Infection and Drug Resistance Dove

Pseudolaric Acid A: A Promising Antifungal Agent
Against Prevalent Non-albicans Candida Species

Zhen Li "*, Bin Zhuz'*, Weiqin Chen ', Jun Hu', Yingjun Xue', Hongmei Yin', Xiaobo Hu3,
Weiwei Liu'
'Department of Laboratory Medicine, Longhua Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai, 200032, People’s Republic of

China; 2Department of Rehabilitation, Ruijin Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, 200025, People’s Republic of China;
3General Office, Centre for Clinical Laboratory, Shanghai, 200126, People’s Republic of China

*These authors contributed equally to this work
Correspondence: Weiwei Liu, Department of Laboratory Medicine, Longhua Hospital, Shanghai University of Traditional Chinese Medicine, Shanghai,

200032, People’s Republic of China, Email huashanvivian@ |26.com; Xiaobo Hu, General Office, Centre for Clinical Laboratory, Shanghai, 200126,
People’s Republic of China, Email huxiaobo@vip.sina.com

Purpose: The non-albicans Candida (NAC) species have recently gained great importance worldwide due to the increasing
proportion in candida causing bloodstream infections. This investigation aimed to explore the efficacy of Pseudolaric acid A (PAA,
a diterpenoid derived from Pseudolarix kaempferi) and its synergistic effect with fluconazole (FLC) against NAC species, including
C. tropicalis, C. parapsilosis complex, and C. glabrata.

Methods: The microdilution checkerboard assay and time-killing curves were performed to detect the antifungal efficiency. To
examine the integrity of cell walls and membranes, calcofluor white stain and propidium iodide stain were used. The changes of
intracellular ultrastructure in Candida cells after treatment were observed using transmission electron microscopy. Changes in cell
viability with the autophagy inhibitor 3-MA were assessed by the XTT method.

Results: It was revealed that PAA alone is effective on C. tropicalis, C. parapsilosis sensu stricto, C. orthopsilosis, and
C. metapsilosis (MIC 8-128 ng/mL). Strong synergism against FLC-resistant C. tropicalis was observed (FICI 0.07-0.281), when
PAA and FLC were combined. PAA had dose-dependently detrimental effects on C. tropicalis cell membranes. Moreover, increased
vacuoles and autophagosome formation were found in C. tropicalis exposed to PAA. And the inhibitory effect of PAA against
C. tropicalis can be relieved by autophagy inhibitor 3-MA in a certain concentration range. Ultrastructural alterations of C. tropicalis
were more pronounced under the combination of PAA and FLC, including separation of the cell membrane from the cell wall,
increased number of vacuoles, and degradation of organelles.

Conclusion: These observations indicated that PAA and its combination with FLC could be a promising therapeutic candidate for
treating infections caused by NAC species.
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Introduction

Candida species are major human opportunistic fungi with the remarkable property of shifting from commensal microbes
to pathogens. Infections caused by Candida range from superficial mucosal and skin lesions to serious invasive
candidiasis." In recent decades, an important epidemiological transition in global distributions of Candida that cause
candidiasis has taken place. Even while C. albicans has long been the predominant aetiology of invasive candidiasis, the
incidence of NAC species has dramatically increased.”* The three most prevalent pathogenic NAC species that have
been published are C. tropicalis, C. glabrata, and C. parapsilosis complex, according to multicenter surveys conducted
by reputable organizations like the Centers for Disease Control and Prevention (CDC), the China Hospital Invasive
Fungal Surveillance Net (CHIF-NET), and the global SENTRY Antifungal Surveillance Program.’”’ Moreover, the
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proportion of candidemia induced by these three NAC species has crossed that of C. albicans as reported by the CDC and
CHIF-NET.*’

