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Introduction: The fungal pathogen Candida auris, is a serious threat to public health and is associated
with bloodstream infections causing high mortality particularly in patients with serious medical prob-
lems. As this pathogen is generally resistant to all the available classes of antifungals, there is a constant
demand for novel antifungal drugs with new mechanisms of antifungal action.
Objective: Therefore, in this study we synthesised six novel piperidine based 1,2,3-triazolylacetamide

derivatives (pta1-pta6) and tested their antifungal activity and mechanism of action against clinical C.
auris isolates.
Methods: Antifungal susceptibility testing was done to estimate MIC values of piperidine derivatives

following CLSI recommended guidelines. MUSE Cell Analyzer was used to check cell viability and cell
cycle arrest in C. auris after exposure to piperidine derivatives using different kits. Additionally, fluores-
cence microscopy was done to check the effect of test compound on C. auris membrane integrity and
related apoptotic assays were performed to confirm cellular apoptosis using different apoptosis markers.
Results: Out of the six derivatives; pta1, pta2 and pta3 showed highest active with MIC values from

0.24 to 0.97 lg/mL and MFC ranging from 0.97 to 3.9 lg/mL. Fungicidal behaviour of these compounds
nesburg

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jare.2020.11.002&domain=pdf
https://doi.org/10.1016/j.jare.2020.11.002
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:mwani@uj.edu.sa
mailto:Aijaz.Ahmad@wits.ac.za
mailto:Aijaz.Ahmad@nhls.ac.za
https://doi.org/10.1016/j.jare.2020.11.002
http://www.sciencedirect.com/science/journal/20901232
http://www.elsevier.com/locate/jare


V. Srivastava, Mohmmad Younus Wani, Abdullah Saad Al-Bogami et al. Journal of Advanced Research 29 (2021) 121–135
was confirmed by cell count and viability assay. Exposure to test compounds at sub-inhibitory and inhi-
bitory concentrations resulted in disruption of C. auris plasma membrane. Further in-depth studies
showed that these derivatives were able to induce apoptosis and cell cycle arrest in S-phase.
Furthermore, the compounds demonstrated lower toxicity profile.
Conclusion: Present study suggests that the novel derivatives (pta1-pta3) induce apoptotic cell death

and cell cycle arrest in C. auris and could be potential candidates against C. auris infections.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Candida auris, a pathogenic yeast bearing superbug-like charac-
teristics, is causing invasive outbreaks around the globe. This spe-
cies of Candida is frequently reported to be multidrug resistant
(MDR) and can persist in nosocomial environment due to its high
tolerance to antiseptics and disinfectants. At present, 33 countries
from 6 continents have been affected by C. auris infections with
crude mortality of around 30–72% [1]. In year 2014, the first case
was reported in South Africa and between year 2012 and 2016
around 1700 positive cases were reported [1]. The principal reason
behind this rapid spread in nosocomial environment is considered
to be its capability to form biofilms on polymeric surfaces of med-
ical devices [2].

Most C. auris infections are azole resistant and are mostly treat-
able with echinocandins. However, according to recent studies
higher minimum inhibitory concentrations (MICs) values against
all available antifungal drugs have been demonstrated by some C.
auris isolates [3]. This indicates that management strategies for
this pan-resistant species would be highly difficult and therefore,
there is an undeniable demand for new antifungal molecules with
novel and alternative modes of action against C. auris. Develop-
ment of new antifungal therapies is definitely an uphill and chal-
lenging task because of the many similarities between fungal and
human cells. An effective and interim strategy to tackle this mul-
tidrug resistant menace has been the structural modification of
the known antifungal drug classes, and it has greatly helped evad-
ing and fudging the fungal drug resistance mechanisms [4,5].

Azoles are the most widely used fungistatic and extremely well
tolerated drugs that interfere with the ergosterol biosynthesis,
causing membrane disruption. Their extended and protracted use
in absence of any alternatives has enormous contribution in drug
resistance development in Candida. Despite similar mechanism of
action, the structural differences in different triazoles have led to
huge difference in their pharmacokinetic properties including
metabolism and elimination. Any changes in the chemical struc-
tures of this class of drugs, therefore, would give a promising scaf-
fold with distinct pharmacokinetic properties that could be used to
combat the multidrug resistance problem, at least, until a new
drug class arrives.

Triazoles have been the backbone of first- and second-
generation azole antifungals and have been used as frontline drugs
for the treatment and prophylaxis of many systemic fungal infec-
tions [6,7]. The piperidine ring is also an extremely important
building block and the most commonly used heterocycle among
US FDA approved pharmaceuticals [8]. Synthesis of piperidine
derivatives has become popular among organic chemists, as they
are important core for various pharmaceuticals, agrochemicals
and natural products [9]. The commonly prescribed drugs with
piperidine nucleus are, nesina (oral anti-diabetic drug), methyl-
phenidate (improved concentration in children), risperdal (reduce
bipolar disorder, schizophrenia), tofacitinib (treat autoimmune
diseases) [10]. Additionally, triazole derivatives have been well
established to possess different therapeutic activity, namely,
antimicrobial, antitumor, antiviral, antimalarial, anti-tubercular,
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anti-leishmanial, antidiabetic, and neuroprotective agents [11].
Anti-Candida activity, mostly against C. albicans, of piperidine
derivatives has also been reported [12,13]. Triazoles linked with
some other pharmacophoric moieties have already shown promise
as important scaffolds with interesting biological activities [14–
19]. Therefore, in this study we synthesized six novel piperidine
derivatives containing a triazole moiety flanked with an acetamide
functionality and tested them against different clinical isolates of C.
auris for their antifungal activity. For insight studies, we also tested
their mode of antifungal action by studying physiology of cell
death and cell cycle analysis.
Materials and method

Chemistry

Experimental
The chemical reagents and solvents were procured from Sigma

Aldrich and Merck Germany. TLC plates used were precoated alu-
minium sheets (silica gel 60 F254, Merck Germany) and visualiza-
tion was done by UV light in a UV cabinet. Heraeus Vario EL III
analyser was used for elemental analysis. Bruker ALPHA FTIR spec-
trometer (Eco-ATR) was used for FTIR analysis. Bruker AVANCE 400
spectrometer was used for 1H NMR (400 MHz, DMSO d6) (d ppm)
and 13C NMR (100 MHz, DMSO d6) with TMS (Tetramethyl silane)
as standard. ESI-MS positive ion mode was recorded on Micromass
Quattro II triple quadrupole mass spectrometer.

Click synthesis of 2-(4-(piperidin-1-ylmethyl)-1H-1,2,3-triazol-1-yl)
acetic acid (3)

Compound 3 (2-(4-(piperidin-1-ylmethyl)-1H-1,2,3-triazol-1-yl)
acetic acid) was obtained through a click chemistry reaction of
(1-(prop-2-yn-1-yl)Piperidine) (2) with 2-azidoaceticacid in
equimolar ratio in DMF. Compound (2) in turn was obtained by
treating piperidine (1 g, 11.74 mmol) in dry acetone with propargyl
bromide dropwise (1.5 g) at room temperature, resulting in precip-
itation of the product in acetone immediately. The product was fil-
tered, washed, dried and used as such in the next reaction.

