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Design, synthesis, and antimicrobial evaluation of
1,4-dihydroindeno[1,2-c]pyrazole tethered
carbohydrazide hybrids: exploring their in silico
ADMET, ergosterol inhibition and ROS inducing
potentialf
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A series of new 1,4-dihydroindeno(1,2-clpyrazole tethered carbohydrazide hybrids (5a-u) were designed,
synthesized and evaluated for their antimicrobial activity. Compounds 5d, 5g, 5j, 5k and 5q demonstrated
significant activity against the entire panel of test pathogens. Further, compounds 5d and 5g exhibited sig-
nificant anti-Candida activity. These potential hybrids (5d and 5g) also exhibited promising ergosterol bio-
synthesis inhibition against Candida albicans, which was further validated through molecular docking stud-
ies. Furthermore, compounds 5d and 5g caused intracellular ROS accumulation in C. albicans MTCC 3017
and were non-toxic to normal human lung cell line MRC5. In silico studies revealed that they demonstrated
drug likeness and an appreciable pharmacokinetic profile. Overall, the findings demonstrate that 5d and 5g
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Introduction

Infectious diseases in humans are becoming increasingly
problematic, predominantly with the rise of multidrug resis-
tance against the existing antimicrobial drugs resulting in re-
duced efficacy of the available antibiotics." Invasive fungal in-
fections pose a continuous and serious risk to human health
and life. Clinically, Candidiasis, Aspergillosis and Cryptococco-
sis are three major fungal infections in immunocompromised
patients.” In recent years, the escalating morbidity and emer-
gence of drug-resistance in life threatening fungal infections
pose a significant health problem especially in patients with
AIDS and cancer.” Amongst all the fungal pathogens, Candida
albicans is majorly responsible for nosocomial infections and
indwelling medical devices (e.g. catheters, ocular lenses, artifi-
cial joints, heart valves, vascular bypass grafts, dental im-
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may be considered as promising leads for further development of new antifungal drugs.

plants and central nervous system shunts) serve as substrates
for formation of biofilms.*

Currently, an azole class of antifungal agents (fluconazole,
itraconazole, ketoconazole and miconazole) are the first line
drugs used in antifungal therapy.” They exhibit their action
by inhibiting fungal lanosterol 14o-demethylase (CYP51),
which plays a vital role in ergosterol biosynthesis.® However,
it has been observed that biofilm communities of Candida
albicans and Candida parapsilosis are relatively resistant
to some antifungal drugs like fluconazole, voriconazole,
amphotericin B, nystatin, etc.” Further, these azole-based
antifungals are hampered by a narrow antifungal spectrum,
drug resistance, liver and reproductive toxicities, drug-drug
interactions and low bioavailability which negatively affect
their clinical efficacy.® Therefore, there is still an urgent need
to develop novel potent antifungal agents with a broad spec-
trum of activity, a safe pharmacokinetic profile, low cytotoxic-
ity and high bioavailability.

1,4-Dihydroindeno[1,2-c]pyrazole is a novel pseudoazulenic
framework containing two fused five-membered rings, which
was first synthesized by Boyd in 1965.° The indenopyrazole
pharmacophore has gained appreciable interest in recent
years owing to its diverse biological activities'® (I, Il and III;
Fig. 1a) such as anti-psychotic, anti-mycobacterial, antican-
cer, antimicrobial and antihypertensive activities. Similarly,
hydrazide-hydrazone which constitutes an azomethine group

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 (a) Structures of some indenopyrazole derivatives; (b) structures
of a few chemotherapeutic agents bearing a hydrazide-hydrazone
core; (c) structures of a few natural products containing a hydrazide-
hydrazone motif.

