HWP1,
CHS3, and GSC1.

BH upregulates Hog1 protein expression

Compared with levels in the control group, Hog1 protein
levels in the 256 μg ml−1 BH group were significantly
higher (P < 0.05). Further, Hog1 was slightly upregulated in
the 64 and 16 μg ml−1 BH groups, but the differences were
not statistically significant (P > 0.05). Compared with levels
in the 4 μg ml−1 FLC group, Hog1 protein levels in the 64
and 16 μg ml−1 BH groups were lower (P < 0.05), with no
difference in the 256 μg ml−1 BH group (P > 0.05) (Fig. 5).

Discussion

The HOG-MAPK pathway affects C. albicans growth by
regulating its adaptation to external osmotic and oxidative
pressure, morphological transformation, and cell wall
synthesis. Further, the C. albicans HOG-MAPK central
signaling pathway, MAP3K (Ssk2) → MAP2K (Pbs2) →
MAPK (Hogl), has an upstream regulatory role in these
processes. We found BH at 256 and 64 μg ml−1 sig-
nificantly upregulated SLN1, SSK2, PBS2, and HOG1 in C.
albicans, suggesting that the inhibitory effect of BH on C.
albicans may be related to the upregulation of these key
node genes in the HOG-MAPK pathway. Additionally, only
256 μg ml−1 BH increased Hog1 protein expression,
whereas both 256 and 64 μg ml−1 BH brought about an
increase in HOG1 mRNA expression. Possibly, this
observation can be attributed to the fact that Hog1 is not a

complete constitutive protein, and its expression increases
inductively when it is subjected to some stimulation
[30, 31]. Further, it has been demonstrated that protein
expression is affected by the regulation of mRNA stability,
the effectiveness of mRNA translation, and the stability of
the protein itself. These factors led to the inconsistency in
the expression levels of the HOG1 gene and Hog1 protein.
Furthermore, high drug concentrations possibly have a more
significant effect on Hog1 protein expression, which may be
dose-dependent. Accordingly, to exert an effect on protein
expression, high drug concentrations are needed.

Butyl alcohol extract of Baitouweng decoction has
shown to increase the intracellular glycerol content, mem-
brane permeability, and the degree of cell membrane
damage in C. albicans in a dose-dependent manner [16].
Similarly, the results of this study showed that 256 and 64
μg ml−1 BH significantly increased the intracellular glycerol
content and intracellular osmotic pressure of C. albicans.
Therefore, we speculated that BH damages the cell mem-
brane integrity of C. albicans. Phosphorylated Hog1 enters
the nucleus and binds to transcription factors to increase
intracellular osmotic pressure and resist external hyper-
osmotic pressure by preventing intracellular glycerol efflux
and increasing the glycerol content. Hyperosmotic stress
can upregulate the expression of Hog1-dependent GPD1,
GPD2, and other glycerol biosynthesis-related genes, while
only GPD1 is necessary for osmotic adaptation [32]. Our
results suggested that 256 and 64 μg ml−1 BH treatments
increase the intracellular osmotic pressure in C. albicans via
the upregulation of GPD1 and the promotion of intracellular
glycerol synthesis.

According to the chemiosmotic hypothesis, the mito-
chondrial membrane potential directly reflects respiratory
chain activity, which is closely related to ATP production,
and ROS production shows an exponential relationship with
the mitochondrial membrane potential [33]. Octyl gallate (25
μgml−1) can produce abundant ROS, resulting in membrane
lipid peroxidation and membrane damage, thereby effectively
inhibiting C. albicans [17]. We observed similar effects fol-
lowing treatment with 256 and 64 μgml−1 BH, which sig-
nificantly increased intracellular ROS levels and ATP
contents in C. albicans. ATP is mainly synthesized in mito-
chondria via ATP synthase complex (F0-F1 ATPase), and
Atp11p, encoded by ATP11, is essential for the complex
assembly [34, 35]. Endogenous ROS produced during aerobic
respiration can effectively damage C. albicans cells, and
intracellular ROS concentration depends on the balance
between their production and clearance by various antioxidant
compounds and enzymes. SOD, encoded by SOD1/SOD2, is
the only known enzyme that scavenges free radicals directly
and plays an important role in C. albicans [36]. We found that
256 and 64 μgml−1 BH increased ATP11 expression and
significantly inhibited SOD2 expression, suggesting that BH

