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Abstract
The management of fungal diseases imposes an urgent need for the development of effective antifungal drugs. Among 
new drug candidates are the antimicrobial peptides, and especially their derivatives. Here, we investigated the molecular 
mechanism of action of three bioinspired peptides against the opportunistic yeasts Candida tropicalis and Candida albicans. 
We assessed morphological changes, mitochondrial functionality, chromatin condensation, ROS production, activation of 
metacaspases, and the occurrence of cell death. Our results indicated that the peptides induced sharply contrasting death 
kinetics, of 6 h for RR and 3 h for D-RR to C. tropicalis and 1 h for WR to C. albicans. Both peptide-treated yeasts exhib-
ited increased ROS levels, mitochondrial hyperpolarization, cell size reduction, and chromatin condensation. RR and WR 
induced necrosis in C. tropicalis and C. albicans, but not D-RR in C. tropicalis. The antioxidant ascorbic acid reverted the 
toxic effect of RR and D-RR, but not WR, suggesting that instead of ROS there is a second signal triggered that leads to 
yeast death. Our data suggest that RR induced a regulated accidental cell death in C. tropicalis, D-RR induced a programmed 
cell death metacaspase-independent in C. tropicalis, while WR induced an accidental cell death in C. albicans. Our results 
were obtained with the LD100 and within the time that the peptides induce the yeast death. Within this temporal frame, our 
results allow us to gain clarity on the events triggered by the peptide-cell interaction and their temporal order, providing a 
better understanding of the death process induced by them.
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• Cell fate of yeasts is determined after 15 min of interaction with  
   the peptides.
• Different death mechanisms are induced by three bioinspired  
   peptides against yeasts.
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nd	�  Not determined
PI	�  Propidium iodide
RET	�  Reverse electron transport
ROS	�  Reactive oxygen species
RR	�  A36,42,44R37,38γ32-46VuDef
WR	�  A42,44R37,38W36,39γ32-46VuDef
SD	�  Standard deviation

Introduction

Our global and industrialized world is facing disheartening prob-
lems in the area of human, animal, and plant health. In the medi-
cal area, diseases caused by the burgeoning antibiotic-resistant 
microorganisms menace us to return to the pre-antibiotic era, for 
example, thwarting medical advances in cancer and transplant 
treatments [1, 2]. This problem is aggravated by insufficient 
research and development of new antibiotics by big pharmaceu-
tical companies as a result of the intrinsic process of producing 
and marketing a new antimicrobial such as research high costs, 
long development time, and low financial return due to sporadic 
use compared to chronic or diseases which require drugs of con-
tinuous use [3]. Another handicap for pharmaceutical companies 
is that the development of bacterial resistance can make a newly 
launched antibiotic obsolete in a short time, undermining the 
financial return of the pharmaceutical industry that developed it 
[1, 3]. This fact is clearly demonstrated by the dwindling approval 
of new antibiotics for clinical use by regulatory agencies in the 
last two decades, which contrasts strikingly with the increasing 
rate of resistant bacteria [4, 5].

Besides bacteria, fungi are also of growing concern to 
medical and environmental areas. In this last one, they 
have been reported as the cause of drastic fall in wild bat 
[6] and amphibian [7] populations with serious ecological 
consequences [8, 9]. In agriculture, the problem caused by 
fungi is also serious and can put food security at risk [10]. 
This scenario is very worrying because estimates for the 
next 20 to 30 years are of a significant increase in the world 
population, which should reach approximately 9.8 billion 
humans in 2050 [11]. This population will put more pres-
sure on world food production, and if there is a failure in 
the production process there would be serious consequences 
for human health, food security and the economy of some 
countries whose gross domestic product is heavily based on 
agribusiness [11]. In the medical area, recent data estimate 
that fungal infections ranging in severity from superficial to 
often fatal systemic invasive infections, in addition to being 
neglected, have increased worldwide, and among them are 
fungal keratitis, cutaneous mycoses, and airway diseases 
caused by fungal spores [10, 12, 13]. Those studies estimate 
that a total of 300 million people suffer from a severe fun-
gal infection each year and about 1.5 million die as a result 
of these infections worldwide [12, 13]. This scenario has 

another complicating factor, the number of elderly patients 
or patients undergoing medical interventions or living with 
HIV and Mycobacterium tuberculosis infections, as well as 
the number of immunocompromised patients due to cancer 
treatment or transplant recipients has been increasing rapidly 
and all these patients, because of their medical conditions, 
are more susceptible to fungal infections [12, 13]. Addition-
ally, besides the increase in the number of cases of fungal 
infections, there is also the report of Candida [14, 15] and 
Aspergillus [15] species resistant to clinical antifungals, 
aggravating the scenario. Moreover, new species Candida 
auris multiresistant to clinical antifungals was reported in 
2009 [16]. In a study with four countries, Pakistan, India, 
South Africa, and Venezuela, and in a total of 54 patients 
infected with C. auris, 93% of the 54 isolates were reported 
to be resistant to fluconazole, 35% to amphotericin B and 7% 
the echinocandins. Most worryingly, out of the 54 isolates, 
41% were resistant to two classes of antifungals, and 4% 
were resistant to three classes [17]. This study also shows 
that C. auris is already spread across three continents. In 
addition to multiple resistance, this emerging species is per-
sistent in the hospital environment as it resists disinfection 
protocols and is easily propagated among patients, making 
it a serious threat to human health [16].

Another great concern of the scientific community is the 
world’s post-COVID-19 pandemic future. SARS-COV2 co-
infection with other pathogens, including fungi, has been 
reported to increase the difficulty of diagnosis, treatment, 
and prognosis of COVID-19, but also exacerbate disease 
symptoms and mortality [18–20]. Antibiotics overuse to treat 
COVID-19 patients contributed to the increase in antibiotic-
resistant microorganisms [21–24].

The aforementioned data underline the urgent need to 
develop efficacious therapeutics and rational strategies for 
both the prevention and treatment of fungal diseases, espe-
cially opportunistic ones caused by the yeast of Candida 
genus. Amongst the given alternatives, antimicrobial pep-
tides (AMPs) have been forecasted as possible new thera-
peutic substances [25, 26]. AMPs are short polymers of up 
to 100 L-amino acid residues, synthesized by ribosomes, 
arranged in a linear or cyclic configuration with vast vari-
ation in sequence, length, and structure, with a net positive 
charge at physiological pH, and amphipathic character. The 
antimicrobial epithet derives from their broad inhibitory 
activities on various microorganisms, including multi-drug 
resistant ones. They are constitutively produced or induced 
in response to the perception of a pathogen attack in com-
plex organisms, where they are part of the innate immune 
response, and in microorganisms, they are produced to avoid 
or eliminate competitors [25]. We have used an AMP-based 
bioinspired peptide design strategy for therapeutic use 
[27–29]. In our previous study, we gleaned from correla-
tion studies between the primary structure and biological 
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activities of plant AMPs, namely defensins, the position, and 
the amino acids required for the biological activity of plant 
defensins and their derived peptides. Based on this molec-
ular identification, we designed three peptides and tested 
their antimicrobial activity against opportunistic yeasts of 
the Candida genus, Saccharomyces cerevisiae, and tested 
their toxicity against murine macrophages and human mono-
cytes [29]. We showed that the antifungal activity of three 
bioinspired peptides was improved by target alterations to 
increase both charge and hydrophobicity and, in general, 
exerted low toxicity on the tested mammalian cells [29]. 
We also started testing strategies to stabilize the bioinspired 
peptides and introduced D-enantiomer substitutions, which 
in comparison with the L counterpart, proved to be more 
potent, likely due to the greater resistance to protease deg-
radation [29]. Our preliminary data also established relevant 
criteria for the clinical use of bioinspired peptides, such as 
the small size of biologically active peptides that minimizes 
the production costs and diminishes the risk of inappro-
priate host interactions, and increases stability for in vivo 
applications. In the present work, we further investigated the 
mechanism of action of three bioinspired peptides against 
opportunistic yeasts to provide an understanding of the intra-
cellular changes triggered by the peptides as a prerequisite 
to pave the way for clinical trials [30].

Material and methods

All reagents were acquired from Merck unless otherwise stated.

Peptides

The bioinspired peptides A36,42,44R37,38γ32–46VuDef (dubbed 
RR), D-A36,42,44R37,38γ32–46VuDef (dubbed D-RR), and 
A42,44R37,38W36,39γ32–46VuDef (dubbed WR) were designed 
and prepared as described in Toledo et al. [29]. The purity 
of the peptides was confirmed as ≥ 95% [29].

Yeast strains and antimicrobial assay

The cultivation of the yeasts Candida tropicalis (CE017) and 
Candida albicans (CE022), and the antimicrobial assay were 
done as described in Toledo et al. [29]. In brief, fresh yeast 
cultures were grown at 30 °C for 24 h and were used to obtain 
a colony that was resuspended in Sabouraud broth (5 g/L pep-
tone from meat, 5 g/L peptone from casein, and 20 g/L D( +)
glucose). The cell number of this stock cell suspension was 
determined by direct cell counting in a Neubauer chamber 
(Labor Optik) under an optical microscope (Axio Imager.A2, 
Zeiss). The antimicrobial assay was performed on a sterile 
96-well microplate (polystyrene, U-shaped bottom, Nunc, 
Thermo Scientific) and consisted of 2,000 cells/mL of each 

yeast, the lethal dose of each peptide (27.5 µM RR and 23 µM 
D-RR for C. tropicalis, and 27.5 µM WR for C. albicans) 
filter-sterilized (0.22 μm, Millex-GV, Millipore), and 100 μL 
(final volume) of Sabouraud broth. Lethal dose or LD100 was 
defined as the lowest peptide concentration that caused 100% 
cell death of the assay cell population compared to control in 
the absence of peptide by colony forming units (CFU). Con-
trols were done in the absence of peptides. Blanks were done 
with culture medium only.

Kinetic analysis of yeasts’ cell death induced 
by the designed peptides

To determine the kinetics of the yeast cell death an assay was 
carried out to determine the minimum period necessary for 
the designed peptides, at their LD100, to cause the loss of cell 
viability. This assay was done as described in Toledo et al. 
[29] or briefly in the subsection “Yeast strains and antimi-
crobial assay,” with the difference that the entire content of 
the wells was washed in Sabouraud broth and plated at every 
3 h, from 0 to 21 h on plates containing Sabouraud agar 
(5 g/L peptone from meat, 5 g/L peptone from casein, 20 g/L 
D( +)glucose, and 17 g/L agar), according to Soares et al. 
[31]. By 0 h we mean the time needed to set up the experi-
ment, wash the cells and plate them, which takes approxi-
mately 5 min. The peptides D-RR and WR were also tested 
at 1 and 2 h. After plating, CFU were determined at 24 h of 
incubation at 30 °C h for C. tropicalis and C. albicans. Cell 
death was defined as loss of cell division ability and loss of 
clonogenic capacity in culture medium in the absence of the 
stressor for 24 h of incubation [32]. The percentage of cell 
viability loss was calculated according to {[(CFU of test 
samples × 100)/CFU of control] − 100}.

