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Cinnamaldehyde inhibits Candida albicans growth by causing
apoptosis and its treatment on vulvovaginal candidiasis
and oropharyngeal candidiasis
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Abstract
The invasion of Candida albicans is one of the most common fungal infections seen in clinical practice, and serious drug
resistance has been reported in recent years. Therefore, new anti-C. albicans drugs must be introduced. In this research, it was
demonstrated that cinnamaldehyde (CA) shows strong antimicrobial activity, with 0.26 mg/mL CA being the minimum inhib-
itory concentration to manage C. albicans. Extraordinarily, we detected that CA accumulated the intracellular reactive oxygen
species (ROS) and enhanced the calcium concentration in the cytoplasm and mitochondria through flow cytometry. In addition,
we observed thatC. albicans cells released Cytochrome c from the mitochondria to the cytoplasm, depolarized the mitochondrial
membrane potential, and activated the metacaspase when exposed to 0.065, 0.13, 0.26, and 0.52 mg/mL CA. Furthermore, to
confirm that CA introduces the C. albicans apoptosis, we discovered that when the phosphatidylserine was exposed, DNA
damage and chromatin condensation occurred, which were detected by terminal deoxynucleotidyl transferase dUTP nick end
labeling (TUNEL) and 4′,6-diamidino-2-phenylindole (DAPI) staining. Finally, demonstrations of phenotype investigation,
colony-forming unit (CFU) counts, and periodic acid–Schiff (PAS) staining were conducted to prove that CA possessed the
ability to treat oropharyngeal candidiasis (OPC) and vulvovaginal candidiasis (VVC). From the above, our research indicates that
CA is a promising antifungal candidate when applied to C. albicans infections.
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Oropharyngeal candidiasis

Introduction

Candida albicans is a common microbiota in the human oral
cavity, upper airway, intestinal tract, and vaginal area; humans
with fully functioning immune systems will not be infected by

C. albicans. Regardless of the rapid development of medical
technology, there is a large number of immunosuppressive pa-
tients, including those who have undergone an organ transplant
and those who have acquired immune deficiency syndrome
(AIDS), cancer, and diabetes; in such cases, C. albicans can
be deadly (Brown et al. 2012). Approximately 10 million cases
of thrush occur every year among AIDS patients, neonatal pa-
tients, and dentures wearers, and 50% to 75% of women suffer
from at least one vulvovaginitis infection during their childbear-
ing stage (Sobel 2007). Furthermore, acquired bloodstream in-
fections caused by C. albicans in United States (US) hospitals
have resulted in a fatality rate of 40%, and an estimated US$1.7
billion is spent in the US annually in the treatment of such
infections (Zaoutis et al. 2005).

The third leading cause of C. albicans infection is the use
of catheters; 72% of clinical cases of C. albicans in Latin
America occur because of the use of central venous catheters
during hospitalization, and the worldwide mortality rate of
catheter-related candidemia has reached 41% (Nucci et al.
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2013; Wisplinghoff et al. 2004). Nevertheless, while
C. albicans causes significant clinical distress and economic
loss, only a small number of antifungal drugs are available for
its treatment; even worse, C. albicans is becoming resistant to
the current treatments. Against this grim backdrop, there is an
urgent need to develop new antifungal drugs with high effi-
ciency and non-toxicity to replace conventional drugs, and
novel drug targets are waiting to be discovered to solve the
problem of fungal resistance.

At present, scientists are focusing on exploring medicinal
plants to develop low-toxicity natural antifungal drugs, as vari-
ous drug-susceptible or drug-resistant fungi could be inhibited
by plants’ essential oils (Atanasov et al. 2015; Qu et al. 2019). A
natural organic compound called cinnamaldehyde (CA) has
been isolated in abundance from the bark of Cinnamomum
cassia. Cinnamaldehyde is a widely used flavoring agent that
has generally been used to improve the taste of food stuffs such
as drinks, ice creams, candies, and cachous. CA has also been
discovered to treat dyspepsia, gastritis, blood circulation distur-
bance, and cerebral ischemia through the suppression of TLR4,
NLRP3, and NF-κB-dependent inflammation (Liao et al. 2012;
Youn et al. 2008; Zhao et al. 2015). In terms of its use as a broad-
spectrum antimicrobial, CA has been improved so that it now
possesses antibacterial and antifungal abilities, such as in the
case of Pseudomonas aeruginosa,Mycobacterium tuberculosis,
and Salmonella typhimurium (Burt et al. 2016; Sawicki et al.
2018; Utchariyakiat et al. 2016). In addition, a recent study
found that CA has a fungicidal affect on the growth or morphol-
ogy of C. albicans and can inhibit C. albicans’mycelial forma-
tion (Taguchi et al. 2013).

Apoptosis is a style of cell death. It is critical for the devel-
opment and homeostasis. During this process, the pro-
apoptosis signaling pathways are activated, which in turn ac-
tivate the caspase proteases and cause mitochondria dysfunc-
tion through the specific stimulation of cell stress. When a cell
undergoes the apoptosis, characteristic changes occur in the
cell morphology, including changes to the roundness of the
cell, as blebs occur on the plasma membrane and nuclear
fragmentation occurs (Degterev and Yuan 2008). Our group
has shown that apoptosis is an important target of antifungal
drugs (Tian et al. 2018). Therefore, in the present study, we
sought to explore the mechanism by which cinnamaldehyde
inhibits C. albicans and the therapeutic effects that occur in a
mouse model of oropharyngeal candidiasis (OPC) and
vulvovaginal candidiasis (VVC).

Material and methods

Strains and agent

C. albicansAmerican Type Culture Collection (ATCC) 64547
was obtained from the American Type Culture Collection

(ATCC; Manassas, VA, USA) and was used in vitro. The
clinical C. albicans (09-1555) which was used in animal ex-
periment was isolate obtained from a patient with recurrent
vulvovaginal candidiasis. The test fungal strain was main-
tained in Sabouraud Dextrose Broth (SDB) medium (1% pep-
tone, 4% dextrose) at 37 °C overnight. The CA (CASRegistry
No. 104-55-2) used in this research was purchased from
Shanghai Macklin Biochemical Co., Ltd. (Shanghai, China)
and hydrogen peroxide (H2O2) used in this study was pur-
chased from Sigma-Aldrich. It was diluted to concentrations
of 0, 0.065, 0.13, 0.26, and 0.52 mg/mL CA using 0.1% (v/v)
Tween-80.

