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Abstract
The incidence of Candida species resistance to traditional antifungals is increasing globally. This issue
significantly impacts patients' lives and raises healthcare expenses, confirming the need for developing
novel therapeutic strategies. Recently, a thermostable trypsin inhibitor was isolated from Salvia
hispanica L. (chia) seeds – named ShTI (MM 11.558 kDa) with an antibacterial effect against
Staphylococcus aureus species. This work aimed to assess the antifungal effect of ShTI against
Candida species and its synergism with fluconazole and to evaluate its mode of action. Moreover,
preliminary toxicological studies using mouse fibroblast cells were performed. ShTI displayed an
anticandidal effect alone against C. parapsilosis (ATCC® 22019), C. krusei (ATCC® 6258), and six
clinical fluconazole-resistant strains of C. albicans (2), C. parapsilosis (2), and C. tropicalis (2) (MIC 50:
4.1 µM and MIC 100: 8.2 µM) and exhibited a synergistic effect when combined with fluconazole against
C. albicans with complete alteration of the morphological structure of the yeast. The mode of action of
ShTI against C. krusei (ATCC® 6258™) and C. albicans species involves cell membrane damage due to
increased membrane permeabilization, overproduction of reactive oxygen species, formation of
pseudohyphae, injury of cells and pore formation and consequently cell death. In addition, ShTI (8.65 and
17.3 µM) showed a noncytotoxic and nongenotoxic effect in L929 mouse fibroblast cells. These findings
make it plausible to assume that ShTI is a promising antimicrobial candidate, but new assays are
required to progress the application of ShTI's potential usage as a novel antifungal.

Introduction
Serious fungal infections have become more prevalent during the past few years in hospital settings,
primarily affecting immunocompromised or critically ill patients. Since 2013, the Leading International
Fungal Education (LIFE) has estimated that 80% of the world's population, or approximately 5.7 billion
people, are affected by fungal illnesses [1, 2]. Candida spp. was determined to be the most common
pathogenic species among yeast fungal infections, generating both superficial and systemic infections
(such as candidemia), a significant factor in human morbidity and mortality in hospital settings [2].
Fluconazole is the largest antifungal drug used in candidemia episodes; however, the indiscriminate use
of fluconazole has led to the development of resistant Candida species [3]. Resistance to antifungals has
a significant impact on patients’ quality of life, results in higher healthcare expenses, and demonstrates
the need for innovative methods of preventing fungal infection. The alternative is to look for potent new
antimicrobials or drug-combination techniques as a means of avoiding resistance mechanisms [4].

Several research groups have proposed protease inhibitors (PIs) as a relevant class of compounds in the
quest for novel antifungals. PIs are ubiquitous molecules with a multitude of physiological activities in all
species. They have been linked to inducible defense responses against pests and pathogens in plants,
which strengthens their potential as antimicrobial agents. Peptide- and protein-based PIs are abundantly
expressed in plants; for instance, 1–10% of the total soluble protein content in the seeds of legumes
consists of PIs, demonstrating their importance for plant physiology and defense [5]. Plant PIs are a
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diversified group of highly stable proteins and peptides that have been investigated for their potential as
anticancer, anticoagulant, antihypertensive, antioxidant, and antibacterial agents [6].

Salvia hispanica L. is an herbaceous plant belonging to the Lamiaceae family and popularly known as
Chia. Currently, chia seeds have been widely used in the food industry due to their high availability and
nutritional value. The unique chemical composition corresponds to a high content of polyphenols, lipids,
and proteins (15–25% of their weight) [7]. Recently, our research group isolated a trypsin inhibitor from
chia seeds named ShTI (MM 11.558 kDa). ShTI exhibited remarkable temperature (100°C for 2 h) and pH
stability (2–10). In addition, it demonstrated antibacterial activity, interacting synergistically with oxacillin
against a methicillin-resistant Staphylococcus aureus strain. According to Souza [8], the antibacterial
effect of ShTI involved the overproduction of reactive oxygen species (ROS) and membrane pore
formation. Therefore, this inhibitor is an interesting candidate for use as a lead compound in the
development of new antimicrobial agents for medical applications.

The study reports the antifungal effect of the trypsin inhibitor from chia seeds, including its potential
synergism with fluconazole and its mode of action toward the sensitive and resistant strains of Candida
spp. Moreover, considering the potential therapeutic application of ShTI in the treatment of microbial
infections, preliminary toxicity studies were also conducted.