(-NH-N=CH-) linked with a carbonyl group is a key bioac-
tive framework in medicinal chemistry exhibiting remarkable
versatile biological activities'" including antimicrobial, anti-
convulsant, anti-inflammatory, anti-malarial, anti-platelet,
anticancer, anti-tubercular activities, etc. Some widely used
chemotherapeutic drugs such as nitrofurazone (IV), nitro-
furoxazide (V) and nitrofurantoin (VI) (Fig. 1b) and some bio-
logically active natural products such as PNU-74654 (VII) and
NG-061(VIII) (Fig. 1c) are known to possess this hydrazide-
hydrazone motif."

Although 1,4-dihydroindeno[1,2-c]pyrazole derivatives have
gained immense interest as potential anticancer agents, as
per a literature survey, their antimicrobial activity is relatively
unexplored. Furthermore, inspired by the biological signifi-
cance of 1,4-dihydroindeno[1,2-c]pyrazoles and hydrazide-
hydrazone derivatives it was presumed that it would be inter-
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Fig. 2 Design of new 14-dihydroindeno[l,2-c]pyrazole-tethered
carbohydrazide hybrids.
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esting to hybridize (Fig. 2) these two vital scaffolds through
molecular hybridisation into a single molecular motif in or-
der to synergize the efficacy and to explore their antimicro-
bial activity. Consequently, encouraged from the findings de-
scribed above and in continuation of our previous work on
the synthesis of biologically active heterocycles,'® we herein
report the synthesis, antimicrobial evaluation, in silico drug
likeness and ADMET prediction of new 1,4-dihydroindeno-
[1,2-c]pyrazole tethered carbohydrazide hybrids (5a-u).

Results and discussion
Chemistry

The synthesis of 1,4-dihydroindeno[1,2-c]pyrazole-tethered
carbohydrazide hybrids (5a-u) is outlined in Scheme 1. The
target compounds (5a-u) were straightforwardly obtained by
condensation of equimolar amounts of substituted aromatic
benzaldehydes with  substituted 1,4-dihydroindeno[1,2-
c]pyrazole-3-carbohydrazides (4a—c) in the presence of a cata-
Iytic amount of glacial acetic acid in refluxing ethanol. The
crucial intermediates, substituted 1,4-dihydroindeno[1,2-
c]pyrazole-3-carbohydrazides (4a-c) were synthesized conve-
niently in three steps. Initially, the substituted indanones
(1a—c) were reacted with diethyl oxalate in the presence of
freshly prepared sodium ethanolate in ethanol to afford
diketo esters (2a—c) in good yields which subsequently on fur-
ther dehydrative cyclization with hydrazine dihydrochloride
in ethanol yielded the corresponding indenopyrazole carbox-
ylates (3a—c) in good yields. In the next step, these esters were
then reacted with NH,-NH,-H,O in ethanol to furnish
substituted 1,4-dihydroindeno[1,2-c]pyrazole-3-carbohydrazides
(4a-c) in excellent yields. All the final compounds were char-
acterized by "H NMR, *C NMR, mass and HRMS spectral
data.
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5e; Ry= OCHj ; R,= 4-Br 51; R4= H; R,= 4-Br 5s; Ry=F; Ry=4-Br
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Scheme 1 Synthesis of new 1,4-dihydroindenol[l,2-c]pyrazole-
tethered carbohydrazide hybrids (5a-u). Reagents and conditions: (i)
NaOEt/EtOH, diethyl oxalate 5 h, 0 °C-rt, 70-81%; (ii) NH,NH,-2HCL,
EtOH, 3 h, reflux, 75-80%; (iii) hydrazine hydrate, EtOH 3 h, reflux, 85-
90%; (iv) substituted benzaldehydes, a few drops of glacial acetic acid,
EtOH 3-4 h, reflux, 67-88%.
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Biological evaluation

The synthesized 1,4-dihydroindeno[1,2-c|pyrazole-tethered
carbohydrazide hybrids (5a-u) were tested against various
pathogenic microbes in vitro. In addition, the minimum in-
hibitory concentration (MIC), minimum bactericidal concen-
tration (MBC), and minimum fungicidal concentration (MFC)
were evaluated for the most promising hybrids that inhibited
the test pathogens. Efforts were made to elucidate the mecha-
nism of action of the promising derivatives by investigating
ergosterol inhibition and intracellular ROS levels generated.