Standardization of the number of cells for optical 
microscopy assays

To validate the antimicrobial activity of the designed peptides, 
we determined their effect on larger cell density at the LD100 
and the time of death of each peptide. Cell viability assay 
was performed with the parameters determined in subsections 
“Yeast strains and antimicrobial assay” and “Kinetic analysis 
of yeasts’ cell death induced by the designed peptides,” with 
40,000 cells/mL, as described in Soares et al. [31].

Analysis of endogenous reactive oxygen  
species production

The detection of reactive oxygen species (ROS) by yeasts 
after treatment with the bioinspired peptides was performed 
in antimicrobial assays in the presence of the antioxidant 
agents L-ascorbic acid (AA), N-acetyl-L-cysteine (NAC), or 
γ-L-glutamyl-L-cysteinyl-glycine (GSH). The antimicrobial 
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assay was carried out as described in the subsection “Kinetic 
analysis of yeasts’ cell death induced by the designed pep-
tides,” with the following modifications: the LD100 of the 
peptides, 70 mM of the antioxidant agent AA (1 M stock 
solution) added jointly with the peptides, 5 mM NAC (0.6 M 
stock solution) or 3 mM GSH (0.5 M) both added 30 min 
prior to addition of the peptides, all dissolved in ultrapure 
water, filter sterilized (Millex-GV 0.22 μm, Merck Milli-
pore), and incubated at the previously determined time of 
death of each peptide. Controls also were made with the 
addition of the antioxidant agents and a positive control 
(control+) constituted of yeast cells incubated with 333 mM 
of acetic acid (AcA) for 1 h at 30 °C. AcA was used as a 
control+ in this study because it is a well-known inducer of 
regulated cell death in fungi with apoptosis-like features, 
and therefore a parameter for comparing the effect of the 
designed peptides. After this period, the cell viability assay 
was performed as described in the subsection “Kinetic 
analysis of yeasts’ cell death induced by the designed pep-
tides.” For RR, samples were diluted fifty times (50x) before 
plating. Different concentrations of the three antioxidants 
were previously tested to determine the highest concentra-
tion that does not hinder growth without being toxic to the 
yeasts according to subsections “Yeast strains and anti-
microbial assay and Kinetic analysis of yeasts’ cell death 
induced by the designed peptides.” The antioxidant AA was 
also incubated in different time intervals in relation to the 
addition of the peptides, pre- or post-incubated for RR and 
D-RR, and pre-incubated for WR, within the conditions 
aforementioned.

The production of ROS was also evaluated by indirect 
fluorescence microscopy, using 2’,7’-Dichlorodihydrofluo-
rescein diacetate (H2DCFDA, Calbiochem, EMD) accord-
ing to Mello et al. [27]. Yeast cultures (40,000 cells/mL) 
were incubated with the designed peptides at their LD100 
and at the beginning of the time of death, 1 h for RR and C. 
tropicalis, 30 min for D-RR and C. tropicalis, and 20 min 
for WR and C. albicans. Controls were done without the 
addition of the bioinspired peptides. A positive control 
(control+) constituted of yeast cells incubated with 333 mM 
of acetic acid (AcA) for 1 h at 30 °C was also performed to 
adjust the parameters of excitation intensity and exposure 
time for the acquisition of fluorescent images, and these 
parameters were used for all other treatments. For C. trop-
icalis a control was also done in the presence of 70 mM 
AA. After peptide treatment, control, and treated cells were 
incubated with H2DCFDA (20 μM) for 15 min at 30 °C, 
transferred to slides, and covered with coverslips. Visuali-
zation was performed by differential interference contrast 
(DIC) (Axio Imager.A2, Zeiss) equipped with fluorescence 
filters (450 – 490 nm for excitation and 500 nm for emis-
sion) and cell images were acquired using an AxioCam MR5 
camera (Zeiss) and AxionVision LE software (version 4.8.2, 

Zeiss). The results were expressed as percentage of fluores-
cent cells calculated by cell counting, using the following 
criteria: 1st—counting of approximately 200 cells in random 
DIC and fluorescent fields that varied according to the incu-
bation times of the assays; 2nd—if the number of cells was 
too low (a consequence of the treatment with the bioinspired 
peptides or with the positive control that causes the death 
of the yeast cells), 10 random fields for each treatment were 
counted. The percentage of fluorescent cells, an indication 
of oxidative stress, was calculated to ([average number of 
fluorescent cells × 100] /average number of cells observed 
in DIC) for each sample.

Morphological analysis of yeast cells

Cell morphology was visualized by optical microscopy, as 
described in the subsection “Standardization of the number 
of cells for optical microscopy assays” with some modifi-
cations. The incubation time for antimicrobial assay for C. 
tropicalis cells with the designed peptides at the LD100 was 
1 and 6 h with RR, and 30 min and 3 h with D-RR, whereas 
C. albicans cells were incubated for 20 min and 1 h with 
WR. Yeast cells cultured in the medium without the addi-
tion of the peptides were considered controls. Furthermore, 
three positive controls were included: yeasts heated at 100 
ºC for 1 min; yeasts incubated with Triton X-100 (2%, V/V) 
for 15 min; yeasts incubated with 333 mM AcA for 1 h. An 
assay with 70 mM of the antioxidant agent AA was used 
(see subsection “Analysis of endogenous reactive oxygen 
species production” for the description of the antioxidant). 
After the incubation period of each treatment, the cells were 
transferred to slides and, after 5 min, covered with coverslips 
and analyzed under an optical microscope.

Cell size measurements were performed by evaluating the 
length of the transversal and longitudinal axis of cells after 
the treatment described above using AxionVision LE soft-
ware (tool Measure, Length). Fifty randomly selected cells 
for each treatment were used in different observation fields. 
To provide uniform measurements, the cells were selected 
in the same focal plane, and pseudohyphae, non-intact cells, 
and early budding cells were not considered.

Mitochondrial function assays

Mitochondrial functionality was evaluated by optical fluo-
rescence microscopy using fluorescent probes MitoTracker 
Red FM (Thermo Fisher) and Rhodamine 123 (Sigma-
Aldrich). The assay was carried out as described in the sub-
section “Analysis of endogenous reactive oxygen species 
production,” with modifications. Yeast cells were incubated 
with the designed peptides at the beginning and end of the 
time of death, 1 and 6 h for RR and C. tropicalis, 30 min 
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and 3 h for D-RR and C. tropicalis, and 20 min and 1 h for 
WR and C. albicans. Positive control cells were incubated 
with 2% Triton X-100 for 15 min. For C. tropicalis, a control 
was also done in the presence of 70 mM of AA. Control and 
peptide-treated cells were incubated with 0.1 μg/mL of the 
fluorescent probes Mitotracker Red FM or Rhodamine 123 
for 15 min at 30 ºC and observed under an optical micro-
scope (subsection “Analysis of endogenous reactive oxygen 
species production”) equipped with a 581 nm for excitation 
filter and a 644 nm emission filter for Mitotracker Red FM 
and 506 nm excitation filter and a 530 nm emission filter for 
Rhodamine 123.

Cell proliferation reagent WST-1 (Roche) was used to 
access the mitochondrial activity of the yeast cells treated with 
the designed peptides [33]. The assay for each peptide was 
prepared according to subsection “Yeast strains and antimi-
crobial assay” with 80,000 cells/mL. Then, 10 μL of WST-1 
reagent and 2 μL of 2,3,5,6-tetramethyl-1,4-benzoquinone 
(duroquinone) (final concentration 0.24 mM of a stock of 
12.24 mM in dimethyl sulfoxide (DMSO)) as an electron cou-
ple reagent [34], were added to each sample. A blank was pre-
pared with Sabouraud broth, WST-1, and duroquinone. The 
optical density was monitored at 450 nm for 20 min and 1 h 
for WR, 30 min, 2 h, and 3 h for D-RR, and 1, 3, and 6 h for 
RR in an ELISA microplate reader (Epoch, Biotek) running 
Gen5 software. The percentage of mitochondrial activity was 
calculated according to [(ABS450nm of test samples × 100)/
ABS450nm of control]. Standardization of the minimum num-
ber of cells in the assay required for the detection of WST-1 
salt conversion by spectrophotometer was previously made. 
To validate the antimicrobial activity of the designed pep-
tides, we tested their toxic effect on larger cell density at the 
LD100 and time of death of each peptide as described in the 
subsection “Standardization of the number of cells for optical 
microscopy assays.”

Regulated cell death analysis

Metacaspase activity was analyzed by optical fluorescence 
microscopy using fluorescent probe FITC-VAD-FMK (Cas-
pACE, FITC-VAD-FMK In Situ Marker, Promega). The assay 
was carried out as described in the subsection “Analysis of 
endogenous reactive oxygen species production,” with modi-
fications. Yeasts were incubated with the designed peptides 
for 20 min, 1 and 6 h (depending on the yeast and peptide 
tested), and in the positive control, the cells were incubated 
with 333 mM AcA for 1 h. For C. tropicalis, a control was 
also done in the presence of 70 mM AA. Control and peptide-
treated cells were incubated with 50 μM FITC-VAD-FMK 
for 15 min 30 °C, washed once in PBS, and observed under a 
fluorescence microscope (subsection “Analysis of endogenous 
reactive oxygen species production”) with a 490 nm for exci-
tation filter and a 525 nm emission filter.

To identify whether the death pathway activated by 
the designed peptides in yeasts is a type of regulated cell 
death with apoptosis-like features, an antimicrobial assay 
was performed in the presence of the pan-caspase inhibi-
tor Z-VAD-FMK (Promega). The antimicrobial assay was 
carried out as described in subsection “Yeasts and antimi-
crobial assay,” with the following modifications: the LD100 
of the peptides, 50 μM Z-VAD-FMK (2 mM stock solu-
tion in DMSO) were used and incubated at the previously 
determined death times. Controls were also made with the 
addition of 50 µM Z-VAD-FMK. Cell viability assay was 
performed as described in subsection “Kinetic analysis of 
yeasts’ cell death induced by the designed peptides,” with 
the following modifications: cells were plated at the time 
of death for each peptide.

Chromatin condensation was examined by 1 µM DAPI 
staining (1 mg/mL stock solution in ultrapure water) in cells 
treated as described in the subsection “Analysis of endoge-
nous reactive oxygen species production” with the following 
modifications: after the incubation times, the control cells, 
only cells and medium, and the peptide treated cells were 
previously permeabilized with 2% Triton X-100 for 2 min 
prior to DAPI staining for 15 min in the dark at 30 °C and 
observed under a fluorescence microscope.