Animals

Six-week-old male and female BALB/c mice were purchased
from the Institute of Experimental Animals, Chinese
Academy of Medical Sciences (Beijing). All mice were
grouped at a specific pathogen-free (SPF) facility with a con-
trolled temperature of 22–24 °C, a relative humidity of 60%,
and a 12 h/12 h light–dark cycle. All animal experiments were
conducted in accordance with the Chinese legislation on the
use and care of laboratory animals. The protocol was autho-
rized by the Jiangsu Normal University Committee for
Animal Experiments to minimize the suffering of the mice
used. All animal experiments were proceeded in Jiangsu
Normal university IVC animal experiment platform.

Test of antifungal susceptibility

The method for determining the minimum inhibitory concen-
tration (MIC) was used as previously reported (Tian et al.
2017b). First, we added 100 μL of SDB medium to each well
in a sterile 96-well microtiter plate. Then, 80 μL of CA solu-
tion was added to each well and serially diluted two-fold,
resulting in final concentrations of CA ranging from 0.016
to 4.16 mg/mL. In addition, two wells were treated as the
blank and negative growth control wells, without the addition
of CA. Finally, yeast cells of C. albicans were adjusted to
106 CFU/mL by phosphate-buffered saline (PBS, pH = 7.4),
and the diluent (20 μL/well) was added to each well. After
incubation at 37 °C for 24 h, theMIC that inhibited the growth
of the C. albicans were identified through 80 ng/μL resazurin
using visual observation.

Measurement of intracellular ROS

C. albicans cells were cultured in a conical flask and adjusted
to 5 × 106 cells/mL using sterile PBS. Then, the cells were
treated for 8 h at 37 °C with 0, 0.065, 0.13, 0.26, and
0.52 mg/mL CA. In addition, according to the previous re-
search, H2O2 has been proved to be a well-known apoptosis
inducer and can disrupt the mitochondria membrane, so we
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used 0.3 mg/mL H2O2 as the positive control (Madeo et al.
1999; Phillips et al. 2003). The drug was discarded after a
5000g centrifuge for 5 min. The cells were washed twice
using PBS, and then incubated with 10 μM DCFH-DA for
30 min at 37 °C to detect the levels of intracellular ROS.
Finally, the cells were washed twice using PBS and analyzed
with an Accuri C6 flow cytometer (BD Biosciences, San Jose,
CA, USA).

Assay of calcium ions in cytoplasm
and mitochondrion

The effect of CA on Ca2+ in the cytoplasm and mitochondrion
of C. albicans were analyzed using Fluo-3/AM and Rhod-2/
AM, respectively. Briefly, fresh C. albicans cells were diluted
to 5 × 106 cells/mL and incubated with 0, 0.065, 0.13, 0.26,
0.52 mg/mL CA and 0.3 mg/mL H2O2 at 37 °C for 8 h. Then,
the cells were washed twice using PBS, and the Fluo-3/AM
and Rhod-2/AM were incubated with C. albicans cells at
37 °C for 30 min. Before testing, the probe was cleaned out
using PBS and detected using an Accuri C6 flow cytometer
(BD Biosciences, San Jose, CA, USA).

Detection of mitochondrial membrane potential
(Δψm)

The Δψm detection was performed according to a method
published in a previous report (Alonso-Monge et al. 2009).
C. albicans cells were re-suspended to 5 × 106 cells/mL and
exposed to various concentrations of CA (0, 0.065, 0.13, 0.26,
0.52 mg/mL) and 0.3 mg/mL H2O2 at 37 °C for 8 h. Then, the
C. albicans cells were harvested by centrifuge by 5000g for
5 min, washed twice, and incubated in 10 μg/mL of JC-1
solution for 0.5 h at 37 °C. After washing twice with PBS,
the Δψm was analyzed using an Accuri C6 flow cytometer
(BD Biosciences, San Jose, CA, USA).

Western blotting analysis of the release
of cytochrome c

In brief, the C. albicans cells were disposed to 0, 0.065, 0.13,
0.26, 0.52 mg/mL CA and 0.3 mg/mL H2O2 at 37 °C for 8 h.
Then, the cells were collected, and the mitochondrial protein
or cytoplasm protein was extracted using a fungal mitochon-
drial protein extraction kit (BestBio, China). The 50-μg pro-
tein samples were separated using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) denatured
gel and transferred to a polyvinylidene difluoride membrane
(MerckMillipore, Billerica, MA, USA). The membranes were
blocked with 5% nonfat milk dissolved in Tris-buffered saline
containing 0.1% Tween-20 (TBST) and incubated at 4 °C
overnight with rabbit anti-cytochrome c and mouse anti-
GAPDH (Proteinsimple, USA) antibodies. Then, the

horseradish peroxidase (HRP)-linked goat anti-rabbit or anti-
mouse secondary antibodies were incubated at room temper-
ature for 40 min and washed using TBST. The protein expres-
sion levels of cytochrome c were detected using enhanced
chemiluminescence substrate.

Measurement of metacaspase activity

The change of metacaspase activation in C. albicans after
treatment with CA was measured using CaspACE FITC-
VCD-FMK. In brief, the C. albicans cell suspensions—
adjusted to 5 × 106 cells/mL in sterile PBS—were combined
with different concentrations of CA (0, 0.065, 0.13, 0.26,
0.52 mg/mL) and 0.3 mg/mL H2O2 at 37 °C. After incubation
for 8 h, the cells were washed twice using PBS, re-suspended
in 500 μL of staining solution containing 5 μg/mL of
CaspACE FITC-VCD-FMK, and incubated for 30 min at
room temperature in the dark. Finally, the samples were tested
using an Accuri C6 flow cytometer (BD Biosciences, San
Jose, CA, USA).

Double staining analysis of PS externalization

We used Fourier-infrared transform chromatography (FITC)
coupled with Annexin V reaction, using the Annexin V-FITC
kit from BD Biosciences (San Jose, USA), to analyze the
externalization extent of PS. The detection of PS externaliza-
tion was based on C. albicans protoplasts. The C. albicans
protoplasts were achieved using 1 M sorbitol, 1.5% Snailase,
and 0.1 M PBS solution, incubated at 37 °C for 2 h.
Thereafter, protoplasts were collected after 5000g centrifuge
for 10 min and resuspended using washing buffer (1 M sorbi-
tol, 0.8 M NaCl, 10 mM CaCl2, and 50 mM Tris-HCl; pH =
7.5). Then, 5 × 106 cells/mL C. albicans protoplasts were in-
cubated with 0, 0.065, 0.13, 0.26, 0.52 mg/mL CA and
0.3 mg/mL H2O2 at 37 °C for 4 h and 8 h. The treated cells
were stained using 5 μL/mL propidium iodide and 5 μL of
Annexin V-FITC at room temperature for 30 min in the dark.
Finally, the stained protoplasts were detected using an Accuri
C6 flow cytometer (BD Biosciences, San Jose, CA, USA).

