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Abstract

Chikungunya virus (CHIKV) is an arthropod-borne pathogen responsible for Chikungunya fever, a neglected tropical disease of global health
concern. Despite the low mortality rates, this illness can persist for months or even years after acute infection, causing debilitating arthritis and
serious economic outcomes. Currently, the lack of licensed vaccines or antiviral drugs limits disease control which emphasizes the critical need
to develop new therapies. Herein, the antiviral potential of nine pyrazolone derivatives was evaluated against CHIKV replication by using in vitro
and in silico methods. Among the compounds, three derivatives (1a, 1b, and 1i) showed the highest antiviral activity against CHIKV replication at
50 uM. Compound 1b showed an EC, of 26.44 uM, followed by compounds 1b and 1i with EC,, values of 34.67 uM and 46.36 uM, respectively. In
addition, these compounds exhibited good selectivity with selectivity indexes of 39.02 (1a), 55.67 (1b), and 21.13 (1i). Our SAR studies revealed
some stereo electronic properties that are likely essential to their antiviral activity. Further, we investigated the mechanism of action of the most
active compounds. Interestingly, the three compounds showed virucidal activity and inhibited early steps of virus replication. Compound 1b also
impaired virus replication at later post-entry steps, suggesting that these derivatives may act at different targets. Pharmacokinetic, and toxicological
predictions reinforced the safety and drug-like profiles of these derivatives. Therefore, this is the first report of the anti-CHIKV activity of pyrazolone
derivatives, and our data point to them as promising leads for antiviral drug discovery to combat CHIKV infections.
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Abbreviations

CC,,: concentration required to decrease cell viability by 50%; ,: electrostatic charge of the C, carbon atom of the phenyl group; CHIKV:
Chikungunya virus; CQ: chloroquine; DM: dipole moment; DMEM: Dulbecco’s Modified Eagle Medium; EC,: concentration required to inhibit virus
replication by 50%; E,,,: energies of the highest occupied molecular orbital; E,, : energies of the lowest unoccupied molecular orbital; FBS: fetal
bovine serum; HIA: human intestinal absorption; HOMO: highest occupied molecular orbital; Hpi: hours post-infection; LUMO: lowest unoccupied
molecular orbital; MC: methylcellulose; MOI: multiplicity of infection; Mpro: main protease; MSA: molecular surface area; MV: molecular volume;

MW: molecular weight; nsP: nonstructural protein; Oval: ovality; PSA: polar surface area; SI: selectivity index; VC: virus control.
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Introduction

Chikungunya virus (CHIKV) is a mosquito-borne pathogen that
belongs to the Alphavirus genus and Togaviridae family and, which
includes other “old world” alphaviruses [1,2]. CHIKV has a sin-
gle-strand positive sense RNA with a size of ~12kb. The RNA mol-
ecule has two open read frames (ORF) that encode four nonstruc-
tural proteins (nsP1-nsP4) and six structural proteins or peptides
(E1,E2,E3,C,TF and 6K) [1]. The transmission of this virus occurs
through two different cycles, such as a sylvatic cycle, in which trans-
mission occurs in non-human primates, and an urban cycle, where
the virus is transmitted to humans by Aedes aegypti and Aedes al-
bopictus mosquitoes [3-5].

For the past decades, CHIKV has caused several outbreaks in
some continents, such as Africa, Asia, and the Americas. Since its
outbreak in the Caribbean Islands in 2013, more than three million
cases of CHIKV were described worldwide [6]. In 2022, most cas-
es were reported in Brazil followed by India, Paraguay, Guatemala,
and Thailand [7]. In this period, Brazil has registered more than
174,000 cases of CHIKV infections which reflects an increase of
78.9% in comparison to 2021 [8]. Recently, this infection was listed
as a neglected tropical disease by World Health Organization [9].