Materials And Methods

Reagents
Trypsin from bovine pancreas, bovine serum albumin (BSA), Nα-benzoyl- D, L-arginine 4-nitroanilide
hydrochloride (BApNA), acridine orange, 2,7-dichlorofluorescein diacetate (DCFH-DA), MOPS buffer
sodium bicarbonate, propidium iodide, ethidium bromide, fluconazole (FLC), fetal bovine serum (FBS), 3-
(4,5-dimethyl-2-thiozolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT), and Sabouraud dextrose agar were
purchased from Merck Sharp and Dohme, NJ, USA. The CNBr-activated Sepharose 4B chromatographic
matrix was obtained from GE Healthcare. The symmetry C18 column (0.46 × 25 cm, 5 µm particle size,
300 Å pore size) was obtained from Waters Corp. (Milford, MA, USA). RPMI 1640 medium, glutamine,
penicillin, and streptomycin were purchased from Gibco (Invitrogen, Carlsbad, CA, USA), and low-melting-
point agarose and agarose were obtained from Invitrogen (Carlsbad, CA, USA). All additional chemicals
and reagents used were of analytical grade and obtained locally.

Salvia hispanica L. trypsin inhibitor (ShTI) purification

Salvia hispanica L. (chia) seeds were obtained from the local market in Fortaleza, Ce, Brazil, and
processed according to Souza [8]. The research was conducted under the authorization to access and
use the genetic heritage in Brazil (National Management System of Genetic Heritage and Associated
Traditional Knowledge – SISGEN) and received the registration code at SISGEN A879F9E.
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The ShTI purification process was carried out as described by Souza [8]. For protein extraction, fat and
mucilage-free chia seed flour in 0.05 M Tris-HCl, pH 8.0, with 0.5 M NaCl (1:10 m/v) under stirring (4 h,
4°C). Then, the suspension was filtered, centrifuged (10,000 × g, 30 min, 4°C), and collected for the
following procedures: fractionation by heat treatment (30 min, 100°C), affinity matrix chromatography
with a trypsin-Sepharose 4B column, and reversed-phase high-performance liquid chromatography. The
fractions were monitored at 280 nm, and the ShTI purification was guided by a trypsin inhibitory activity
assay using BApNA as substrate, according to Erlanger; Kokowsky; Cohen [9]. The purity and molecular
mass were measured by tricine-SDS‒PAGE [10]. For antifungal testing, ShTI samples were prepared
under sterile conditions, filtered through a 0.45 µm membrane and based on total soluble protein
concentrations using BSA as a standard [11].

Yeast strains
Fluconazole-resistant clinical isolate strains of C. albicans (strains 1 and 2), C. parapsilosis (strains 1
and 2), C. tropicalis (strains 1 and 2), and the two ATCC species of C. parapsilosis (ATCC® 22019™) and
C. krusei (ATCC® 6258™) were obtained from the fungi collection of the Laboratory of Bioprospecting of
Antimicrobial Molecules (LABIMAN) at the Federal University of Ceará (UFC). The fungal isolates were
grown on Sabouraud dextrose agar (35°C, 24 h), and cell suspensions were produced in a sterile 0.9%
NaCl solution. A spectrophotometer (530 nm) was used to adjust the cell density until it reached the
transmittance corresponding to the 0.5 McFarland scale, which corresponds to 1–5 × 106 CFU/mL.

Fibroblast Cell Line
The mouse fibroblast cell line L929 was acquired from the Rio de Janeiro cell bank in Rio de Janeiro,
Brazil. The cell culture was grown in Dulbecco's Modified Eagle Medium (DMEM) with Earle's salts
supplemented with 10% fetal bovine serum, glutamine (2 × 10− 3 M), penicillin (100 µg/mL), and
streptomycin (100 µg/mL) at 37°C with 5% CO2.

Anti-candida effect of ShTI
The in vitro antifungal assay of ShTI was performed by applying the broth microdilution test, established
by document M27-A3, according to the recommendations from the Clinical & Laboratory Standards
Institute – CLSI [12]. Aliquots (0.1 mL) of the yeast cell suspension (1–5 × 106 CFU/mL) in RPMI broth
(pH 7) were incubated with 0.1 mL of ShTI in a 96-well microtiter plate for 24 hours at 37°C. For the
anticandidal assay, ShTI was diluted serially from 0.02 to 8.22 µM final concentrations in distilled water
and filtered through 0.22 µm membranes. The minimal protein concentration that produces 50% (MIC
50) or 100% (MIC 100) growth inhibition was described as the minimum inhibitory concentration (MIC) of
ShTI. The antifungal fluconazole (FLC) (6 × 10− 3 − 5 × 10− 2) and RPMI medium were used as positive
and negative controls, respectively. The tests were repeated three times with different samples and
visible turbidity compared to controls.