DNA damage and nuclear fragmentation assay

DNA damage and nuclear fragmentation are significant
markers of apoptosis. In this study, we used DAPI and
TUNEL staining to evaluate the nuclear condensation and
DNA strand breaks. Briefly, for TUNEL and DAPI staining
(Solarbio, China), the treated C. albicans cells were fixed in a
glass slide using 4% paraformaldehyde and 70% ethanol and
washed using sterile PBS. Afterwards, the cells were labeled
with a cell death detection kit for 1 h at 37 °C and 5 μg/mL
DAPI. Finally, the glass slides were viewed using a fluores-
cence microscope (Leica, Germany).
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Murine models of OPC and VVC

The murine models of OPC and VVC were established ac-
cording to the previous reports described, with some alter-
ations (Conti et al. 2009). All mice were divided to six groups
with 12 per each group, given specific amounts of food for a
week, as follows:

Wild-type (WT) mice were given normal chow, were given
the same amounts of anesthesia, and were not invaded by
C. albicans on the infection day; theywere washed daily using
the vehicle (0.1% [v/v] sterile Tween-80) at the same time as
one another.

Control mice were given normal chow, were invaded by
C. albicans with no treat, and were washed daily with the
vehicle (0.1% [v/v] sterile Tween-80) at the same time.

In addition, VVC mice were treated by 0.52, 1.04,
1.56 mg/kg CA and 20 mg/kg fluconazole (FCZ), and OPC
mice were treated by 1.3, 2.6, 3.9 mg/kg CA and 20 mg/kg
FCZ.

For the OPC, on the first day before infection and the first
and third days after infection, male mice were immunosup-
pressed by intramuscular injection cortisone acetate
(225 mg/kg) (Solis et al. 2017). On the infection day, mice
were narcotized by urethane (1.25 mg/kg, intraperitoneal in-
jection), and the tongues were lightly scraped using a bistoury,
without causing bleeding. Small cotton pellets, saturated with
100 μL C. albicans cells (6 × 108 cells/mL), were placed in
the oral cavity while the mice were under anesthesia for 2 h.
After the infection of C. albicans, the mice were rinsed by CA
and FCZ once a day for consecutive 5 days. The mice were
killed on day 6 and the tongues and other organs were har-
vested by surgical scissors. The clinical score of tongue was
referenced a previous reported scoring system (Hise et al.
2009).

For the VVC, female mice were subcutaneous through the
use of 0.2 mg estradiol benzoate every other day for three
times in a week. Mice were narcotized with 1.25 mg/kg ure-
thane and inoculated with 20 μL of 6 × 108 cells/mL
C. albicans cells into the vaginal lumen. One day after infec-
tion, vaginal lavages were performed on the mice using
500-μL sterile PBS and the diff-quick strain lavage fluids
were assessed. After the accomplishment of themurinemodel,
the mice vaginas were douched with various concentrations of
CA and 20 mg/kg FCZ every day in the same time by me-
chanical pipette into the vaginal lumen for consecutive 5 days.
The mice were sacrificed at day 6 and the vaginas were har-
vested by surgical scissors cautiously.

After obtaining tissue, the tongue and vagina were fixed
with 4% paraformaldehyde, and then frozen sections were
used for hematoxylin and eosin staining (HE) and periodic
acid schiff staining (PAS) staining. For fungal burden assay,
the tissue was added to sterile PBS and disrupted with a ho-
mogenizer, and then, 5% tissue homogenate was added to the

culture medium containing chloromycin in SDA medium.
Colony count after 2 days of culture at 37 °C.

Statistical analysis

All data were obtained from at least three independent exper-
iments. The data were presented as means ± standard devia-
tion and were all analyzed using a one-way ANOVA, as ap-
propriate, using GraphPad Prism software, version 5.01.
Statistical significance was set at p < 0.05 for all tests.

Results

Antimicrobial activity of CA against C. albicans

In this study, 0.065, 0.13, 0.26, and 0.52 mg/mL CAwere the
concentrations selected to be investigated in relation to the
antimicrobial mechanism of CA againstC. albicans. The min-
imum inhibitory concentration (MIC) of CA against
C. albicans was assessed during 5 days of co-incubation by
visual observation. As shown in Fig. 1, the growth of
C. albicans was significant at the lower concentration of
0.065 mg/mL CA but was almost completely suppressed at
0.13 mg/mL CA, when compared to the growth in the 0 mg/
mL CA-treated group and blank group. Given these observa-
tions, the MIC of CA to inhibit the growth of C. albicans was
shown to be 0.13 mg/mL.

Accumulation of reactive oxygen species (ROS)
in C. albicans cells introduced by CA

Previous studies have proposed that the potential mechanisms
of apoptosis-mediated biofilm damage in CA-treated
C. albicans are associated with a release of cytochrome c.
Notably, cytochrome c released from the mitochondria to the
cytosol was a classic sign of apoptosis. ROS have been con-
firmed to be a consequence of cellular oxygen metabolism,
and their accumulation is suggested to be a marker of apopto-
sis in Aspergillus flavus (Aguirre et al. 2005). Thus, we inves-
tigated the production of intracellular ROS using the sensitive

Fig. 1 The MIC of C. albicans cells inhibited by CA using the
microdilution method, with the endpoints observed using resazurin
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fluorescent dye 2′,7′-dichlorofluorescein diacetate (DCFH-
DA) by flow cytometer and fluorescence microscope. Our
results showed that CA enhanced ROS production in a
concentration-dependent manner at various concentrations of
CA (0, 0.065, 0.13, 0.26, 0.52 mg/mL) and 0.3 mg/mL H2O2.
According to the flow cytometer, the intracellular ROS pro-
duction occurred at rates of 2.7% ± 2.52%, 7.4% ± 4.21%,
16.1% ± 8.43%, 28.9% ± 8.49%, 55.2% ± 16.23%, and
24.68% ± 2.91%, respectively, and the results were consistent
with those of the fluorescence microscope (Fig. 2a and b). In
addition, our results indicated that CA can introduce more
ROS than H2O2 in C. albicans when cells were exposed to a
nearly concentration. This data indicated that CA promoted
the accumulation of intracellular ROS.