Accidental cell death analysis

Accidental cell death (terminology proposed by Carmona-
Gutierrez et  al. [67] instead of necrosis) was analyzed  
by fluorescence microscopy using propidium iodide (PI)  
fluorescent dye. The assay and analysis of the results were 
carried out as described in subsection “Analysis of endoge-
nous reactive oxygen species production,” with the following 
modifications: the yeasts were incubated with the peptides at 
their LD100 for 1 and 6 h for RR, 30 min and 3 h for D-RR, 
and 20 min and 1 h for WR. For positive control, cells were 
heated for 1 min at 100 °C. Controls and treated cells were 
incubated with 0.25 μg/mL PI for 15 min in the dark and 
observed under a fluorescence microscope with a 506 nm 
excitation filter and a 530 nm emission filter. This analysis 
was also done with time intervals of 10 and 15 min.

Statistical analysis

All experiments were carried out three times in triplicate, 
with the exception of optical microscopy assays, carried 
out in singlicate. A one-way ANOVA test was performed 
using GraphPad Prism version 8.0.2 for Windows. P < 0.05 
is considered statistically significant. GraphPad Prism ver-
sion 8.0.2 and PowerPoint (Microsoft Office 365) were used 
to illustrate the data.
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Results

We first determined the time required for the bioinspired 
peptides to induce the death of the entire yeast cell popula-
tion in the antimicrobial assay, i.e. 2,000 cells/mL at their 
respective LD100. C. tropicalis incubated with 27.5 μM RR 
caused a 99% decrease in colony forming units (CFU) within 
3 h, and induced the death of the entire yeast cell population 
from 6 h onward, accordingly cell death time of RR was 
6 h (Table 1). However, 23 μM D-RR induced the death of 
C. tropicalis cell population already from 3 h onward. This 
shorter time of death prompted us to verify D-RR antifun-
gal activity at the time intervals of 1 and 2 h, revealing a 
98% decrease in CFU at 1 h and a 99% reduction at 2 h; 
since shorter treatment times were not effective in killing 
all cell population, D-RR induced time of death was esti-
mated as 3 h (Table 1). Surprisingly, 27.5 μM WR caused 
97% decrease in CFU at 0 h, and the death of 100% of C. 
albicans cell population after 3 h (Table 1). We also tested 
the antifungal activity of WR at 1 and 2 h and found that WR 
caused 100% death of C. albicans cell population after 1 h 
thus establishing WR time of death of 1 h. By 0 h we mean 
the time needed to set up the experiment, wash the cells and 
plate them, which takes approximately 5 min. Based on these 
experiments we choose the time points that represent the 
beginning and the end of the time of death interval required 
for each peptide to induce the death of the assay cell popula-
tion (based on Table 1) at their respective LD100. Therefore, 
the following assays were done with the LD100 and time of 
death parameters as follows: 27.5 μM RR/1 and 6 h for C. 
tropicalis, 23 μM D-RR/30 min and 3 h for C. tropicalis, and 
27.5 μM WR/20 min and 1 h for C. albicans.

Before we started our study to unravel the mechanism of 
action of the bioinspired peptides on yeasts, we standard-
ized the number of cells to validate our forthcoming fluo-
rescence microscopy assays. Thus, an antimicrobial assay 
using 40,000 cells/mL, instead of 2000 cells/mL of the 
previous assays, was done to determine the toxicity of the 
bioinspired peptides at higher cell density. It is noteworthy 
that RR, D-RR, and WR at their same LD100 and time of 
death determined for the assay with 2000 cells/mL retained 
their toxicity to twenty times more cells than the original 
antimicrobial assay, causing cell viability loss in almost all 
cell population (Fig. S1). The CFU were not determined in 
control samples because of the excessive number of colonies 
formed, thus the cell death percentage was not calculated. 
With these results, we ensured that the signals observed at 
the microscopic analysis are signals that were triggered by 
the designed peptides that lead to yeast cell death.

Then, we proceeded to test the concentration of the anti-
oxidants AA, NAC, or GSH to select the highest concentra-
tion that showed the lowest toxicity (inhibition of CFU in 
regard to the control) in a viability assay. We chose 70 mM 
of AA which for C. tropicalis incubated at the time of death 
of RR and D-RR had toxicity of 63% and 45.4% (Table 2), 
respectively, and the same concentration for C. albicans 
incubated during the time of death of WR did not present 
toxicity (Table 2). For NAC, we chose 5 mM which for C. 
tropicalis incubated with the time of death of RR and D-RR 
had a toxicity of 65.6% and 19.2% (Table 2), respectively, 
and the same concentration for C. albicans incubated at the 
time of death of WR had a toxicity of 3.6% (Table 2). For 
GSH, we chose 3 mM which for C. tropicalis incubated at 
the time of death of RR and D-RR had a toxicity of 33.3 and 

Table 1   Kinetics of cell 
death induced by 27.5 μM 
RR, 23 μM D-RR in Candida 
tropicalis and by 27.5 μM WR 
in Candida albicans. Note for 
each yeast-peptide combination 
a significant decrease in colony 
forming units (CFU) in the test 
samples until complete cell 
viability loss at 6 h for RR, 
3 h for D-RR, and 1 h for WR, 
which time corresponding to the 
death time for each peptide

The CFU values are the means ± SD. nd, not determined. By 0 h we mean the time needed to set up the 
experiment, wash the cells and plate them, which takes approximately 5 min. Different letter indicates sig-
nificant differences and the same letter indicates no difference, P < 0.05. Assays shown are representative 
of an independent assay out of three

Yeast Samples 0 1 2 3 6 Time (h)

Candida tropicalis Control 227 ± 7a nd nd 544 ± 46a overgrowth CFU
RR
(27.5 µM)

121 ± 24b nd nd 1.3 ± 1.5b 0

Loss of viability 46 nd nd 99 100 %
Control 190 ± 4a 266 ± 3a 401 ± 67a 642 ± 64a overgrowth CFU
D-RR
(23 µM)

40 ± 17b 3 ± 1b 2 ± 2b 0b 0

Loss of viability 79 98 99 100 100 %
Candida albicans Control 231 ± 9a 233 ± 22a 287 ± 29a 617 ± 36a overgrowth CFU

WR
(27.5 µM)

7 ± 0.6b 0b 0b 0b 0

Loss of viability 97 100 100 100 100 %



655Probiotics and Antimicrobial Proteins (2024) 16:649–672	

1 3

34.8% (Table 2), respectively, and the same concentration for 
C. albicans incubated at the time of death of WR had a tox-
icity of 15.4% (Table 2). The viability assay in the presence 
of AA and C. tropicalis cells concurrently incubated with 
RR showed 62.4% of protection (Table 2), and concurrently 
incubated with D-RR the protection was 63.7% (Table 2) 
compared to the peptides alone (Table 1). For C. albicans 
cells concurrently incubated with AA and WR there was no 
protection (Tables 1 and 2). Two other antioxidants tested, 
namely NAC and GSH, were both pre-incubated 30 min 
before the addition of the bioinspired peptides, and pre-
sented a very low degree of protection to C. tropicalis from 
the toxic action of RR and D-RR (Table 2). Neither NAC nor 
GSH protected C. albicans cells from the toxic action of WR 
as they were not protected by AA (Table 2). The protection 
conferred by AA suggested that C. tropicalis was undergo-
ing oxidative stress after treatment with RR and D-RR. The 
production of ROS was confirmed by the fluorescent probe 
H2DCFDA. C. tropicalis cells incubated with RR for 1 h pre-
sented 88.2% H2DCFDA positive cells, indicating that those 
cells were under oxidative stress induced by RR (Table 3 and 
Fig. S2a). C. tropicalis cells incubated with D-RR for 30 min 
presented 72.3% H2DCFDA positive cells, indicating that 

C. tropicalis cells were also under oxidative stress induced 
by D-RR (Table 3 and Fig. S2b). We also observed that 
H2DCFDA fluorescence signal in C. tropicalis cells treated 
with RR and D-RR was more intense and with a diffuse 
distribution pattern within the cell which was different from 
the AcA (control+) (Fig. S2a and 2b). C. albicans cells incu-
bated with WR for 20 min presented 94.4% of fluorescent 
cells, indicating that those cells were also under oxidative 
stress induced by WR and the intensity of the fluorescence 
in regard to the AcA (control+) was weaker (Table 3 and 
Fig. S2c). Despite being under oxidative stress, C. albicans 
was not protected by any antioxidant tested. Because AA 
was the only antioxidant protecting C. tropicalis from death, 
we tested it concurrently incubated with C. tropicalis cells 
and RR in the microscopic analysis. This result showed a 
decline from 88.2 to 21.7% of cells with H2DCFDA positive 
signal, whose value was not different from control, therefore 
indicating a protection in comparison with cells treated only 
with RR (Table 3 and Fig. S2a). C. tropicalis concurrently 
incubated with D-RR and AA showed a dramatic drop from 
72.3 to 1.1% of the cells under oxidative stress, indicating 
protection in comparison with cells treated with D-RR alone 
(Table 3 and Fig. S2b). Because all antioxidants tested did 

Table 2   Correlation between 
oxidative stress and cell death 
of opportunistic yeasts induced 
by bioinspired peptides RR, 
D-RR, and WR at their lethal 
dose and induced time of death. 
Yeasts were incubated with the 
antioxidants ascorbic acid (AA), 
N-acetyl-L-cysteine (NAC), 
and glutathione (GSH). Note 
that AA treatment protects 
Candida tropicalis cells from 
RR and D-RR-induced death 
while NAC and GSH did not 
protect, and any antioxidant 
protects Candida albicans from 
WR-induced death

The colony forming units (CFU) values are means ± standard deviation (SD). (nd), not determined (exces-
sive number of grown colonies that prevented colony counting). Controls correspond to yeast cells culti-
vated in medium. Controls treated with antioxidants were compared with the control. The yeasts treated 
with the peptides and the antioxidants were compared with their respective controls with the antioxidants. 
Different letter denotes significant differences and the same letter denotes no difference, P < 0.05. The 
assay is representative of an independent assay out of three

Yeast/time of death Samples CFU
(50 × for RR only)

% of growth 
(protection)

% of toxicity 
(death)

Candida tropicalis/6 h Control 459 ± 26a nd nd
Control + AA (70 mM) 170 ± 1b 37.0 63.0
RR (27.5 µM) + AA (70 mM) 106 ± 14c 62.4 37.6
Control + NAC (5 mM) 158 ± 14b 34.4 65.6
RR (27.5 µM) + NAC (5 mM) 2 ± 1.5c 1.3 98.7
Control + GSH (3 mM) 306 ± 38b 66.7 33.3
RR (27.5 µM) + GSH (3 mM) 2 ± 2.6c 0.6 99.4

Candida tropicalis/3 h Control 656 ± 30a nd nd
Control + AA (70 mM) 358 ± 27b 54.6 45.4
D-RR (23 µM) + AA (70 mM) 228 ± 36c 63.7 36.3
Control + NAC (5 mM) 530 ± 69b 80.8 19.2
D-RR (23 µM) + NAC (5 mM) 32 ± 8c 6.0 94.0
Control + GSH (3 mM) 428 ± 12b 65.2 34.8
D-RR (23 µM) + GSH (3 mM) 4 ± 4c 0.9 99.1

Candida albicans/1 h Control 221 ± 22a nd nd
Control + AA (70 mM) 231 ± 18a 104.5 0
WR (27.5 µM) + AA (70 mM) 4 ± 2b 1.7 98.3
Control + NAC (5 mM) 213 ± 20a 96.4 3.6
WR (27.5 µM) + NAC (5 mM) 1.3 ± 1.5b 0.6 99.4
Control + GSH (3 mM) 187 ± 28a 84.6 15.4
WR (27.5 µM) + GSH (3 mM) 3.6 ± 3.6b 1.9 98.1
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not protect C. albicans from the toxic effect of WR, the anal-
ysis of WR in the presence of an antioxidant was not done.

