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A B S T R A C T

Mycoses annually affect about 2 million individuals worldwide, especially in tropical countries. Candida spp., one
of the main etiologic agents of these mycoses, and in particular Candida albicans has been the most isolated
pathogen in patients with severe clinical cases of invasive candidiasis and candidemia, causing frequent infections
or opportunistic and chronic systemic forms. However, the emergence of non-albicans infections has become a
public health concern worldwide. In discovering har.mless molecules, the pyrazoles have attracted many scien-
tists because their great synthetic versatility and extensive therapeutic properties such as antibacterials, antivirals,
antimalarials, and anti-inflammatories, anti-leishmaniasis, and antifungals. They are part of Azole compounds
used for decades for antifungal treatment. The azole action mechanism is related to ergosterol synthesis inhibition
by blocking the target enzymes, known as Erg11p, leading to fungistatic action. We evaluated the antifungal
potential of 12 pyrazole derivatives. Compound 1d caused prominent action against Candida glabrata. Thus, we
employed Rotenone as a mitochondrial complex I inhibitor. Rotenone helped to enhance the effect of the novel
pyrazole derivatives tested against Candida spp, decreasing MICs value from a range of 250–500 to <3.1 μg/mL.
Pyrazoles had a reduced cytotoxicity effect on in vivo cell culture than ketoconazole. Although ROS production
might be a possible mechanism, it remained unclear. Thus, new studies must elucidate this synergistic action.
1. Introduction

In recent decades, invasive fungal diseases have become very
important in public health, especially those caused by Candida spp due to
a ~40% mortality rate [1]. Historically, Candida albicans have been the
most isolated pathogenic agents in patients with severe clinical cases of
invasive Candidiasis and Candidemia [2–4]. However, non-albicans
species, such as C. parapsilosis, C. tropicalis, and C. glabrata, with 58%
Latin American cases [5,6]. Therefore, azole compounds such as Keto-
conazole, Fluconazole, Itraconazole, and more recently, Voriconazole
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process of eukaryotic cells, realized by mitochondrial complexes [10].
The disturbing of these complex functions trigger irreversible damage by
the highly toxic ROS accumulation, leading to cytochrome c leakage and,
consequently, apoptosis [11,12]. Rotenone is a complex I (NADH-Ubi-
quinone oxidoreductase) inhibitor which block proton pumping from the
mitochondrial matrix. This compound is used as a pesticide and widely
studied as a model of new therapies to treat diseases in humans. Previous
works highlight the use of rotenone to potentiate the antifungal com-
pound effect [13–15]. Rotenone uses in combination with azoles leads to
a potent synergistic impact on fungal growth. Rotenone is well known for
inducing ROS, carbonylation of proteins, and blocking proteasomal ac-
tivity on mammalian cells [14,16].

Pyrazoles belong to the azole family with aromatic nitrogen hetero-
cyclic rings in adjacent positions [17,18]. Pyrazole derivatives have
become very important in recent years due to their chemical versatility and
a broad spectrum of biological activity and therapeutic properties such as
antiviral, antifungal [19], antibacterial [20], anti-inflammatory, antima-
larial, antidepressant [21], and anticancer [22,23]. In the discovery of
antifungals, numerous studies have reported mild to moderate effects
against Candida spp. In non-albicans strains, the inhibitory action has been
limited [24], behavior that was not different from the compounds tested in
this work. However, the most relevant action has been achieved with
C. albicans, as demonstrated by Mert et al. (2004) [25], where MIC values
remained between 25 and 50 μg/mL. On the other hand, Vijesh et al.
(2013) [26] obtained values between 6.25 and 25 μg/mL.

In this work, we evaluated the antifungal potential of new pyrazole
derivatives on Candida spp and investigated the possible mechanism of
action for pyrazole applicability in an experimental treatment.

2. Materials and methods

2.1. Compounds

2.1.1. Analytical techniques
All commercial rawmaterials and solvents were used as received. The

progress of reactions was accomplished by thin-layer chromatography
(TLC) on aluminum plates precoated with F254 silica gel. The melting
points were determined on digital Fisatom 430 equipment. Fourier
Transformer Infrared spectra (FT-IR) were recorded on Perkin-Elmer BX
series FTIR spectrophotometer using KBr pellets. NMR spectra were
recorded on a Varian Unity 300 MHz spectrometer in CDCl3 or DMSO-d6
as solvent. The High-Resolution Mass Spectrometry (HRMS) was per-
formed using Micromass/Waters ZQ-4000 spectrometer, Electrospray
Ionization-ESI.

2.1.2. Synthesis of 5-amino-1-aryl-4-(4,5-dihydro-1H-imidazole-2-yl)-3-
methyl-1H-pyrazoles 1(a-l)

To a solution of 5-amino-1-aryl-3-methyl-1H-pyrazoles 2(a–l) (0.002
mol) in ethylenediamine (5 mL), at room temperature, was added
dropwise cooled carbon disulfide (0.004 mol). After that, the reaction
mixture was heated to 110–120 �C and then was maintained at this
temperature range for 12–14 h. At the end of this time, the mixture was
poured into crushed ice, the precipitate was filtered out and washed with
cold water. After drying, the solid was obtained in good yields: 45–87%.
All derivatives 2(a–l) were previously published by our research group,
except 2a and 2f which analytical results are showed below.