Effect of CA on cytoplasm and mitochondria Ca2+

Another crucial regulator of cell survival and apoptosis
in response to various cellular signals is Ca2+ release
from the mitochondria (Giacomello et al. 2007). In this

study, Fluo-3/AM and Rhod-2/AM stains were used to
detect the levels of Ca2+ in the C. albicans cytoplasm
and mitochondria. As shown in Fig. 3a, the flow
cytometer assay showed that the Fluo-3/AM fluores-
cence intensities were 2.8 ± 0.34%, 5.24 ± 1.37%, 10.16
± 1.16, 21.24 ± 6.29%, 35.87 ± 4.24%, and 28.6% ±
2.66% in cytoplasm after it was treated with various
concentrations of CA (0.065, 0.13, 0.26, 0.52 mg/mL)
and 0.3 mg/mL H2O2, respectively. In addition, after the
application of different concentrations of CA, the Ca2+

in mitochondria were increased: in the group treated
with 0.52 mg/mL CA, it was increased to 71.35 ±
5.24%, meaning the Ca2+ content in mitochondria was
double that in the cytoplasm and 0.3 mg/mL H2O2

showed strong destructive effects on mitochondria (Fig.
3b). Furthermore, the results gathered through the fluo-
rescence microscope corresponded with those gathered
through the flow cytometer (Fig. 3c and d). These re-
sults indicated that CA mediated the release of Ca2+ in
C. albicans.

Fig. 2 The accumulation of intracellular ROS after C. albicans was co-
incubated with various concentrations of CA. A Flow cytometry analysis
of intracellular ROS content through DCFH-DA: a non-treated cells’
autofluorescence, b cells treated with fluorescence dye, c–g C. albicans
cells disposed to 0.065, 0.13, 0.26, 0.52 mg/mL CA and 0.3 mg/mL

H2O2, h statistical analysis of stained cells’ percentages; **p < 0.01 and
***p < 0.001 when compared with the 0 mg/mL CA group. B The levels
of ROS in C. albicans cells treated by various concentrations of CA,
detected by fluorescence microscope through DCFH-DA

Appl Microbiol Biotechnol (2019) 103:9037–9055 9041



Appl Microbiol Biotechnol (2019) 103:9037–90559042



Depolarization of the mitochondrial membrane
potential through CA

Δψm is a very sensitive marker of the energy-coupling con-
dition of mitochondria, and it was affected by the accumula-
tion of ROS (Kuang et al. 2017). Therefore, the flow
cytometer and fluorescence microscope were used to detect
changes in the Δψm in C. albicans after CA treatment. As
shown in Fig. 4a, the Δψm was decreased to 52.98 ±
10.79%, 40.31 ± 7.43%, 40.21 ± 4.44%, 39.65 ± 3.65%, and
46.1% ± 2.92% (with the application of 0.065, 0.13, 0.26,
0.52 mg/mL CA and 0.3 mg/mL H2O2, respectively) com-
pared with the untreated group (69.83 ± 3.86%). Per examina-
tion under the fluorescence microscope, the 0- and 0.065-mg/
mL CA-treated groups showed red fluorescence because of
high levels ofΔψm, which lead to polymerized JC-1 staining
in the mitochondria. Nevertheless, theC. albicans disposed by
0.13, 0.26, 0.52 mg/mL CA and 0.3 mg/mL H2O2 exhibited
more green fluorescence due to the decreased Δψm, which
resulted in dispersed JC-1 staining in the mitochondria (Fig.
4b). These results indicated that CA can decrease the level of
Δψm in C. albicans cells in a concentration-dependent
manner.

Release of cytochrome c through CA treatment

One of the typical markers of apoptosis is the release of cyto-
chrome c from the mitochondria to the cytoplasm (Wang and
Youle 2009). In our research, we utilized Western blotting to
detect the intracellular change of cytochrome c. As shown in
Fig. 5, after C. albicans cells co-incubated with various con-
centrations of CA, the cytochrome c was significantly reduced
in mitochondria and the expression levels in the cytoplasm
were significantly enhanced when compared with those of
the control group. When compared with 0.3-mg/mL H2O2-
treated cells, 0.13 mg/mL CA exhibited similar effects. This
result indicates that CA induces cytochrome c release from the
mitochondria to the cytoplasm in C. albicans cells.

Effect of CA on metacaspase activation

In general, the caspase family plays a central role in apoptosis
in humans, and metacaspases are caspase-like cysteine prote-
ases associated with the accumulation of ROS and mitochon-
drial dysfunction in fungal cells (Fuchs and Steller 2011). As
shown in Fig. 6, the cells were stained with FITC-VAD-FMK
and incubated with 0, 0.065, 0.13, 0.26, 0.52 mg/mL CA and
0.3 mg/mL H2O2; the fluorescence intensity was observed to
range from 5.83 ± 2.19 to 61.94 ± 16.22%. In addition, we
observed that the activity of metacaspases was increased to
50.8 ± 2.19% at 0.26 mg/mL CA; in contrast, the activity oc-
curred at a level of 21.01 ± 7.03% in the group treated with
0.13 mg/mL CA and 32.27% ± 4.17% treated with and
0.3 mg/mL H2O2. This result showed that CA activated the
metacaspases to induce apoptosis in C. albicans.

CA leads to phosphatidylserine (PS) externalization

In mammalian and fungal cells, the externalization of PS
translocated from the inner surface to the outer leaflet is a
classic early indicator of apoptosis (Madeo et al. 1997). In this
study, we utilized the Annexin V-FITC and propidium iodide
(PI) double staining to distinguish the apoptotic and necrotic
cells. As shown in Fig. 7a, after exposure to different concen-
trations of CA (0, 0.065, 0.13, 0.26, and 0.52 mg/mL) and
0.3 mg/mL H2O2 for 4 h, the percentage of early apoptotic
cells reached 3.49 ± 0.39%, 5.43 ± 0.52%, 9.61 ± 3.05%,
16.91 ± 3.41%, 29.64 ± 7.21%, and 13.07% ± 1.67%, respec-
tively. Afterwards, we detected the externalization of PS under
the treatment at various concentrations of CA for 8 h; the
externalization of PS showed an obvious time–dose-depen-
dent relationship. The ratio of Annexin V-positive and PI-
negative cells was 6.9 ± 1.51%, 12.68 ± 3.6%, 16.54 ±
0.73%, 40.55 ± 11.26%, 56.83 ± 1.85%, and 21.2% ± 2.29%.
These data conclusively exhibit that CA-mediated apoptosis
in a time–dose-dependent manner in C. albicans cells.

DNA damage and chromatin condensation introduced
by CA

DNA damage and chromatin condensation, which are hall-
marks of apoptosis, were detected using 4′,6-diamidino-2-
phenylindole (DAPI) and terminal deoxynucleotidyl transfer-
ase dUTP nick-end labeling (TUNEL). The fluorescence mi-
croscope results indicated that the nuclear morphology ap-
peared to be more fragmented, and greater fluorescence inten-
sity was seen when compared to that of the group treated with
0 mg/mL CA. Furthermore, the positive-signaling fluores-
cence degree was enhanced as the concentration of the drug
increased (Fig. 7d). Therefore, after treatment at various con-
centrations CA, C. albicans cells exhibited DNA damage and
chromatin condensation, which are markers of later apoptosis.