Evaluation of the action mode of ShTI



Page 6/26

Assessment of cell membrane integrity
The cell membrane permeabilization test was accomplished by the propidium iodide staining method
through fluorescence. C. krusei (ATCC® 6258™) and C. albicans (strain 1) cells were treated with NaCl
(0.15 M), ShTI (2.05 or 4.1 µM), or FLC (5 × 10− 2 µM) for 24 h at 37°C in the dark, washed three times
with NaCl 0.15 M and centrifuged (2000 × g, 5 min, 25°C). Subsequently, the cell suspension (0.1 mL)
was incubated with 1 mM propidium iodide under bundle agitation (75 rpm) for 30 min at 37°C.
Posteriorly, plasma membrane permeabilization was observed under a fluorescence microscope
(Olympus BX 41; excitation wavelength, 545 nm; emission wavelength, 580–590 nm; ×40 magnification).
The presence of red fluorescence indicated membrane permeabilization in the cell suspension [13].

Determination of cellular reactive oxygen species (ROS)
production
To assess ROS production, C. krusei (ATCC® 6258™) and C. albicans (strain 1) were incubated with NaCl
(0.15 M), ShTI (2.05 or 4.1 µM), or FLC (5 × 10− 2 µM) for 24 h at 37°C, washed three times with NaCl, and
centrifuged (2000 × g, 5 min, 25°C). Afterward, 10 µM 2′,7′-dichlorofluorescein diacetate (DCFH-DA) was
added, and the mixture was incubated for 3 h at 37°C. Then, the cells were visualized under a
fluorescence microscope (Olympus System BX 60; excitation wavelength, 488 nm; emission wavelength,
525 nm), where the presence of green fluorescence indicated ROS overproduction [14].

Synergism of ShTI with Fluconazole
To determine the antifungal effect of the combination of ShTI and FLC, a checkerboard titration assay
was applied, the fractional inhibitory concentration index (FICI) was calculated, and the synergism
between the drugs was obtained. The assay was performed in the broth microdilution test as described
previously. ShTI (MIC/32 – MIC/2) and FLC (MIC/32 – MIC/2) were tested against C. parapsilosis
(ATCC® 22019™), C. krusei (ATCC® 6258™), and fluconazole-resistant C. albicans strains (strain 1). The
experimental procedures were carried out in accordance with the broth dilution method given in the “MIC
determination” section. The interaction between ShTI and FLC on fungal growth was determined as
follows (FICI) = MIC (FLC combination)/MIC (FLC alone) + MIC (ShTI combination)/MIC (ShTI alone). The
drug interaction data were interpreted to conform to FICI ≤ 0.5, synergy (SYN); 0.5 < FICI > 4.0,
indifference (IND); and FICI ≥ 4.0, antagonism (ANT) [15].

Scanning electron microscopy analysis
The C. krusei (ATCC® 6258™) and C. albicans (strain 1) strains were incubated with NaCl (0.15 M) ShTI
(2.05 or 4.1 µM), ShTI (1.03 µM + FLC 1 × 10− 2 µM), or FLC (5 × 10− 2 µM) for 24 h at 37°C in a 96-well
microtiter plate. After the cells were centrifuged, they were fixed, dehydrated, transferred to a coverslip
and analyzed according to Staniszewska [16]. The morphological analysis of the Candida cells was
measured using an Inspect™ 50 FEI scanning electron microscope (SEM) (FEI Company, Hillsboro,
Oregon, 8 USA) equipped with a low energy detector (Everhart Thornley detector) in the Center of
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Advanced Microscopy and Microanalysis (Central Analytical Facility) at the Federal University of Ceará,
Brazil.

Toxicology tests in vitro

MTT assay
The MTT assay was carried out on L929 murine fibroblast cell lines (0.3 × 106 cells/mL) to assess the
cytotoxic effect of ShTI. The ShTI in 0.1% dimethyl sulfoxide solution (DMSO) was filtered using 0.22 µm
membranes and incubated for 24 h with L929 cells in 96-well plates in serial dilutions ranging from 0.07
to 17.3 µM final concentration. After centrifugation for 15 minutes at 1,500 rpm, the plates were
incubated in DMEM containing 0.5 mg/mL MTT. Three hours later, the insoluble dark blue MTT-formazan
product formed was dissolved in DMSO. In a microplate reader, the absorbance was measured at 595
nm to quantify the decreased salt in living cells (Spectra Count; Packard, Canada) [17]. DMSO was used
in the control sample in place of ShTI. The data were collected from three separate tests, and expressed
as the means ± standard deviations compared by analysis of variance (ANOVA) followed by Tukey’s test
(p < 0.05).

Cell morphological analysis
To assess the effect on cell morphology, L929 cells were incubated with ShTI 8.65 or 17.3 µM (24 h at
37°C). After the cell suspensions were centrifuged (1,500 rpm for 15 min), the precipitate was
suspended in PBS and treated with ethidium bromide (100 µg/mL) and acridine orange (100 µg/mL)
solutions and quantified under a fluorescence microscope using a fluorescein filter (40x objective lens).
Then, 300 cells from each sample were counted per data point and differentiated into viable, apoptotic,
or necrotic cells [18]. Doxorubicin (0.55 µM) was used as a positive control. ​​Experiments were conducted
in triplicate in three independent experiments, and approximately 300 cells from each sample were
counted. The data were analyzed as the means ± standard deviations compared by analysis of variance
(ANOVA) followed by Tukey’s test (p < 0.05).