2.1.3. 5-amino-3-methyl-1-phenyl-1H-pyrazole (2a)
Yield: 73%; m.p.: 133–135 �C; FT-IR ν (cm�1): 3332–3229,

2986–2867, 2218, 1597–1444; 1H NMR (300 MHz, CDCl3) δ 7.47–7.43
(m, 4H), 7.41 (t, J ¼ 7,5 Hz, 1H), 4.56 (br, 2H), 2.32 (s, 3H); HRMS (ESI)
m/z [MþH]þ ¼ 198.0901 (found), [MþH]þ ¼ 198.0905 (calculated).

2.1.4. 5-amino-1-(20-chlorophenyl)-3-methyl-1H-pyrazole (2f)
Yield: 90%; m.p.: 193–195 �C; FT-IR ν (cm�1): 3393–3278,

2987–2865, 2215, 1592–1437; 1H NMR (400 MHz, CDCl3) δ 7.48–7.41
2

(m, 3H), 7.57 (d, J¼ 7,6 Hz, 1H), 4.41 (br, 2H), 2.33 (s, 3H); HRMS (ESI)
m/z [MþH]þ ¼ 232.0510 (found), [MþH]þ ¼ 232.0516 (calculated).5-
amino-3-methyl-1-phenyl-4-(4,5-dihydro-1H-imidazole-2-yl)-1H-pyr-
azole (1a)

Yield: 59%; m.p.: 111–113 �C; FT-IR ν (cm�1): 3357–3112,
2987–2863, 1603, 1597–1485; 1H NMR (400 MHz, CDCl3) δ 7.44–7.40
(m, 4H), 7.32–7.30 (m, 1H), 3.71 (s, 4H), 2.35 (s, 3H); HRMS (ESI) m/z
[MþH]þ ¼ 242.1402 (found), [MþH]þ ¼ 242.1406 (calculated).

2.1.5. 5-amino-1-(30-chlorophenyl)-4-(4,5-dihydro-1H-imidazole-2-yl)-3-
methyl-1H-pyrazole (1b)

Yield: 79%; m.p.: 87–90 �C; FT-IR ν (cm�1): 3357–3181, 2983–2858,
1605, 1599–1483; 1HNMR(500MHz,DMSO-d6) δ 7.74 (t, J¼ 2.0Hz, 1H),
7.69 (ddd, J¼ 8.1, 2.0, 1.0 Hz, 1H), 7.64 (t, J¼ 8.1 Hz, 1H), 7.50 (ddd, J¼
8.1, 2.0,1.0Hz,1H),6.93 (br, 2H), 3.61 (s, 4H), 2.41 (s, 3H);HRMS(ESI)m/
z [MþH]þ ¼ 276.1008 (found), [MþH]þ ¼ 276.1016 (calculated).

2.1.6. 5-amino-1-(30,50-dichlorophenyl)-4-(4,5-dihydro-1H-imidazole-2-
yl)-3-methyl-1H pyrazole (1c)

Yield: 45%; m.p.: 149–151 �C; FT-IR ν (cm�1): 3308–3185,
2985–2869, 1610, 1587–1459; 1H NMR (400 MHz, CDCl3) δ 7.52 (d, J ¼
1.8 Hz, 2H), 7.29 (t, J¼ 1.8 Hz, 1H), 3.67 (s, 4H), 2.38 (s, 3H); HRMS (ESI)
m/z [MþH]þ ¼ 310.0632 (found), [MþH]þ ¼ 310.0626 (calculated).

2.1.7. 5-amino-1-(30,40-dichlorophenyl)-4-(4,5-dihydro-1H-imidazole-2-
yl)-3-methyl-1H-pyrazole (1d)

Yield: 87%; m.p.: 192–194 �C; FT-IR ν (cm�1): 3440–3289,
2987–2863, 1605–1475; 1H NMR (400 MHz, DMSO-d6) δ 7.93 (d, J ¼
2.5 Hz, 1H), 7.85 (d, J ¼ 8.7 Hz, 1H), 7.72 (dd, J ¼ 8.7, 2.5 Hz, 1H), 6.98
(br, 2H), 3.61 (s, 4H), 2.41 (s, 3H); HRMS (ESI)m/z [MþH]þ ¼ 310.0634
(found), [MþH]þ ¼ 310.0626 (calculated).

2.1.8. 5-amino-1-(40-chlorophenyl)-4-(4,5-dihydro-1H-imidazole-2-yl)-3-
methyl-1H-pyrazole (1e)

Yield: 76%; m.p.: 184–186 �C; FT-IR ν (cm�1): 3367–3299,
2970–2860, 1600, 1593–1487; 1H NMR (400 MHz, CDCl3) δ 7.41–7.37
(m, 4H), 3.70 (s, 4H), 2.34 (s, 3H); HRMS (ESI)m/z [MþH]þ ¼ 276.1012
(found), [MþH]þ ¼ 276.1016 (calculated).