Antimicrobial activity

All the synthesized derivatives (5a-u) were evaluated for their
in vitro antimicrobial activity by the agar well diffusion
method™* with standard ciprofloxacin and miconazole as con-
trols against both Gram-positive and Gram-negative bacteria
along with a fungal strain, respectively. All the test microbial
pathogens were procured from Microbial Type Culture Collec-
tion and Gene Bank, CSIR-Institute of Microbial Technology,
Chandigarh, India. The bacterial panel employed was Gram
positive bacterial strains such as Micrococcus Iluteus MTCC
2470, Staphylococcus aureus MTCC 96, Staphylococcus aureus
MLS-16 MTCC 2940, and Bacillus subtilis MTCC 121, while
Gram negative bacterial strains included Escherichia coli
MTCC 739, Pseudomonas aeruginosa MTCC 2453 and Klebsi-
ella planticola MTCC 530.
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Among all the tested derivatives, 5a, 5b, 5¢, 5d, 5g, 5h, 51
and 5m-5u exhibited good to moderate activity against differ-
ent test pathogens. Moreover, compounds 5d, 5g, 5j, 5k and
5q exhibited promising antimicrobial activity against the en-
tire panel of test pathogens including Gram-positive and
Gram-negative bacteria and a Candida strain with MIC values
ranging from 3.9 to 7.8 ug mL ™" while compounds 5a, 5b and
5c¢ were found to exhibit antibacterial activity against Gram-
positive bacterial strains and be inactive against Gram-
negative strains. Moreover, 5e and 5i were found to be inac-
tive against all the test pathogens. In addition, compound 50
was found to be active against all the bacterial strains and in-
active against the fungal strain. Furthermore, compounds 5d
and 5g exhibited a MIC value of 3.9 ug mL™, equipotent to
standard miconazole against Candida albicans MTCC 3017.
The MIC values of all the derivatives corresponding to their
antibacterial activity are tabulated in Table 1.

A structure-activity relationship (SAR) interpreted based
on the above antimicrobial results is presented in Fig. 3. The
presence of an electron donating group (-OCH3) at R, signifi-
cantly increased the antimicrobial activity as observed in the
case of compounds 5d and 5g. Promising antibacterial and
antifungal activities were noticed when both electron donat-
ing and withdrawing groups were present at R, (5d and 5k).
The presence of a methoxy substituent at R, and fluoro sub-
stituents at R, increased the antimicrobial activity (5g). More-
over, the presence of an electron donating group at R; and
electron withdrawing groups (-OH and -fluoro) were found

Table 1 Antimicrobial activity of 1,4-dihydroindenol[1,2-c]pyrazole-tethered carbohydrazide hybrids (5a-u)

Minimum inhibitory concentration (ug mL™)