The increasing resistance of NAC species to current anticandidal drugs poses challenging problems in the clinic. In
particular, C. tropicalis and C. glabrata have been observed to exhibit intrinsic or acquired resistance to triazoles. In the
USA and China, C. glabrata’s resistance to FLC was 7% and 10.2%, respectively.*” While a recent study on C. glabrata
in Germany found that the resistance rate to FLC was 38%, and cross-resistance rate to FLC and echinocandin was 14%.*
The antifungal resistance of C. tropicalis is also very serious, owing to high rates of fluconazole resistance that have been
reported in KSA (13.5%), Australia (16.7%), China (22.2%), and Japan (30.2%).”'*

It is essential to explore innovative anti-candidal compounds and treatment approaches due to increased infection
incidence and resistance rates. Combinatorial treatment is a valid strategy to increase the effectiveness of therapeutic
drugs. Some substances derived from medicinal plants have been found to exhibit synergistic activities on Candida
species when combined with clinically used antifungal agents.'*'” Pseudolaric acid A (PAA) is a diterpenoid isolated
from a Chinese herbal named “Tu-jing-pi/Tu-jin-pi”, which is the processed and dried root bark of Pseudolarix
kaempferi.'® “Tu-jing-pi/Tu-jin-pi” has been traditionally applied to treat cutaneous fungi infections. Some researches
have proven the inhibitory activity of PAA against C. albicans.'®'® It has not yet been established if PAA alone or in
combination with fluconazole is effective on NAC species.

The current study investigated the anti-candidal capacity of PAA and its synergistic effect with FLC on the prevalent
NAC species. Furthermore, the integrity of cell walls and membranes, as well as alterations in intracellular ultrastructure,
were observed to preliminarily clarify the anticandidal mechanism of the combined treatment. It is hoped that the current
work will contribute to overcoming infections caused by NAC species.

Materials and Methods
Fungal Strains and Agents

In this study, the three most prevalent pathogenic NAC species were involved, including 16 strains of C. tropicalis, 9 strains
of C. glabrata sensu stricto, and 17 strains of the C. parapsilosis complex (10 C. parapsilosis sensu stricto, 5
C. metapsilosis, and 2 C. orthopsilosis). Candida species were identified using the CHROMagar (bioMe rieux, Marcy
I’E" toile, France) and the VITEK 2 system. Further identification was performed by molecular and proteomic methods.
Molecular identification was conducted using sequence-based method for the internal transcribed spacer (ITS) region.
Proteomic identification was confirmed by matrix-assisted laser desorption ionization-time of flight mass spectrometry
(Bruker, Microflex LT/SH). For quality control, the reference strains ATCC 750, ATCC 22019, and ATCC 2001 were used.
Prior to each assay, the strains were cultivated twice onto Sabouraud dextrose agar (SDA). The drugs used in this study
include PAA (Tauto Biotech Co., Ltd., Shanghai) and FLC (Sigma-Aldrich). The autophagy inhibitor 3-Methyladenine
(3-MA) was obtained from Sigma-Aldrich. Cell viability assay was performed using Cell Proliferation Kit II (XTT, Roche).

Antifungal Susceptibility Testing

The microdilution method was applied to detect the anticandidal potential of the drug alone, and the microdilution
checkerboard assay was carried out to determine the interaction of two drugs.'® Briefly, serial twofold dilutions of the
drugs (FLC and PAB) were prepared in RPMI 1640. The final concentrations ranged from 0.125 to 128 pg/mL for PAA
and 0.125 to 512 pg/mL for FLC, with some minor adjustments for different Candida species.100 pL of Candida
suspensions (about 1.5x10°> CFU/mL) and 100 pL of drug serial dilutions were added into the 96-well plate. For the
microdilution checkerboard assay, 50 uL. FLC and 50 uL. PAB with different concentrations were added into each well.
Then, 100pL of the Candida suspensions (about 1.5x10° CFU/mL) were added. The well only containing 200 pL
medium was served as a negative control, and the well containing 100 pL of Candida suspensions and 100pL medium
was regarded as growth control. After 24h-incubation at 37°C, the MICs were assigned as the lowest concentrations at
which no discernible cell growth occurred. We calculated the fractional inhibitory concentration index (FICI) as follows:
FICI :(MICFLCincombination/MICFLCalone)+(MICPAAincombination/MICPAAalone)- FICI <0.5 indicates synergism, 0.5<FICI<
4, indifference, and FICI > 4, antagonism, respectively.
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Time—Kill Curves