Alkaline comet assay
The comet test was performed according to Singh [19] with minor modifications by Hartmann and Speit
[20]. The L929 cells were incubated for 24 h with ShTI (8.65 µM or 17.3 µM), washed with PBS, and
treated with 0.1 mL of 0.15% trypsin. Detached cells were suspended in complete RPMI medium. Then,
0.02 mL of the cells (~ 106 cells/mL) were dissolved in 0.75% low melting point agarose and prepared in
a microscopic slide previously covered with agarose with a normal melting point (1%) at 4°C for 5 min.
Then, the slides were immersed in a lysis solution (1 h, at 4°C), and electrophoresis was performed. The
steps were carried out in the absence of light to avoid damage to the DNA. Next, the slides were
neutralized, dehydrated, stained with ethidium bromide (20 µg/mL), and analyzed by fluorescence
microscopy. Then, 300 cells were randomly counted (100 cells/replicate) and classified as follows
according to the DNA tail diameter: class 0 - no damage; class 1 - with a tail smaller than the diameter of
the head (core); class 2 - with a tail length 1–2– the diameter of the head; class 3 - with a tail greater
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than 2 × the diameter of the head; class 4 - headless comets. A damage index (DI) was calculated: DI =
(0 × n0) + (1 × n1) + (2 × n2) + (3 × n3) + (4 × n4). The index ranged from 0 (without damage: 100 cells ×
0) to 400 (with maximum damage: 100 cells × 4) Collins [20]. The damage frequency (%) was calculated
based on the number of cells with the tail versus without. Vehicle and methylmethanesulfonate (MMS)
(4 × 10− 5 M) were used as a negative control and positive control, respectively. The assay was
performed in triplicate, and the data were expressed as the mean ± standard deviation of three
independent experiments (p < 0.05). Values *p < 0.05 were considered significant (one-way ANOVA
followed by Tukey's test).

Results

Anti-candida effect of ShTI
ShTI was effective in growth inhibition of fluconazole-resistant strains of C. albicans (strains 1 and 2), C.
parapsilosis (strains 1 and 2), C. tropicalis (strains 1 and 2), C. parapsilosis (ATCC® 22019) and C. krusei
(ATCC® 6258™) (Table 1). The results indicated that C. parapsilosis (ATCC® 22019) was the most
susceptible strain to ShTI treatment, with MIC50 and MIC100 values of 2.05 and 8.2 µM, respectively.
The other strain of C. krusei (ATCC® 6258™) and fluconazole-resistant clinical strains of C. albicans (1
and 2), C. parapsilosis (1 and 2), and C. tropicalis (1 and 2) exhibited MIC50: 4.1 µM and MIC100: 8.2 µM.

Table 1
Minimum inhibitory concentrations (MIC50 and MIC 100)

of ShTI capable of inhibiting fungal growth in the
microdilution susceptibility test against Candida spp.

strains.
Yeast strains ShTI (µM)

  MIC50a MIC100b

C. albicans (strain 1) 4.1 8.2

C. albicans (strain 2) 4.1 8.2

C. parapsilosis (strain 1) 4.1 8.2

C. parapsilosis (strain 2) 4.1 8.2

C.tropicalis (strain 1) 4.1 8.2

C.tropicalis (strain 2) 4.1 8.2

C. parapsilosis (ATCC® 22019™) 2.05 8.2

C. krusei (ATCC® 6258™) 4.1 8.2

a MIC50 was defined as the lowest concentration that produced a 50% reduction in fungal cell visible
growth after 24 h of incubation.
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b MIC100 was defined as the lowest concentration that produced a 100% reduction in fungal cell visible
growth after 24 h of incubation.

Evaluation of the mode of action of ShTI

Cell membrane integrity and ROS overproduction
Membrane permeabilization and ROS overproduction were checked by fluorescence microscopy
analysis. In the negative control group, no red fluorescence signal was identified in C. krusei ATCC® 6258
(Fig. 1B and 2B) and C. albicans (strain 1) (Fig. 1J and 2J). In contrast, the cells incubated with ShTI
(2.05 µM, Fig. 1D and L) and ShTI (4.1 µM, Fig. 1F and N) exhibited fluorescence signals indicating
increased membrane permeabilization and cell membrane damage in both species. Furthermore, DCFH-
DA fluorescence was not observed in the C. krusei ATCC® 6258 (Fig. 2B) and C. albicans (strain 1)
control strains (Fig. 2J). However, after exposure to ShTI (2.05 µM and 4.11 µM), the cells of C. krusei
(Fig. 2D and F, respectively) and C albicans (Fig. 2L, and N, respectively) demonstrated overproduction of
ROS, as indicated by fluorescence and the presence of pseudohyphae formation. For both treatments,
the cells were incubated with FLC (5 × 10-2 µM) as a positive control (C. krusei - Fig. 1H, and 2H and C
albicans - Fig. 1P, and 2P).