Yield: 98%; Anal. Calc. For C10H16N4O2: C 53.56, H 7.19, N
24.98%; found: C 53.70, H 7.26, N 24.85%; FTIR mmax cm�1: 3265
(AOH str), 3185 (CAH triazole ring), 2860 (CAH), 1760 (C@O); 1H
NMR (DMSO d6) d (ppm): 9.26 (1H, s, OH), 7.55 (1H, s, triazole
ring), 4.92 (2H, s, CH2,), 3.70 (2H, s, CH2), 2.63 (2H, t; J = 4 Hz),
2.36 (2H, t; J = 4 Hz), 1.66–1.58 (6H, m); 13C NMR (DMSO d6) d
(ppm): 170.8 (C@O), 154.82, 146.0, 122.8, 61.7, 54.6, 48.9, 27.0,
25.2; ESI-MS m/z: [M++H] 225.12; calculated: 224.13.

Synthesis of piperidine based 1,2,3-triazolylacetamide derivatives
(pta1-pta6)

The target derivatives (pta1-pta6)were synthesized following a
straight forward synthetic route as shown in Scheme 1. Compound
3 (1.0 mmol) on treatment with different amines (1.1 mmol) in
presence of coupling agents HATU (1.5 mmol) and DIPEA
(2.5 mmol) lead to the formation of target derivatives (pta1-
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Scheme 1. Synthesis of piperidine based 1,2,3-triazolylacetamide derivatives (pta1-pta6).
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pta6). Minimum amount of DMF (5–10 mL) was used as a solvent
and the crude compounds were obtained by vacuum evaporating
any excess DMF and precipitation in water. The crude compounds
were recrystallized twice in dichloromethane: methanol solvent
mixture.

N-phenyl-2-(4-(piperidin-1-ylmethyl)-1H-1,2,3-triazol-1-yl)
acetamide (pta1)

Yield: 80%; Anal. Calc. For C16H21N5O: C 64.19, H 7.07, N 23.39%;
found: C 64.24, H 7.15, N 23.45%; FTIR mmax cm�1: 3387 (NAH),
3150 (CAH triazole ring), 2860 (CAH), 1760 (C@O), 1632 (NH);
1H NMR (DMSO d6) d (ppm): 7.55 (1H, s, triazole ring), 7.40–7.12
(5H, m, Ar), 6.90 (1H, s, NH), 5.03 (2H, s, CH2), 3.60 (2H, s, CH2),
2.62 (2H, t; J = 4 Hz), 2.35 (2H, t; J = 4 Hz), 1.68–1.59 (6H, m);
13C NMR (DMSO d6) d (ppm): 171.1 (C@O), 140.4, 136.5, 128.9,
123.7, 122.6, 121.0, 60.0, 53.7, 48.3, 23.8, 22.8; ESI-MS m/z:
[M++H] 301.20; calculated: 300.18.

N-benzyl-2-(4-(piperidin-1-ylmethyl)-1H-1,2,3-triazol-1-yl)
acetamide (pta2)

Yield: 80%; Anal. Calc. For C17H23N5O: C 65.15, H 7.40, N 22.35%;
found: C 65.11, H 7.46, N 22.45%; FTIR mmax cm�1: 3390 (NAH),
3165 (CAH triazole ring), 2865 (CAH), 1762 (C@O), 1630 (NH);
1H NMR (DMSO d6) d (ppm): 7.55 (1H, s, triazole ring), 7.29–7.22
(5H, m, Ar), 6.18 (1H, s, NH), 4.84 (2H, s, CH2), 4.54 (2H, s, CH2),
3.74 (2H, s, CH2), 2.69 (2H, t; J = 4 Hz), 2.41 (2H, t; J = 4 Hz),
1.69–1.60 (6H, m); 13C NMR (DMSO d6) d (ppm): 168.4 (C@O),
142.0, 139.2, 128.7, 127.6, 126.7, 123.7, 54.5, 49.6, 48.1, 24.2,
23.4; ESI-MS m/z: [M++H] 315.20; calculated: 314.19.
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2-(4-(piperidin-1-ylmethyl)-1H-1,2,3-triazol-1-yl)-N-
((tetrahydrofuran-3-yl) methyl) acetamide (pta3)

Yield: 80%; Anal. Calc. For C15H25N5O2: C 58.61, H 8.20, N
22.78%; found: C 58.72, H 8.26, N 22.86%; FTIR mmax cm�1: 3392
(NAH), 3150 (CAH triazole ring), 2862 (CAH), 1765 (C@O), 1630
(NH); 1H NMR (DMSO d6) d (ppm): 7.55 (1H, s, triazole ring), 5.36
(1H, s, NH), 4.84 (2H, s, CH2), 4.49 (2H, s, CH2), 3.90–3.82 (4H, m,
furan ring), 3.47 (2H, dd, CH2, furan ring; J = 8 Hz, 16 Hz), 3.12
(2H, dd, CH2; J = 8 Hz, 16 Hz), 2.64 (2H, t; J = 4 Hz), 2.47 (1H, m,
furan ring), 2.35 (2H, t; J = 4 Hz), 1.67–1.59 (6H, m); 13C NMR
(DMSO d6) d (ppm): 168.1 (C@O), 141.8, 123.6, 79.6, 67.7, 54.5,
49.0, 48.5, 43.2, 41.5, 29.7, 24.2, 23.4; ESI-MS m/z: [M++H]
309.21; calculated: 308.20.

1-(piperidin-1-yl)-2-(4-(piperidin-1-ylmethyl)-1H-1,2,3-triazol-1-yl)
ethanone (pta4)

Yield: 80%; Anal. Calc. For C15H25N5O: C 61.83, H 8.65, N 24.03%;
found: C 61.74, H 8.72, N 24.13%; FTIR mmax cm�1: 3110 (CAH tri-
azole ring), 2860 (CAH), 1745 (C@O); 1H NMR (DMSO d6) d (ppm):
7.55 (1H, s, triazole ring), 4.95 (2H, s, CH2), 4.44 (2H, d, CH2;
J = 24 Hz), 3.72 (4H, m, CH2), 3.33 (2H, s, CH2), 2.72 (4H, m, CH2),
1.77–1.58 (10H, m); 13C NMR (DMSO d6) d (ppm): 169.9 (C@O),
141.1, 123.2, 54.1, 49.6, 48.0, 46.7, 24.6, 23.4, 21.5; ESI-MS m/z:
[M++H] 292.20; calculated: 291.21.

1-morpholino-2-(4-(piperidin-1-ylmethyl)-1H-1,2,3-triazol-1-yl)
ethanone (pta5)

Yield: 80%; Anal. Calc. For C14H23N5O2: C 57.32, H 7.90, N
23.87%; found: C 57.45, H 7.98, N 23.75%; FTIR mmax cm�1: 3108
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(CAH triazole ring), 2860 (CAH), 1745 (C@O); 1H NMR (DMSO d6) d
(ppm): 7.58 (1H, s, triazole ring), 5.08 (2H, s, CH2), 3.80–3.74 (8H,
m), 3.69 (2H, s, CH2), 2.67–2.31 (4H, m), 1.68–1.59 (6H, m); 13C
NMR (DMSO d6) d (ppm): 169.9 (C@O), 141.1, 123.2, 54.1, 49.6,
48.0, 46.7, 24.6, 23.4, 21.5; ESI-MS m/z: [M++H] 294.18; calculated:
293.19.