�Fig. 3 CA treatment leads to an increase in the calcium levels of
C. albicans cells’ mitochondria and cytoplasm. A The calcium levels in
the cytoplasmwere detected by Fluo-3/AM through flow cytometry: a the
autofluorescence of C. albicans cells, b–g cells treated with fluorescence
dye, 0, 0.065, 0.13, 0.26, 0.52 mg/mL CA and 0.3 mg/mL H2O2, h a
histogram of the calcium levels in the cytoplasm. B The calcium levels in
the mitochondria were detected by Rhod-2/AM through flow cytometry:
a the auto fluorescence of C. albicans cells, b–g cells treated with th
fluorescence dye, 0, 0.065, 0.13, 0.26, 0.52 mg/mL CA and 0.3 mg/mL
H2O2, h a histogram of the calcium levels in the mitochondria. C
Fluorescence microscope detected the calcium levels in the cytoplasm
through fluorochrome Fluo-3/AM. D Fluorescence microscope detected
the calcium levels in the mitochondria through fluorochrome Rhod-2/
AM. In all statistical analysis, **p < 0.01 and ***p < 0.001, compared
with the 0-mg/mL CA group

Appl Microbiol Biotechnol (2019) 103:9037–9055 9043



Fig. 4 The mitochondrial membrane potential was depolarized in
C. albicans cells because of exposure to various concentrations of CA.
AThe detection of Δψm in cells was analyzed using flow cytometry: a
the autofluorescence of non-treated cells. b–g cells treated with 0, 0.065,
0.13, 0.26, 0.52 mg/mL CA and 0.3 mg/mL H2O2. h a one-way analysis

of variance (ANOVA) in the detection ofΔψm; ***p < 0.001, compared
with the 0-mg/kg CA-treated group. B A fluorescence microscope
analyzed the variation in Δψm, with red fluorescence indicating high
Δψm and green fluorescence indicating low Δψm in C. albicans
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CA improved the condition of VVC in vivo

To confirm whether the in vitro activity of CA against
C. albicans is also displayed in vivo, we evaluated the
efficacy of CA in an experimental murine model of VVC.
The mice were executed at day 6 after infection, and the
change in C. albicans invasion was detected using Diff
quick staining. The staining results, reported in Fig. 8a,
demonstrated that mainly epithelial cells and, rarely, im-
mune cells were shown in the vaginal fluid of uninfected
mice. In contrast, in infected mice, various cell types were
observed in staining, and most of them were neutrophils.

To quantify the damage of the vaginitis, we plated the
vaginal tissues on sabouraud dextrose agar (SDA) and cul-
tured them to assess the level of mice vaginal C. albicans
according to colony-forming unit (CFU) count. As shown
in Fig. 8b, uninfected mice had a low fungal burden of
C. albicans, and 0.52-mg/kg CA-treated mice and 20-
mg/kg CA-treated mice also possessed low levels of fungal
burden (p > 0.05). Nevertheless, C. albicans-invaded mice
that did not receive treatment contained nearly 100-fold the
fungal burden when compared with the WT group
(p < 0.001) and a remarkable difference when compared
to the 0.52-mg/kg CA and 20-mg/kg fluconazole (FCZ)-
treated groups (p < 0.01). The 1.04- and 1.56-mg/kg CA-
treated groups also showed significant differences when
compared to the WT group (p < 0.01).

Interestingly, in the course of our dissection, we discov-
ered that in mice that were not infected with C. albicans,
the uterus and fallopian tubes appeared milky and smooth.
However, the infected mice that received no treatment
showed serious inflammation in the ovaries, fallopian
tubes, and uterus; these organs appeared transparent and
were severely swollen. In addition, mice treated with
1.04 mg/kg CA, 1.56 mg/kg CA, and 20 mg/kg CA
showed obvious improvement in the uterus, as the swelling
was slowly subsiding; in the group treated with 0.52 mg/kg
CA, the swelling had almost been reduced to a normal
level (Fig. 8c).

Based on these results, we initially thought that 0.52 mg/kg
CA may be the most suitable dosage to improve VVC. As
such, we used histochemical stain on a frozen section to con-
firm the optimal dose for the treatment of vaginitis in mice.
Our periodic acid–Schiff (PAS) staining results indicated that
the vaginas of the control group mice were full of red hypha,
exhibiting serious inflammation, with a large number of neu-
trophils extracted. In contrast, the group treated with
0.52 mg/kg CA and 20 mg/kg FCZ possessed a relatively
complete organizational structure and fewer C. albicans cells
in vaginas. However, the groups treated with 1.04 and
1.56mg/kg CA exhibited more fungus and tissue damage than
did the group treated with 0.52 mg/kg CA, as well as less
injury than that seen in the control group (Fig. 8d). As such,
we confirmed that CA can be used to treat VVC in vivo and

Fig. 5 CA introduced the release
of cytochrome c from the
mitochondria to the cytoplasm. A
Western blotting was used to
analyze the expression of
cytochrome c in the mitochondria
and cytoplasm. B The reactive
density of the cytochrome c
content in mitochondria. C The
reactive density of the
cytochrome c content in the
cytoplasm. In all statistical
analysis, *p < 0.05, **p < 0.01,
compared with the 0-mg/mL CA
group
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suggest that 0.52 mg/kg CA is the optimal dose to treat vag-
initis caused by C. albicans.

CA is effective against OPC in vivo

The potential therapy effect of CA as a topical protective
for OPC was tested using a murine model of OPC. We
discovered that at the end of molding (day 5), tongue
phenotypes of CA-treated mice had significantly smaller
amounts of white plaque that did untreated mice, as well
as reduced colonization and invasion on mouse tongues,
according to visual analysis (Fig. 9a). The clinical score
of the degree of infection found in mouse tongues was
evaluated with reference to a previous report (Hise et al.
2009), as shown in Fig. 9b; the fungal burden scores of
tongues from WT mice and 3.9-mg/kg CA-treated mice
were significantly lower than the control group mice
(p < 0.001). In addition, we discovered that changes in
mouse body weight and survival rate were exhibited in
relation to the dosage, with mice treated with 3.9 mg/kg
CA possessing the highest survival rate and lowest rate of
body weight loss after infected by C. albicans (Fig. 9c
and d).