2.1.9. 5-amino-1-(20-chlorophenyl)-4-(4,5-dihydro-1H-imidazole-2-yl)-3-
methyl-1H-pyrazole (1f)

Yield: 76%; m.p.: 110–112 �C; FT-IR ν (cm�1): 3462–3265,
2956–2859, 1615, 1595–1446; 1H NMR (400 MHz, DMSO-d6) δ
7.77–7.75 (m, 1H), 7.61–7.57 (m, 3H), 6.51 (br, 2H), 3.60 (s, 4H), 2.38
(s, 3H); HRMS (ESI) m/z [MþH]þ ¼ 276.1010 (found), [MþH]þ ¼
276.1016 (calculated).

2.1.10. 5-amino-1-(40-fluorophenyl)-4-(4,5-dihydro-1H-imidazole-2-yl)-3-
methyl-1H-pyrazole (1g)

Yield: 45%; m.p.: 167–169 �C; FT-IR ν (cm�1): 3362–3189,
2957–2866, 1603, 1597–1487; 1H NMR (400 MHz, DMSO-d6) δ
7.71–7.66 (m, 2H), 7.46–7.40 (m, 2H), 6,74 (br, 2H), 3.61 (s, 4H), 2.40
(s, 3H); HRMS (ESI) m/z [MþH]þ ¼ 260.1307 (found), [MþH]þ ¼
260.1311 (calculated).

2.1.11. 5-amino-1-(30-fluorophenyl)-4-(4,5-dihydro-1H-imidazole-2-yl)-3-
methyl-1H-pyrazole (1h)

Yield: 65%; m.p.: 83–85 �C; FT-IR ν (cm�1): 3352–3196, 1609,
1595–1452; 1H NMR (400 MHz, DMSO-d6) δ 7.64–7.61 (m, 1H),
7.58–7.51 (m, 2H), 7.29–7.26 (m, 1H), 6.92 (br, 2H), 3.61 (s, 4H), 2.41
(s, 3H); HRMS (ESI) m/z [MþH]þ ¼ 260.1307 (found), [MþH]þ ¼
260.1311 (calculated).

2.1.12. 5-amino-1-(20-bromophenyl)-4-(4,5-dihydro-1H-imidazole-2-yl)-3-
methyl-1H-pyrazole (1i)

Yield: 50%; m.p.: 102–103 �C; FT-IR ν (cm�1): 3466–3266,
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2958–2866, 1614, 1594–1444; 1H NMR (400 MHz, DMSO-d6) δ 7.91
(dd, J ¼ 8.0, 1.3 Hz, 1H), 7.64 (td, J ¼ 7.8, 1.3 Hz, 1H), 7.56–7.51 (m,
2H), 6.43 (br, 2H), 3.60 (s, 4H), 2.38 (s, 3H); HRMS (ESI)m/z [MþH]þ ¼
320.0516 (found), [MþH]þ ¼ 320.0511 (calculated).

2.1.13. 5-amino-1-(40-bromophenyl)-4-(4,5-dihydro-1H-imidazole-2-yl)-3-
methyl-1H-pyrazole (1j)

Yield: 71%; m.p.: 194–196 �C; FT-IR ν (cm�1): 3363–3208,
2968–2859, 1597, 1581–1445; 1H NMR (400 MHz, DMSO-d6) δ 7.78 (d,
J¼ 9.3 Hz, 2H), 7.65 (d, J¼ 9.3 Hz, 2H), 6.84 (br, 2H), 3.62 (s, 4H), 2.41
(s, 3H); HRMS (ESI) m/z [MþH]þ ¼ 320.0515 (found), [MþH]þ ¼
320.0511 (calculated).

2.1.14. 5-amino-1-(30-bromophenyl)-4-(4,5-dihydro-1H-imidazole-2-yl)-3-
methyl-1H-pyrazole (1k)

Yield: 56%; m.p.: 85–87 �C; FT-IR ν (cm�1): 3357–3212, 1603,
1591–1449; 1H NMR (400MHz, DMSO-d6) δ 7.87 (t, J¼ 2.0 Hz, 1H), 7.73
(ddd, J¼ 8.0, 2.0, 1.0 Hz, 1H), 7,63 (ddd, J¼ 8.0, 2.0, 1.0 Hz, 1H), 7.56 (t,
J ¼ 8.0 Hz, 1H), 6.91 (br, 2H), 3.62 (s, 4H), 2.41 (s, 3H); HRMS (ESI) m/z
[MþH]þ ¼ 320.0518 (found), [MþH]þ ¼ 320.0511 (calculated).