2-(4-(piperidin-1-ylmethyl)-1H-1,2,3-triazol-1-yl)-1-(pyrrolidin-1-
yl)ethanone (pta6)

Yield: 80%; Anal. Calc. For C14H23N5O: C 60.62, H 8.36, N 25.25%;
found: C 60.72, H 8.45, N 25.35%; FTIR mmax cm�1: 3105 (CAH tri-
azole ring), 2862 (CAH), 1735 (C@O); 1H NMR (DMSO d6) d (ppm):
7.83 (1H, s, triazole ring), 4.80 (2H, s, CH2), 3.63 (2H, s, CH2), 3.53–
3.47 (4H, m), 2.68–2.58 (4H, m), 2.08–2.02 (4H, m), 1.67–1.58 (6H,
m); 13C NMR (DMSO d6) d (ppm): 171.2 (C@O), 141.8, 123.0, 54.9,
49.6, 48.2, 47.3, 25.3, 24.1, 23.2; ESI-MSm/z: [M++H] 278.20; calcu-
lated: 277.19.

Biology

25 different isolates of C. auris stored at �80 �C as glycerol
stocks in the department were used for this study. All the isolates
were previously obtained from National Institute of Communicable
Diseases, and were collected with an ethics approval from Wits
Human Research Ethics Committee (M140159). Prior to use, iso-
lates were revived on Sabouraud Agar (SDA; Merck, Germany).

Inoculum preparation

All the primary cultures of C. auris isolates were grown in SD
Broth (Merck, Germany). Post-incubation at 37 �C, broth was cen-
trifuged and cell pellet was resuspended in normal saline solution
to the cell density of 1.0–5.0 � 106 CFU/mL (0.5 McFarland Stan-
dard), which was used for all the experiments.

Antifungal susceptibility profiling

MIC and MFC values of newly synthesised piperidine based
1,2,3-triazolylacetamide derivatives (pta1-pta6) against C. auris
strains were done according to Clinical and Laboratory Standards
Institute recommended microbroth dilution assay [20]. Stock
solutions of test compounds and AmB (Sigma Aldrich Co., USA)
were prepared with 1% DMSO (Sigma Aldrich Co., USA) and the
concentrations tested ranged from 250–0.03 mg/mL and 16–0.031
mg/mL respectively. After plates were incubated for 24 h at 37 �C,
MICs were recorded visually.

For MFC determination, all the wells showing no growth were
sub-cultured on SD plates and again incubated further for 24 h at
37 �C. The lowest concentration without any growth was recorded
as MFC.

Determination of cell count and viability

In this study, MuseTM Cell Analyzer was used for determining the
count and viability of cellular samples using the MuseTM Count and
Viability assay kit as instructed by the manufacturer. Briefly, C.
auris MRL6057 cells were inoculated in 10 mL SDB and incubated
at 37 �C until mid-log phase (8 h), followed by spinning thrice at
3000 rpm for 5 min and finally inoculating cell pellet in phosphate
buffer saline (PBS; Merck, Germany) containing test compounds at
various concentrations (½ MIC, MIC, MFC) at 37 �C for 4 h. Both
negative (untreated yeast cells) and positive controls (H2O2,
10 mM; Merck, Germany) were included in the study. Post-
incubation cells were washed and mixed in fresh PBS, followed
by mixing 20 mL of this cell suspension into 380 mL of Count & Via-
bility reagent. The suspension was then kept for 5 min at room
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temperature and thereafter examined for cell count and viability
by MuseTM Cell Analyzer.
Cell membrane integrity analysis using Propidium Iodide (PI) staining

Propidium Iodide (PI; Sigma Aldrich Co., USA) was used to check
C. auris membrane integrity, as it is commonly used as a universal
marker for studying plasma membrane permeability. C. auris
MRL6057 cells were grown in SDB for 24 h, followed by prepara-
tion of 0.5 McFarland suspension. To study the effect of test com-
pounds, cells were subjected to test compounds at various
concentrations (¼ MIC, ½ MIC and MIC) for 4 h. Both negative
and positive (10 mM H2O2) controls were incorporated during
the study. Post-exposure, cells were washed with PBS and staining
procedure was performed in dark with 30 lM PI (30 min, room
temperature). Thereafter, cells were washed and resuspended in
PBS, followed by slide preparation for fluorescence microscopic
analysis (Zeiss Microscope 780).
Protoplast preparation

For studying apoptotic markers, protoplasts of C. aurisMRL6057
were prepared as explained previously [21]. Briefly, cells grown for
8 h were then exposed for 4 h to ¼ MIC, ½ MIC and MIC of test
compounds. For the purpose of washing and resuspending yeast
cells different protoplast buffers (PB) were prepared. After expo-
sure with test compounds, cells were washed and incubated in
PB-1 (1 M sorbitol, (Sigma Aldrich Co., USA), 0.05 M tris base (Mer-
ck, Germany), 0.01 M MgCl2 (Sigma Aldrich Co., USA), 0.03 M DTT
(Merck, Germany), pH 7.4) for 10 min at room temperature. Post-
incubation, cells were harvested at 1500 rpm for 5 min and pellet
was mixed and incubated in PB-2 (1 M sorbitol, 0.05 M tris base,
0.01 M MgCl2, 0.001 M DTT, pH 7.4) supplemented with lyticase
enzyme (1 lg/mL; Sigma Aldrich Co., USA) at room temperature
for 1 h. Next, cell suspensions were centrifuged, and pellets were
resuspended and incubated in PB-3 (1 M sorbitol, 0.05 M tris base,
0.01 M MgCl2, pH 7.4) at room temperature for 20 min. Post-
incubation cell suspension was centrifuged at 1500 rpm for
5 min and pellets with protoplasts were washed and mixed in fresh
PBS and stored at 4 �C until further use.
Mitochondrial membrane depolarization assay

Change in C. auris mitochondrial membrane potential after
exposure to test compounds was detected by using JC-10 assay
kit-microplate (abcam, UK), following manufacturer’s instructions.
Briefly, 90 lL of C. auris protoplast suspensions and 50 mL JC-10
dye-loading solution was added to the designated wells of clear
bottom and black walled 96-well microtiter plates (Thermo Fisher
Scientific, Germany). The plates were then incubated for 1 h in dark
at 37 �C, followed by the addition of 50 lL of buffer B. After incu-
bation, protoplasts were spanned down at 800 rpm for 2 min. Flu-
orescence intensity was observed at Ex/Em = 490/530 nm (green
fluorescence, represented as X) and 540/590 nm (red fluorescence,
represented as Y) with a SpectraMax iD3 multi-mode microplate
readers (Molecular Devices, USA). In apoptotic cells, the dye
appears green in color as it remains in its monomeric form
(Em = 530 nm) whereas, in live cells the dye aggregates in mito-
chondria and appear red in color (Em = 590 nm). The difference
in mitochondrial membrane potential was calculated in terms of
ratio of aggregates and monomeric (Y mean/X mean) form of JC-
10 dye. Decrease in ratios was interpreted as mitochondrial
membrane depolarization. Both negative (untreated cells) and pos-
itive (10 mM H2O2) controls were considered during experiments.
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Assessment of release of cytochrome c level