Evaluation of drug interactions
After obtaining the mode of action of the anticandidal effect of ShTI, we investigated the combination of
ShTI and FLC. The results exhibited a synergistic effect of ShTI and FLC against C. albicans (FICI = 0.5),
reducing the MIC of drugs in 4x (ShTI: 4.1 µM to 1.03 µM and FLC: 5 × 10− 2 µM to 10− 2 µM). However,
synergistic activity was not observed in C. parapsilosis (ATCC® 22019) (FICI = 1.0) and C. krusei (ATCC®
6258™) (FICI = 0.66) (Table 2).

Table 2
Synergistic effect of ShTI and FLC against different Candida species.

  MIC50 b (µM)    

Yeast Strains a Isolated Combination Synergism c

ShTI FLC ShTI FLC FICI Interpretation

C. parapsilosis (ATCC® 22019) 2.05 6 × 10− 3 1.03 3 × 10− 3 1.0 IND

C. krusei

(ATCC® 6258™)

4.1 5 × 10− 2 2.05 3 × 10− 2 0.66 IND

C. albicans

(strain 1)

4.1 5 × 10− 2 1.03 10− 2 0.5 SYN

a The collection of isolated yeast strains.
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b Minimum inhibitory concentration (MIC50) is the lowest concentration capable of reducing 50% of the
growth of fungal cells.

cThe synergistic effect of ShTI and FLC according to the FICI equation.

Scanning electron microscopy (SEM)
In the morphological analysis, SEM showed a normal structure cell, smooth surface, and intact
membrane cell in the control group in C. krusei (ATCC® 6258™) and C. albicans (strain 1) species
(Fig. 3A and 4A, respectively). In contrast, C. krusei (ATCC® 6258™) growth inhibition was confirmed
through membrane injury cells by pore-forming from up to 1.803 µm, as indicated in the arrow (ShTI: 2.05
µM, Fig. 3B), and alterations of yeast structure with the presence of cells with enlarged hypha-like
structure length (elongated structure of 10.15 µm) (ShTI: 4.1 µM; Fig. 3C). The C. albicans (strain 1) cells
incubated with ShTI (2.05 or 4.1 µM) exhibited a modified yeast-like structure with the formation of
pseudohyphae, pore formation with extravasation of intracellular content, and cell death, as indicated by
arrows (Fig. 4B and 4C). This effect was more pronounced in the combination of ShTI 1.03 µM + FLC 1 ×
10− 2 µM, in which there were gross morphologic alterations of the cell structure, contorted appearance
and irregular surface, confirming the synergistic effect with a drug concentration 4x lower than the MIC
isolated drugs (Fig. 4D). FLC (5 × 10− 2 µM), which was used as a positive control in both species (Fig. 3D
and 4E).

Toxicology tests in vitro

MTT assay
As expected, in the cytotoxicity assay (MTT test), L929 mouse fibroblast cell lines exhibited viable cells
in the control group. Additionally, ShTI treatment at concentrations varying from 0.07 µM to 17.3 µM did
not disrupt cellular metabolic activity compared with vehicle treatment (Fig. 5). Cells treated with DMSO
were used as a positive control. Considering that the toxic effects are exhibited at higher doses of the
drugs and that ShTI did not interfere with the cell viability of L929 cells, in the other assays, we only
tested the highest doses of ShTI of 8.65 µM and 17.3 µM.

Cell morphological analysis
In the cell morphologic analysis, the control group exhibited normal cell structure in the cell suspension
analyzed. Equivalently, in the ShTI (8.65 µM and 17.3 µM) treatments, the cells exhibited intact
morphology, and consequently, we did not identify cell death by apoptosis or necrosis. In contrast,
doxorubicin (0.55 µM), a cell antiproliferative drug (negative control), significantly reduced the number of
viable L929 cells by apoptosis and necrosis (*p < 0.05 compared with vehicle control) (Fig. 6).

Alkaline comet assay
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In the alkaline comet assay, used to assess possible DNA damage, the vehicle-treated cells were DNA-
damage free. ShTI did not cause any significant damage to the DNA of L929 culture cells at the
concentrations tested (8.65 µM and 17.3 µM). In turn, MMS (4 × 10− 5 M), the positive control drug used,
caused a high amount of damage to the DNA of the L929 cells (Fig. 8). The data suggested that ShTI
(IC50 > 17.3 µM) was considered a safe drug in toxicological tests performed against L929 cells lines.