CHIKV is the causative agent of Chikungunya fever which is
characterized by fever, skin rash, myalgia, and arthralgia [10]. This
disease has two different phases: acute and chronic. The acute one
is mostly described by fever and arthralgia and lasts for 5-14 days.
However, more than 40% of patients evolve to chronic disease
where arthritic manifestations can occur, such as chronic inflam-
matory pain which, in turn, leads to the disability of infected indi-
viduals. Also, the chronic phase can persist for months or years and,
in addition to the health issues, this disease may cause substantial
economic damage to the most affected communities [11]. Usual-
ly, the symptoms of CHIKV infection overlap with other arboviral
infections, especially due to the high circulation of these viruses
simultaneously in the same geographical area, which poses a chal-

lenge for disease diagnostics and control [10,12]. Besides, there is
no currently available vaccine or specific drugs for the treatment
and prevention of CHIKV infections, which makes the development
of new drugs urgently needed [5].

In this scenario, heterocyclic molecules play a remarkable role
in drug discovery. Among them, pyrazolone derivatives have re-
ceived attention since 1883 when Knorr first synthesized the anti-
pyretic, analgesic, and anti-inflammatory drug antipyrine [13]. Pyr-
azolone is a five-membered ring that contains two nitrogen atoms
and a ketone function, and two nuclei are more frequently found in
bioactive derivatives: 3-pyrazolone and 5-pyrazolone [14]. Several
synthetic methods have been described to obtain novel derivatives
with great yield and purity, resulting in a highly structural diverse,
and versatile scaffold [13,15]. In addition, the pyrazolone core has a
noteworthy pharmaceutical importance because it is a bioisostere
for some nitrogen-containing heterocycles and has a wide range of
biological activities such as antimicrobial, anticancer, anti-inflam-
matory, antioxidant, and antiviral [16,17]. However, there are no
reports on the anti-CHIKV activity of pyrazolone derivatives in the
literature to date. Therefore, we report for the first time the eval-
uation of the antiviral potential of pyrazolone derivatives against
CHIKV replication. Further, structure-activity relationship, ADMET,
and mechanism of action studies were carried out by combining in
vitro and in silico methods.

Materials and Methods
Cells and viruses

Vero cells (ATCC CCL-81) were grown in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 5% fetal bovine serum
(FBS), 100 Ul/mL penicillin, 100 pg/mL streptomycin, and 2.5 pg/
mL amphotericin B at 37°C under a humidified 5% CO, atmosphere.
A Brazilian isolate of CHIKV reported previously by our group [18]
was used in this work. Virus stock was propagated in Vero cells at
a multiplicity of infection (MOI) of 0.1. At 48 hours post-infection
(hpi), supernatants were collected, clarified, and stored at -80°C.
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Figure 1: 2D structures of the pyrazolone derivatives evaluated in this work.
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Nine pyrazolone derivatives (Figure 1) were obtained as de-
scribed elsewhere [17,19-21]. All derivatives were dissolved in
sterile DMSO, and 50 mM stocks were prepared while chloroquine
(CQ; Sigma-Aldrich, Brazil) was prepared in sterile water to a final
concentration of 50 mM. All stocks were stored at -20 °C until use.

Cytotoxicity assay

The cytotoxic effects of the compounds were determined using
the [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT; Sigma-Aldrich). Briefly, Vero cells were seeded onto
a 96-well plate at a density of 10* cells per well a day before the
experiment and were treated with different concentrations of the
compounds (100, 200, 400, and 800 uM) for 72 h at 37 °C and 5%
CO,. Then, the compounds were removed and MTT solution (5 mg/
mL) was added and incubated for a further 4 hrs. After this, the
MTT solution was removed and DMSO was added to dissolve the
formazan crystals under gentle rocking for 20 min at room tem-
perature. Finally, absorbance was measured at 545 nm using the
TP-Reader Thermo Plate microplate reader. Three independent
assays were carried out in triplicate. Cell viability was calculated
relative to untreated cell control and the concentration required to
decrease cell viability by 50% (CC, ) was estimated by linear re-
gression using GraphPad Prism 6.