The effect of compounds on release of cytochrome c level was
studied by a method adopted from Yun and Lee, 2016 [22]. Briefly,
C. auris MRL6057 cells (0.5 McFarland) were exposed to ¼ MIC, ½
MIC and MIC of test compounds for 4 h; negative and positive
(10 mM H2O2) controls were taken into consideration. Post-
incubation cells were washed with fresh PBS solution and were
homogenized in buffer A (EDTA, 0.002 M, EDTA (Merck, Germany);
Phenylmethylsulfonyl fluoride (Roche Diagnostics, Germany);
0.05 M, Tris base (pH 7.5)). Thereafter, homogenized suspension
was spanned at 4000 rpm for 10 min to obtain a supernatant.
The supernatant was further centrifuged for 45 min at
50,000 rpm, and the supernatant was used to measure cytosolic
cytochrome c levels while as pellet was resuspended in buffer B
(EDTA, 0.002 M; Tris base, 0.05 M; pH 5.0) to measure mitochon-
drial cytochrome c levels. The cytochrome c was further reduced
by adding 500 mg/mL of ascorbic acid (Sigma Aldrich Co., USA)
and the reduced form was relatively quantified at 550 nm by UV-
1800 SHIMADZU spectrophotometer.
Annexin V-FITC/PI staining

Initial phase of apoptosis can be detected by spotting transfer of
phosphatidylserine (PS) from inside to outside of cell membrane.
The experiment was performed by using annexin V- FITC Apoptosis
Detection Kit I (BD, USA) following company instructions. Treated
C. auris protoplast cells (0.5 McFarland) were suspended in 1X
binding buffer (available in the kit). From this 100 lL samples were
aliquoted, transferred in 5 mL culture tubes and to each tube 5 lL
of PI and 5 lL annexin V- FITC were added. Following addition of
dyes tubes were incubated for 15 min in dark at room temperature.
Thereafter, to each tube 400 lL of 1X binding buffer was mixed and
samples were analyzed by BD LSRFortessa Flow cytometer (BD,
USA) and results were analyzed by FlowJo_V10 software.
Untreated and 10 mM H2O2 treated protoplasts were also included
as negative and positive controls. Cell populations were divided in
four different quadrants with Quadrants 1: necrosis (Annexin V�/
PI+); Quadrants 2: late apoptosis (Annexin V+/PI+); Quadrants 3:
early apoptosis (Annexin V+/PI�), Quadrants 4: live cells (Annexin
V�/PI�).
Terminal deoxynucleotidyl transferase dUTP nick-end labeling
(TUNEL) assay

To study late apoptosis in cells, DNA damage by TUNEL assay is
a hallmark method and was done using in Situ Cell Death Detection
Kit, Fluorescein (Roche Diagnostics, Germany) as directed by the
supplier. Briefly, C. auris MRL6057 (0.5 McFarland) were subjected
to ¼MIC, ½MIC and MIC of test compounds for 4 h along with neg-
ative (untreated yeast cells) and positive (10 mM H2O2) controls
were considered in present experiment. After exposure, cells were
washed using PBS (twice) and subsequently fixed in 4%
paraformaldehyde (Sigma Aldrich Co., USA). After fixation proto-
plasts were prepared as described above. Protoplasts were then
suspended in permeabilization solution (0.25% Triton X-100, Sigma
Aldrich Co., USA), incubated for 20 min followed by rinsing with
deionized water. Thereafter, slides were incubated with 50 lL
TUNEL reaction mixture (450 lL label solution + 50 lL of enzyme
solution) at 37 �C for 1 h (in dark) in a humidified chamber. Post-
incubation samples were rinsed with deionized water and slides
were observed under fluorescence microscopy (Zeiss 780) with
an Ex/Em = 495/519 nm. ImageJ software was use for further image
analysis.
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Analysis of cell cycle arrest

The effect of test compounds on C. auris MRL6057 cell cycle was
determined by MuseTM Cell Analyzer using MuseTM Cell Cycle kit as
per instructions provided. Briefly, yeast cells were inoculated in
SDB and allowed to reach mid-log phase followed by spinning at
3000 rpm for 4 min. The remaining pellet was resuspended in
SDB (0.5 McFarland) and were subjected to test compounds at ¼
MIC, ½ MIC and MIC values for 4 h. After exposure, each sample
was washed with fresh PBS and the pellet was fixed in 1 mL of
70% ice cold ethanol (Sigma Aldrich Co., USA) and stored at
�20 �C until required. Next, 200 mL of fixed cells were aliquoted,
centrifuged (3000 rpm, 5 min) and washed with sterile PBS solu-
tion. To the fixed cells, 200 mL of MuseTM Cell Cycle reagent was
mixed and incubated for 30 min in dark at room temperature.
The samples were examined by MuseTM Cell Analyzer. Both nega-
tive (untreated yeast cells) and positive control (10 mM H2O2)
were also subjected to same procedure during the experiment.

Cytotoxicity studies

The test compounds were evaluated for their cytotoxic activity
using horse red blood cells (NHLS, South Africa). The compounds
were evaluated for their cytotoxic nature by method explained
previously [21], with modifications. Briefly, 10 mL horse blood
was aliquoted in 50 mL sterile falcon tubes, spinning for 10 min
at 2000 rpm. Followed centrifugation, pellet was secured after
spinning, washed thrice with ice-cold PBS and resuspended in
chilled PBS to give 10% RBC suspension. Next, 10% RBC suspension
was again diluted ten times in PBS and 100 lL of this suspension
was mixed with test compounds (¼ MIC, ½ MIC, MIC and MFC).
The mixture was kept for 1 h at room temperature followed by
spinning for 10 min at 2000 rpm. From the supernatant, 200 lL
was aliquoted and added to designated wells of a 96-well flat-
bottom microtiter plate (Thermo Fisher Scientific, Germany) and
at 450 nm absorbance was recorded by using SpectraMax iD3
multi-mode microplate readers (Molecular Devices, USA). Both
positive (Triton X-100, 1%) and negative (fresh PBS) controls were
included in the study. The result was represented in terms of per-
centage haemolysis (% haemolysis) and was calculated as follows:

%Haemolysis¼ ½ A450 of treated sampleð Þ� A450 of negative controlð Þ�
A450 of positive controlð Þ� A450 of negative controlð Þ½ �

�100
Statistical analysis

All the data and graphs were statistically analyzed by GraphPad
Prism software, version 8.0.1 using Two-way ANOVA test. Experi-
ments were executed individually in triplicates at three different
time intervals and the results were documented as
means ± standard error. The statistical analysis with p-
values � 0.05 were considered significant.