In order to further confirm the synergism of drugs, the time—kill curves test was conducted as previously reported.?’
FLIC-resistant strain 302 was used. With a starting inoculum of either 10° CFU/mL or 10* CFU/mL, two distinct groups
were involved. For the group with 10> CFU/mL starting inoculum, the drug concentrations were set as follows: 2 pg/mL
PAA (MIC i, combination), 2 hg/mL FLC (MIC ;;; combination)> 2 Hg/mL PAA+2 pg/mL FLC. When the initial inoculum was
10° CFU/mL, the drugs used were 8ug/mL PAA (1/2MIC ,10ne), 256pug/mL FLC (1/2MIC 4i0ne), 8 pg/mL PAA+256 pg/
mL FLC. The growth control did not contain any drugs. The cells were cultured with shaking (120 rpm) at 37-C. At
predestined time intervals (12, 24, 36, 48 h), 100 uL. Candida suspensions was aspirated and 10-fold serially diluted with
sterile saline. The diluted suspensions were plated on SDA, after which colony counts were performed. When the
Candida was cultured in RPMI1640 medium for 48 h, 20 pL of suspensions was aspirated and put into a fast-counting
plate, so as to detect the morphology of cells with optical microscope. Synergism or antagonism were considered as an
increase or decrease of 2 log;o CFU/mL in antifungal activity produced after 24 h by the combination group compared
with the most active drug alone. If the change was less then 2 log;o CFU/mL, it is indifferent.

Fluorescence Microscopy Analysis

Calcofluor white staining was performed to observe the cell wall of Candida since it can bind to chitin.?' Propidium
iodide (PI) stain was used to evaluate membrane integrity. At 37¢ C for 24 h, Candida cells (ATCC750, about 1.5%x10°
CFU/mL) were cultured without and with agents (2 pg/mL PAA, 8 pg/mL PAA, 2 pg/mL FLC, and 2pug/mL PAA + 2pg/
mL FLC). Then, the suspensions were centrifuged, washed, and resuspended with PBS buffer. For Calcofluor white
staining, 500 pL of the suspensions were incubated with 50 pL Calcofluor White stain (Calcofluor White M2R 1 g/L and
Evans Blue 0.5 g/L). For PI staining, the centrifuged cells were rsuespended with 500 puL PI staining solution (1 pg/mL).
After being stained for 20 min in the dark, the cell suspensions were centrifuged and washed once more. The cells were
visualized by fluorescence microscope (Nikon Eclipse Ti-E).

Transmission Electron Microscopy (TEM)

The Candida suspensions (ATCC750, about 5x10° CFU/mL) containing drugs (2 pg/mL PAA, 8 pg/mL PAA, 2 pg/mL
FLC, and 2pug/mL PAA + 2pg/mL FLC) were cultured with shaking (120 rpm) at 37° C. The control group was free of
agents. After being washed with PBS, the cells were fixed for 24 h at 4°C in 2.5% glutaraldehyde. Then they were
washed in 0.1 M sodium phosphate buffer (pH 7.4) for 3 times and pre-embedded in 1% agarose solution. Thereafter,
they were post-fixed for 2h with 1% osmium acid and dehydrated sequentially by ethanol with different gradients. They
were then embedded in EMBed 812 and polymerized, after which ultrathin sections were prepared. Finally, sections of
sample were doubly stained with 2% uranyl acetate and 2.6% lead citrate before being observed by TEM (Hitachi-
HT7700, Tokyo, Japan).