To better illustrate the therapeutic dose of CA, we quanti-
tated the amount of fungus in mouse tongues and viscera
using CFU counting. As shown in Fig. 9e and f, the
C. albicans burden of the WT group and 3.9-mg/kg CA-
treated group were also obviously decreased when compared
to the control group, 1.3 mg/kg CA, and 2.6-mg/kg CA-

treated group (p < 0.05), and there was no distinct difference
between the WT group and 3.9-mg/kg CA-treated group
(p > 0.05). Moreover, we detected that, in terms of the fungal
burden in mice hearts, livers, spleens, lungs, and kidneys, all
exhibited the same tendency to resist C. albicans; however, a
dosage of 3.9 mg/kg CA may be the most effective for the
treatment of OPC.

In addition, PAS staining demonstrated that the WT
group mice possessed a complete tissue structure, with
almost no fungus detected on their tongues. However,
the control group mice were immunosuppressed with cor-
tisone acetate and exhibited dense hyphal covering the
dorsal layer of the mucosa; also, the superficial epithelial
layer of the tongue was invaded by C. albicans, resulting
in the destruction of the papillae and keratinized superfi-
cial epithelium. In contrast, the basal germinal layer was
extensively proliferated, the tissue exhibited the tendency
to repair, and only the superficial hyphal was reveled in
mice treated with 3.9 mg/kg CA and FCZ (Fig. 9g). When
tested in an experimental oral model of OPC, these data
indicated that CA has a therapeutic effect in treating OPC
in vivo, with 3.9 mg/kg CA being the optimal dosage
observed.

Discussion

C. albicans is a type of symbiotic fungus that occurs in
humans and can result in great physical and mental pain, as

Fig. 6 CA introduced apoptosis in C. albicans cells through the
metacaspase pathway. A Autofluorescence in C. albicans cells. B–G
C. albicans cells were exposed to 0, 0.065, 0.13, 0.26, 0.52 mg/mL CA

and 0.3 mg/mL H2O2 and measured using flow cytometry. H Statistical
analysis of metacaspase-active cells; **p < 0.01 and ***p < 0.001,
compared with the 0-mg/mL CA group
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Fig. 7 Flow cytometry detected that the externalization of PS in
C. albicans cells after exposure to CA. A The PS in C. albicans cells
was analyzed using flow cytometry after the cells were treated with
various concentrations of CA at 37 °C for 4 h and 8 h. B A one-way
ANOVA of PS externalization after cells were treated with various
concentrations of CA at 37 °C for 4 h. C Quantitative analysis of PS
externalization after cells were treated with various concentrations of

CA at 37 °C for 8 h. D TUNEL and DAPI staining were used to
observe that damage and chromatin condensation that occurred in
C. albicans cells after treatment by 0, 0.065, 0.13, 0.26, and 0.52 mg/
mLCA. Red fluorescence means a positive signal in TUNEL staining and
blue fluorescence means a nuclear signal after staining by DAPI. In all
statistical analysis, *p < 0.05, **p < 0.01, and ***p < 0.001, compared
with the 0-mg/mL CA group
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well as economic loss. C. albicans is considered one of the
main pathogenic fungi that causes vaginitis and thrush (Fidel
2011). Similar to humans, mice who are infected with
C. albicans also suffer from serious pain as a result of VVC
and OPC. The weight and survival rate of mice experiencing
OPC dramatically decline, and the presence of serious inflam-
mation has been observed in a murine model of VVC (Figs. 8

and 9). Despite considerable advancements in C. albicans
pathogenicity research and anti-fungus therapy, clinical fungal
resistance is still a serious concern, and new mechanisms fo-
cusing on antifungal activity desperately require investigation.
Previous research by our laboratory has attested that apoptosis
and oxidative stress play important roles in the inhibition of
fungi (Tian et al. 2017a; Tian et al. 2016).

Fig. 8 CA improved the VVC invasion in vivo. A Diff-Quick straining
was used to evaluate the murine model of VVC. B The fungal burden in
mice vaginas; the vaginal was harvested, serially diluted, and plated for
CFU counts; *p < 0.05, **p < 0.01, ***p < 0.001, and n.s. indicates that
there was no significance. C The phenomenon in the uterus after

becoming infected by C. albicans and treated by various concentrations
of CA or FCZ. D PAS staining was used in every group to detect the
colony of C. albicans in mice vaginas through a microscope, viewed at
40× magnification; a plum/purple stripe indicates the C. albicans hyphae
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Apoptosis is a form of strictly controlled cell death that
reflects the death decision of cells in response to cues and is
carried out by intrinsic cellular machinery (Degterev and Yuan
2008). Cancer cells are unique in that they are considered to be
resistant to apoptosis, with the end goal of all chemotherapies
being to directly or indirectly induce apoptosis (Burke 2017).
Therefore, we wondered whether pathogen microorganisms
that disrupt the stability of their host could also avoid this
death by developing drug resistance to apoptosis, thus con-
tinuing to affect the health of the host.

Currently, peptaibols, anacardic acids, and amphotericin B
are clinical antifungal agents that induce apoptosis (Muzaffar
et al. 2016; Shi et al. 2012). Apoptosis has been considered as
a promising method by which to manage fungal infections. In
the current study, we identified that CA possessed the prefer-
able anti-C. albicans effects under planktonic conditions, re-
quiring a lower MIC of between 0.065 and 0.13 mg/mL when
compared with other natural active ingredients, which have
been reported in previous studies (Tian et al. 2017a, b). Like
most antimicrobial agents, CA has been shown to enhance the
ability of anti-biofilms in C. albicans and to decrease the ex-
pression of the gene HWP1. In addition, consistent with our
Western blotting results (Fig. 4), after being treated by the
encapsulated preparation of multilamellar liposome CA, they
used fluorescence-activated cell sorting (FACS) detection to
discover that cytochrome c was released into C. albicans’ cy-
toplasm; however, the specific mechanisms of apoptosis in-
troduced by CA remain unclear (Khan et al. 2017).

In a previous study, the morphology and ultrastructure of
C. albicans cells were destroyed using CA, according to anal-
ysis by scanning electron micrograph and thin-section elec-
tron micrograph. Interestingly, we observed that, in the cells
treated by CA, a large number of apoptosis bodies appeared in
the images detected by thin-section electron micrograph,
which the author in the previous study did not note; these
results reinforce our findings (Taguchi et al. 2013). Thus, we
decided to verify this interesting phenomenon and make clear
the mechanism by which CAworks against C. albicans.

ROS are byproducts of aerobic respiration, which, in their
outer orbit, possess chemically reactive free radicals with one
unpaired electron (Phaniendra et al. 2015). ROS award reac-
tivity to various biological targets through their inherent
chemical properties, including hydroxyl radicals (OH), hydro-
gen peroxide (H2O2), and superoxide anion (O2

−), and are one
of the main perpetrators connected with oxidative stress to
introduce pathology by damaging lipids, proteins, and DNA,
which have been deemed key biological hallmarks to apopto-
sis (Cross et al. 1987). The physiological production of ROS is
caused by homeostatic metabolism, and low levels of ROS-
introduced signaling could benefit cells. Nevertheless, the
presence of high levels of ROS can bring about mitochondria
damage, the destruction of organelle membranes, and even
DNA breakage (Phaniendra et al. 2015). As such, the

excessive accumulation of ROS can cause prolonged oxida-
tive stress in cells, leading cells to senescent, undergo malig-
nant transformation, and die by apoptosis.