Results and discussions

The outline synthesis of the target derivatives (pta1-pta6) is
given in Scheme 1. 2-(4-(piperidin-1-ylmethyl)-1H-1,2,3-triazol-1
-yl)acetic acid (3)was obtained through a click chemistry approach
(Copper-Catalyzed Azide-Alkyne Cycloaddition (CuAAC)]) from 1-
(prop-2-yn-1-yl)Piperidine) (2) and 2-azidoaceticacid. Click
reactions are considered to be one of the most important green
routes to the synthesis of 1,2,3-triazoles with higher reaction
yields and high purity [23]. The target compounds (pta1-pta6)
were obtained by treating compound 3 with different amines
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under amide coupling conditions (see Scheme 1). The structures of
all the derivatives were established by different physical and spec-
troscopic techniques. The structure of the triazole (3) was con-
firmed by FTIR, 1H NMR, 13C NMR and ESI MS. Presence of
stretching bands at 3265 (AOH str), 2860 (CAH), 1760 (C@O)
and absence of any stretching bands for azide (N@N@N at or
around 2100–2160 cm�1) or alkyne (around 2100–2140 cm�1)
indicated the cyclization of (1-(prop-2-yn-1-yl)Piperidine) (2)with
2-azidoacetic acid. The formation of the triazole ring was also
confirmed by the characteristic absorption band in the region
3185–3105 cm�1 in the FTIR spectra due to the @CAH stretching
of triazole ring. Presence of a singlet peak at 7.55–7.83 (1H, s, tri-
azole ring) in 1H NMR spectrum and the presence of peaks at
146.0 and 122.8 in 13C NMR spectrum corresponding to the carbon
atoms in the triazole ring established the structure of the com-
pound 3. Positive ion mass peak atm/z: [M++H] 225.12 further con-
firmed the structure. The structures of the target compounds were
also established in a similar way. The formation of the amide bonds
in the target compounds was established by the characteristic
stretching frequencies for C@O and NAH, represented as amide I
and amide II, characteristic of amides. The 1H NMR, 13C NMR and
ESI MS spectra were also in agreement with the established struc-
tures of the new molecules.

MIC and MFC values of compounds against C. auris isolates

Candida infection is a significant global health care threat
worldwide. Emergence of MDR C. auris has further complicated this
problem. With increasing limitation of current therapeutic regime,
there is a pressing need of developing novel antifungal drugs. Var-
ious strategies and approaches have been used to handle this prob-
lem, which include the use of combination therapy, alternative
approaches, semi-synthetic analogues of natural products with
enhanced efficacy and structural modification of existing antifun-
gal drugs to evade drug resistance. These approaches and strategies
have helped to a great extent to fight multidrug resistant patho-
gens as development of a new antifungal drug has been quite chal-
lenging task, which is reflected by the fact that no new drug has
been discovered after the echinocandins [24]. In this study we used
the triazole scaffold, which is the core ring of azole class of antifun-
gals and flanked it with a piperidine ring and an acetamide func-
tionality because of their inherent biological and
pharmacokinetic properties [25]. Benznidazole (N-benzyl-2-nitroi
midazole-1-acetamide) is a nitroimidazole derivative containing
acetamide functionality and is the drug of choice for treating infec-
tions with Trypanosoma cruzi.

Six novel derivatives (pta1-pta6) were obtained and tested for
their antifungal efficacy against different clinical isolates of C. auris.
MIC and MFC results reveal susceptibility of tested C. auris isolates
towards the test compounds at varying levels. The order of potency
on the basis of MIC values are pta3 > pta2 > pta1 > pta4 = pta5 =
pta6 with MIC values of 0.24, 0.48, 0.97 lg/mL and >125 lg/mL,
respectively (Table 1). In comparison to test compounds the MICs
for AmB was found between 0.125 and 4 mg/mL. The MFC values
were found to be 3.9 lg/mL, 1.95 lg/mL and 0.97 lg/mL for com-
pounds pta1, pta2 and pta3 respectively, whereas, �>250 lg/mL
was recorded for pta 4, pta5 and pta6. Therefore, among six test
compounds, pta1, pta2 and pta3 possess low MIC values against
C. auris isolates representing their strong anti-Candida activity.
Similar to our results, anti-Candida activity of other piperidine
derivatives have been reported against other Candida species.
Ahamed and co-workers tested 14 piperidine derivatives with only
two compounds exhibiting low MIC values of 0.25 lg/mL and
0.5 lg/mL against C. albicans [26].

Epidihydropinidine, piperidine alkaloid has been reported to
have MIC values 5.37 lg/mL against non-auris Candida species
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[27]. Our results corroborate with the previous finding, suggesting
that that piperidine ring containing compounds are potent inhibi-
tors of growth and proliferation in Candida species. Since test com-
pounds, pta1, pta2 and pta3 at low concentrations showed
antifungal activity against C. auris isolates, therefore, it was worth
investigating the mechanisms by which these compounds exerted
antifungal activity against C. auris isolates. To uncover the mode of
action of test compounds C. aurisMRL6057 was used as test isolate.
The rationale for selecting C. auris MRL 6057 isolates was its high
MIC against AmB (4.0 mg/mL). Table 1 represents MIC and MFC val-
ues of test compounds and AmB against tested C. auris isolates.

Cell count and viability assay

MuseTM Count and Viability Assay was used for determining cell
concentration and viability, which are crucial signs for healthy cell
growth. The MuseTM Count & Viability reagent is a mixture of two
DNA binding dyes which enables differential staining of live and
dead cells. The results for cell count and viability were obtained
in the form of graphs from MuseTM Cell Analyzer (Fig. 1). The graph
represented both population and viability profile for C. auris
MRL6057. In untreated negative control, 91.8% live cells were
recorded whereas cells treated with H2O2 (positive control)
resulted in 93.9% cell deaths (Fig. 1A). Treatment with test com-
pounds (pta1, pta2 and pta3) resulted in dose dependent decrease
in percentage of viable cells (Fig. 1B–D). The percent cell viability
after treatment with ½ MIC, MIC and MFC values of compound
pta1 was observed as 63.3%, 23.2% and 3.9% respectively. For com-
pound pta2, percent cell viability after treatment with ½ MIC, MIC
and MFC values decreased from 56.3%, 20.6% and 5.6% respectively;
whereas, treatment with compound pta3 resulted in decrease from
37.0%, 16.7% and 2.2% when treated ½ MIC, MIC and MFC values,
respectively. This suggest that test compounds at their correspond-
ing MFC values completely inhibits growth and survival of C. auris
MRL6057. These results further support our microdilution assay
and validates antimycotic property of these compounds at MIC
and MFC values.

Effect of compounds on C. auris cell membrane integrity

Yeast cell growth and survival is directly linked to intact plasma
membrane structure as it provides a strong barrier to environmen-
tal stresses. The compounds targeting and disrupting C. auris
plasma membrane can be considered as potential lead compounds
for antifungal drug development. PI can only penetrate through
disrupted cell membranes resulting in red fluorescence [28].

The effect of test compounds (pta1, pta2 and pta3) at ¼ MIC, ½
MIC and MIC on membrane integrity of C. auris MRL6057 was
investigated by using PI. Fig. 2 represents anti-Candida activity of
all the three compounds in a concentration dependent manner.
The results revealed higher percentage of PI positive cells after
exposure to test compounds, which clearly signifies disruption of
plasma membrane integrity in treated yeast cells. Higher uptake
of PI was observed with the increasing concentration of test com-
pounds with a maximum uptake at MIC values followed by ½ MIC
and ¼ MIC. When compared pta3 was potent disrupter of C. auris
plasma membrane followed by pta2 and pta1.

Therefore, based on these results we hypothesized that the
plasma membrane disruption after exposure to test compounds
may be due to the consequence of apoptosis or necrosis in C. auris.
Apoptosis or necrosis is a process that results in compromised
plasma membrane resulting in the uptake of PI compared to health
cells [28]. Therefore, these speculations were validated by studying
different apoptotic parameters in C. auris MRL6057 isolate after
exposing to these test compounds. Important apoptotic parame-
ters, namely, mitochondrial membrane destabilization, cyto-



Table 1
MIC and MFC values of test compounds and AmB against C. auris isolates.