Cell Viability Assay

To evaluate the effects of agents (PAA and FLC) on Candida autophagy, an autophagy inhibitor (3-Methyladenine,
3-MA) was used. The change in cell viability was detected using the XTT method. For the single-drug groups, 100 pL of
drug serial dilutions were added to the 96-well plate. For the combination group, 50 pL FLC and 50 pL PAB with
different concentrations were added into each well. Then, 100pL of the Candida (ATCC 750) suspensions (about 1.5x10°
CFU/mL) with 5 mM 3MA were added. The corresponding comparison wells were added with the same amount of
suspension without 3-MA. The well only containing medium served as a negative control, and the well containing 100
pL of Candida suspensions and 100uL. medium was a positive control. After incubation at 37°C for 24 h, 50 pL of XTT
solution was added to each well. Pipette gently up and down to mix well. The XTT solution was obtained by mixing the
electron-coupling reagent with the XTT labeling reagent (1:50 dilution) prior to each test. The plates were further
incubated in the dark at 37°C for 1 h. Then the absorbance was measured at 492/620 nm. The percentage of cell viability
was calculated for each well by dividing the result of the positive control after subtracting the background absorbance of
the negative control.
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Statistical Analysis
Graphs and statistical analyses were performed with GraphPad Prism 9 software. The data are shown as the mean + SE
and the p < 0.05 was considered statistically significant.

Results
In vitro Antifungal Activity of the PAA Alone

The antifungal effects of PAA alone on C. tropicalis, C. glabrata, and C. parapsilosis complex were assessed. A total of
16 C. tropicalis strains were involved in our study, including 8 FLC-resistant strains and 8 FLC- susceptible strains. As
presented in Table 1, PAA exhibited equivalent inhibitory activity on both sensitive and resistant C. tropicalis isolates,
with MICs varying from 8 to 16 pg/mL. The C. parapsilosis complex consists of three different species, including
C. parapsilosis sensu stricto, C. metapsilosis, and C. orthopsilosis. The agent of PAA was also effective against the tested
C. parapsilosis complex isolates, showing a similar MIC range (64128 pg/mL) among these three species (Table 2).
However, PAA alone did not show any inhibitory effect on C. glabrata even at higher drug concentrations (512 pg/mL).

In vitro Antifungal Activity of the Combination

The interactions between PAA and FLC on the NAC species mentioned in our research were determined by using the
microdilution checkerboard assay. It was discovered that the combinatorial treatment of PAA and FLC generated potent
synergism on C. tropicalis isolates resistant to fluconazole, with FICI ranging between 0.07 and 0.281 (Table 1).
Compared with vehicles alone, the MICs of PAA and FLC both decreased sharply when they were used in combination.
The method of combinatorial treatment (PAA+FLC) has no synergistic activity in FLC-susceptible C. tropicalis and
C. parapsilosis complex, even though PAA alone possesses fungal killing capacity.

The assay of Time—kill curves was performed to validate the synergism of PAA and FLC. When the initial inoculum
was 10° CFU/mL, the antifungal efficacy of 2ug/mL FLC was inferior to that of 2 pg/mL PAA within the tested time
span. In comparison to FLC alone, the combinatorial treatment of PAA (2 ug/mL) and FLC (2 ng/mL) yielded decreases
of 2.70 log;o CFU/mL and 3.12 log;o CFU/mL at 24 and 48 hours, respectively, demonstrating synergistic inhibitory
activity on FLC-resistant C. tropicalis (Figure 1). Similarly, synergistic activity was also observed, when the starting
inoculum was increased to 10° CFU/mL and drug concentrations were adjusted to 1/2 MIC .. As is presented in