Antiviral screening and plaque reduction assay

Vero cells were seeded at 2 x 10° cells/well in a 24-well plate
overnight at 37 °C under a 5% CO, atmosphere. Cells were infected
with CHIKV (MOI = 0.001) for 1 hr at 37°C. After virus attachment,
virus inoculum was discarded and media containing 50 pM of the
compounds was added. At 24 h, cells were lysed by freezing and
thawing, supernatants were harvested, and the virus titer was de-
termined using a plaque reduction assay. The experiments were
carried out twice in triplicate and the inhibition rates were calculat-
ed in comparison to the untreated and infected cell control, namely
virus control (VC). CQ (50 uM) was used as a positive control since
the in vitro anti-CHIKV activity has been described in the literature
[22].

For plaque reduction assays, monolayers of Vero cells were in-
fected with 10-fold dilutions of CHIKV suspensions for 1 hr at 37
°C with 5% CO,. Next, virus inoculum was replaced by media sup-
plemented with 5% FBS and 1.5% methylcellulose (MC), and cells
were incubated for 48 hrs at 37°C with 5% CO,,. Finally, cells were
fixed and stained with 10% formaldehyde and 0.2% crystal violet
and virus titers were determined as PFU/mL.

Determination of the EC_ of the most active compounds

The antiviral potency of the most active compounds (1a, 1b,
and 1i) and CQ were also evaluated. For this purpose, Vero cells
grown in 24-well plates (2 x 10° cells/well) on the day before the
experiment were infected with CHIKV at an MOI of 0.001 for 1 h at
37 °C under 5% CO,,. After that, the virus was discarded and cells
were treated with different concentrations (3.125, 6.25, 12.5, 25,
and 50 uM) for 24 h at 37°C under 5% CO,. At 24 hpi, cells were
lysed by freezing and thawing, and supernatants were collected
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for plaque assays as abovementioned. Two independent experi-
ments were run in triplicate and inhibition rates were calculated
in reference to the untreated and infected cells. The concentration
required to inhibit virus replication by 50% (EC, ) was calculated
from dose-response curves using GraphPad Prism 6.

Virucidal assay

CHIKV suspensions containing approximately 10* PFU were
treated with 50 uM of the pyrazolone derivatives or CQ for 2 h at
37 °C. After that, virus suspensions were diluted (1:50) and were
used to infect confluent monolayers of Vero cells for 1 hr at 37 °C.
Then, the virus inoculum was removed, and cells were overlaid
with media containing 1.5% MC and 5% FBS. After incubation of
48 hrs at 37 °C under a 5% Co, atmosphere, cells were fixed and
stained with 10% formaldehyde and 0.2% crystal violet, and the
virus titers were determined as PFU/mL. The virucidal activity was
determined relative to the untreated virus suspensions. The exper-
iment was performed thrice in triplicate.

Time of addition assay

Vero cells were plated in a 24-well plate at 2 x 10° cells/well one
day before the experiment. Cells were infected with CHIKV (MOI
of 0.001) for 1 hr at 37°C under 5% CO,. Cells were treated with
the pyrazolone derivatives or CQ at 300 puM as suggested elsewhere
[23] and different treatment protocols were applied to investigate
at which step of virus replication the compounds act. Compounds
were added 1 h prior to infection (-1 hpi), during infection (0 hpi),
and several times after infection (1,2,4, and 6 hpi). Cells were kept
with the compounds for 1 h and then, replaced by media without
compounds. At 7 hpi, the media of all wells was discarded, and cells
were covered with DMEM supplemented with 5% FBS and 1.5%
MC and incubated for 48 h at 37°C under a 5% CO, atmosphere.
Finally, cells were fixed and stained with 10% formaldehyde and
0.2% crystal violet and the number of PFU was counted. Infection
and inhibition rates were calculated in relation to the untreated and
infected control. Two independent experiments were carried out in
triplicate.