Test Gram positive bacteria Gram negative bacteria Fungus
comp. M.l S.a S. a Bs E. c P.a K p C.a
5a 3.9 15.6 7.8 3.9 >125 >125 >125 >125
5b 3.9 3.9 7.8 7.8 >125 >125 >125 >125
5¢ 3.9 7.8 7.8 7.8 >125 >125 >125 >125
5d 3.9 3.9 3.9 7.8 3.9 7.8 3.9 3.9
5e >125 >125 >125 >125 >125 >125 >125 >125
5f 3.9 3.9 7.8 7.8 3.9 >125 >125 >125
5g 7.8 3.9 3.9 7.8 3.9 7.8 7.8 3.9
5h >125 15.6 15.6 7.8 >125 >125 >125 >125
5i >125 >125 >125 >125 >125 >125 >125 >125
5j 7.8 3.9 3.9 7.8 3.9 7.8 7.8 7.8
5k 7.8 3.9 7.8 3.9 7.8 7.8 3.9 7.8
51 >125 15.6 15.6 15.6 >125 >125 >125 >125
5m >125 3.9 3.9 7.8 7.8 >125 >125 >125
5n >125 >125 >125 15.6 >125 >125 >125 >125
50 7.8 3.9 7.8 3.9 3.9 7.8 7.8 >125
5p >125 >125 3.9 >125 >125 >125 >125 >125
5q 7.8 3.9 3.9 7.8 3.9 7.8 7.8 7.8
5r >125 >125 3.9 >125 >125 >125 >125 31.2
5s >125 7.8 15.6 7.8 >125 >125 >125 >125
5t >125 15.6 15.6 7.8 >125 >125 >125 >125
5u >125 7.8 3.9 7.8 >125 >125 >125 31.2
MCZ —a — — — — — — 3.9
CPF 0.9 0.9 0.9 0.9 0.9 0.9 0.9 —

“ No activity; MCZ - miconazole; CPF - ciprofloxacin; bold MIC values signify promising activity; M. [ - Micrococcus luteus MTCC 2470; S. a -
Staphylococcus aureus MTCC 96; S. a Staphylococcus aureus MLS-16 MTCC 2940; B. ¢ — Bacillus subtilis MTCC 121; E. ¢ — Escherichia coli MTCC
739; P. a — Pseudomonas aeruginosa MTCC 2453; K. a - Klebsiella planticola MTCC 530; C. a — Candida albicans MTCC 3017.
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clpyrazole-tethered carbohydrazide hybrids (5a-u).

to be crucial for antibacterial and antifungal activities, re-
spectively. Overall, the order of antimicrobial activity with re-
spect to different substituents at R; and R, is presented in
Fig. 3.

Antifungal activity

Members of the genus Candida are commensals that exist on
the skin and human gastrointestinal and genitourinary tract
causing no harm until there is an alteration in the host
microenvironment. An alteration in the host immune system
might result in over growth of Candida and Candida-biofilms,
which cause infections that can range from simple fungal
thrush to life threatening complications. Immunodeficient
individuals like diabetic patients, patients undergoing treat-
ments for cancer and HIV-AIDS and children are more prone
to Candida infections. In 75% of women, Candida infections
may affect them at least once in their lifetime."” In recent
years, biofilms formed by members of Candida species
caused serious complications in various medical prosthet-
ics.'® In view of all these serious clinical impediments caused
by Candida members, the antifungal potential of the most
promising derivatives namely 5d, 5g, 5j, 5k and 5q was evalu-
ated'” against a panel of pathogenic Candida strains includ-
ing Candida albicans MTCC 183, C. albicans MTCC 227, C.
albicans MTCC 1637, C. albicans MTCC 3017, C. albicans
MTCC 3018, C. albicans MTCC 4748, C. albicans MTCC 7315,
C. parapsilosis MTCC 1744, C. glabrata MTCC 3019, C. krusei
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MTCC 3020 and Issatchenkia hanoiensis MTCC 4755. The ac-
tive hybrids such as 5d, 5g, 5j, 5k and 5q exhibited good to
moderate antifungal activity with MIC values ranging from
3.9-31.2 ug mL™". The MFC values were found to be 2-fold
the antifungal activity values ranging from 7.8 to 125 ug
mL™". The MIC and MFC values are tabulated in Table 2.

Minimum bactericidal concentration (MBC)

Further, the most active hybrids (5d, 5g, 5j, 5k and 5q) were
evaluated for their minimum bactericidal concentration
against all the bacterial strains with ciprofloxacin as a stan-
dard."® Interestingly, compounds 5d, 5g, 5j, 5k and 5q were
found to be promising against all the test pathogens. The
MBC values were found to be 2-fold the antibacterial activity
values ranging from 7.8 to 15.6 ug mL . The MBC results are
tabulated in Table 3.