Because the antioxidant AA failed to protect the entire 
population of C. tropicalis cells from the toxicity of RR 
and D-RR in the viability test, we investigated why a frac-
tion of the population of cells, even in the presence of the 
antioxidant, continued to die. For that, we tested the addi-
tion of AA in relation to the incubation time of the peptides, 
pre and post, in addition to the condition that had already 
been made of co-incubation. For WR and C. albicans, we 
only tested the pre-addition condition. AA added 30 min 
before the addition of RR to C. tropicalis, the percentage of 
cells not protected from death increased from 37.6 to 52.3% 
(Fig. 1A), to D-RR and C. tropicalis the percentage of cells 
not protected from death decreased from 36.3 to 10.6% 
(Fig. 1A). AA did not protect C. albicans cells from WR-
induced death (Fig. 1C). AA added 1 h after the addition of 
RR and D-RR to C. tropicalis increased the percentage of 
cells not protected from death from 37.6 to 82.2% and from 
36.3 to 68.6%, respectively (Fig. 1A and B). The percentage 
of C. tropicalis cells not protected from RR and D-RR death 
decreased even more 2 h after AA addition, reaching 98.4 
and 98.9%, respectively (Fig. 1A and B).

The microscopic observations of cells treated with the 
designed peptides showed morphological alterations and 
thus they were further analyzed. We noticed that the cyto-
plasm of C. tropicalis, after 1 and 6 h of incubation with RR 
(Fig. 2A), and after 30 min and 3 h of incubation with D-RR 
(Fig. 2A), and C. albicans after 20 min and 1 h of incuba-
tion with WR (Fig. 2B), all had a granular and/or vacuolated 
appearance, whereas this morphological alteration was not 

detected in the control cells. This granularity of the cyto-
plasm was also observed in the positive control treatments, 
mainly those composed of AcA and heat (Fig. 2A and B). 
Although the antioxidant assays did not show protection for 
C. albicans (Table 2), we used AA as a control for these 
microscopic analyses. For the first 20 min after incubation, 
we did not observe changes in cell size, but cytoplasm gran-
ularity was attenuated, suggesting that ROS may be involved 
in the morphological alteration (Fig. 2B). For the time of 
death, 1 h, cytoplasm granularity, and size reduction were 
observed (Fig. 2B), which are in accordance with the non-
protection of this yeast species by this antioxidant (Table 2). 
To confirm the overt cell shrinkage (Fig. 2A and B), we 
measured the longitudinal and transversal axes of the cells 
at their time of death. C. tropicalis cells treated with RR 
and D-RR presented a reduction of 29.7 and 23.2%, and of 
34.9 and 27.4% for the longitudinal and transversal axes, 
respectively (Fig. 2C). C. albicans cells treated with WR 
presented a reduction of 38.3 and 33.8% for the longitudinal 
and transversal axes, respectively (Fig. 2D). AA protected C. 
tropicalis from the toxic effect of RR and D-RR (Table 2), 
and for RR concomitantly incubated with AA, it prevented 
13.2% the longitudinal axis reduction, from 29.7 to 16.5%, 
and 18.9% the transversal axis reduction, from 23.2 to 4.3% 
(Fig. 2C). For D-RR concomitantly incubated with AA it 
protected 12.6% the longitudinal axis reduction, from 34.9 
to 22.3%, and 23.6% the longitudinal axis reduction, from 
27.4 to 3.8% (Fig. 2C). Although AA failed to protect C. 
albicans from death, we used it in this assay, and as observed 
before, the reduction of cell size was not inhibited and the 
size of the longitudinal and transversal axes were 38.4 and 

Table 3   Percentage of Candida tropicalis and Candida albicans cells undergoing oxidative stress after incubation with the bioinspired peptides 
RR, D-RR, and WR determined by H2DCFD positive cells by fluorescence microscopy

Controls correspond to yeast cells cultivated in medium, and control+ corresponds to acetic acid treatment (AcA). Different letter indicates sig-
nificant differences and the same letter indicates no difference, P < 0.05. The assay is representative of an independent assay out of three

Yeast/incubation time Samples Number of cells in 
DIC

Number of H2DCFD 
fluorescent cells

% of cells under 
oxidative stress

Candida tropicalis/ 1 h Control+
AcA (333 mM)

205 205a 100

Control 233 9b 3.8
RR (27.5 µM) 213 188a 88.2
RR (27.5 µM) + AA (70 mM) 207 45b 21.7

Candida tropicalis/ 30 min Control+
AcA (333 mM)

241 236a 97.9

Control 258 17b 6.5
D-RR (23 µM) 268 194a 72.3
D-RR (23 µM) + AA (70 mM) 255 3b 1.1

Canida albicans/ 20 min Control+
AcA (333 mM)

176 171a 97.1

Control 207 12b 5.7
WR (27.5 µM) 178 168a 94.4
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49.5%, respectively, which were not significantly different 
from the peptide alone (Fig. 2D). AA protected C. tropi-
calis treated with RR and D-RR against cell shrinkage in 
comparison with the peptides alone (Fig. 2C). Although this 
protection in cell shrinkage was statistically different com-
pared to control (cells and medium only) for the longitudinal 
axis (Fig. 2C) that indicates that the protection was partial. 
This partial protection was also observed in Table 2. The 
addition of AcA, an inducer of regulated cell death in fungi 
with apoptosis-like features, resulted in a reduction in the 
longitudinal and transversal axes by 19.5 and 9.5% for C. 
tropicalis, and 30.6 and 26% for C. albicans, respectively 
(Fig. 2C and D).

Next, we investigated mitochondrial functionality because 
ROS stemmed mainly from mitochondrial activity. C. tropi-
calis treated for 1 h with RR in the presence of Mitotracker 
Red FM showed that the cells had active mitochondrial 
membrane potential (Fig. 3A). However, a stronger and 
more diffuse fluorescent labeling of Mitotracker Red FM 
was observed in the treated cells when compared to the con-
trol or those treated with AA (Fig. 3A). The same result 
was observed for 6 h, i.e. the time of death induced by RR. 
However, the intensity of the fluorescent signal at this latter 
time was increased even more compared to the initial time 
point of 1 h (Fig. 3A). C. tropicalis treated for 30 min or 3 h 
with D-RR showed a slightly stronger fluorescent signal in 
the D-RR treated cells compared to the control (Fig. 3C). C. 
albicans treated for 20 min or 1 h with WR, we observed that 
likewise C. tropicalis treated with RR and D-RR, a slightly 
stronger fluorescent label of Mitotracker Red FM can be 
observed in the WR-treated cells compared to the control 
(Fig. 3E). The positive control with AcA also enhanced 
mitochondrial activity of both yeasts (Fig. 3B, D, and F), but 
to a less extent than the bioinspired peptides. To confirm the 
increase in the membrane potential, we performed WST-1 
assay to analyze the mitochondrial metabolic activity. Our 
results showed that C. tropicalis treated with RR and D-RR 
had an increase of 305.2 and 565.1% in mitochondrial activ-
ity within the 1 h and 30 min of incubation, respectively 
(Fig. 3B and D). This higher activity was kept elevated for 3 
and 2 h of incubation, respectively, and was still high at the 
time of death, 3 and 6 h of incubation, respectively (Fig. 3B 

Fig. 1   Effect of the antioxidant ascorbic acid (AA) on the antimicro-
bial activity of the bioinspired peptides. AA was added before (pre), co-
incubated (co), and 1 and 2 h after (post) the addition of RR (A) and 
D-RR (B) to Candida tropicalis, and before (pre) and co-incubated (co) 
the addition of WR (C) to Candida albicans cells. The colony forming 
units (CFU) values are means ± SD. The data from co-incubation were 
obtained from Table  1. **P < 0.01; *** P < 0.001; **** P < 0.0001. 
(ns) indicates not significantly different. The assay is representative of 
an independent assay out of three

▸
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and D). C. albicans treated with WR, an increase of 835.9% 
in mitochondrial activity was also observed within the 
20 min of incubation, which was still high, 376.4%, at 1 h, 

the time of death (Fig. 3F). Triton X-100, which impaired 
mitochondrial accumulation of the Mitotracker Red FM 
probe (Fig. 3A, C, and E), also completely blocked WST-1 

Fig. 2   Morphological changes and size reduction in the yeast cells 
treated with the bioinspired peptides. A Microscopic images of Can-
dida tropicalis cells treated with 27.5 µM RR and 23 µM D-RR. Scale 
bar represents 10 µm. AA, ascorbic acid, AcA, acetic acid. B Length 
of the longitudinal and transverse axes in C. tropicalis cells. C Micro-
scopic images of Candida albicans cells treated with 27.5  µM WR. 
D Length of the longitudinal and transverse axes of C. albicans cells. 
A, B Note the granularity of the cytoplasm and the reduction in cell 
size. C, D The percentage numbers indicate a reduction of the axis in 
relation to their respective controls. Controls correspond to yeast cells 
cultivated in medium, control+ correspond to AcA or heat or Triton 

X-100 treatments. **** P < 0.0001. (ns) indicates not significantly dif-
ferent. The average size of each sample for C. tropicalis for longitudi-
nal axis is: control 7.8 µm, AcA 6.3 µm, RR 5.5 µm, RR + AA 6.5 µm, 
D-RR 5.1 µm, D-RR + AA 6.1 µm. The average size of each sample 
for C. tropicalis for transversal axis is: control 4.7 µm, AcA 4.3 µm, 
RR 3.6 µm, RR + AA 4.5 µm, D-RR 3.4 µm, D-RR + AA 4.5 µm. The 
average size of each sample for C. albicans for longitudinal axis is: 
control 5.4 µm, AcA 3.7 µm, WR 3.3 µm, WR + AA 3.3 µm. The aver-
age size of each sample for C. albicans for the transversal axis is: con-
trol 3.9 µm, AcA 2.9 µm, WR 2.6 µm, WR + AA 2.0 µm. The assay is 
representative of an independent assay out of three
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reduction in the tested yeasts (Fig. 3B, D, and F); however, 
the AcA and Triton X-100 treatments were not statistically 
different from their respective controls.