2.1.15. 5-amino-1-(40-methoxyphenyl)-4-(4,5-dihydro-1H-imidazole-2-yl)-
3-methyl-1H-pyrazole (1l)

Yield: 46%; m.p.: 146-146 �C; FT-IR ν (cm�1): 3363–3208,
2964–2836, 1618, 1597–1447; 1H NMR (400 MHz, DMSO-d6) δ 7.54 (d,
J¼ 8,2 Hz, 2H), 7.16 (d, J¼ 8,2 Hz, 2H), 6.59 (br, 2H), 3.91 (s, 3H), 3.61
(s, 4H), 2.40 (s, 3H); HRMS (ESI) m/z [MþH]þ ¼ 272.1507 (found),
[MþH]þ ¼ 272.1511 (calculated).

2.2. Microorganisms and culture

The yeast strains of C. albicans ATCC 24433, C. albicans ATCC 14053,
C. krusei ATCC 6258, C. parapsilosis ATCC 22019, and C. glabrata MYA
2950 were obtained from Fiocruz in Rio de Janeiro, Brazil. All yeast were
cultured on Sabouraud Dextrose Agar (Flukaanalytical) (40 g/L Dextrose,
10 g/L Peptone, 15 g/L Agar) and incubated at 35 �C for 24–72 h until
growth was observed. The cultures were stored at �80 �C.

2.3. Disk diffusion antifungal test

The antifungal sensitivity test was performed according to the Kirk-
Bauer methodology (CLSI) using filter paper disks soaked with 5 mg/
mL pyrazole derivatives placed on a culture in a Petri dish. We obtained a
cell suspension adjusted to the McFarland 0.25 scale. A 0.1 mL aliquot
was pipetted into a Sabouraud agar petri dish and spread with a swab.
The plates were maintained at 35 �C for 30 min, then the disks were
placed on agar and impregnated with 20 μL of the compounds, and then
the plates were incubated for 24 h at 35 �C.

The drug sensitivity was determined by measuring the diameter, of
microbial growth inhibition zone in millimeters [27]. The disks soaked
in dimethyl sulfoxide (DMSO) and Ketoconazole were negative and
positive controls. Image J was used for the image analysis, and the
image obtained data analysis in statistical software GraphPadPrism
v.8.

2.4. Antifungal susceptibility testing

The antifungal susceptibility of the twelve pyrazole derivatives was
tested using a modified protocol according to Clinical and laboratory
standards (CLSI)M27-A3 standard guidelines [28]. Different concentra-
tions in the range of 3,8–500 μg/mL were evaluated. The Minimum
Inhibitory Concentration (MIC) was considered the lowest drug con-
centration to cause inhibition of growth compared to the drug-free
growth control. The MIC was determined visually and supported by
fluorescence measurements with resazurin (250 μg/mL) as a redox in-
dicator. Resazurin is a blue non-toxic cell-permeable compound and
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virtually non-fluorescent. Upon entering living cells, resazurin is reduced
to resorufin, a violet compound to pink and highly fluorescent [29].

2.5. Cytotoxicity assay

This procedure was performed under sterile conditions, and the cells
were harvested in RPMI-1640 with 10% Bovine Fetal Serum (SFB).
Subsequently, the cell count was performed under an optical microscope
on the Neubauer hemocytometer, and the suspensions were adjusted for
the test.

For cytotoxicity assay, this was performed according to Resazurin
Protocol [30]. Cells were cultured in 96-well microplates at a 5 � 105

cells/mL concentration in the final volume of 100 μL per well. After a
24-h incubation period, necessary for cells to adhere to the plate,
different pyrazole derivatives were added in the volume of 100 μL. As a
control, only half was used. The microplate was then incubated in an
oven at 37 �C at 5% CO2 for 24 and 48 h. Cell viability was assessed
colorimetric and supported by fluorescence measurements with a redox
indicator of 20 μL resazurin (250 μg/mL). The plates were analyzed in a
SpectraMax M4 spectrophotometer (Molecular Devices) at wavelengths
530, 570, and 586 nm to establish the CC50/24 h values. The CC50 values
(50% cytotoxic concentration) were determined by linear regression
from three independent experiments.

2.6. Lactate dehydrogenase (LDH) release assay

LDH release was measured after treatment with 0.1 ng/mL – 250 μg/
mL rotenone on mice peritoneal macrophages. A quantity of 2 � 105

peritoneal macrophages cells per well was treated for 24 h. No treated
cells and cells treated with 0.1% Triton-X 100 represented the negative
and positive controls, respectively. The supernatant extracted from the
treatments of the 96-well plate is used for the detection of the LDH
enzyme, according to the protocol (Doles, RJ, Brazil). After, the centri-
fugation at 1500 rpm for 10 min, the supernatant (10 μL) was placed on a
second plate. We left the plate in the greenhouse for 10 min. The solution
containing substrate (80 μL)þ ferric alum (10 μL) was left in the oven for
5 min in a 35 mm Petri dish. This solution was added to supernatant (10
μL) and left in the oven for 5 min (37 �C). Next, Nicotinamide (NAD; 5 μL)
was added to each well for 5 min in the dark. Posteriorly, a stabilizer
solution (50 μL of 1 N Hydrochloric acid - HCl) was added. The white
solution contains only the medium involved in the reaction. The sample
was analyzed in a plate reading (λ ¼ 510 nm) within 30 min afterward.