The production of intracellular ROS was identified as one
of the earliest changes implicated in apoptosis, and ROS-
induced cell damage and programmed cell death has shown
to be a frequent occurrence and normal antimicrobial mecha-
nism in fungi of the Aspergillus species (Ben Yaakov et al.
2017; Tian et al. 2016). In this article, we detected that the
accumulation of ROS inC. albicans is stimulated by CA, with
the amount of ROS present increasing in accordance with the
dose when compared to untreated cells (Fig. 2). In addition,
part of the study indicated that the elevated levels of ROSmay
cause by the calcium concentration to rise in mitochondria,
meaning that the relationship between the ROS and calcium
can generate a positive feedback loop (Feissner et al. 2009).
Furthermore, recent reports have demonstrated that an elevat-
ed mitochondrial membrane potential (Δψm) relates to high
intracellular ROS accumulation (Sukumar et al. 2016).

It has already been confirmed that the calcium ion plays
a vital role in mediating programmed cell death, acting as a
second principal intracellular messenger (Orrenius et al.
2003). Previous studies have indicated that calcium serves
as an initiator of apoptosis in yeast when the intracellular
calcium levels are enhanced and that calcium will move
from intracellular stores into the cytoplasm when cells are
in stress environments (Yun and Lee 2016). In our study,
we have confirmed that the C. albicans cells were in a state
of oxidative stress because of the excessive intracellular
ROS accumulation when disposed by the various concen-
trations of CA (Fig. 2).

We then detected the calcium levels in the cytoplasm and
mitochondria under when exposed to 0, 0.065, 0.13, 0.26, and
0.52 mg/mL CA. As shown in Fig. 3, as detected by flow
cytometry and fluorescence microscope and evidenced by
Rhod-2/AM and Fluo-3/AM fluorescent dyes, our data indi-
cates that the calcium levels were all enhanced rapidly in the
cytoplasm and mitochondria. In keeping with the findings of
previous studies, calcium is a common mediator of apoptosis,
calcium levels in the cytoplasm are similar to that in the nu-
clear and mitochondrial matrix in the stable circumstances. In
addition, large amount of calcium was stored in other intracel-
lular organelles such as endoplasmic reticulum (ER) which
can accumulate calcium and contain a higher calcium level
than the cytoplasm. When cells were stimulated by some ex-
ogenous pro-apoptotic agents, the calcium stores will be dam-
aged and released a large number of calcium into cytoplasm
(Bagur and Hajnoczky 2017; Swerdlow and Distelhorst
2007). Another research has reported that vacuole in yeast
cells holds higher amounts of calcium than ER. Accordingly,
the vacuole and ER may be the major source of calcium in
C. albicans cytoplasm after treated by CA and then the calci-
um transfers from the cytoplasm to the mitochondria, leading
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to elevated levels of calcium in the mitochondria; the overload
of calcium in the mitochondria can impair the function of
mitochondria, cause mitochondrial membrane depolarization,
and bring about pathological events such as apoptosis (Jou
2008; Yun and Lee 2016). An example of calcium concentra-
tions becoming elevated in the mitochondria and inducing
apoptosis is that of the case of Saccharomyces cerevisiae
(Machida et al. 1998). Therefore, we next questioned whether
intracellular ROS accumulation is affected by the elevation of
the calcium concentration and whether theΔψm is affected by
the ROS in C. albicans after treatment with CA.

Δψm plays a central role in many functions of organelles,
and the most important function of Δψm is to propel adeno-
sine triphosphate (ATP) synthesis through oxidative

phosphorylation. Furthermore, Δψm is an evident marker of
cellular energetics, as shown by its magnitude, set by equili-
bration between its production and expenditure through ATP
synthesis and other dissipate processes (Logan et al. 2016).
Related research now shows that the accumulation of ROS in
the mitochondria is caused by an increase of Δψm in pathol-
ogy and redox signaling (Murphy 2009). In addition, another
report indicated that when stimulated by different signals, the
damage ofΔψm is a major cellular incident during apoptosis;
apoptogenic factors will release from the mitochondria to the
cytoplasm because of the disruption of Δψm, leading to the
opening of the transition pore of the mitochondrial membrane
(Hwang et al. 2012).

Therefore, we used the JC-1 probe to measure the change
of Δψm in C. albicans cells after being disposed by different
concentrations of CA. JC-1 is an ideal fluorescent probe wide-
ly used to detect mitochondrial membrane potential (Δψm).
When the mitochondrial membrane potential is high, JC-1
aggregates in the matrix of the mitochondria to form a poly-
mer that can produce red fluorescence; when the mitochondri-
al membrane potential is low, JC-1 cannot aggregate in the
matrix of the mitochondria, and at this time, JC-1 is a mono-
mer that produces green fluorescence. As shown in Fig. 4a
and b, theΔψm was decreased obviously in the mitochondria
after incubation with various concentrations of CA.
Consistent with our conjecture, some studies have demon-
strated that the Δψm decreased due to the increase of ATP
production or thermogenesis, the dysfunction of the

�Fig. 9 CA was shown to be effective in treating OPC in the murine
model. A Phenotypic evaluation of the colonization of C. albicans in
infected mice and CA-treated mice tongues by visual analysis. B
Clinical score of the C. albicans invasion area, indicating that CA has a
treatment effect and prevents the diffusion of C. albicans. C The
percentage of mice weight loss during the disease process. D After the
invasion of C. albicans, CA enhanced the survival rate of mice. E The
fungal burden in mice tongues was detected through harvested tissue,
serially diluted, and plated for CFU counts. F Disseminated candidiasis
was detected through mice viscera, such as the heart, liver, spleen, lung,
and kidney, and evaluated using CFU counts.G PAS staining was used in
every group to detect the colony ofC. albicans in mice tongues through a
microscope, viewed at 40× magnification; a plum/purple stripe indicates
the C. albicans hyphae. In all statistical analysis, *p < 0.05, ***p
< 0.001, and n.s. indicates that it was not significant compared with the
WT group; #p < 0.05, compared with CK group

Fig. 10 A schematic illustration of the potential mechanism by which CA induces apoptosis in C. albicans cells to inhibit fungal growth
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mitochondria, or programmed cell death (Yun et al. 2017).
Based on our above results, the apoptosis induced by CA in
C. albicans cells was obvious, and we also detected classic
apoptosis factors in C. albicans such as cytochrome c and
DNA damage.