Inhibition of ergosterol biosynthesis

It is a well-known fact that most of the antifungal agents in-
hibit fungal cell growth by targeting the ergosterol biosynthe-
sis pathway.'® Ergosterol plays a pivotal role in maintaining
the cell integrity and function of different Candida strains.
Therefore, the disruption of this pathway (lanosterol 14o-
demethylase enzyme) by antifungal agents causes fungistasis.

Considering these facts, the most promising compounds
were evaluated for ergosterol inhibition activity by using the
modified sterol extraction method,*® wherein the steady state
amounts of ergosterol formed in C. albicans were quantified
and UV-spectral scans were evaluated to understand the ste-
rol profiles of C. albicans. The control group showed 100% er-
gosterol, while there was a dose dependent decrease in the
ergosterol content with regard to the compound (5d and 5g)
treated Candida strain and standard miconazole drug. As the
dose of the tested compounds increased from 0 to 16 g
mL™, the concentration of ergosterol content decreased. The
UV-visible scans revealed a flat line at the effective doses of
compounds 5d and 5g, signifying that no detectable levels of
ergosterol formed. These results reveal that the tested

Table 2 Minimum inhibitory concentration/minimum fungicidal concentration of the most active derivatives (5d, 5g, 5j, 5k and 5q)

Minimum inhibitory concentration (minimum fungicidal concentration, pg mL™")

Fungal

strain 5d 5g 5j 5k 5q MCZ

C. a183 15.6 (31.2) — — — — 3.9 (7.8)
C. a227 3.9 (7.8) 7.8 (15.6) 7.8 (15.6) 7.8 (15.6) 7.8 (15.6) 3.9 (7.8)
C. a 1637 7.8 (15.6) 15.6 (31.2) 15.6 (31.2) 15.6 (31.2) 15.6 (31.2) 3.9 (7.8)
C. a 3018 7.8 (15.6) 7.8 (15.6) 7.8 (15.6) 15.6 (31.2) 15.6 (31.2) 3.9 (7.8)
C. a 4748 7.8 (15.6) 15.6 (31.2) >31.2 (>62.5) 3.9 (7.8) 15.6 (31.2) 3.9 (7.8)
C. a 7315 7.8 (15.6) 15.6 (31.2) 15.6 (31.2) 7.8 (15.6) 15.6 (31.2) 3.9 (7.8)
C.p1744 7.8 (15.6) 15.6 (31.2)2 15.6 (31.2) 15.6 (31.2) 15.6 (31.2) 3.9 (7.8)
C. g3019 7.8 (15.6) 15.6 (31.2) >31.2 (>62.5) 3.9 (7.8) 15.6 (31.2) 3.9 (7.8)
C. k 3020 7.8 (15.6) 15.6 (31.2) 15.6 (31.2) 15.6 (31.2) 15.6 (31.2) 3.9 (7.8)
I h 4755 15.6 (31.2) 15.6 (31.2) 31.2 (62.4) 15.6 (31.2) 31.2 (62.4) 3.9 (7.8)

Values in parentheses are for MFC. — No activity; MCZ - miconazole; Candida albicans MTCC 183; C. albicans MTCC 227; C. albicans MTCC
1637; C. albicans MTCC 3017; C. albicans MTCC 3018; C. albicans MTCC 4748; C. albicans MTCC 7315; C. parapsilosis MTCC 1744; C. glabrata

MTCC 3019; C. krusei MTCC 3020; Issatchenkia hanoiensis MTCC 4755.
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Table 3 Minimum bactericidal (MBC) of the most active derivatives (5d,
59, 5j, 5k and 5q)