We also evaluated whether there was activation of meta-
caspases in the yeasts treated with the peptides with Cas-
pACE FITC-VAD-FMK. For C. tropicalis treated with 
RR and for C. albicans treated with WR no positive signal 
was observed at the initial time of induction of death by 
these peptides (Figs. 4A, B, and 5A, B). C. tropicalis cells 
incubated with D-RR for 30 min presented 94.2% of FITC-
VAD-FMK positive cells, indicating that C. tropicalis cells 
had activated metacaspases (Fig. 6A and B). For D-RR and 
C. tropicalis, the induction of metacaspase was inhibited 
by the coincubation of the cells with AA (Fig. 6A and B). 
The positive control (AcA) induced metacaspase activation 
in both yeast species (Figs. 4A, 5A, and 6A). The contri-
bution of metacaspases activation in the death induced by 
the bioinspired peptides was examined by the pan-caspase 
inhibitor Z-VAD-FMK in the antifungal assay. It did not 
protect the tested yeasts from the action of the bioinspired 
peptides (Figs. 4C, 5C, and 6C). The analysis of chromatin 
condensation revealed that control cells presented a round 
shaped nucleus with an even DAPI fluorescent signal, 
whereas the peptide-treated cells exhibited a stronger and 
more punctual staining (Figs. 4D, 5D, and 6D). Fluorescent 
staining was even more conspicuous at the latter incubation 
times (Figs. 4D, 5D, and 6D). The same fluorescent stain-
ing pattern was also observed for AcA, a known inducer 
of regulated cell death in yeast with apoptosis-like features 
(Figs. 4D, 5D, and 6D). To better differentiate the type of 
cell death induced by the bioinspired peptides we investi-
gated whether the death was an accidental cell death (ACD) 
by propidium iodide (PI) labeling. Our results indicated that 
C. tropicalis treated with RR and C. albicans treated with 
WR both showed positive labeling for PI since the beginning 
of incubation and also at the ending of the time of death 
(Table 4, and Fig. S3A and C) reflecting the presence of 
necrotic cells. Conversely, C. tropicalis cells treated with 
D-RR were PI negative (Table 4 and Fig. S3B). Additionally, 

for C. tropicalis incubated with RR, the PI positive labeling 
was reversed by AA co-treatment (Table 4 and Fig. S3A). 
Noteworthy, the presence of PI positive cells pointed to 
another result of peptide effect: the plasma membrane per-
meabilization in C. tropicalis treated with RR and in C. 
albicans treated with WR, but not for D-RR-exposed C. 

Fig. 3   Mitochondrial functionality in opportunistic yeast (A, B, C, 
and D Candida tropicalis, E and F Candida albicans) cells treated 
with bioinspired peptides RR, D-RR, and WR lethal dose. A, C, and 
E Microscopic images of yeast cells; Mitotracker Red FM fluores-
cence in the cytoplasm indicates mitochondrial functionality. Scale 
bar represents 10 µm. Note the hyperpolarization of the mitochondrial 
membranes of the treated yeast cells. Ascorbic acid (AA) reversed the 
hyperpolarization. Control+ corresponds to Triton X-100 treatment. 
Controls correspond to yeast cells cultivated in a medium. B, D, and 
F Determination of mitochondrial metabolic activity using WST-
1. The values above the test bars indicate the mitochondrial activity 
compared to the control. Controls correspond to yeast cells cultivated 
in medium, control+ correspond to acetic acid (AcA) or Triton X-100 
treatments. **** P < 0.0001; The assay is representative of an inde-
pendent assay out of three

▸
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tropicalis cells. As the labeling of PI would help us to bet-
ter differentiate the effect of peptides, we tested early time 
points for RR and WR and found that PI labeling starts for 
both peptides and their respective yeasts after 15 min of 
incubation (Table 5).

Discussion

The broad spectra of microbial inhibitions of AMPs cata-
pulted them to a new pharmaceutical status. Nevertheless, 
the lack of understanding of their in vivo performance 
imposes some weaknesses on their pharmaceutical devel-
opment and stalling their way to the clinic. Such drawbacks 
are embodied by their toxic action against mammalian 
cells, which results in a low selective index, poor in vivo 
pharmacokinetic and pharmacodynamic that render low 
bioavailability to AMPs, and high production costs, due to 
their complex structure and length [35]. But embedded in 
their structures are features that are being explored to cir-
cumvent these drawbacks such as wide structural diversity 
that coupled with correlation studies between activity and 

structure are showing both an understanding of positions 
and nature of amino acids important for activity, as well 
as, the possibility by chemical synthesis of incorporating 
unnatural amino acids, improving their stability and activity 
[36]. These understandings allowed the design of modified 
AMPs with better therapeutic properties. We used a similar 
approach correlating the primary structure and biological 
activities of plant defensins which allowed us to design three 
new peptides, named RR, D-RR, and WR, with ameliorated 
antimicrobial activity against opportunistic yeasts and low 
toxicity toward mammalian cells [29]. Herein, we further 
characterize these bioinspired peptides and set in motion a 
series of experiments to unravel the possible mechanism of 
their action against the opportunistic yeasts in regard to the 
induced events which led to cell death.

Previously we determined that LD100, which causes 
100% of yeast death, was 27.5 μM and 23 μM of RR and 
D-RR, respectively, for C. tropicalis, and 27.5 μM WR for 
C. albicans [29]. Herein we determined the time of death 
(Table 1) and then chose one time in the beginning and 
another at the end of the time of death for the next experi-
ments. These parameters are important because they avert 

Fig. 4   Cell death analysis in Candida tropicalis cells treated with RR 
lethal dose. A Microscopic images of yeast cells; FITC-VAD-FMK 
green fluorescence in the cytoplasm indicates metacaspase activa-
tion. Scale bar represents 10  µm. B Number of cells with activated 
metacaspases, determined after cell count in random DIC and fluores-
cence fields as observed in A. Different letters indicate a statistically 
significant difference. P < 0.05. C Viability assay with C. tropicalis 
incubated with RR at its time of death (6 h) and control in the pres-
ence of the pan-caspase inhibitor Z-VAD-FMK. Colony forming units 

(CFU) values are means ± SD. (nd), not determined (excessive num-
ber of grown colonies that prevented colony counting). (D) Detection 
of chromatin condensation by DAPI staining. Note that the control 
cells present a round-shaped nucleus with an even fluorescent signal, 
whereas the peptide-treated cells present a stronger and more punc-
tual staining indicating chromatin condensation. Scale bar represents 
10 µm. A–D Controls correspond to yeast cells cultivated in medium. 
A, B, D control+ corresponds to acetic acid (AcA) treatment. The 
assay is representative of an independent assay out of three
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misinterpretation of the cell death pathway induced by the 
bioinspired peptides [31]. Afterwards, we standardized 
the number of cells for microscopy analysis. The antimi-
crobial assays carried out so far used a total of 2000 cells/
mL; however, this amount of cells is unfeasible for optical 
microscopy analysis because it is below the detection limit. 
Therefore, a higher amount of cells was used to allow their 
visualization under an optical microscope. For that reason, 
40,000 cells/mL were used based on Soares et al. [31]. The 
bioinspired peptides retained their toxicity at higher yeast 
cell numbers (Fig. S1).

Allegedly, the main mechanism of action involved in 
microbial growth inhibition or death by AMPs is micro-
bial cell membrane damage. Indeed some AMPs have been 
reported to interact with microbial membrane components 
such as phospholipids and sphingolipids [37–39]. Con-
tradictory, some works reported results that do not fully 
explain that the AMP-membrane interaction is the main 
event responsible for the microbial growth inhibition or 
cause of death, and others demonstrated that the membrane 
damage is a ripple effect, i.e. the microbial membrane is 
a secondary or indirect target of AMPs action with other 

primary targets [31, 40–43]. Moreover, other mechanisms 
of action have been described [44]. However, the interac-
tion of AMPs with microbial membrane components seems 
to be crucial for growth inhibition and/or death processes. 
Amidst them are the anchorage points for AMPs at microbial 
membrane components by opposite charge attraction which 
allow their accumulation on the membrane surface and their 
latter entrance into the cell. This view found support in the 
reports that some known mechanisms of bacterial resistance 
to AMPs are mediated by camouflaging negative charges 
of both membrane lipid and cell wall components [45, 46]. 
One such mechanism of action of several antimicrobial sub-
stances, including AMPs, to which the inhibitory activity or 
the induced death upon microorganisms seems to converge, 
is the induction of endogenous oxidative stress [47, 48].

Firstly, based on those reports of oxidative stress as the 
possible primary toxic effect, we analyzed whether bioin-
spired peptides promoted endogenous oxidative stress in 
the yeast cells. For that, we analyzed the contribution of 
oxidative stress to the death induced by the designed pep-
tides by treating the yeasts with the antioxidant agents 
AA, NAC, or GSH in a viability assay. These substances 

Fig. 5   Cell death analysis in Candida albicans cells treated with WR 
lethal dose. A Microscopic images of yeast cells; FITC-VAD-FMK 
green fluorescence in the cytoplasm indicates metacaspase activa-
tion. Scale bar represents 10  µm. B Number of cells with activated 
metacaspases, determined after cell count in random DIC and fluores-
cence fields as observed in A. Different letters indicate a statistically 
significant difference. P < 0.05. C Viability assay with C. albicans 
incubated with WR at its time of death (1 h) and control in the pres-
ence of the pan caspase inhibitor Z-VAD-FMK. Colony forming units 

(CFU) values are means ± SD. (nd), not determined (excessive num-
ber of grown colonies that prevented colony counting). D Detection 
of chromatin condensation by DAPI staining. Note that the control 
cells present a round shaped nucleus with an even fluorescent signal, 
whereas the peptide-treated cells present a stronger and more punc-
tual staining indicating chromatin condensation. Scale bar represents 
10 µm. A–D Controls correspond to yeast cells cultivated in medium. 
A, B, D control+ corresponds to acetic acid (AcA) treatment. The 
assay is representative of an independent assay out of three
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are non-enzymatic antioxidants capable of protecting cells 
against the oxidizing action of free radicals [49, 50]. Thus, 
this analysis makes it possible to infer whether there is ROS 
generation in yeast cells exposed to the bioinspired peptides 
and, additionally, to elucidate their mechanistic involvement 
in yeast death. Our results indicated protection from death to 
C. tropicalis incubated with RR and D-RR, and no protec-
tion for C. albicans incubated with WR (Table 2). Antioxi-
dant AA were shown to diminish the antifungal activities of 
NaD1 (plant defensin from Nicotiana alata) [51], Rs-AFP2 
(plant defensin from Raphanus sativus) [41], and ApDef1  
(plant defensin from Adenanthera pavonina) [31] against C. 
albicans and S. cerevisiae. That family of plant AMP is which 
RR, D-RR, and WR were bioinspired [29], and thus it is  
expected they share the mechanism of action. Those reports 
not only are in accordance with our results but also indicate 
that oxidative stress is involved in the cell death induced by 
these peptides. Antioxidant NAC is widely used as an ROS 
scavenger in yeast cells [50, 52, 53] and was shown to pro-
tect C. albicans from the toxic effect of itraconazole at 5 mM 
[50], to protect C. albicans and S. cerevisiae from the toxic 
effect of KM29 (synthetic AMP derived from Homo sapiens 

histatin 5) at 10 mM [53], and to protect C. albicans from 
the toxic effect of LfcinB15 (AMP derived from the proteo-
lytic cleavage of lactoferrin) at 60 mM [39]. Nonetheless, 
it had no effect against the toxic effect of 10 mM farnesol 
in S. cerevisiae [54]. In these three examples, the antioxi-
dant activity was associated with ROS toxicity, to the same 
extent inferred in our results of co-incubation of RR and 
D-RR with the antioxidant AA. Having said that, in our test 
conditions 3 mM NAC was unable to rescue yeast cells from 
induced death (Table 2). Additionally, in our test conditions, 
at concentrations higher than 5 mM NAC was toxic for C. 
tropicalis and C. albicans, completely abrogating the growth 
of yeast cells (data not shown). Indeed, Andrés et al. [55] 
reported the toxic effect of NAC on C. albicans at concentra-
tions higher than 15 mM, and AA toxicity for Candida was 
also reported [56]. This toxicity action of the antioxidants 
on our conditions occurred most likely because the oxida-
tive status of the cells has important signaling roles [57–59] 
and higher concentrations of exogenous antioxidants might 
preclude these signaling pathways. One possible explanation 
for the lower protection of C. tropicalis and no protection 
of C. albicans by NAC is that NAC is an optimal scavenger 