SAR studies

The three-dimensional structures of the pyrazolone deriva-
tives were constructed and optimized using the Spartan10 pro-
gram (Wavefunction Inc., Irvine, CA, USA). Initially, structures were
submitted to a conformational analysis in vacuum using molecu-
lar mechanics and the MMFF force field. The lowest-energy con-
former was subjected to a geometry optimization step using the
semi-empirical RM1 method, followed by an ab initio calculation
using the Hartree-Fock method and the 6-31G* basis set. Finally,
the following stereo electronic properties of the compounds were
calculated: molecular weight (MW), molecular surface area (MSA)
and volume (MV), ovality (Oval), polar surface area (PSA), energies
of the highest occupied molecular orbital and lowest unoccupied
molecular orbital (E,,,, and E ., respectively), dipole moment
(DM) as well as the electrostatic charge of the C, carbon atom of the
phenyl group (C, ). Besides, the molecular electrostatic potential

ele-
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(MEP) map and the distribution and density maps of HOMO and
LUMO were calculated.

Prediction of pharmacokinetic and toxicological

properties

The theoretical pharmacokinetic and toxicological proper-
ties of the most active compounds (1a, 1b, and 1i) and CQ were
analyzed. The admetSAR 2 server [24] was employed to predict
human intestinal absorption (HIA) and carcinogenicity, whereas
genotoxicity (based on the AMES test), hepatotoxicity, and cardio-
toxicity (based on inhibition of hERG I and II) were predicted using
the pkCSM server[25]. Toxic effects on reproductive systems and
irritant effects as well as drug-likeness and drug-score parameters
were predicted using the Osiris Property Explorer server. Addi-
tionally, the compounds were also evaluated according to industry
rules, like Lipinski’s “rule of five”, GSK 4/400, and Pfizer 3/75 using
the FAF-Drugs4 webserver [26].

Statistical analysis

Data are expressed as mean * standard deviation and all analy-
ses were carried out with GraphPad Prism 6.0 (San Diego, CA, USA).
Statistical analyses were performed with one-way ANOVA followed

by the Tukey test. Statistically significant differences were consid-
ered when the p-value < 0.05.

Results

Cytotoxicity and anti-CHIKYV evaluation of the pyrazolone
derivatives

Initially, the cytotoxic effects of the pyrazolone derivatives were
investigated by MTT assay. Incubation of the compounds with Vero
cells for 72hrs resulted in low cytotoxicity. Consequently, the CC,
values of the derivatives varied from 579 pM (1h) to 1,472 uM (1b)
which are higher than the one observed for the control drug CQ
(420 pM) (Table 1). Since the compounds presented low cytotox-
icity, we evaluated their antiviral activity against CHIKV replication
in Vero cells at a non-toxic concentration (50uM). Among the nine
compounds, five derivatives displayed weak antiviral activity with
inhibition rates lower than 50% while compound 1e had moderate
activity (virus titer was decreased by 56.87%). By contrast, com-
pounds 1a, 1b, and 1i exhibited stronger inhibitory activity and
were able to reduce the virus titer by 68.15%, 78.86%, and 77.92%,
respectively. Likewise, CQ had a strong activity with inhibitory ac-
tivity of 99.52%.

Table 1: Cytotoxicity and antiviral activity against CHIKV of the pyrazolone derivatives and the control drug chloroquine (CQ).