C. auris isolates pta1 (mg/mL) pta2 (mg/mL) pta3 (mg/mL) pta4 (mg/mL) pta5 (mg/mL) pta6 (mg/mL) AmB (mg/mL)

MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC MIC MFC

MRL 6326 0.48 1.95 0.24 0.97 0.12 0.48 >250 >1000 >250 >1000 >250 >1000 0.25 0.5
MRL 6183 0.48 1.95 0.24 0.97 0.12 0.48 >250 >1000 >250 >1000 >250 >1000 0.25 0.5
MRL 4888 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 1.0 2.0
MRL 6015 0.48 1.95 0.24 0.97 0.12 0.48 >250 >1000 >250 >1000 >250 >1000 0.25 0.5
MRL 6333 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 0.5 1.0
MRL 4587 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 0.5 0.5
MRL 6334 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 0.5 2.0
MRL 3785 0.48 1.95 0.24 0.97 0.12 0.48 >250 >1000 >250 >1000 >250 >1000 0.125 0.5
MRL 6059 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 0.5 1.0
MRL 4000 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 2.0 4.0
MRL 6065 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 1.0 2.0
MRL 2921 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 2.0 4.0
MRL 6125 0.48 1.95 0.24 0.97 0.12 0.48 >250 >1000 >250 >1000 >250 >1000 0.25 0.5
MRL 6338 0.48 1.95 0.24 0.97 0.12 0.48 >250 >1000 >250 >1000 >250 >1000 0.25 0.5
MRL 3499 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 0.5 1.0
MRL 6194 0.48 1.95 0.24 0.97 0.12 0.48 >250 >1000 >250 >1000 >250 >1000 0.25 0.5
MRL 6005 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 1.0 2.0
MRL 6057 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 4.0 8.0
MRL 5762 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 2.0 4.0
MRL 6173 0.48 1.95 0.24 0.97 0.12 0.48 >250 >1000 >250 >1000 >250 >1000 0.25 0.5
MRL 5765 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 2.0 4.0
MRL 2397 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 1.0 2.0
MRL 5418 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 0.5 1.0
MRL 6277 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 0.5 1.0
MRL 6339 0.97 3.9 0.48 1.95 0.24 0.97 >250 >1000 >250 >1000 >250 >1000 0.5 1.0

Fig. 1. Effect of test compounds on cell count and viability of C. auris MRL6057. Figure demonstrates viability and population profile of C. auris MRL6057. (A) Untreated
positive control and negative control (cells treated 10 mM H2O2). Viability and population profile of C. auris after treatment with pta1 (B), pta2 (C) and pta3 (D) at different
inhibitory concentrations.
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Fig. 2. Uptake of PI by C. auris MRL 6057. Exposure of yeast cells by test compounds at various concentrations (0.25́ MIC, 0.5́ MIC and MIC). (A) Untreated cells were used as
negative control for intact C. auris plasma membrane whereas, treatment with H2O2 caused compromised cell membrane resulting in cellular uptake of PI. (B) Exposure of C.
auris cells to pta1; (C) exposure of C. auris cells to pta2 and (D) exposure of C. auris cells to pta3. Cells were observed by fluorescence microscopy (63x oil immersion objective).
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chrome c discharge, exposure of phosphatidylserine and DNA
impairment was investigated. Furthermore, effect of compounds
on cell cycle was evaluated because cell-cycle dysregulation may
lead to apoptosis due to mitotic errors [29].
Apoptosis studies

Compounds induced the loss of mitochondrial membrane potential
(Dwm)

In yeasts, mitochondria besides providing metabolic energy for
cell survival it is also an important role player of apoptotic path-
ways [30]. Therefore, it becomes important to assess whether these
three test compounds have any impact over mitochondrial mem-
brane potential, which was investigated by JC-10 dye. In the apop-
tosis pathway, loss of Dwm has been considered a characteristic
feature. Live yeast cells have stable mitochondrial membrane
potential and therefore JC-10 dye gets aggregated and produces
red fluorescence, whereas in apoptotic cells Dwm is lost and thus
the dye remains in its monomeric form giving a green fluorescence.
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The Dwm has been calculated in terms of the ratio of JC-10 aggre-
gates to JC-10 monomers, a reduction in the values compared to
untreated control clearly indicated depolarization of mitochondrial
membrane potential. Exposed C. auris cells showed decreased JC-
10 aggregate mean fluorescence values, indicating depolarization
of mitochondrial membrane. Fig. 3 shows lower ratios after treat-
ment with test compounds (¼ MIC, ½ MIC and MIC), H2O2 treated
cells (positive control) and compared to untreated cells (negative
control). The ratio recorded for untreated cells was 1.74 whereas,
0.91 was recorded in positive control. Maximum mitochondrial
depolarization was observed in case of pta3, with recorded values
1.07, 1.04 and 1.02 at concentration of ¼ MIC, ½ MIC and MIC
respectively. In test compound, pta2 and pta1, the ratio varies from
1.42 to 1.05 and 1.6 to 1.24 at different concentrations respec-
tively. These results suggest that exposure to test compounds
reduced the mitochondrial membrane potential of C. auris isolate
by collapsing the mitochondrial membrane. The mitochondrial
membrane depolarization results in discharge of cytochrome c
along with other associated factors into the cytoplasm and finally
apoptosis [31]. Similar report has been published by Lemar and
co-workers, where extracts of Allium sativum was found to exhibit



Fig. 3. Bar graph representing fluorescence ratio (Y mean/X mean). Y mean
represents JC-10 aggregates and X mean represents JC-10 monomers. Depolariza-
tion of mitochondrial membrane was recorded in exposed C. auris cells in
comparison to negative control.
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anti-Candida activity [32] and its constituent diallyl disulphide
(DADS) showed marked mitochondrial depolarization in C. albicans
[33].

Apoptotic factors are activated by test compounds

In yeast cells, cytochrome c controls both cellular metabolism
as well as apoptotic pathways [34]. It is also responsible for elec-
tron transfer from complex III to IV in mitochondria and therefore
its discharge is considered as gauge for failure of electron transport
chain [34]. When compared to negative control, an increase in the
level of cytosolic cytochrome c was recorded after exposure to test
compounds and H2O2, whereas, a decreasing trend was observed in
mitochondrial cytochrome c level (Fig. 4A and B). Discharge of
cytochrome c was found to be concentration dependent with a
maximum release measured at MIC. With respect to untreated C.
auris cells (negative control) where cytosolic and mitochondrial
cytochrome c were set as 1.0, the average relative values for
cytosolic and mitochondrial cytochrome c for H2O2 treated cells
(positive control) were 1.37 and 0.71 respectively. Among all the
three piperidine derivatives, pta3 was found to be the most potent
in activating apoptotic factors in C. auris cells with an average rel-
ative value of 1.47 and 0.69 for cytosolic and mitochondrial cyto-
chrome c followed by pta2 and pta1.

Therefore, results suggested that test compounds caused
release of cytochrome c from the mitochondria resulting in failure
of electron transport chain in C. auris. Hence, it can be stated that
these compounds first induced depolarization of mitochondrial
membrane in C. auris cells, which led to the bleeding of cytochrome
c into cytosol and finally activating yeast metacaspase Yca1p
(ortholog of mammalian caspases; play crucial role in yeast apop-
tosis). This triggers the caspase cascade mediated apoptosis in C.
auris. This sequence of events is most commonly reported during
apoptosis in yeast cell [35].