Gottlieb et al. (2003))found that the decrease of Δψm
mitochondria control matrix remodeling prior to the re-
lease of Cytochrome c. In our study, we detected that
cytochrome c was released from the mitochondria to the
cytoplasm using Western blotting in C. albicans cells after
they were treated by CA (Fig. 5). The apoptosis occurred
in cells requiring active downstream caspase, which ne-
cessitated the release of cytochrome c from the mitochon-
drial intermembrane space mediating the assembly of the
apoptosome. Caspases were originally regarded as crucial
markers of apoptosis (Yuan et al. 2016) and are members
of the cysteine proteases, by they do not exist directly in
yeast. However, previous reports have indicated that
metacaspase coded by YAC1 was regarded as a neotype
apoptotic target in yeast, plants, and protozoa (Cao et al.
2009). Our data shows that the metacaspase activities in-
creased as CA concentrations increased after co-
incubation in C. albicans cells (Fig. 6), suggesting that
the cytochrome c transferred away from mitochondria
can activate the metacaspase. Consistent with our previ-
ous speculations, the C. albicans cells exposed to CA lead
to the increase of calcium levels in that cytoplasm and
mitochondria, and Dong et al. have reported that the mi-
tochondrial calcium uniporter will be activated which can
sustain and increase the mitochondrial calcium intake
when cells were stimulated by exogenous agents. And
the sustained calcium uptake decreases respiratory func-
tions and enlarges the accumulation of ROS in mitochon-
dria matrix in a positive feedback manner (Demaurex and
Rosselin 2017). The intracellular ROS to further accumu-
late and lead to the cytochrome c being released from the
mitochondria to the cytoplasm, activating the metacaspase
and resulting in apoptosis.

The activation of the caspase is responsible for the morpho-
logical and biochemical peculiarity of apoptosis, including
phosphatidylserine exposure on the outer plasma membrane,
DNA fragmentation, and the formation of apoptotic vesicles
(Degterev et al. 2003). For clearer proof that C. albicans cells
exhibited the characteristics of apoptosis, we measured the
apoptosis markers. The recognition of exposed PS on pro-
grammed cell death cells is vital for their removal, and its
translocation from the inner to the outer leaflet of the cyto-
plasmic membrane is an earlier indicator of apoptosis that can
be detected using Annexin V-FITC fluorescence staining. As
shown in Fig. 7a–c, our flow cytometry results indicated that
CA caused PS externalization on the outer surface of the plas-
ma membrane. Furthermore, according to a previous report,
severe DNA damage is a result of apoptosis, and DNA

damage and chromatin condensation are typical morphologi-
cal features of a later period of apoptosis (Khoo et al. 2014).
TUNEL staining is one of the most credible methods for the
visual recognition of the amount of DNA fragmentation and
chromatin condensation detected through a DAPI fluores-
cence probe. Our fluorescence results demonstrated that CA
has a prominent effect on DNA damage and chromatin con-
densation in C. albicans cells (Fig. 7d).

Above all, our research indicates that in C. albicans cells,
apoptosis is mediated by calcium and ROS changes after ex-
posure to various concentrations of CA, and we propose a
model for the apoptosis mechanism caused by CA in
Fig. 10. In the preliminary stages of apoptosis, CA affects
C. albicans cells’ membrane plasm, resulting in the external-
ization of PS. We then observed that the intracellular levels of
ROS and calcium were elevated. Because the cells undergo
long-term stress, the augmentation of ROS and calcium pro-
motes the release of cytoplasm C from the mitochondria to the
cytoplasm and disturbs the steadiness of Δψm, leading to an
evident depolarization inΔψm and a destruction of the poten-
tial function of the mitochondrial membrane. Furthermore, we
detected that the metacaspase was activated by various apo-
ptosis factors to trigger the process of apoptosis, ultimately
inducing the DNA damage and chromatin condensation.

Finally, we decided to confirm the actual therapeutic
effect of topical therapy with CA in murine models of
VVC and OPC. Our results indicated that CA possesses
positive therapeutic effects in VVC and OPC and con-
firmed that the topical application of 0.52 mg/kg CA or
3.9 mg/kg CA can inhibit the development of VVC and
OPC respectively. Nevertheless, the concentrations of
1.04 mg/kg CA and 1.56 mg/kg CA when treating
VVC resulted in effects that were not so desirable, and
we conjected that the high levels of CA inhibited the
defense microbiota and change the micro-ecological en-
vironment in the vagina or introduced the cell death of
mucosal cells in the host. Now, some researches have
proved that defense bacteria and synergistic pathogens
play the important role against monilial infection, we
also want to verify these speculations by metagenomic
sequencing and transcriptome sequencing in the future
(Mukherjee et al. 2014; Xu et al. 2016; Yu et al.
2018). A recent study also showed that in the treatment
of colitis, low concentrations of perillaldehyde have a
better therapeutic effect, probably because the gut and
vagina have their own unique microbiota (Uemura et al.
2018).

To our knowledge, CA has been reported to inhibit neo-
intimal hyperplasia through the activation of NRF2.
Another report also indicated that CA prohibi ts
ubiquitination with the upregulation of cytoprotective
NRF2 genes and enhances cellular glutathione in colorec-
tal cancer (Buglak et al. 2018; Long et al. 2015). In
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addition, CA has been demonstrated to possess the capac-
ity to anesis the symptoms of cardiac inflammation and
fibrosis by suppressing the activation of NLRP3
inflammasome, which was introduced by attenuating
CD36-mediated TLR4/6-IRAK4/1 signaling. CA has also
been reported to improve permanent cerebral ischemia in-
juries by reducing the expression of toll-like reporter 4 and
the nuclear translocation of NF-κB (Kang et al. 2016; Zhao
et al. 2015). Similar to its effect on inflammatory diseases,
the mechanisms by which CA resists OPC and VVC are
still unclear. As such, detailed investigations are needed to
make clear the mechanisms by which OPC and VVC are
treated by CA at the molecular level.

In conclusion, we identified the MIC of CA in treating
C. albicans and demonstrated that low concentrations of CA
are efficient to introduce apoptosis in vitro, mediated by intra-
cellular calcium and ROS accumulation and inducing a series
apoptosis factors that lead to mitochondrial dysfunction
through the metacaspase pathway. CA also exhibited a little
better pro-apoptosis effect than H2O2. Finally, demonstrations
of the treatment of OPC and VVC by CA corroborate that this
molecule is a promising potential candidate as an antifungal
agent for the treatment of C. albicans invasion.
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