2.7. Determination of the effect of respiratory inhibitors on susceptibility

The effect of respiratory inhibitors on antifungal susceptibility was
evaluated with Rotenone, Malonate, Sodium Azide, AntimycineA (AA),
Oligomycine A (OA), and Potassium Cyanide (CNK) following micro-
dilution in broth protocol as performed for MIC determination. In addi-
tion, two effective pyrazoles were assessed in the assay. Experiments
were performed in triplicates. The results were analyzed as fluorescence
units by the SpectraMax M4 spectrophotometer (Molecular Devices).

2.8. Measurement of intracellular ROS

Intracellular levels of ROS were measured with Dihydroethidium
(DHE; Sigma Aldrich Ltd). Two concentrations of compounds were
evaluated in this experiment; the MIC value and a sub-inhibitory con-
centration (65 μg/mL) of pyrazoles were added into 96 wells microplates
with yeast suspension incubated at 35 �C/2 h. In addition, a 20 μL aliquot
of a solution of DHE 10 nM was added 30 min before finishing incuba-
tion, as described by Farias et al., 2008 [31]. Fluorescence units were
analyzed by the SpectraMax M4 spectrophotometer (Molecular Devices).
A solution of 40 μg/mL (Sigma - Aldrich) was used as a positive control
and drug-free as a negative control. All treatments were performed in
triplicate.



Table 1
Values of minimum inhibitory concentration (MIC) in μg/mL of novel pyrazoles
compare with ketoconazole by CLSI reference methodology.

COMPOUNDS Candida
parapsilosis
ATCC
22019

Candida
krusei
ATCC
6258

Candida
albicans
ATCC
24433

Candida
albicans
ATCC
14053

Candida
glabrata
ATCC
MYA
2950

1a >500 >500 >500 >500 500
1b >500 >500 >500 >500 500
1c 500 500 >500 >500 500
1d >500 500 500 >500 500
1e >500 >500 >500 >500 500
1f >500 >500 >500 >500 500
1g >500 >500 >500 >500 500
1h >500 >500 >500 >500 >500
1i >500 >500 >500 >500 500
1j 500 500 >500 >500 250
1k >500 >500 >500 >500 500
1l >500 >500 >500 >500 250
KETOCONAZOLE 3,1 15,65 62,5 62,5 125
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2.9. Viability assay with ethidium bromide

From a Candida culture with 24 h of incubation in Sabouraud broth,
the assay was prepared in a 96-well plate as described in the MIC
determination. MIC value and a sub-inhibitory concentration (65 μg/mL)
of pyrazoles were added into 96 wells microplates and incubated at 35
�C/2 h. An aliquot of 20 μL of a 50 nM ethidium bromide solution was
added 30 min before ending the incubation. The fluorescence intensity
was quantified at wavelengths 526 (excitation) - 605 nm (emission).
Amphotericin B was used as a fungicidal control and culture without
compounds as a negative control. The assay was also performed after 24
h of incubation. All treatments were performed in triplicate.

2.10. Statistical analysis

The fluorescence reading results, MIC with resazurin, ROS quantifi-
cation with DHE, and nuclear fluorescence with ethidium bromide were
tabulated and analyzed using analysis of variance (ANOVA), followed by
the Tukey t-test using the program GraphPad Prism 8. Values with p <

0.05 were considered significant.

3. Results

3.1. Synthesis

The synthesis of planned compounds 5-amino-1-aryl-4-(4,5-dihydro-
1H-imidazole-2-yl)- 3-methyl-1H-pyrazoles 1(a–l) were performed in
two steps (Scheme 1). Firstly, the corresponding arylhydrazine hydro-
chloride reacted with sodium acetate, in ethanol, under reflux. Then, (1-
ethoxyethylidene) malononitrile was added, and the key intermediates 5-
amino-1-aryl-3-methyl-1H-pyrazoles 2(a–l)were obtained in good yields
(54–95%) [32]. In the second step, a mixture of 2(a–l), ethylenediamine
and carbon disulfide (CS2) was reacted to synthesize the targets com-
pounds 1(a–l) (45–87% yield) [33].

3.2. Antifungal susceptibility of Candida spp.

Among 12 tested compounds, 1d and 1j showed a discreet effect
against three out five Candida spp. In particular, Candida glabrata resulted
the most sensible yeast with a MIC in the range 250–500 μg/mL. In this
assay, ketoconazole was used as a positive control. The values of MIC are
represented in Table 1.

3.3. Disk diffusion antifungal test

Among 12 compounds tested, 1d had a punctuate effect on
C. glabrata, presenting an inhibition halo on the petri dish surface of
approximately 10.6 mm, as suggested in Fig. 1A. Notably, 1j exhibited a
significantly mild inhibitory effect only for C. glabrata and C. krusei. The
rest of the pyrazoles showed no zones of inhibition. However, the zones
of inhibition for ketoconazole were more significant than all pyrazoles.
Scheme 1. Synthetic rou
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The detailed results of this test are exhibited in Fig. 1B and C.