Compounds trigger PS externalisation

Phosphatidylserine is normally located in the inner side of the
plasma membrane, but in apoptotic cells PS is externalised on
outer side, which is considered as an early apoptosis marker in
fungi [36]. Therefore, we studied PS externalisation using double
staining method that employs Annexin V and PI. The exposed PS
is stained by Annexin V while as PI can verifies the membrane
integrity of the cells and therefore this assay can differentiate
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between apoptotic, late apoptotic and necrotic cells. After treat-
ment with different compounds (¼MIC, ½ MIC and MIC), the num-
ber of cells (C. auris MRL6057) in the Q1 (Annexin V�/PI+) and Q2
(Annexin V+/PI+) quadrants has increased, whereas the number of
cells in the Q3 (Annexin V+/PI�) and Q4 (Annexin V�/PI�) quad-
rants has decreased significantly (Fig. 5). Table 2, represents per-
centage of cells present in different quadrants of quadrant dot
plot. In negative control (untreated cells), cell population (98.8%)
was confined to Q4 representing presence of viable cells in the
sample. Whereas, in positive control (cells exposed to 10 mM
H2O2) cell population was distributed in all the quadrants (15.1%,
Q1; 30.3%, Q2; 11.9% Q3 and 42.7%, Q4) suggesting exposure of
10 mM H2O2 mainly results in late apoptosis in C. auris
MRL6057. Higher concentrations of test compounds resulted in
higher percentage of cells confining to Q1 and Q2 whereas, a
decrease in cell percentage was observed in Q3 and Q4, revealing
that piperidine derivatives induced apoptosis in C. auris. Com-
pound pta3 showed most potent activity with the highest percent-
age of cells in Q2 (97.3) and lowest concentration in Q1 (0.22),
when cells were exposed to MIC values (Table 2). Similar results
were recorded while analyzing effect of compounds on membrane
integrity using PI as a marker, with maximum PI positive cells
observed in samples exposed with pta3. Results obtained in this
study are in accord with former findings where antifungal com-
pounds were responsible for yeast cell membrane damage as well
as inducing apoptosis inside Candida spp. Naphthofuranquinone
compounds exhibited antifungal activity against azole-resistant
Candida spp., as they exert toxicity by damaging plasma mem-
brane, depolarization of mitochondrial membrane and DNA dam-
age [37]. Carvacrol, a monoterpene phenol, resulted in plasma
membrane depolarization associated with apoptosis and DNA frag-
mentation in C. albicans [38]. Synthetic MCh-AMP1, a peptide was
reported to damage plasma membrane by increasing its perme-
ability, inducing potassium leakage and ROS production in C. albi-
cans [39].

Therefore, these results reveal that inhibition of growth and
survival of C. auris by test compounds was a result of induced
apoptosis. In Annexin V/PI double staining, early apoptosis is
shown by cells that were exposed to sub-inhibitory concentration,
while a late apoptosis was depicted at higher concentrations of test
compounds.

DNA damage in C. auris

DNA fragmentation, which is an important outcome of apopto-
sis in yeast cells was investigated by TUNEL assay. This assay mea-
sures DNA damage by binding to free 30-OH ends of cleaved DNA
[40,33]. C. auris MRL6057 cells exposed to test compounds and
H2O2 represented an increased number of green fluorescence dots
(TUNEL+ nuclei) as compared to untreated negative cells, indicating
DNA damage in yeast cells (Fig. 6). With increasing concentration
of test compounds, both number as well as intensity of green fluo-
rescence increased, revealing the concentration dependent effect.
Results revealed that pta3 was most active against C. auris cells
as it exerted DNA damage even at sub-MICs, followed by pta2
and pta1. Therefore, our results strongly support that the test com-
pounds caused apoptotic DNA damage, a marker of late stage apop-
tosis in yeast cells.

Further, TUNNEL assay corroborates the apoptotic nature of
these three compounds against C. auris cells and the observations
are in accord with previous literature, where researchers have doc-
umented dose dependent effect of natural compounds on
induction of apoptosis and DNA damage in Candida cells [41,42].
These findings are also in agreement with our research findings
where semi-synthetic compounds were reported to cause dose
dependent late apoptosis in C. albicans [5,21].



Fig. 4. Activation of apoptotic factors in C. auris MRL6057 in presence of test compounds and H2O2. Mitochondrial (A) and cytosolic (B) cytochrome c were estimated at
550 nm. Results show decreased cytochrome c level in mitochondria whereas increased cytochrome c level in cytosol. NC: negative control; PC: positive control.
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Cell cycle arrest in C. auris

As exposure of test compounds resulted in DNA damage in
yeast cells and it is well reported that damaged DNA cannot enter
cell cycle for prevention of mutations. Therefore, we studied the
cell cycle arrest in C. auris cells after exposure to test compounds.
In negative control (untreated cells) around 87.6% cells were in G0/
G1 phase followed by 6.5% and 5.4% in S phase and G2/M phase,
respectively. Exposure of C. auris MRL6057 cells to test compounds
resulted in cell cycle arrest at different phases (Fig. 7). Exposure of
cells to sub-inhibitory concentrations of pta1 (¼ MIC and ½ MIC)
and pta2 (¼ MIC) had no effect over C. auris cell cycle and was sim-
ilar to negative control. However, at MIC value of pta1 a new trend
was observed in which 58.85% cells were in G0/G1 phase, 24.6%
cells in S phase and 15.8% cells were in G2/M phase. Compound
pta2 at ½ MIC also impacted normal cell cycle of C. auris with
71.45%, 18.05% and 10.1% cells accumulated in G0/G1 phase, S
phase and G2/M phase respectively. Furthermore, at MIC value
the percentage of cells was decreased in G0/G1 phase (32%) and
increased in S phase (44.85%) and G2/M phase (22.75%). Exposure
to pta3 at different inhibitory concentrations ceased the cell cycle
in S phase which was evident from presence of large population of
cells in S phase with 48.75% cells (¼ MIC); 59% cells (½ MIC) and
67.55% cells (MIC). The cell percentage in G2/M phase was low
(11.45% cells reported at ¼ MIC; 12.7% cells reported at ½ MIC
and 13.7% cells reported at MIC) as compared to G0/G1 phase
(39.25% cells reported at ¼ MIC; 26.55% cells reported at ½ MIC
and 18.35% cells reported at MIC). Altogether, the results revealed
that all three test compounds allowed the cells to proceed through
G0/G1 and caused a cell arrest in S phase. Compound pta3 has most
prominent effect on cell cycle progression in C. auris and even at
low concentration (¼ MIC) cells were arrested in S phase,
urthermore, the percentage of arrested cells in S phase was
increased with increasing concentration of compound.