Table | Drug Interactions of PAA and FLC Against C. tropicalis in vitro

Strains Median MIC (Range) of Drug Alone (ug/mL) Median MIC (Range) in Combination (pg/mL) FICI (Range)
FLC PAA FLC PAA
ATCC750 4(24) 16(8—16) 2(2-2) 2(1-4) 1(0.625-1.125)
56 2(1-4) 8(8-8) 1(0.5-1) 2(1-2) 0.75(0.375-0.75)
161 2(24) 8(8-16) 2(2-2) 4(44) 1.5(0.75-1.5)
292 4(24) 8(8-16) 2(1-2) 2(1-2) 0.75(0.5-1.063)
311 2(1-2) 8(8-8) 0.5(0.5-1) 2(1-2) 0.625(0.5-0.75)
312 1(1-1) 8(8-8) 0.5(0.5-1) 2(14) 0.75(0.75-2.125)
353 2(2-2) 8(4-8) 2(1-2) 1(0.5-2) 1.125(0.75-1.125)
372 2(24) 8(8-8) 0.5(0.5-1) 2(24) 0.5(0.5-0.75)
301 256(256-512) 16(8—16) 2(1-2) 2(24) 0.258(0.127-0.258)
302 512(256-512) 16(16-32) 1(1-2) 2(1-2) 0.07(0.064-0.127)
317 256(128-256) 8(8-8) 8(8-16) 2(2-2) 0.281(0.281-0.313)
318 512(256-512) 8(8-32) 1(1-2) 2(24) 0.252(0.129-0.254)
357 256(256-512) 8(8-8) 1(0.5-2) 2(2-2) 0.254(0.251-0.258)
368 512(256-512) 16(8—16) 2(1-2) 4(24) 0.254(0.254-0.254)
370 512(256-512) 8(8-8) 1(0.5-2) 2 (2-2) 0.252(0.252-0.254)
WY38 128(128-256) 16(8—16) 0.5(0.5-1) 2(24) 0.254(0.129-0.254)

Notes: FICI<0.5 represented synergy, 0.5<FICI<4 represented indifference, FICI>4 represented antagonism.
Abbreviations: PAA, pseudolaric acid A; FLC, fluconazole; MIC, minimum inhibitory concentration; FICI, fractional inhibitory concentration index.
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Table 2 Drug Interactions of PAA and FLC Against C. parapsilosis Complex in vitro

Strains Median MIC (Range) of Drug Alone (ug/mL) | Median MIC (Range) in Combination (pg/mL) FICI (Range)

FLC PAA FLC PAA

C. parapsilosis sensu stricto

P25 0.5(0.5-1) 64(32-128) 0.5(0.5-1) <0.125 1.002(1.001-1.004)
p26 0.5(0.5-1) 64(32-128) 0.5(0.5-1) <0.125 1.002(1.001-1.004)
P27 1(1-2) 64(32-64) 1(1-2) <0.125 1.002(1.002-1.004)
P35 1(0.5-1) 64(32-128) 10.5-1) <0.125 1.002(1.001-1.004)
p4l 0.5(0.5-1) 64(64—128) 0.5(0.5-1) <0.125 1.002(1.001-1.002)
WY 14 2(1-2) 64(32-64) 2(1-2) <0.125 1.002(1.002-1.004)
WYI6 2(1-2) 64(32-64) 2(1-2) <0.125 1.002(1.002-1.004)
WY53 0.5(0.5-1) 64(32-64) 0.5(0.5-2) <0.125 1.002(1.002-2.004)
WY59 2(2-4) 64(32-128) 2(2-4) <0.125 1.002(1.001-1.004)
ATCC22019 2(2-4) 64(32-128) 2(2-4) <0.125 1.002(1.001-1.004)

C. metapsilosis

P34 2(2-4) 64(32-128) 2(2-4) <0.125 1.002(1.001-1.004)
P48 4(4—4) 128(64—128) 4(4-8) <0.125 1.001(1.002-2.002)
Clo48 2(2-2) 64(64-128) 202-2) <0.125 1.002(1.001-1.002)
Clo160 2(2-4) 64(64—128) 22-4) <0.125 1.002(1.001-1.002)
Clo51 4(2-4) 128(64—128) 4(2-4) <0.125 1.001(1.001-1.002)

C. orthopsihosis

P8 1(1-2) 128(64-128) 2(1-2) <0.125 1.002(1.002-2.001)
P30 1(1-2) 64(64—128) 1(1-2) <0.125 1.002(1.001-1.002)

Notes: FICI<0.5 represented synergy, 0.5<FICI<4 represented indifference, FICI>4 represented antagonism.
Abbreviations: PAA, pseudolaric acid A; FLC, fluconazole; MIC, minimum inhibitory concentration; FICI, fractional inhibitory concentration index.