Minimum bactericidal (MBC) pg mL™*

Gram negative

Test Gram positive bacteria bacteria

compound M. 1 S.a S a B s E ¢ P.a K p

5d 7.8 7.8 7.8 15.6 7.8 15.6 7.8
5g 15.6 7.8 7.8 15.6 7.8 15.6 15.6
5j 15.6 7.8 7.8 15.6 7.8 15.6 15.6
5k 15.6 7.8 15.6 7.8 15.6 15.6 7.8
5q 15.6 7.8 7.8 15.6 7.8 15.6 15.6
CPF 1.9 1.9 1.9 1.9 1.9 1.9 1.9

CPF - ciprofloxacin; bold MIC values signify promising activity M. [
- Micrococcus luteus MTCC 2470; S. a — Staphylococcus aureus MTCC
96; S. a Staphylococcus aureus MLS-16 MTCC 2940; B. ¢ - Bacillus
subtilis MTCC 121; E. ¢ — Escherichia coli MTCC 739; P. a - Pseudomo-
nas aeruginosa MTCC 2453; K. a - Klebsiella planticola MTCC 530.

compounds inhibited the ergosterol biosynthesis which is in
correlation with the antifungal activity results. The results to
this regard are presented in Fig. 4.

ROS quantification in Candida albicans

According to the recent literature, some of the available anti-
fungals (miconazole, amphotericin B and nystatin) also act
by inducing the accumulation of ROS (reactive oxygen spe-
cies) in fungal pathogens such as C. albicans, A. fumigatus
and Cryptococcus spp. subsequently leading to fungal cell
death.”!

In order to explain whether oxidative stress was also in-
volved in fungal cell death, the intracellular ROS accumula-
tion within the cells of biofilms was evaluated using the fluo-
rescent probe, 2',7-dichlorofluorescein-diacetate (DCFH-DA).
Based on the DCF-DA fluorometric assay,>” it was observed
that Candida albicans MTCC 3017 cells treated with various
concentrations of compounds 5d and 5g showed accumula-
tion of ROS in a dose-dependent pattern and the results are
shown in Fig. 5. Miconazole was used as the control to moni-
tor the ROS generated.

Both 5d and 5g accumulated ROS levels equivalent to that
of miconazole and showed fluorescence intensities similar to
that of miconazole treated Candida albicans MTCC 3017 cells.
The ROS accumulation started at 5 ug mL ™" of the test com-

-
]
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Candida albicans 3017

..

Concentration pg/ml

Candida albicans 3017

0 2 4 8 16

Concentration pg/ml

Ergosterol %
3
Ergosterol%

o 8 8 88 8

u Miconazole m 5d  Miconazole m 5g

Fig. 4 Ergosterol inhibition assay for the most promising derivatives
(5d and 5g).
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Fig. 5 Intracellular ROS accumulation of compounds 5d and 5g in
Candida albicans MTCC 3017.

pound as seen in Fig. 6. This concentration is much lower
than its MFC (7.8 ug mL™). At higher concentration (25 ug
mL™), compounds 5d and 5g generated ROS in amounts that
were equivalent to that of miconazole. Based on the fluoro-
metric assay, it is evident that compounds 5d and 5g altered
the redox state of yeast cells by inducing the ROS accumula-
tion in the C. albicans MTCC 3017 strain and thereby possi-
bly affect the membrane stability and viability of Candida
cells thus causing fungal cell death.

Molecular docking studies

In order to validate the mode of action and predict the bind-
ing abilities of compounds 5d and 5g, molecular docking was
performed using the Glide module of Schrodinger LLC.>* The
heme proteins (CYP51), sterol 14-a-demethylases (PDB: 3GW9
and 1EA1) of parasites (Trypanosoma brucei), bacteria (Myco-
bacterium tuberculosis) and fungi (Candida albicans) (PDB:
4UYM) along with their co-crystal ligands were retrieved from
the protein data bank.>* Molecular docking against three dif-
ferent types of sterol 14-o-demethylases originating from
these parasites, bacteria and fungi was compared with vali-
dated molecular docking. The docking scores obtained
against tested active sites are presented in Table 4. From the
initial assessment, the interactions of 5d and 5g with heme
(porphyrin) were not observed with respect to the parasite
and bacterial sterol 14-a-demethylases. Intriguingly, interac-
tions such as hydrogen bonding and m-cation interactions
were observed with fungal sterol 14-o-demethylase which
might play a significant role in its high docking efficiency.
The combined hydrogen bond of pyrazole and hydrazinyl
functionalities with Ser375 and n-n interaction of the
substituted phenyl ring with Phe234 and Tyr68 of fungal
sterol 14-a-demethylase was observed with the tested ligands
(Fig. 6). The docking study was in correlation with the ergos-
terol inhibition assay thereby validating their antifungal
activity.