It has been reported that piperidines and their derivatives have
DNA binding/cleavage activity in eukaryotes and are potential anti-
cancer agents [43]. Furthermore, these heterocyclic compounds are
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well known for generation of Reactive Oxygen Species (ROS) and
ROS-dependent apoptosis, mitochondrial membrane depolariza-
tion, and expression of caspase which is a marker for both intrinsic
and extrinsic apoptosis in malignant cells [44,45]. In Saccharomyces
cerevisiae, apoptosis is reported to be induced due to damaged DNA
[46]. Cells are highly vulnerable to DNA damage in the course of S-
phase of cell cycle because in this phase DNA is replicated. Any
impairment in DNA or disruption in DNA replication is responded
by activation of surveillance pathways known as checkpoint con-
trols that results in cell cycle arrest and thus bargain time for repair
before restarting the cycle [47]. In yeast, there are two surveillance
networks, namely, DNA replication checkpoint and DNA damage
checkpoint that are being operated during S-phase and these path-
ways are conserved in yeast. Therefore, any replicative stress and
DNA damage encountered by yeast triggers activation of Mec1
and Rad53 kinases, responsible for this checkpoint control
[48,49]. The activation of these checkpoints results in cell cycle
arrest in S-phase. Krishnan and co-workers (2007) [47], have
discussed cell cycle arrest in yeast by 2-methyl-1,8 epoxy naphthal-
imide (ENA), a DNA-binding compound that arrest cell cycle in
S-phase. Other DNA-interacting compounds with cytotoxic proper-
ties are, for example, bleomycin, which is known for inhibition of
DNA synthesis [50]; carboplatin, forms adduct with DNA [50];
oxaliplatin forms complex with DNA [51]; and cyclophosphamide,
crosslinks and results in breakage of DNA strands [51]. These com-
pounds are involved in DNA damage and inhibit synthesis of DNA
and thereby induce cellular apoptosis. Additionally, Klassen and
co-worker (2005) discussed about Pichia acaciae toxin that showed
activation of DNA-damaging checkpoints, arrest cells in S-phase
and induce apoptosis in S. cerevisiae [52]. According to Weinberger
and co-workers (2005), mutations that results in disconnecting
DNA replication from the ongoing cell cycle by obstructing
checkpoint controlling system dependent on DNA replication forks
and detaining consequent cell cycle events are responsible for ROS
induction, Yca1p stimulation and simultaneously triggering the
Rad53p-dependent response to DNA damage. All these consecutive
events finally lead to apoptosis in yeast cells [46].



Fig. 5. Flow cytometric analysis of PS exposure using AnnexinV/PI double staining. C. auris cells were treated with different concentrations of test compounds. (A) Untreated
cells were considered as negative control whereas H2O2 (10 mM) was added for positive control. Cells exposed to pta1 (B), pta2 (C) and pta3 (D).
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Table 2
Percentage of cells present in different quadrants (Q1–Q4) of quadrant dot plot. Q1: necrosis (Annexin V�/PI+), Q2: late apoptosis (Annexin V+/PI+), Q3: early apoptosis (Annexin
V+/PI�) and Q4: viable cells (Annexin V�/PI�).

Test compounds Quadrants 0.25 � MIC
(% cells)

0.5 � MIC
(% cells)

MIC
(% cells)

pta1 Q1 0.14 0.98 10.3
Q2 1.35 2.14 29.3
Q3 9.82 5.08 4.06
Q4 88.7 91.8 56.4

pta2 Q1 3.54 3.11 20.2
Q2 10.3 12.0 25.6
Q3 5.01 5.8 1.65
Q4 81.2 79.1 52.6

pta3 Q1 1.91 7.94 0.22
Q2 46.8 74 97.3
Q3 17.7 6.44 1.13
Q4 33.6 11.7 1.32

Positive control Q1 15.1
Q2 30.3
Q3 11.9
Q4 42.7

Negative control Q1 0.17
Q2 0.60
Q3 0.39
Q4 98.8

Fig. 6. Confocal scanning fluorescence images of C. auris MRL 6057 cells. (A) Untreated cells were considered as negative control whereas, treatment with H2O2 (10 mM) was
positive control. Cells exposed to pta1 (B), pta2 (C) and pta3 (D).

V. Srivastava, Mohmmad Younus Wani, Abdullah Saad Al-Bogami et al. Journal of Advanced Research 29 (2021) 121–135

132



pta1 pta2 pta3 PC

**

Fig. 8. Haemolytic activity of test compounds. Test compounds at different
inhibitory concentrations exhibited significantly low RBCs lysis when compared
with positive control (reference for 100% haemolysis). No haemolysis was observed
in negative control (PBS).

pta1 pta2 pta3

Fig. 7. Cell cycle analysis of C. auris by MuseTM Cell Analyzer. Figure showing effect of test compounds (at different concentrations) on cell cycle progression in C. auris
MRL6057. Untreated yeast cell were considered as negative control.
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In present study it is likely that exposure of test piperidine
based compounds in C. auris cells causes DNA damage and impair-
ment of DNA replication that results in blocking cell cycle in S-
phase. During this phase, test compound treated yeast cells were
reported TUNEL-positive, indicating DNA fragmentation. In addi-
tion, as indicated by AnnexinV/PI staining, cells exposed PS at the
outer membrane face was increased. We also recorded decreased
mitochondrial membrane potential and bleeding of cytochrome c
from mitochondria to cytosol. Our results suggest that test
compounds cause DNA damage and impaired DNA replication that
in turn induces cellular apoptosis in C. auris cells.
Haemolytic activity of test compounds

Currently used antifungal drugs have high toxicity and this
complicates their usage in immunodeficient individuals. Therefore,
133
there is an indispensable need to develop new antifungal drugs
that are highly specific and result in targeted cell death without
harming patients. Since, test compounds (pta1, pta2 and pta3)
showed significant anti-Candida potential and were able to trigger
cellular apoptosis in C. auris isolates, therefore, toxicity determina-
tion of these compounds was very important. Cytotoxicity assay
was performed on horse RBCs. The percent haemolysis in positive
control was 100% whereas, there was no lysis in negative control.
When compared to controls the test compounds showed some
haemolysis, ranging from 10.75% to 30.09% (Fig. 8). Haemolysis
displayed by pta1 was 10.75%, 13.49%, 26.38% and 25.87% for ¼
MIC, ½ MIC, MIC and MFC respectively. Compound pta2 resulted
in 17.23%, 25.86%, 26.17% and 26.56% for ¼ MIC, ½ MIC, MIC and
MFC respectively. Whereas, pta3 was found to show 26.15%,
26.53%, 27.06% and 30.09% for ¼ MIC, ½ MIC, MIC and MFC respec-
tively. These results confirmed that these compounds were consid-
erably less toxic in comparison to positive control, and thereby
signified the use of these compounds for future in vivo studies
and thereby providing a potential candidate for antifungal drug
development.

Conclusion

Our results demonstrated that the piperidine based triazolylac-
etamide derivatives (pta1, pta2 and pta3) showed potent antifun-
gal activity against MDR C. auris isolates. The compounds were
capable of arresting cell cycle in S-phase, which was directly linked
to DNA damage. The compounds also exhibited dose-dependent
effect on crucial yeast apoptotic markers, such as, mitochondrial
membrane potential, movement of cytochrome c from mitochon-
dria to cytosol, PS externalization and DNA damage. Among three
compounds, pta3 was established to be the most potent com-
pound. In addition, hemolytic assay indicated low cytotoxic effect
of these compounds. In conclusion, these compounds with their
DNA damaging and induction of cellular apoptosis mechanisms
have potential to be taken to next levels of studies in developing
novel antifungal drugs.
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