Discussion
Protease inhibitors (PIs) are a diverse group of proteins divided into 82 families and 39 clans according
to MEROPS [21]. Overall, 6700 plant protease inhibitors (PPIs) were identified that include proteins (> 15
kDa) [6], which act to prevent degradation of storage proteins in plants and defend against
phytopathogens and are considered promising tools to combat human microbial infections [5]. However,
PPIs are rarely explored in the development of therapeutic peptides, even in view of their broad spectrum
of action and interesting characteristics for the development of drugs, such as stability and specificity,
and are considered safe because they are metabolized into nontoxic amino acids [6].

Recently, a thermostable trypsin inhibitor, named ShTI (11.558 kDa), from chia seeds was isolated by our
research group. ShTI was remarkably stable under high temperatures (100°C, 120 min) and a wide range
of pH values (2–10). Furthermore, ShTI demonstrated antibacterial activity against Staphylococcus
aureus alone and in combination with oxacillin via cell membrane pore formation and increased
production of reactive oxygen species (ROS) [8]. Despite differences in bacterial and fungal cells, such as
cell wall composition and the presence of more specific cytoplasmic organelles in yeasts, numerous
studies have found that protease inhibitors act on both types of cells [22, 23]. This inspired us to
examine the effects of ShTI on fungal species of interest to human health.

Among fungi, Candida species are recognized as the most pathogenic organisms. C. albicans is the
most commonly isolated species in bloodstream infections (candidemia), and it is characterized as
highly adaptable and capable of developing resistance to clinical conventional antifungals [3]. Moreover,
nonalbicans species, including C. parapsilosis, C. glabrata, C. tropicalis, and C. krusei, represent 35–65%
of cases of candidemia. Notably, infection by C. krusei exhibits high mortality (40–58%) compared to
several nonalbicans species and displays a low response to conventional antifungal therapies [24]. Thus,
emphasizing the importance of looking for new strategies to solve Candida infections.

In this work, it was reported for the first time that a trypsin inhibitor from Chia exhibited antifungal
effects against resistant clinical and susceptible strains of Candida spp. (MIC50 ranging from 2.05 µM to
4.01 µM and MIC100: 8.2 µM). The literature reports others to plant serine protease inhibitors with
anticandidal effects. When compared to ShTI, a similar concentration of anticandidal effect was reported
in ClTI (trypsin inhibitor from Cassia leiandra) seeds (MIC100: 8.39 µM) [25], while a lower concentration
than those reported in IETI (trypsin inhibitor purified from Inga edulis) with MIC50 10.2 µM [26] and a
trypsin inhibitor from Enterolobium timbouva named EtTI, capable of inhibiting Candida spp. species
with MIC50 values varying from 11.66 to 21.63 µM [27].
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The fungal species evaluated include C. albicans, C. parapsilosis, C. krusei, and C. tropicalis, the most
frequent species found in bloodstream infections associated with high human mortality [28]. In this
work, C. parapsilosis (ATCC® 22019) was the most susceptible yeast tested in comparison to the other
analyzed species. This result confirmed the epidemiological studies that indicate differential
susceptibility modes among Candida species to drug treatments. According to scientific evidence, C.
parapsilosis is more resistant to echinocandins (drugs that act on lipids in the cell membrane) and more
susceptible to azoles, whereas C. krusei responds in the opposite direction and is more resistant to azole
drugs [29]. This difference in fungal susceptibility to ShTI may vary due to its different modes of action
and the response of the yeast to the treatment, a common characteristic also evidenced in conventional
antifungals.

Considering the anticandidal activity of ShTI, its mode of action was characterized by the intrinsically
resistant strains of C. krusei (ATCC® 6258™) and the fluconazole-resistant clinical strains of C. albicans
(strain 1) through fluorescence microscopy and scanning electron microscopy (SEM). The results
indicated that ShTI disrupted the cell wall and caused damage to the membrane, as confirmed by the
uptake of propidium iodide, a marker of cellular damage that only permeates the membrane-
compromised cells, culminating in the loss of functional integrity of the membrane and promoting
changes in its organization [30].

A serine peptidase N-ρ-tosyl-l-phenylalanine chloromethyl ketone (TPCK) inhibitor was also able to alter
the integrity of the cell membrane of clinical isolates from Candida spp. by inhibiting the biosynthesis of
ergosterol, the main lipid of the composition of the fungal cell membrane [31]. A hypothesis can be
raised that the action of drugs based on protease inhibitors, such as TPCK and possibly ShTI, on
ergosterol biosynthesis occurs through the inhibition of serine proteases involved in the proteolytic
cleavage of the Steroid Regulatory Element Binding Proteins (SREBPs), essential in the regulation of
ergosterol biosynthesis genes [32]. Thus, the anticandidal effect of ShTI could be the result of a
combination of factors that alter cell homeostasis and cause energetic stress in the mitochondria,
resulting in the production of ROS [33]. Therefore, our results confirmed that ShTI treatment induced ROS
overproduction in C. krusei (ATCC® 6258™) and C. albicans (strain 1) cells, as confirmed by the oxidation
of DCFH-DA to DCF by intracellular ROS, leading to cell death pathways by apoptosis.