In vitro cytotoxicity assay

Most active compounds (5d, 5g, 5j, 5k and 5q) were screened
for their in vitro cytotoxicity against normal human lung cell
line MRC5 (ATCC No. CCL 171) using MTT assay>” and the
results are presented in Fig. 7. In this assay, miconazole was
used as the positive control along with DMSO as the negative
control. IC;, values are presented in ug mL™ as mean * S.D.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 A. Overlap of 5d and 5g (mesh and indicated by thick sticks) at the active site of sterol 14-a-demethylase (PDB: 4UYM); B. Thick sticks 5d at
the sterol 14-a-demethylase (PDB: 4UYM) prerogative site; note: solid surface indicates heme, thin sticks indicate interacting residues and other
macromodel sticks indicate active site residues; yellow dotted line - hydrogen bond and blue dotted line - n-r interaction.

From these results, it is evident that their cytotoxicity was
found to be in the range of 28-40 pg mL ™" while their anti-
fungal activity (MIC) was observed in the range of 3.9 to 7.8
ug mL™". These findings suggest that compounds 5d and 5g
exhibited lower cytotoxicity to normal cell lines compared to
the antifungal activity and could be considered to have thera-
peutic potential.

In silico drug likeness studies

The in silico drug likeness prediction of 1,4-
dihydroindeno[1,2-c] pyrazole tethered carbohydrazides (5a-u)
was performed by means of the Molinspiration online prop-
erty calculation toolkit>® in order to determine the Lipinski
parameters®>” and the results to this regard are depicted in
Table S1.f Drug likeness of the target compounds (5a-u) was
predicted using Lipinski's rule of five, which states that an
orally administered compound is more likely to be permeable
if the molecule satisfies the following rules: (i) molecular
weight <500, (ii) calculated log P < 5, (iii) hydrogen bond do-
nors <5 (OH and NH groups), and (iv) hydrogen bond accep-
tors <10 (N and O atoms). Compounds obeying the Lipinski
rule may have more oral absorption and bioavailability. Fasci-
natingly, all the conjugates from this series (5a-u) satisfied
Lipinski's rule of five. From all these findings, it can be pre-
dicted that the compounds can be orally active in humans.

Table 4 Docking scores of 5d and 5g with different sterol 14-o-
demethylases (kcal per mole)

Mycobacterium  Candida

Trypanosoma tuberculosis albicans
SNO  Ligand brucei (3GW9)  (1EA1) (4UYM)
1 5d -7.349 =5.012 -10.647
2 5g —-8.990 -5.604 -10.359
3 Ligand-3GW9 -11.351 — —
4 Ligand-1EA1 — -6.774 —
5 Ligand-4UYM — — -7.536