Figure 1, the inhibitory effect of FLC alone (256 pg/mL, 1/2 MIC) on C. tropicalis with 10° CFU/mL starting inoculum
was very close to that of PAA alone (8 ug/mL, 1/2 MIC). Meanwhile, the value in the combination was reduced by more
than 2 log;o CFU/mL compared to that in the FLC-alone treatment (2.45) and PAA-alone treatment (2.41) at 24 h. What’s
more, we observed the morphology and growth of cells with optical microscope at 48 h. In the combinatorial treatment,
the quantity of yeast cells was much lower than in the control and drug-alone treatments, further supporting the
synergistic antifungal effect. Notably, most cells of C. tropicalis underwent apparent shape alterations from round shapes
to elongated shapes, after 48 hours of continuous treatment with 8 pg/mL PAA (Figure 1).

The Integrity of Cell Walls and Membranes

Propidium iodide (PI) can only penetrate compromised cell membranes to stain DNA and RNA, which is considered to
be an indicator of membrane integrity. Fluconazole impairs the fungal cell membrane by inhibiting ergosterol synthesis.
This was also confirmed in our analysis. Compared to the control, the proportion of damaged C. tropicalis cells increased
obviously in the 2 ug/mL FLC-treated group (Figure 2). As for PAA treatment, no considerable change was observed
when using a lower drug concentration (2 pg/mL). However, impaired cells increased along with the increased
concentration of PAA (8 pg/mL), indicating that PAA had dose-dependently detrimental effects on C. tropicalis cell
membranes. Calcofluor white mostly stains chitin, which is a substance of the fungal cell wall. As can be seen in
Figure 3, Calcofluor White staining showed that the cell wall treated with PAA / FLC did not differ significantly from the
control. Furthermore, large amounts of cellular debris without intact cell structure were found in the groups FLC alone

and in combination.
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Figure | The assay of Time—kill curves. The C. tropicalis supernatant (starting inoculum of 10® CFU/mL and 10° CFU/mL) containing agents were grown with constant
shaking (120 rpm) at 37°C. The control was free of the drug. At predestined time intervals (12, 24, 36, and 48 h), colony counts were performed. And the morphology of
cells was detected with an optical microscope at 48 h. Magnification: A, B- 40 x objective. (A) The growth condition of C. tropicalis with a starting inoculum of 103CFU/mL at
48 h. Candida cells were treated with 2pg/mL PAA, 2ug/mL FLC and 2ug/mL PAA+ 2ug/mL FLC respectively. (B) The growth condition of C. tropicalis with a starting
inoculum of 10° CFU/mL at 48 h. Candida cells were treated with 8ug/mL PAA, 256pg/mL FLC and 8pg/mL PAA+ 256ug/mL FLC respectively. (C) The Timeill curves of
PAA and FLC against resistant C. tropicalis isolate. Values are the mean (n = 3) * SD. Synergism was considered as respective decreases of 22 log,o CFU/mL in antifungal
activity produced after 24 h by the combination group compared with the more active drug alone.

The Changes in Intracellular Morphology

The intracellular ultrastructures of Candida cells were observed by TEM after treatment with these two drugs. The
untreated control cells displayed normal morphology, including the intact cell wall, the normally shaped cell membrane
and the homogeneous cytoplasm. C. tropicalis exposed to 2 pg/mL FLC appeared to have broken cell walls and plasma
membranes. While cells treated with 2 pg/mL PAA displayed different changes from those to FLC, showing increased
vacuoles and autophagosome formation. When the PAA concentration was raised to 8 pg/mL, oversized vacuoles
containing autophagosomes began to develop in the cells. When C. tropicalis cells were treated with PAA and FLC
together, alterations in ultrastructure were more pronounced, including the the separation of cell membrane from cell
wall, the increased number of vacuoles, and the degradation of organelles and cytoplasmic content (Figure 4).