Fig. 6   Cell death analysis in Candida tropicalis cells treated with 
D-RR lethal dose. A Microscopic images of yeast cells; FITC-VAD-
FMK green fluorescence in the cytoplasm indicates metacaspase acti-
vation. Scale bar represents 10 µm. B Number of cells with activated 
metacaspases, determined after cell count in random DIC and fluores-
cence fields as observed in A. Different letters indicate a statistically 
significant difference. P < 0.05. A, B Ascorbic acid (AA) reversed the 
metacaspase activation. C Viability assay with C. tropicalis incubated 
with D-RR at its time of death (3 h) and control in the presence of 
the pan caspase inhibitor Z-VAD-FMK. Colony forming units (CFU) 

values are means ± SD. (nd), not determined (excessive number of 
grown colonies that prevented colony counting). D Detection of chro-
matin condensation by DAPI staining. Note that the control cells pre-
sent a round-shaped nucleus with an even fluorescent signal, whereas 
the peptide-treated cells present a stronger and more punctual stain-
ing indicating chromatin condensation. Scale bar represents 10  µm. 
A–D Controls correspond to yeast cells cultivated in medium. A, B, 
D control+ corresponds to acetic acid (AcA) treatment. The assay is 
representative of an independent assay out of three
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for hydroxyl anion (OH•) [60]. If it is the case, it points to 
an irrelevant participation of OH• in the peptide-induced 
death or non-production of it by the yeast species in the 
conditions studied. Another possibility for the antioxidant 
activity of NAC is an indirect effect as a precursor used by 
the cell to synthesize GSH, which ultimately has antioxidant 
action [61]. At all, GSH synthesis may not have occurred 

fast enough to confer antioxidant protection by increasing 
GSH content since the addition of the peptides, especially 
WR which toxicity was observed after 0 h of cell contact 
(Table 1), although GSH failed to rescue the tested yeasts 
from the toxic action of the bioinspired peptides. GSH by 
itself is a well-known antioxidant molecule in fungi [62, 63]. 
Its addition was reported to protect C. albicans from death 

Table 4   Analysis of accidental cell death (ACD) in Candida tropicalis 
and Candida albicans cells treated with the bioinspired peptides RR, 
D-RR, and WRR lethal dose. Number of cells undergoing necrosis (PI 

positive cell) was determined after cell counting in random DIC and 
fluorescence fields after the incubation times indicated. Ascorbic acid 
(AA) reversed necrosis in C. tropicalis incubated with RR

Control+ corresponds to heat (100 ºC) treatment. Data from the controls+ are the same because the incubation time was 1 min for all of them. 
Different letter indicates significant differences and the same letter indicates no difference, P < 0.05. The assay is representative of an independ-
ent assay out of three

Yeast Samples Incubation 
time

Number 
of cells in 
DIC

Number of PI 
fluorescent 
cells

% necrotic 
cells

Incubation 
time

Number 
of cells in 
DIC

Number of PI 
fluorescent 
cells

% necrotic 
cells

Candida 
tropicalis

Control+
(100 °C)

1 min 207 207a 100 1 min 207 207a 100

Control 1 h 217 0b 0 6 h 241 5b 2.0
RR
(27.5 µM)

203 108a 53.2 175 71a 40.5

RR (27.5 µM) + AA 
(70 mM)

201 4b 1.9 241 6b 2.4

Candida 
tropicalis

Control+
(100 °C)

1 min 178 175a 98.3 1 min 178 175a 98.3

Control 1 h 223 0b 0 3 h 214 0b 0
D-RR
(23 µM)
D-RR (23 µM) + AA 

(70 mM)
205 6b 2.9 230 15b 6.5
172 0b 0 248 12b 4.8

Candida 
albicans

Control+
(100 °C)

1 min 191 187a 97.9 1 min 191 187a 97.9

Control 20 min 228 2b 0.9 1 h 222 14b 6.3
WR
(27.5 µM)

180 175a 97.2 198 198a 100

Table 5   Analysis of accidental cell death (ACD) induced by RR in Candida tropicalis and WR in Candida albicans at a shorter time

Different letter indicates significant differences and the same letter indicates no difference, P < 0.05. Data from the controls+ are the same 
because the incubation time was 1 min for all of them. The assay is representative of an independent assay out of three

Yeast Samples Number of 
cells in DIC

Number of PI 
fluorescent cells

% necrotic cells Number of 
cells in DIC

Number of PI 
fluorescent cells

% necrotic cells

10 min 15 min

Candida tropicalis Control+
(heat 1 min)

157 157a 100 157 157a 100

Control 150 0b 0 152 0b 0
RR
(27.5 µM)

132 10b 7.6 140 120a 85.7

Candida albicans Control+
(heat 1 min)

171 167a 97.7 171 167a 97.7

Control 173 2b 1.1 170 2b 1.2
WR
(27.5 µM)

157 8b 5.1 161 135a 83.8
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induced by LfcinB15 [40], but in high concentrations, it was 
toxic to S. cerevisiae by extra-mitochondrial Fe–S enzymes 
maturation [64]. In our test conditions, GSH at 3 mM or 
higher concentrations negatively impacted C. tropicalis 
growth (33.3% and 34.8% for RR and D-RR, respectively, 
Table 2) and C. albicans (15.4%, Table 2), and therefore, we 
had chosen in our condition tested the highest GSH concen-
tration that was minimally toxic for the tested yeast cells.

To confirm the endogenous induction of ROS by the 
yeasts, we used the fluorescent indicator H2DCFDA. This 
probe is cell-permeable and once inside the cell it is dea-
cetylated by intracellular esterases and, when oxidized by 
ROS, generates the fluorescent compound dichlorofluo-
rescein allowing the detection of ROS inside the cell. AcA 
was used as a positive control in this assay because it is a 
well-known inducer of regulated cell death in fungi with 
apoptosis-like features [65, 66]. In the conditions tested, 
AcA caused 100% of cell death (Table S1), which confirms 
its cell death induces capability [66]. Additionally, for this 
fluorescent analysis, cells treated with AcA were used as 
parameters to adjust the microscope for the control and pep-
tides treatments and all images were captured with the expo-
sure time and excitation intensity adjusted for this positive 
control (Fig. S2). The time points chosen represented one 
point at the beginning of the time of death interval required 
for each peptide to cause the death of the assay cell popula-
tion (based on Table 1). Our results indicate that RR and 
D-RR, and WR induced oxidative stress in C. tropicalis and 
C. albicans, respectively (Table 3 and Fig. S2), and antioxi-
dants use in the viability assay not only confirm our assump-
tion that C. tropicalis cells were undergoing oxidative stress 
resulting from the action of RR and D-RR, but also that 
ROS is related to the signal triggered by RR and D-RR that 
led to cell death, provided that once scavenged by the anti-
oxidant, it rescued C. tropicalis cells from death (Table 2). 
Moreover, C. tropicalis death was pharmacologically inhib-
ited, suggesting the occurrence of a regulated cell death 
(Table 2) [67]. It is of note that the presence of the three 
different antioxidants did not rescue C. albicans from death, 
even despite cells facing oxidative stress. One explanation 
might be the rapid rate with which WR induced the death 
of this yeast species, since immediately after WR addition 
(0 h time of death), 97% of the cell population was already 
dead (Table 1). Such rapidity may prevent the antioxidant 
from having the protective effect even when added before 
WR (also see discussion of Fig. 1C). Another possibility to 
explain the absence of antioxidant protection effectiveness 
is discussed later in this section.

During the analysis of our results of the oxidative stress 
determination assays, we noted that 37.6 and 36.3% of C. 
tropicalis cells died even in the presence of the AA when 
incubated with RR and D-RR, respectively (Table 2). These 
results indicate the antioxidant rescues 62.4 and 63.7% of 