This journal is © The Royal Society of Chemistry 2019

In silico pharmacokinetics (ADME) studies

Pharmacokinetics refers to absorption, distribution, metabo-
lism and excretion of the drug (ADME) in the body. The in
silico ADME studies of the most active compounds (5d, 5g,
5j, 5k and 5q) were carried out using the SwissADME web
based tool”® and the data generated are presented in Table
S2.f High gastrointestinal absorption indicates a drug to be
orally active and all the active hybrids (5d, 5g, 5j, 5k and 5q)
were found to exhibit high gastrointestinal absorption. Bio-
availability is defined as the amount of the drug present in
the plasma and is considered as the most vital factor
governing absorption. Furthermore, all the hits were found
to have high bioavailability scores. Permeability is an index
of absorption and distribution of the drug. Permeability of
these active compounds was found to be high indicating that
these are skin permeable. Moreover, all the active hits were
found to be metabolizing via the CYP450 substrate indicating
their easier metabolism. Synthetic accessibility scores refer to
how effortlessly a compound can be synthesized in a lab on
scales of simple to tough ranging between 0 and 10. In addi-
tion, the synthetic accessibility scores of all the hits were
found to be below 4 demonstrating that they can be effort-
lessly synthesized on a large scale. In conclusion, the above
results indicate that these hybrids demonstrate an apprecia-
ble pharmacokinetic profile and drug likeness.

N 1
S =

o
3

1C5 values in pg/mL
» w -
2 g s

—
=

3

5d 5g 5j 5k 5q
Test compounds

Miconazole

Fig. 7 Cytotoxicity assay of the most active derivatives (5d, 5g, 5j, 5k
and 5q) on the MRC5 normal cell line.
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In silico toxicity prediction

Toxicity prediction of a compound is an imperative part of
drug discovery and development. Computational toxicity
evaluation minimizes the amount of animal experiments
than the determination of toxic doses in animals. The best
and ideal method to predict the toxicity of drug molecules is
by building animal models. The web server Protox esti-
mates rodent oral toxicity derived from compounds of known
drug candidates and their toxicity by their toxic fragments or
chemical structure and compares the similarity of structures
of synthesized molecules which will be encumbered in the
server with a database of molecules consisting of previously
known toxicity and identifies the toxic fragments of loaded
molecules and possible toxicity targets.

Toxic doses are calculated as LD;, values in mg per kg
body weight and are presented in Table S35 The LDs, is the
median lethal dose, defined as the dose at which 50% of test
subjects die upon exposure to the chemical. The predicted
LDs, (lethal dose) for compounds 5d and 5k is above 2000
mg kg™' and less than 5000 mg kg™ indicating that it comes
under class V as compared to the standards used which come
under class IV, while the remaining compounds 5g and 5p
showed LDs, values above 300 mg kg™ and below 2000 mg
kg™ depicting that they come under class IV toxicity. This
toxicity prediction study summarizes that synthesized deriva-
tives are less toxic.

Conclusion

In conclusion, a series of new 1,4-dihydroindeno[1,2-]
pyrazole-tethered carbohydrazide hybrids (5a-u) were synthe-
sized and evaluated for their in vitro antimicrobial activity
against a panel of gram positive and gram negative bacteria
along with a fungal strain. Among them, compounds 5d, 5g,
5j, 5k and 5q exhibited promising activity against the entire
panel of test pathogens with a MIC ranging from 3.9-7.8 ug
mL . Further, these potential compounds were evaluated for
their antifungal activity against a panel of Candida strains.
Compounds 5d and 5g demonstrated promising antifungal
activity while the MBC/MFC values were 2-fold the anti-
bacterial/antifungal activity values. Further, compounds 5d
and 5g inhibited the ergosterol biosynthesis, elucidating their
mode of action which was further validated by molecular
docking studies. Furthermore, compounds 5d and 5g caused
accumulation of intracellular ROS in a dose-dependent man-
ner equivalent to that of miconazole indicating that they al-
tered the redox state of yeast cells that might possibly affect
the membrane stability, viability and efficacy of Candida
cells. MTT assay revealed that the most promising hybrids
were non-toxic to normal cells and could be considered to
have therapeutic potential. In silico drug likeness studies and
pharmacokinetics (ADMET) studies revealed that 5d, 5g, 5j,
5k and 5q exhibit drug likeness and an appreciable pharma-
cokinetic profile. Overall, the findings suggest that com-
pounds 5d and 5g could be further explored as promising
leads for further antifungal development.
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