SEM images revealed morphological changes, pseudohyphae formation, perforations in their surface
and lysis in Candida cells. The change in the surface of planktonic cells caused by ShTI compromises
the cellular adhesion of Candida cells to substrate, an essential element for the establishment of
infection [34] and the formation of microbial biofilms [35]. Therefore, we can infer that ShTI may act in
this way to prevent fungal growth. In addition, Candida filamentous growth may be an indication that
ShTI acts on the expression of yeast shape regulation genes. This effect was observed with another
plant protein, soybean toxin (SbTX), capable of inducing the filamentous growth of C. albicans cells, in
which the transcriptional corepressor (TUP1) gene was involved [36]. Furthermore, the presence of large
pores in the membrane was demonstrated with internal content loss with consequent homeostasis
imbalance, negatively impacting cell survival and compromising yeast pathogenicity [37].
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These results corroborate those of other plant protease inhibitors, such as a trypsin inhibitor purified
from C. leiandra (MM: 19.48 kDa) that induced oxidative stress in C. albicans cells [25], the cysteine
protease from Cassia leiandra (MM: 16.63 kDa) induced disruption of the cell surface from C. tropicalis
[38], the synthetic inhibitor bioinspired by the trypsin inhibitor from Jatropha curcas (MM: 600–1200 Da)
showed an increase in membrane permeabilization in C. krusei cells [39], and a Kunitz trypsin inhibitor
from Enterolobium timbouva (MM: 20 kDa) altered the integrity of the plasma membrane and induced
morphological changes in C. albicans, C. buinensis, and C. tropicalis cells [40]. Although the scientific
literature reports other studies of plant protease inhibitors against Candida species, our study
differentially reports this effect against resistant strains of C. krusei and resistant clinical isolates of C.
albicans, with emphasis on the evidenced synergistic effect with fluconazole.

Currently, the most commonly prescribed antifungal drug for Candida infections is fluconazole, a triazole
antifungal with a high spectrum of action, large bioavailability, and few side effects [41, 42]. Nonetheless,
widespread use and prolonged exposure have increased the number of Candida-resistant strains [43].
Our results suggest that the combination of ShTI-FLC significantly reduces the required dose of FLC, as
confirmed in SEM images, where the Candida cells assumed a gross morphological appearance with an
irregular and contorted surface. Such characteristics compromise the maintenance of cellular
metabolism and consequently its survival and virulence [37] and encourage us to speculate that ShTI is a
potential sensitizer of the effect of fluconazole against resistant strains of C. albicans (strain 1).

Therefore, we suggest that the drug combination had a species-dependent effect because the ShTI-FLC
combination did not exhibit a synergistic effect against C. parapsilosis (ATCC® 22019) and C. krusei
(ATCC® 6258™) strains. This response difference was probably due to the genotypic and phenotypic
changes characteristic of the organisms [44]. The literature reported that, based on genotypic analysis,
high genetic variability among Candida species was confirmed, mainly among infectious species that
frequently inhabit humans, such as C. albicans [45]. Such genotypic differences may explain why the
combination ShTI-FLC effectively inhibited the growth of C. albicans cells but was not effective against
the nonalbicans cells tested.

Pathogenic fungi such as Candida secrete various serine proteases, such as trypsin, in the process of
pathogenicity [46]. Therefore, molecules that act by inhibiting the action of these proteases are
interesting compounds as new antifungal drugs. A secretory leucocyte proteinase inhibitor (SLPI) (MM:
11.7 kDa) exhibited an antifungal effect against a clinical isolate of C. albicans (MIC 18 µM) and was
able to inhibit the proteolytic activity of secreted proteases [47]. Although studies show the action of PIs
on fungal proteins, none of the antifungal compounds currently used act by inhibiting serine proteases,
which is considered a clinical challenge since proteases are present in human metabolism. However,
alternative application routes, such as topical applications, may be considered [46]. In addition, when
evaluating the specificity of PI, plant protease inhibitors have a variety of characteristics, such as
stability at high temperatures and pH variations, substrate specificity, and high solubility in aqueous
solutions, which also allow their oral administration [48].
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Based on the promising antimicrobial effect of ShTI, studies of its toxic effects were evaluated to obtain
preliminary data on the safety of its application against mammalian cells. The results indicated that ShTI
did not significantly alter cell viability in the MTT test and did not exhibit signs of apoptosis, necrosis, or
DNA damage in mouse fibroblast cells. The literature has reported that plant protease inhibitors were
found to be safe in in vitro toxicity assays [25], and there are several preclinical studies on the
pharmacological effects of plant protease inhibitors on human health [49]. In addition, chia seeds are
widely used as a food ingredient and have not reported cases of toxicity; on the other hand, beneficial
effects such as antioxidant [50], antidiabetic and anticholesterol properties [51] associated with the
consumption of seed proteins have been described. Thus, the European Commission, the EFSA Panel on
Nutrition, Novel Foods, and Food Allergens (NDA), issued a technical opinion proving the safety of chia
as a new food ingredient [52] currently considered one of the most popular seeds in the world [53].
Therefore, it has been suggested that the components present in Chia seeds, such as proteins, are
considered safe for human use.