C. tropicalis cells from death (Table 2). The death of 37.6 
and 36.3% of C. tropicalis cells even in the presence of the 
antioxidant AA (Table 2) raises the question of why the anti-
oxidant did not protect 100% of the assay cell population. 
The same result was observed in the microscopic assay in 
which C. tropicalis treated with RR and D-RR, simultane-
ously with AA, did not present a complete reversal of cell 
size reduction (Fig. 2). Even considering that yeast cells do 
not have a synchronized division cycle [68], AA should have 
a higher protection rate if the oxidative stress was the main 
event leading to peptide-induced yeast death. Based on this 
incomplete protection, our assumption was that ROS might 
be an initial stress that once established triggers another cell 
death executor(s) that lead to the cell death. This assump-
tion explains that even in the presence of the antioxidant, 
and therefore protected from ROS, yeast cells would still be 
committed to death. To discriminate this effect, we repeated 
the antimicrobial and viability assays in the presence of the 
antioxidant AA, but adding it at different times in relation 
to the addition of RR and D-RR. AA added 30 min before 
the addition of RR to C. tropicalis, which in theory should 
provide greater protection against ROS since the cell would 
be preloaded with the antioxidant and it would promptly 
eliminate the generated ROS, the percentage of cells not 
protected from death, unexpectedly, increased from 37.6 to 
52.3% (Fig. 1A). We believe that this decrease in protec-
tion may be due to the intrinsic toxicity of AA, which in 
this case lasted a total of 6 h 30 min of incubation with the 
yeast C. tropicalis, 30 min longer than the co-incubation 
condition and, therefore, ended up being more toxic. In 
fact, comparing the control co-incubated with AA with the 
control pre-incubated with the antioxidant we observed a 
reduction of 17.2% indicating toxicity (Fig. 1A). To D-RR 
and C. tropicalis, as foreseen, the pre-incubation for 30 min 
with AA, the percentage of cells unprotected from death 
decreased from 36.3 to 10.6% (Fig. 1B). This higher toxic-
ity observed to RR due to the longer incubation time is also 
evident when compared with the results of D-RR and the 
same yeast, in this case, the total incubation time was 3 h 
and 30 min. AA added 1 h after the addition of RR to C. 
tropicalis, i.e. ROS would have enough time to act on the 
cell, and the percentage of cells not protected from death, 
as expected, increased from 37.6 to 82.2% (Fig. 1A). In the 
case of D-RR, AA was added 1 h after the addition of the 
peptide and the percentage of cells not protected from death 
also increased from 36.3 to 68.6% (Fig. 1B), and added 2 h 
after the addition of the RR and D-RR, the percentage of 
cells not protected from death dropped even more, reaching 
98.4 and 98.9%, respectively (Fig. 1A and B). For WR we 
adopted a different approach, as this peptide induced the 
death of C. albicans very rapidly (97% of cell death at 0 h 
of incubation, Table 1), we added AA only 30 min before 
the addition of the peptide because when AA was added 
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jointly with WR it did not improve cell death (Table 2), and 
for this reason, there was no sense to add it later. However, 
even added 30 min before WR, AA continued to show the 
same response as when added concomitant to the peptide, no 
protection (Fig. 1C). C. albicans treatment with WR resulted 
in oxidative stress as confirmed by the fluorescent micros-
copy analysis (Fig. S2C) and since the peptide induced death 
of 97% of the cell population of the assay at 0 h (Table 1), 
we suspect that strong and rapid toxic effect of WR over C. 
albicans may enshroud the protection of the antioxidant even 
if it added before WR (Fig. 1C). For RR and D-RR, these 
results, as predicted, showed that ROS is probably not the 
final executor of C. tropicalis death induced by the designed 
peptides since once it was scavenged by the antioxidant after 
1 and 2 h after the addition of the peptides, C. tropicalis was 
still committed to death. This result also raised the question 
of the nature of another cell death executor triggered instead 
of ROS or whether there would be a mechanism correspond-
ing to a point-of-no-return during the death process. The 
point-of-no-return for C. tropicalis treated with RR seems to 
take place before 3 h because at this time 98% of cells were 
dead, for C. tropicalis treated with D-RR this point likely 
occurred before 1 h because at this time 98% of cells were 
dead, and for C. albicans treated with WR seems to be after 
5 min, because at 0 h, our time point correspondent to 5 min, 
97% cells were dead (Table 1). Future studies should address 
the point-of-no-return or the other cell death signal. On the 
other hand neither the antioxidants used protected C. albi-
cans from WR toxic action, suggesting that oxidative stress 
is not the main mechanism that leads to cell death despite 
being involved in the process.

Cell morphological analysis indicated that the yeasts 
treated with the bioinspired peptides exhibited granular 
cytoplasm and cell shrinkage (Fig. 2). Noteworthy the same 
phenotypic feature, i.e. cytoplasm granularity, was also 
induced by AcA, well-known inducer of regulated cell death 
in fungi with apoptosis-like features [66], which, jointly with 
the results from oxidative stress assays (Table 1), reinforce 
that regulated cell death may be occurring in the peptide-
treated yeasts. Another interesting feature of the treated cells 
was their shrinkage compared to the control cells (Fig. 2A 
and B). Both the cytoplasmic alterations and cell shrinkage 
were observed from the early time until the time of death of 
the tested yeasts (Fig. 2A and B). Furthermore, it is interest-
ing to note that C. tropicalis cells treated with RR and D-RR 
along with the antioxidant AA did restore both cytoplas-
mic changes and apparent size reduction (Fig. 2A and B), 
reinforcing again that these toxic effects of RR and D-RR 
are mediated by ROS and also pointing out to ROS as the 
primary stress that leads to both the cytoplasmic changes 
and cell size reduction. Our measurements confirm the visu-
ally observed cell size reduction (Fig. 2C and D). As the 
same effect, i.e. cell shrinkage, was observed for both the 

bioinspired peptides and AcA, it is evidencing once again 
a type of regulated cell death induced by the designed pep-
tides. Cell shrinkage is a well-known hallmark phenotype 
of several types of regulated cell death in mammalian cells 
[49]. In fungi, cell shrinkage was characterized during death 
induced in C. albicans by exogenous molecules like chlo-
rogenic acid [69], and histatin 5 (AMP from Homo sapiens 
saliva) [70]. In both examples, the efflux of ions, especially 
K+, was pointed out as the cause of cell shrinkage. If this 
is the case, it raises two possibilities; first, K+ efflux is the 
cause of cell shrinkage, and second, it may be the other sig-
nal that is independent of the antioxidant action triggered 
by the bioinspired peptides, and both possibilities should 
be investigated in the future studies. Taken together, the 
death induction by the bioinspired peptides (Table 1), the 
induction of ROS (Table 2), and cell size reduction (Fig. 2) 
strongly suggest that designed peptides induced a type of 
regulated cell death with apoptosis-like features in the tested 
Candida yeasts.

The production of ROS identified in yeasts after treat-
ment with the designed peptides led us to analyze their mito-
chondrial functionality because mitochondria are the main 
source of intracellular ROS as a byproduct of cellular respi-
ration due to a leakage of electrons from the determined 
flow order on the electron transport chain (ETC) directly to 
molecular oxygen (O2) [71, 72]. Therefore, we used the 
membrane potential-dependent probes Mitotracker Red FM 
and Rhodamine 123 to assess mitochondrial functionality. 
All three peptides induced mitochondrial dysfunction in the 
Candida yeasts (Fig. 3). These results also indicate by the 
higher intense fluorescent signal that the alteration induced 
by the peptides already took place at the beginning of the 
induced cell death process, i.e. 1 h for RR, 30 min for D-RR 
and 20 min for WR (Fig. 3). It must be emphasized that the 
comparison of control and peptide-treated samples within 
the same time point can be interpreted relative to one another 
because the images were acquired with the same fluorescent 
intensity and exposure time settings, adjusted to their respec-
tive controls (cells and medium). The same results, i.e. the 
increase in the fluorescent intensity signal, were obtained 
for Rhodamine 123 for all peptides and treated yeasts (data 
not shown). These results point out that the mitochondria of 
the peptide-treated yeasts underwent dysfunctional stress 
and for C. tropicalis the anomalous strong signal of the 
probes, i.e. Mitotracker Red FM or Rhodamine 123, was 
directly linked to the ROS production since co-incubation of 
AA with RR or D-RR in C. tropicalis restored the intensity 
of the fluorescent signal equal to the control cells for both 
probes (Fig. 3 and Fig. S2). Additionally, AA also reduced 
the intensity of the fluorescent signal of ROS probe, that is, 
the antioxidant relieved the oxidative stress on the mitochon-
dria (Fig. S2). The increased uptake of the mitochondrial 
probes observed for the peptide-treated yeasts in this work 
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may indicate a hyperpolarization of the mitochondrial mem-
brane potential. It is also in accordance with the intensified 
ROS probe signal which also showed an increase in fluores-
cence intensity as a result of intense ROS production 
(Fig. S2A and B). These results seem to be related because 
ROS production depends on a flow of electrons in the mito-
chondria ETC [73–75]. For a description of mitochondrial 
ETC please refer to Vendetti et al. [73], Mailloux [74], and 
Napolitano et al. [75]. One known condition that leads to 
ROS production in complex I is by reverse electron transport 
(RET). In RET the mitochondrial membrane must have a 
high pool of reduced coenzyme Q (CoQ) and a high mito-
chondrial membrane potential ∆ψm which act together to 
reverse the flow of electrons back to complex I where at the 
flavin mononucleotide site, electrons are passed to O2 gen-
erating superoxide anion [76]. C. albicans and C. parapsi-
losis are known to possess all five mitochondrial complexes 
which are denominated classical respiratory pathways, and 
in addition, two other known pathways were described in 
these yeasts species denominated as alternative and parallel 
oxidases [77]. Those last two are considered compensatory 
pathways when the classical pathway is somehow blocked 
[78]. The alternative and parallel pathways branch off from 
the classical pathway at the site of CoQ, therefore they can 
deoxidize CoQ, thus blocking one of the RET requirements 
from happening in these yeasts [76, 78]. Some works have 
demonstrated that the main site of ROS generation in fungi 
is the mitochondrial complex I [78–80]. Some reports have 
positively correlate high ∆ψm and low ATP concentration 
with an increase in endogenous ROS production to the toxic 
effect of antifungal substances in Candida species, for exam-
ple, in a C. albicans fluconazole-resistant strain treated with 
a combination of fluconazole and berberine [76, 81], and C. 
albicans treated with plagiochin E [82]. The high ∆ψm has 
also been associated with ROS production in hyperpolarized 
mitochondria of S. cerevisiae treated with the isoprenoid 
farnesol [54]. Also, protamine sulfate, a drug used in cardio-
vascular surgery causes a reduction in cardiac oxygen con-
sumption. Its mechanism of action is related to the inhibition 
of cytochrome c oxidase activity causing respiration inhibi-
tion, hyperpolarization of mitochondrial membrane poten-
tial, and ROS production [83]. The increase in mitochondrial 
membrane potential for ROS generation is corroborated by 
Skulachev [84] who highlighted that for ROS production in 
both complex I and complex III, an increase in mitochon-
drial membrane potential is required. Accordingly, our 
results also correlate with the increase in mitochondrial 
potential and increased ROS production (Figs. 3 and S2). 
But what increases the mitochondrial potential in the first 
place? A possible explanation was given by Pozniakovsky 
et al. [85], who correlated the increase in mitochondrial 
potential with the transient rise in intracellular Ca2+ in S. 
cerevisiae treated with the antiarrhythmic agent amiodarone, 