3.4. Cytotoxicity activity and CC50 in vitro

To determine the CC50 of pyrazoles, we performed cytotoxicity tests
on bone marrowmacrophages using the resazurin assay. The CC50 values
of the pyrazolic compounds and ketoconazole were determined by non-
linear regression. The results confirm that most compounds showed
lower cytotoxicity than ketoconazole (CC50 ¼ 30.25 μg/mL), except 1c
(28 μg/mL), which resulted more toxic as presented in Table 2. 1d had a
cytotoxic effect lower since we got higher value of 57 μg/mL, as
demonstrated in Fig. 2. These results were expected since ketoconazole
and other first-generation azoles have been widely reported for hepato-
toxicity and numerous side effects [34]. However, 1d showed a prom-
ising effect with lower toxicity in primary cells.

To acquire further information about the cytotoxic activity, we
employed the compound 1d in the L929 fibroblast culture. We performed
a cytotoxicity assay by resazurin to estimate cell viability based on
mitochondrial metabolic activity [29]. The CC50 values were analyzed by
non-linear regression. The results confirm that compound 1d inhibited
50% of the population at 26 μg/mL. At the same time, ketoconazole
showed a CC50 at 7.3 μg/mL, suggesting a lower toxic effect than the
reference drug, as presented in Fig. 3.

3.5. Determination of the effect of respiratory inhibitors on susceptibility

It has been reported when one of the mitochondrial respiratory
complexes is inhibited, and Candida spp can induce the oxidase alter-
native pathway that confers high tolerance to antifungals [10]. On the
other hand, it has also been described that species with respiratory
deficiency become more susceptible [11]. Six inhibitors of mitochondrial
te to obtain 1(a–l).



Fig. 1. Antifungal susceptibility tests by disk diffusion method. (A) Zone of inhibition on plate agar dish, (B) Diameters of inhibition halos for pyrazoles against
Candida spp. (C) represents the mean of the inhibition area obtained with the compound 1d in C. glabrata MYA 2950. The data indicate these two compounds as
statistically superior to the DMSO control (p < 0.05); there is no statistical significance between them, and both were inferior to ketoconazole.

Table 2
Determination of CC50 on marrow bone macrophages.
The values presented correspond to the concentration
capable of inhibiting 50% of the population �SD.

Compounds CC50/24 h

1b 39,24 � 1,40
1c 27,29 � 3,28
1d 56,84 � 2,27
1e 48,28 � 1,43
Ketoconazole 30,25 � 2,27

Fig. 2. Determination of CC50 of 1d and ketoconazole on bone marrow cells.
The values were normalized based on untreated control. A control with DMSO
was tested (data not shown). This result reflects two experiments on two
different days, performed in triplicates.
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respiratory complexes were evaluated to validate these hypotheses. So-
dium Azide was excluded from the study due to interference with the
fluorescence indicator. As shown in Fig. 4, the fluorescence values of
untreated control were normalized as 100% viability. Approximately
80% of viability was obtained in cells treated with Rotenone, Antimycin
A(AA), Oligomycin A (OA), Potassium cyanide (CNK). However, the
malonate had the lowest percentage of viability (in turn of 70%). After
incubation, wells treated with inhibitors changed the color of the indi-
cator as well as the untreated. Despite this, the values can be attributed to
inhibitor action affecting the mitochondria and resazurin metabolization
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in this organelle. Although rotenone had a poor effect on yeast viability
(80%) compared to the untreated control, we selected this complex I
inhibitor because complex I inhibition may be less aggressive than the
inhibition of complexes III and IV. Some authors suggested that inhibi-
tion of complex I did not participate in programmed cell death induced
by rotenone [35,36]. Thus, rotenone has been used previously in com-
bination with antifungals and studied in several studies about pathology
on humans such as Parkinson disease [15].

The determination was performed according to the MIC protocol
previously described with the addition of 0.05 mM rotenone. MIC value
of<3.1 μg/ml was obtained for 1d derivatives, which is much lower than
the value obtained without inhibitor. A control with ketoconazole þ
rotenone was performed. It was also obtained a MIC of <3.1 μg/mL, as
reported in Table 3. The same result was obtained with compound 1k
(data not shown). We demonstrate that pyrazole derivatives have a much
stronger antifungal effect against Candida spp. when the complex I in-
hibitor rotenone is added to the culture.