The Changes in Cell Viability with 3-MA

The agent of 3-MA is an autophagic flux inhibitor, which is commonly applied to block autophagy by inhibiting class III
phosphoinositide 3-kinase. We used the autophagy inhibitor 3-MA to assess the effect of PAA on Candida autophagy by
detecting the change in cell viability. As shown in Figure 5, 8ug/mL PAA exhibited an inhibitory effect on C. tropicalis,
cell viability decreased to 36.07% compared with the untreated control. However, the cell viability raised to 83.73% in
the presence of PAA (8pg/mL) and 3-MA (2.5mM). This change in cell viability was statistically significant (P < 0.01).
In a certain concentration range, the inhibitory effect of PAA against C. tropicalis can be relieved by 3-MA. However, no
significant change in cell viability was found in the tested combination group containing 3MA, which may be due to the
fact that the cells were seriously damaged with combinatorial treatment.
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Figure 2 Propidium iodide stain. The C. tropicalis cells were incubated without (Ai and Aii -control) or with agents ((Bi and Bii) —2ug/mLPAA, (Ci and Cii) —8ug/mLPAA,
(Di and Dii) —2ug/mLFLC, (Ei and Eii) —2ug/mLPAA+2pg/mLFLC). Propidium iodide staining was performed after incubation for 24h. The integrity of cell membranes was
visualized by the fluorescence microscope.
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Figure 3 Calcofluor white stain. The C. tropicalis cells were incubated without (Ai and Aii -control) or with agents ((Bi and Bii) —2ug/mLPAA, (Ci and Cii) —8ug/mLPAA,
(Di and Dii) —2pg/mLFLC, (Ei and Eii) —2ug/mLPAA+2ug/mLFLC). Calcofluor white staining was performed after incubation for 24h. The integrity of cell walls was

visualized by the fluorescence microscope. White arrows: cellular debris.
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Figure 4 The intracellular ultrastructure of C. tropicalis cells after treatment by PAA and FLC. The C. tropicalis cells were incubated without (A - control) or with agents
((B and C) —2pg/mLPAA, (D) —8pg/mLPAA, (E) —2ug/mLFLC, (F-H) —2ug/mLPAA+2ug/mLFLC). After incubation for 24h, using the method of Transmission electron
microscopy to observe the intracellular ultrastructure of C. tropicalis cells.
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Figure 5 Changes in cell viability with the autophagy inhibitor 3-MA. C. tropicalis was treated with PAA and FLC with or without 3-MA. Metabolic activity was assessed by
the XTT method at 24 h in 96-well plate. Data were expressed as means%SE (n = 3). **p < 0.01, ***p < 0.001.

Discussion

In recent years, NAC species have developed into significant opportunistic pathogens, specifically C. tropicalis,
C. parapsilosis complex, and C. glabrata. In some studies from India, Egypt, Turkey, KSA, and China, C. tropicalis
or C. parapsilosis is the most commonly encountered NAC species, while C. glabrata is reported as the most frequently
separated species following C. albicans in European countries.®**** Despite the geographical differences in
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distribution, the total percentage of these three Candida species has even reached more than 50% in recent surveys from
the United States (51%) and China (57.8%).% Moreover, reduced susceptibility to current antifungal agents among NAC
species has been increasingly reported, which highlights the importance of finding novel antifungal agents.®®

PAA is the main component of Chinese herbal medicine“Tu-jing-pi/Tu-jin-pi”. The inhibitory effect of PAA on
C. albicans has been described.'® While few published reports have examined the antifungal activity of PAA on NAC
species. In this investigation, we assessed the capacity of PAA and its synergistic activity with FLC against NAC species
in vitro.