Compound CC,, (uM)? Inhibition (%)® EC,, (uM)* SId
1la 1,353 +17.02 68.15 34.67 + 6.94 39.02
1b 1,472 +40.42 78.86 26.44 +5.80 55.67
1c 694 + 45.08 21.33 ND ND
1d 831+39.21 18.67 ND ND
le 1,130 £ 6.83 56.87 ND ND
1f 705 +8.17 20.67 ND ND
1g 1,254 + 29.37 21.33 ND ND
1h 579 +11.68 47.45 ND ND
1i 980 +18.12 77.92 46.36 £ 6.50 21.13
CcQ 420+ 0.02 99.52 13.27 +9.75 31.65

“CC,,: concentration required to decrease 50% of cell viability; "Inhibition rate (%) of CHIKV replication in Vero cells at 50 uM; ‘EC,: concentration
required to inhibit virus replication by 50%; “Selectivity index (SI) was calculated as the ratio of CC,; to EC,, ND: not determined.

Furthermore, the EC,; values of the most active derivatives
(1a, 1b, and 1i) were calculated from dose-response curves and
compared to CQ (Table 1). All compounds reduced virus titer in a
dose-dependent manner and compound 1b showed the highest ac-
tivity (EC,,= 26.44 uM), followed by compounds 1a (EC, = 34.67
uM) and 1i (EC, = 46.36 uM), respectively. Although CQ is, at least,
two-fold more potent than the pyrazolone derivatives, compounds
1a and 1b exhibited greater selectivity (SI= 39.02 and 55.67, re-
spectively).

SAR evaluation

Since the unsubstituted pyrazolone scaffold was endowed with
a promising anti-CHIKV activity, we conducted a SAR analysis to
investigate structural features that are important to the antiviral

profile of these compounds. The introduction of chlorine atoms at
ortho and para positions of the phenyl group, like the 2,4-dichloro
derivative (1b) resulted in improved activity. In contrast, the addi-
tion of halogens at the para position alone (1e and 1h) decreased
their activity which, in turn, was even more reduced when these
substituents were added to the ortho position solely (1f and 1g).
Besides, the introduction of meta substituents, such as 3,5-dichloro
(1c) or 3,4-dichloro (1d) led to a drastic reduction in their activity.
Our findings indicated that the presence of electron-withdrawing
groups at the para and ortho positions of the phenyl ring is likely es-
sential to maintain their antiviral potential. Also, we observed that
the introduction of an electron-donating group at the para position,
like methoxy (11i), also yielded a more active compound.
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In addition, several stereo electronic descriptors were calculat-
ed and correlated to the inhibitory activity of the compounds (Table
2). We did not observe a clear correlation between their biological
activity and steric features such as MW, MSA, MV, and ovality. None-
theless, the PSA parameter seems to have an important contribu-
tion to their activity, because the most active compounds 1a and
1i presented the highest values (43.70 and 49.62 A2, respectively).
Regarding the electronic features, we noticed that the activity was

the higher these energies, the higher their inhibitory potential. In
general, LUMO orbitals were more concentrated over the carboxyl
group (Figure 2). The introduction of chlorine atoms at ortho and
para positions of the phenyl ring (1b) or the addition of the p-me-
thoxy group in the same ring (1i) led to an increased density of
these orbitals over the phenyl ring, which might be involved to the
interaction with their molecular target. By contrast, no significant
differences were observed in the HOMO density and distribution