Additionally, crescent rotenone concentrations continually exposed
for 24 h on mice peritoneal macrophages did not cause toxicity in the
range from 0.1 ng/mL to 1 μg/mL. The CC50 value calculated for rote-
none was of 19.5 μg/mL (Fig. 5).
3.6. Measurement of intracellular ROS

Azoles have been reported to stimulate the production of peroxide,
superoxide, and hydroxyl ions that damage membrane lipids [9,34]. In
order to explain the possible mechanism of 1d in C. glabrata observed in
the disk diffusion test, we employed DHE, a fluorescence indicator, to
quantify the production of intracellular ROS. 1d and ketoconazole in
sub-inhibitory concentrations (65 μg/mL) stimulated total intracellular
ROS production. Both compounds exhibited a significantly higher ROS
concentration than the untreated control after 2 h of incubation (Fig. 6).
However, we observed lower ROS levels when tested with the highest
ketoconazole and 1d (500 μg/mL) concentrations. Interestingly, the
treatment with 1d þ ketoconazole (65 μg/mL) showed a higher pro-
duction of superoxide and ROS than untreated cells ketoconazole alone,
suggesting a possible synergistic or additive effect. Rotenone 40 μg/mL



Fig. 3. Determination of CC50 of 1d and ketoconazole on L929 fibroblasts. The
values were normalized based on untreated control. In addition, a control with
DMSO was tested (data not shown). Thus, this result reflects two experiments on
two different days, performed in triplicates.

Fig. 4. Effect of respiratory inhibitors on a C. albicans culture. The percentage of
viability was obtained from fluorescence units in every treatment. The data from
untreated control was considered as 100% viability. We used 0.05 mM Rote-
none; the significance levels between the groups are represented as: (*) p <

0.0001 compared with the untreated control. However, there is no difference
between Rotenone and Antimycin A (**) p < 0.0776.

Table 3
Values of minimum inhibitory concentration (MIC) in μg/mL of novel pyrazoles
with rotenone 0.05 mM added to compare with MICs without rotenone. This
result reflects two experiments on two different days, performed in triplicates.

COMPOUNDS C. albicans ATCC 14053 (μg/mL) C. glabrata

1d >500 500
1d þ ROTENONE <3.1 <3.1
KETOCONAZOLE 62.5 ND
KETOCONAZOLE þ ROTENONE <3.1 ND
ROTENONE 0.05 mM þþþ þþþ

ND: Not determined; þþþ: Growth; —: No Growth.

Fig. 5. Determination of CC50 of rotenone on mice peritoneal macrophages.
The values were normalized based on Triton-X 100 detergent (0.1%) control. A
control with DMSO was tested (data not shown). This result reflects three ex-
periments on three different days, performed in triplicates.

Fig. 6. Effect of pyrazoles on the production of ROS in Candida glabrata. (A)
Rotenone 40 μg/mL, (B) AmB 65 μg/mL, (C) 1d 500 μg/mL, (D) 1d 65 μg/mL,
(E) Ketoconazole 500 μg/mL, (F) Ketoconazole 65 μg/mL, (G) Ketoconazole þ
1d 65 μg/mL, (H) Untreated Cells. All data are represented with the mean �
Deviation. Fluorescence was detected with a DHE indicator. Rotenone was used
as a positive control. The figure was made with information from two 2-h ex-
periments done on different days under the same protocol. Statistical analysis is
done through ANOVA. The levels of significance between the groups are rep-
resented as: (*) p<0.05, (**) p<0.01, (***) p<0.001 comparing with the un-
treated group, and & p<0.05 with the group treated with ketoconazole.
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used as a positive control worked efficiently, reached the highest value
with 40 fluorescent units; meanwhile, treatment with Amphotericin B
produced the same levels as ketoconazole (Fig. 6).

Rotenone dramatically decreases the viability in plates with 1d even
when rotenone alone did not inhibit fungal growth. In order to investi-
gate a possible synergistic action, we measured the total intracellular
ROS. Paradoxically, 1d þ rotenone did not stimulate the formation of
ROS. This treatment showed a significantly lower fluorescence produc-
tion than 1d alone (p < 0.0008), as shown in Fig. 7. Rotenone 0.05 mM
alone (suggested concentration) decreased the total ROS compared to
untreated cells. An element is probably related to complex I inhibition
because this protein is the leading producer of ROS in mammalian cells
[10,37,38]. Rotenone 0.05 mM stopped this complex partially, prevent-
ing the cell from accumulating ROS, opposite was treated with 40 μg/mL
rotenone.
Fig. 7. Effect of 1d with rotenone on the production of ROS in Candida glabrata.
We used a 62.5 μg/mL concentration for 1d and Ketoconazole; Rotenone 0.05
mM was added. Rotenone 40 μg/mL was used as a positive control. All data are
represented with the mean � SD. Fluorescence was detected with a DHE indi-
cator. The figure was made with information from two 2-h experiments per-
formed on different days under the same protocol. Statistical analysis is done
through ANOVA. (&)1d produced more ROS than 1d þ Rotenone p < 0.0008.
(***) Rotenone 0.05 μg/mL generated lower ROS than the untreated control p
< 0.0002.