In this work, we started from a preliminary study of the in vitro anti-Candida effect of a trypsin inhibitor
from Chia seeds, but new assays will be necessary as a test in vivo model of candidiasis and preclinical
toxicity assays to enable the advancement of the application future use of ShTI as a new antimicrobial.

Conclusion
In view of the available data, it is reasonable to say that ShTI has antifungal potential, especially against
clinically resistant species of C. albicans, and has shown drug safety for use after preliminary toxicology
in vitro tests. However, new tests will be needed, such as in vivo models of Candidaspp. infection and
preclinical toxicological assays to ensure the safety of ShTI as a new drug.
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Figure 1

Micrographs of C. krusei (ATCC® 6258™) and C. albicans (strain 1) cells to assess membrane
permeabilization. The cells were treated with 0.15 M NaCl (a, b, i, and j),  ShTI 2.05 µM (c, d, k, and l), ShTI
4.1 µM (e, f, m, and n) or FLC 5 × 10-2 µM (g, h, o, and p). Next, they were incubated with propidium iodide
as a fluorescent marker. The images were represented in the light microscope micrographs and
fluorescence microscope micrographs (Bars 20 μm).
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Figure 2

Top panel - Micrographs of C. krusei (ATCC® 6258™) and C. albicans (strain 1) cells to detect ROS. The
cells were treated with 0.15 M NaCl (a, b, i, and j), ShTI 2.05 µM (c, d, k, and l), ShTI 4.1 µM (e, f, m, and n)
or FLC 5 × 10-2 µM (g, h, o, and p). Next, cells were exposed to 2′,7′-dichlorofluorescein diacetate (DCFH-
DA), a fluorescent mark (Bars 20 μm).
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Figure 3

Scanning electron micrographs of C. krusei (ATCC® 6258™) cells. In (a), the cells were treated with 0.15
M NaCl. In (b) and (c), the cells were incubated with ShTI (2.05 µM) and (4.11 µM), respectively, and in
(d), the cells were treated with FLC (5 × 10-2 µM). The indications in yellow correspond to the pore size of
1.803 µm (b) and the elongated structure from C. krusei (c). Data represent typical results of three
independent experiments (Bars = 5 μm).
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Figure 4

Scanning electron micrographs of C. albicans cells. In (a), the cells were treated with 0.15 M NaCl. In (b)
and (c), the cells were treated with ShTI at 2.05 µM and 4.11 µM, respectively. (d) The cells were treated
with the combination of ShTI (1.03 µM) + FLC (1 × 10-2 µM and (e) FLC (5 × 10-2 µM). The arrows indicate
cell damage. Data represent typical results of three independent experiments (Bars = 5 μm).
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Figure 5

Cell viability assay (MTT test) of ShTI treatments at concentrations varying from 0.07 µM to 17.3 µM in
L929 mouse fibroblast cell lines after 3 h of incubation at 595 nm. The positive control was treated with
DMSO. Data are expressed as the means ± standard deviations compared by analysis of variance
(ANOVA) followed by Tukey’s test (p < 0.05).
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Figure 6

Cell death pattern by apoptosis and necrosis of L929 mouse fibroblast cell lines after 24 h of incubation
with ShTI (8.65 and 17.3 µM) in fluorescence microscopy. Doxorubicin (0.55 µM) was used as a positive
control. Experiments were conducted in triplicate in three independent experiments, and approximately
300 cells from each sample were counted. The data were analyzed as the means ± standard deviations
compared by analysis of variance (ANOVA) followed by Tukey’s test (p < 0.05).
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Figure 7

Genotoxicity assay of ShTI (8.65 and 17.3 µM) in L929 culture cells by comet test. Experiments were
conducted in triplicate in three independent experiments. The damage frequency (%) was calculated
based on the number of cells with the tail versus without. The assay was performed in triplicate, and the
vehicle was used as a negative control, while MMS (4 × 10-5 M) was used as a positive control. Values *p
< 0.05 were considered significant (one-way ANOVA followed by Tukey's test).