Except for C. glabrata, all Candida strains examined were susceptible to PAA (MIC 8-128pug/mL), including
C. tropicalis, C. orthopsilosis, C. metapsilosis, and C. parapsilosis sensu stricto. When used alone, PAA seemed to be
more potent against C. tropicalis with a lower MIC (8-16pug/mL) than other NAC species. It is noteworthy that PAA
exhibited equivalent inhibitory activity to both FLC-sensitive and FLC-resistant C. tropicalis isolates, indicating that
PAA has diverse anticandidal targets from fluconazole.

The combinatorial treatment of PAA and FLC produced potent synergistic activity on resistant C. tropicalis strains
rather than those susceptible to fluconazole. This trend has also been described in several previous studies related to the
combination treatment of medicinal plant extract and fluconazole. For example, Guo et al*° found that pseudolaric acid
B, another component from Pseudolarix kaempferi, displayed stronger synergism on FLC-resistant C. albicans when
used together with fluconazole. Moreover, gypenosides were also found to be synergistic with fluconazole on resistant
C. albicans, which are triterpenoid saponins derived from Gynostemma pentaphyllum Makino.">

In the present study, oversized vacuoles containing autophagosomes appeared in C. tropicalis when treated with PAA.
And the inhibitory effect of PAA against C. tropicalis can be relieved by autophagy inhibitor 3-MA in a certain
concentration range. Autophagy is a highly conserved biological process in which excessive or damaged organelles,
proteins, and invading pathogens are packed into autophagosomes and then degraded via the vacuole in yeast.?® It plays
an important role in recycling intracellular materials and maintaining cellular homeostasis.”® >* Although autophagy is
important for cells to survive poor living conditions, it also destroys cells when it is out of balance. At present, the
mechanism responsible for PAA exerting antifungal effects remains unclear. In an anti-tumor study, PAA was found to be
a novel heat shock protein 90 (Hsp90) inhibitor that causes cell cycle arrest in HeLa cells.”” Moreover, it has been
demonstrated that Hsp90, a molecular chaperon, plays a significant role in autophagy by regulating the activity and
stability of signaling proteins, and some Hsp90 inhibitors may induce autophagy in cancer therapy.*®

As is well known, azoles exert fungistatic activity by inhibiting lanosterol 14a-demethylase (Ergll), which prevents
the production of ergosterol and causes the loss of membrane structural properties.”’ Fluconazole, one of the azole
antifungal agents, has been widely utilized in the treatment and prophylaxis of Candida infections. However, resistance
to FLC is becoming more and more common, especially in NAC species.® It is possible that PAA may possess alternative
modes of action against Candida that differ from fluconazole, considering its comparable inhibitory activity to FLC-
sensitive and FLC-resistant C. tropicalis. PAA combined with FLC may target several molecular targets involved in
diverse cellular processes at the same time, so as to enhance the antifungal effect and display synergistic activity.

There were several limitations in the present study. The number of Candida isolates in our study was not large
enough, especially resistant ones. Moreover, further molecular research should be carried out to elucidate the detailed
mechanism of synergistic therapy.

Conclusions

In conclusion, Pseudolaric acid A is an effective antifungal agent against C. tropicalis, C. orthopsilosis, C. parapsilosis
sensu stricto, and C. metapsilosis in vitro. When PAA was applied with fluconazole on FLC-resistant C. tropicalis,
superior synergistic effects were observed. It seemed that autophagy may be activated in PAA-treated C. fropicalis.
Moreover, PAA has damaging effects on C. tropicalis cell membranes in a dose-dependent manner. Our research supports
the potential application of PAA as one promising anticandidal agent with different mechanisms from fluconazole. The
combinatorial treatment of PAA and fluconazole could be a useful strategy for combating infections caused by resistant
C. tropicalis.
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