which in turn increased the activity of mitochondrial NADH 
dehydrogenases, which ultimately supply electrons to the 
ETC chain and consequently to ROS production. This 
explains both the increase in mitochondrial membrane 
potential and the increase in ROS production by the increase 
in the flow of electrons. The increased expression of isoci-
trate dehydrogenase, an enzyme of the Krebs cycle, in C. 
albicans treated with fluconazole and berberine corroborates 
with the observation of Pozniakovsky et al. [85, 80]. Another 
possibility for the hyperpolarization of mitochondrial mem-
brane potential was given by Machida and Tanaka [54] who 
indicated that farnesol precludes cellular signaling which 
results in the spurring F1-ATPase while reversing its activity 
from ATP synthesis to ATP hydrolysis in S. cerevisiae, 
resulting in proton ions transport back into the intermem-
brane space, hyperpolarization of the mitochondrial mem-
brane potential and ROS production. It is remarkable that 
this mitochondrial stress scenario with membrane hyperpo-
larization nor only tentatively explains the toxic effect of the 
designed peptides towards C. albicans and C. tropicalis, but 
also explains why S. cerevisiae that lacks the complex I of 
the classical respiratory pathway, together with alternative 
and parallel pathways [86] is resistant to the designed pep-
tides [29], provided that complex I is the site of ROS genera-
tion. To confirm the high mitochondrial activity, already 
observed with the Mitotracker Red FM (Fig. 3A, C, and D) 
and Rhodamine 123 probes (data not shown), we used 
WST-1 assay to assess mitochondrial activity on the peptide-
treated yeasts based on studies showing that the NADH 
formed by the mitochondrial Krebs cycle is the leading 
reductant for WST-1 reduction to water-soluble formazan 
outside cells in the presence of an intermediate electron 
acceptor, allowing the quantification of mitochondrial meta-
bolic activity by colorimetric assay [33]. The high activity 
observed in the reduction of WST-1 at the yeasts’ time of 
death may represent a residual activity of the enzymes 
involved in the process [66]. Therefore, the results of the 
WST-1 assay support the results of the stronger staining of 
the membrane potential-dependent fluorescent probes and 
confirm that the mitochondria of treated yeasts were hyper-
polarized. For the WST-1 assay, we had to standardize the 
minimum number of cells to give a positive signal in the 
assay. Initially, we used the 40,000 cells/mL that was already 
normalized for the microscopy assays (Fig. S1) validating 
that the peptides had activity at higher cell concentration, 
but we obtained no positive results within the death incuba-
tion time of the peptides, likely because of the low cell den-
sity required for this assay (data not shown). Therefore, the 
cell number of this assay was doubled to 80,000 cells/mL 
which gave a positive signal (Fig. 3B, D, and F). To validate 
that the peptides were still active at this 40-fold higher cell 
concentration than the initial assay (Table 1), we performed 
a viability assay. It is noteworthy that RR, D-RR, and WR 
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at the same LD100 and time of death determined for the assay 
with 2,000 cells/mL retained their toxicity to forty times 
more cells than the original antimicrobial assay, causing cell 
viability loss of almost all cell population (Fig. S4). Our data 
clearly indicate that the bioinspired peptides induced hyper-
polarization of their mitochondrial membrane potential lead-
ing to mitochondrial dysfunction in the tested yeasts. These 
results may exclude death as an apoptotic-like process 
because the loss of mitochondrial membrane potential is a 
hallmark of apoptosis [87]. Future studies should investigate 
the site of ROS production in the yeast mitochondria to gain 
a better understanding of how the stress triggered by the 
bioinspired peptides propagates within yeast cells, reaching 
and interfering with mitochondria.

Because ROS appear to be essential executors in regu-
lated cell death with apoptotic-like phenotype in yeasts [64, 
88] and our results pointed out ROS is linked to this process, 
we explored some regulated cell death phenotypes in yeasts. 
Indeed, apoptosis in fungi has been questioned recently [89]. 
However, it is undeniable that under certain conditions fun-
gal cells die, and whose death exhibits phenotypic character-
istics of intrinsic apoptosis in mammalian cells [65]. For this 
reason, we investigated some known markers of mammalian 
cell apoptosis to reinforce our results which indicate that a 
type of regulated cell death with phenotypic characteristics 
of mammalian cell apoptosis is being induced in C. tropi-
calis and C. albicans treated with the designed peptides, 
as suggested by Carmona-Gutierrez et al. [67]. We initially 
showed that the treated yeasts are under oxidative stress 
(Tables 2 and 3, Fig. S2), and exhibited a significant reduc-
tion in the cell size when treated with the designed peptides 
(Fig. 2). Both features are hallmarks of apoptosis in mamma-
lian and yeast cells [48, 66]. We further evaluated whether 
the yeast metacaspases were activated upon peptides treat-
ment using CaspACE FITC-VAD-FMK, a derivative of the 
pan-caspase inhibitor carbobenzoxyvalyl-alanyl-aspartyl-
[O-methyl]-fluoromethylketone (Z-VAD-FMK), where the 
N-terminal blocking group was replaced by the fluorescein 
isothiocyanate (FITC) group. This replacement endowed the 
pan-caspase inhibitor with fluorescence and the ability to 
enter cells and bind activated caspases. Only C. tropicalis 
cells incubated with D-RR presented FITC-VAD-FMK posi-
tive cells as well as the positive control (AcA) (Figs. 4A, 
5A, 6A) which was used to adjust such parameters as expo-
sure time and excitation intensity. The activation of meta-
caspases in Candida by AcA, as well as other AMPs, is in 
accordance with other works [27, 90, 91] and also with the 
description of CaMAC1 gene which encodes a metacaspase 
in C. albicans [92], and therefore, support our results. The 
inhibition of metacaspase activation by AA in C. tropicalis 
incubated with D-RR (Fig. 6) provided a causal link between 
the protection of C. tropicalis cells from ROS production 
by this antioxidant (Table 2 and Fig. 2B). To gain a better 

comprehension of the role that metacaspase activation plays 
in the death induced by the bioinspired peptides, we treated 
yeast cells with the pan-caspase inhibitor Z-VAD-FMK. This 
inhibitor enters the cell and irreversibly binds to the catalytic 
site of active caspases, inhibiting their activity. Therefore, 
if this is the route of death, treatment with Z-VAD-FMK 
should protect the yeasts from the action of the peptides. We 
found the addition of 50 μM of the pan-caspase inhibitor in 
the antifungal assay did not protect Candida cells from the 
action of the bioinspired peptides (Figs. 4C, 5C, 6C). These 
results point out that the death induced by the designed pep-
tides in C. tropicalis and C. albicans is metacaspase inde-
pendent. Guaragnela et al. [93] studied S. cerevisiae death by 
AcA treatment and showed the activation of metacaspases 
by FITC-VAD-FMK and a non-protection from death by the 
pan-caspase inhibitor Z-VAD-FMK. Their results indicated 
that the death induced by AcA in the budding yeast was 
metacaspase independent. Later studies demonstrated that 
many factors can induce S. cerevisiae death independent of 
metacaspase activity [94]. The activation of metacaspases 
was demonstrated by FITC-VAD-FM for C. albicans treated 
with Rs-AFP2, and coincubation with Z-VAD-FMK halted 
Rs-AFP2-induced yeast death. However, the deletion of the 
CaMCA1 did not interfere with the peptide-induced death, 
indicating that other caspase-like proteases may be involved 
[90]. Therefore, our results may indicate that the death path-
ways activated by the designed peptides in yeast are meta-
caspase independent or there is another signal that once trig-
gered commits cells to death as discussed above. Another 
regulated death with apoptosis-like features in mammalian 
cells analyzed in the present study was the detection of chro-
matin condensation by a fluorescent probe DAPI, which 
binds to the adenine and thymine-rich sequences of minor 
grooves of the DNA. Our results showed that the bioinspired 
peptides induce an alteration in the DAPI staining pattern 
(Figs. 4D, 5D, 6D). AMPs lead to both caspase-dependent 
[50] and independent [95] cell death with chromatin con-
densation. Due to the rapidity with which WR-induced death 
in C. albicans (Table 1), and RR-induced a metacaspase-
independent cell death in C. tropicalis (Fig. 4A and C), we 
investigated whether the cell death was an accidental cell 
death (ACD) type caused by the bioinspired peptides by 
staining yeast cells with propidium iodide (PI). PI is a fluo-
rescent probe that intercalates DNA and only enters cells 
with a ruptured cell membrane, being not permeable to the 
entire plasma membrane, and is excluded from live cells or 
cells undergoing early apoptosis, but binds to the nucleic 
acid of cells undergoing ACD and late apoptosis. RR and 
WR treatment resulted in positive PI labeling in C. tropi-
calis and C. albicans, respectively (Table 4), and negative 
labeling using D-RR and C. tropicalis (Table 4). AA had a 
protective effect on PI labeling in C. tropicalis incubated 
with RR; this result is in accordance with the treatment of C. 
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tropicalis concomitantly with RR and AA in which C. tropi-
calis death was prevented (Table 2), and once again linked 
the toxic effect of RR on C. tropicalis to an uncontrolled 
ROS production. Additionally, the time of 15 min (Table 5) 
being the earliest that the PI labeling took place ruled out 
the possibility of death being late apoptosis. The same PI 
labeling time for C. tropicalis and C. albicans (Table 5) 
does not seem to be a mere coincidence and suggests the 
activation of a conserved mechanism by the peptides. Addi-
tionally, this result indicated that the fate of the yeasts after 
incubation with the peptides is being determined by the cells 
within this time interval of 15 min, and this finding will be 
further investigated in the future. In summary, for both RR 
and D-RR peptides, the induction of death in C. tropicalis 
was reversed by AA (Table 2), therefore suggesting that the 
death process is a regulated one. For RR and WR our results 
suggest an ACD once the cells treated with these peptides 
showed PI-positive labeling (Table 4). Although ACD is 
characterized by a well-defined feature, the augment in cell 
volume, in both mammalian and yeast cells [48, 66], our 
results indicated that Candida cells treated with RR and WR 
were PI positive and were undergoing cell shrinkage (Fig. 2). 
The permeabilization of the yeast membranes allowed the 
efflux of ions, including K+, and if K+ leakage was the case, 
it might explain the shrinkage and not cell volume expansion 
of the treated yeasts [96, 97].

Conclusions

In this study, we have gleaned information from our previ-
ous work on the amino acid residues in the γ-core region of 
plant defensins important for their biological activity [29]. 
Next, we designed the RR, D-RR, and WR peptides which 
exhibited improved antimicrobial activity against oppor-
tunistic yeasts and low toxicity to mouse macrophages and 
human monocytes compared to the original peptide [29]. 
Herein, we report the effects of these bioinspired peptides 
on Candida yeasts and propose a mechanism of action in 
regard to distinct types of induced cell death (Fig. 7). We 
showed that exposure of C. tropicalis to RR and D-RR pro-
moted a regulated accidental death (Fig. 7) and metacaspase-
independent regulated cell death, respectively (Fig. 7), while 
WR promoted ACD in C. albicans (Fig. 7). Our results were 
obtained with the LD100 and within the time that the pep-
tides induce the yeast death. Within this temporal frame, our 
results allow us to gain clarity on the events triggered by the 
peptide-cell interaction and their temporal order, providing 
a better understanding of the death process induced by these 
peptides. Future studies should provide further details of 
the action time course. The understanding of the process of 
fungal cell death triggered by AMP interaction is important 
to support the clinical use of antifungal molecules, since 
the lack of understanding of the mechanism of action leads 

Fig. 7   Schematic depiction of the proposed model describing the mecha-
nism of action of RR and D-RR on Candida tropicalis, and WR on Can-
dida albicans. Based on the results present study using probes to cellular 
process (ROS, mitochondrial hyperpolarization, cell size reduction/vacu-

olization, chromatin condensation, accidental cell death, metacaspase 
activation) and inhibitors (ascorbic acid, metacaspase inhibitor) allowed 
to differentiate the type of cell death promoted by each peptide
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to failure in more advanced clinical trials. Our results can 
be mirrored by other AMPs and derived peptides helping to 
pave the way for the clinical use of these molecules. Moreo-
ver, the understanding of the mode of action of bioinspired 
peptides is important in light of the fact that regulated cell 
death pathways are also involved in Candida virulence [98] 
raising the possibility to manipulate these pathways for anti-
fungal therapy purposes.
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