Fig. 8. Determination of the type of antifungal action of 1d Ketoconazole was
used as a fungistatic control and Amphotericin B as a fungicidal control. All data
are represented with the mean � s.d. Fluorescence was detected with an
ethidium bromide indicator. The figure was made with information from two
24-h incubation experiments realized on different days under the same protocol.
Statistical analysis is done through ANOVA. The levels of significance between
the groups are represented as: (*) p < 0.05, p < 0.001 (***) comparing with the
untreated group and ###p < 0.001 with the group treated with 1d and &&&p
< 0.001 compared to ketoconazole.
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3.7. Determination of fungistatic or fungicidal activity

In general, the azole family, including those triazoles, has been
described as fungistatic by targeting the enzyme lanosterol 14α deme-
thylase (Erg11p or Cytochrome P450) responsible for the synthesis of
ergosterol [1,4]. To understand the possible fungistatic or fungicidal ef-
fect of pyrazoles, we treated the fluorescence of non-viable cells with 50
nM ethidium bromide. This indicator has a molecular weight of 329 Da
and a positive charge. Thus, ethidium is impermeable to the fungal
membrane, and consequently, there is low fluorescence levels emission.
However, events causing a rupture in the fungal membrane increase the
dye entry and binding to DNA.

In consequence, there is an increase in the emission of its fluorescence
[39]. In Fig. 8, Amphotericin B reached approximately 150 Fluorescent
units, a value higher than Ketoconazole and 1d with 120 and 80 Fluo-
rescent units. The Amphotericin B result was expected because of its
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mechanism of action, in fact amphotericin B pore or ionic channels for-
mation in the plasma membrane [40]. So derivative 1d produced an
increase in ethidium bromide uptake, indicating antifungal activity.
However, when compared to the positive control, Amphotericin B, this
effect was modest. 1d acts in a mostly fungistatic manner.

It was also evaluated the fluorescence due to the combination of 1dþ
rotenone which resulted higher than that 1d alone (p< 0.0281) as shown
in Fig. 9A and B suggesting that the possible synergistic effect among
them potentiates the fungicidal action against C. glabrata. However,
treatment with ketoconazole maintains the highest fluorescent units from
non-viable cells in this experiment (Fig. 9B).

We expected that the increase in fluorescence due to cell death
resulted from the ROS accumulation by dysfunction of Mitochondrial
Complex I as widely reported. However, although the fungicidal effect
increased, ROS level decreased with rotenone 0.05 mM treatment,
paradoxically (Fig. 7).

Complex I is an NADH: Ubiquinone oxidoreductase is a protein
responsible for pumping protons from the mitochondrial matrix for
NADH oxidation and is essential for the mitochondrial respiratory chain
and ATP synthesis. This complex is sensitive to rotenone [37]. Mean-
while, fungi have alternative NADH Oxidoreductases that are not
inhibited by the presence of rotenone and do not contribute to increased
ROS [10]. Therefore, rotenone 0.05 mM partially inhibits complex I,
limiting ATP production to induce pro-survival cellular processes in the
presence of pyrazole and leading to cell death. However, a possible
mechanism needs to be elucidated since this data cannot be attributed to
high ROS accumulation.

4. Conclusion

Among the 12 pyrazole derivatives synthetized and tested, only two
presented low-mild antifungal effects, 1d and 1k. For that reason, we
decided to treat yeast with an adjuvant to enhanced inhibitory activity. In
this study, we used rotenone as an adjuvant in the action of pyrazoles.
Rotenone was chosen to determine the effect of respiration inhibitors
since there are reliable studies in the pharmaceutical industry for the
treatment of patients. No toxic effect was observed after the treatment for
24 h in tested concentrations. The results indicate that this inhibitor
helps to potentiate the effect of the novel tested pyrazole derivatives as
MIC values abruptly decreased to<3.1 μg/mL. Many studies attribute the
synergistic effect of rotenone with other compounds to high concentra-
tions of ROS. We corroborate this phenomenon by treating the cells with
a high dose used as a control (40 μg/mL). However, the concentration
suggested for the combined treatment with 1d reduced the ROS pro-
duction compared to untreated cells control. ATP levels and oxygen
consumption may help to elucidate this synergistic action.
Fig. 9. Determination of the effect of 1d with
rotenone on the viability of Candida glabrata.
(A) We used in a concentration of 500 μg/mL
1d for every treatment; Rotenone 0.05 mM
was added. Ketoconazole 500 μg/mL was
used as a positive control and a drug-free
treatment as a negative control. All data are
represented with the mean � SD. Fluores-
cence was detected with an ethidium bro-
mide indicator. 1d þ Rotenone showed
better antifungal action on yeast viability
than 1d alone (*) p < 0.0281; Ketoconazole
had the higher fluorescent units than 1d þ
Rotenone (**) p< 0,0120. (B) Fluorescent
units from an experiment with 62.5–500 μg/
mL concentrations of 1d with or without
rotenone. The figure was made with infor-
mation from two 2-h incubation experiments
carried out on different days under the same
protocol. Statistical analysis is done through
ANOVA.
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This study provides a complete overview of the functionality of pyr-
azole derivatives, presenting them as an alternative for antifungal
treatment with certain concentration limits, considering the parameters
necessary to assess toxicity and safety issues.
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