Fig. 5 Hog1 protein expression in ATCC 10231 in response to BH
intervention. C. albicans cells were treated with BH at 35 °C for 24 h
and collected for total protein extraction. C blank control; F, 4 μgml−1

FLC; A1, 256 μgml−1 BH; A2, 64 μgml−1 BH; and A3, 16 μgml−1 BH
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enhances the aerobic respiratory metabolism of mitochondria
and increases ROS production, while also causing intracel-
lular ROS accumulation, cell damage, and cell death. FLC
and miconazole can increase endogenous ROS levels in drug-
sensitive fungi, suggesting that the increase in ROS levels is
an antifungal mechanism of azole drugs [37]. This may
explain why the effect of 256 μgml−1 BH on ROS levels was
weaker than that of 4 μgml−1 FLC.

Hyphae play a critical role in the process of infection;
they promote C. albicans invasion of human tissues and
escape from immune cells [38]. Here, it was observed that
BH can inhibit germ tube and hyphal formation in a dose-
dependent manner, and 256 μg ml−1 BH could maintain a
good inhibitory effect with the extension of culture time,
consistent with previous findings for Sanguinarine [18].
The hyphae-specific gene HWP1 is highly upregulated
during the growth of hyphae [39]. Lee et al. [40, 41] found
that both nepodin and 6-gingerol could inhibit the hyphal
formation of C. albicans via decreases in HWP1 and ECE1
expression, similar to our results for BH.

Fungal cell wall proteins and polysaccharides have good
antigenicity; they can be recognized by innate immune
cells, such as macrophages and neutrophils, in the human
body and can act as intermediates of fungal–host interac-
tions. Therefore, these proteins are good therapeutic drug
targets [42, 43]. Our results showed that 256 and 64 μg ml−1

BH could significantly increase β−1,3-glucan and chitin in
the cell wall of C. albicans. Thus, BH may lead to C.
albicans death by damaging the structural integrity of the
cell wall and increasing the exposure of cell wall compo-
nents. Similarly, it has also been observed that the ethanol
extract of P. lactiflora inhibits C. albicans β−1,3-glucan
synthetase and damages cell wall integrity [19]. We found
that 256 and 64 μg ml−1 BH could significantly inhibit the
expression of CHS3, which is responsible for chitin short
rod production [44], and GSC1, which regulates cell wall
remodeling [45, 46] and β−1,3-glucan synthesis [47], in C.
albicans. It was speculated that BH could downregulate
genes encoding chitin synthase and β−1,3-glucan synthase
in C. albicans, thereby damaging cell wall integrity. Our
results corroborated previous findings; FKS1 and CHS3
levels in C. albicans are significantly downregulated by the
butyl alcohol extract of Baitouweng decoction [16].

The effects of 256 μgml−1 BH on C. albicans were stronger
than those of 4 μgml−1 FLC, a first-line clinical antifungal
therapy. Azole antifungal agents inhibit the biosynthesis of
ergosterol (essential for cell integrity and membrane function)
by inactivating lanosterol 14 α-demethylase, leading to a
decrease in ergosterol levels in the cell membrane and an
increase in intermediate metabolites [48]. Unlike FLC, which
has a single target, BH has multiple antimicrobial pathways and
targets; this renders the development of drug resistance more
difficult [49]. Although we evaluated the core genes in the

HOG-MAPK central signaling pathway and downstream
effector genes, the interactions between these genes need to be
studied further. In addition, owing to limitations associated with
the availability of commercial reagents, the expression of other
key proteins in the pathway were not investigated. Moreover,
detecting the expression of phosphorylated Hog1 after drug
intervention may reflect the effect of BH on the HOG-MAPK
pathway more accurately. We will supplement this research in
this regard in our future studies. Further, given that it has been
demonstrated that the HOG1 mutant strain of C. albicans is
resistant to Congo red [15], while the mutant strain lacking
HOG1 is more susceptible to AMB than the wild type strain
[50], it would be necessary to determine the effect of BH on the
Hog1Δ strain in future studies. Therefore, we will construct the
Hog1Δ strain through homologous recombination and Leu-His
marker screening [51], considering this issue as one of the
research objects in our future studies. These limitations will be
addressed in follow-up studies to further improve our under-
standing of the therapeutic effects of BH. This study provides a
reference for the application of BH to inhibit C. albicans, and
contributes to the development of new antifungal agents and the
clinical treatment of C. albicans infection.

Supplementary information is available at The Journal of
Antibiotics website.
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