moderately correlated to E,, and E values which means that maps, nor the MEP maps (Data not shown).
( N
A 1a ib 1c id i
o e 1
& . . ] - -
B E i : = * L I i I;- : ?
Figure 2: Comparison of stereoelectronic features of the pyrazolone derivatives. A) Lowest-energy conformer; B) LUMO distribution maps;
and C) LUMO density maps encoded into a surface of 0.002 e/au3 and generated in the range of 0 to 0.041.
N\ J
Table 2: Stereo electronic descriptors of the pyrazolone derivatives calculated using the Spartan’10 software.
Compound MW MSA MV Oval PSA E omo E imo DM C..
1la 232.24 257.29 233.32 1.40 43.70 -8.16 2.81 2.22 -0.19
1b 301.13 286.45 259.75 1.45 43.43 -8.70 2.62 3.23 0.18
1c 301.13 287.52 260.00 1.46 43.62 -8.75 2.47 4.62 -0.35
1d 301.13 286.32 259.67 1.45 43.61 -8.45 2.50 5.38 0.11
1le 266.68 272.47 246.71 1.43 43.61 -8.25 2.64 4.37 0.18
1f 266.68 271.52 246.51 1.43 43.41 -8.64 2.81 1.53 -0.17
1g 250.23 261.68 237.79 1.41 42.99 -8.33 2.78 2.25 -0.06
1h 250.23 263.05 238.04 1.42 43.61 -8.17 2.70 3.80 0.45
1i 262.27 284.55 257.88 1.45 49.62 -7.75 3.30 2.26 0.56
MW: molecular weight (Da); MSA: molecular surface area (A2); MV: molecular volume (A3); Oval: ovality; PSA: polar surface area (A?); E, om0 €N-
ergy of HOMO (eV); E,,,o: energy of LUMO (eV), DM: dipole moment (Debye); C__: electrostatic charge of the C, carbon atom of the phenyl ring.

Taking into account the differences in the LUMO distribution
and densities and the importance of the substituents at the para
position of the phenyl ring, we calculated the electrostatic charge
of carbon 4 (C ) (Table 2). Interestingly, we observed a strong cor-

ele-
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active derivatives exhibited the highest charges at this atom, except

for compound 1a.
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Evaluation of the mechanism of action of the most active
pyrazolone derivatives

We investigated the mechanism of action of the most active pyr-
azolone derivatives. First, we evaluated the direct effect of the com-
pounds of the CHIKV particles. Interestingly, all compounds sig-
nificantly inactivated virus particles and showed modest-to-strong
virucidal effects, unlike CQ. For instance, compound 1i decreased
the virus titer by 55.64% whereas compounds 1a and 1b reduced
76.59% and 95.25% of CHIKV titer, respectively (Figure 3A). Then,

we carried out a time-of-addition assay to analyze the inhibitory
effects of the compounds at different steps of virus replication in
Vero cells (Figure 3B). Compounds 1a and 1i showed the highest
activity when added at -1 hpi and 0 hpi, respectively (42.67% and
50.16% inhibition), suggesting that these derivatives may act at
the host-cell or early steps of virus replication in addition to the
virucidal effect. Likewise, compound 1b significantly impaired vi-
rus replication when added up to 4 hpi (>60% inhibition) which, in
turn, indicated that this compound could act at different pre- and
post-entry stages of the virus lifecycle.

e 1
A B
5000- Nt A s P
= a0 mm 1a
. - 0007 c g = 1b
-E - o E
S E =g 60 1
w5 4000 e
£ & T a0 3 ca
= = =
2000- -
20
0- o - .Il[ Ll L L
VC 1a 1b 1 ca - 1] 1 2 4 B
Compounds (50 pM) Time of drug addition (hpi)
Figure 3: Mechanism of action analyses of the pyrazolone derivatives and the reference drug chloroquine (CQ) against CHIKV. (a) Virucidal
activity. ~104 PFU of CHIKV were treated with 50 uM of the compounds for 2 h at 37 °C. After that, virus suspensions were diluted (1:50) and
virus titers were quantified by plaque assays in Vero cells. (b) Time-of-addition assay. Compounds were added (300 uM) at different times
during CHIKV infection (MOI 0.001), as follows: 1 h before infection (-1 hpi), during (0 hpi), or after infection (1, 2, 4, and 6 hpi). Compounds
were kept for 1h and then discarded. At 7 hpi, cells were covered by overlay medium and incubated for 48 hrs at 37 °C for plaque assays.
Data are expressed as mean * standard deviation of, at least, two independent experiments measured in triplicate. Statistical significance was
determined relative to the infected and untreated group (VC): *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
- J

Theoretical pharmacokinetic and toxicological profile of
the most active compounds

To evaluate the drug-like profile of the pyrazolones, we pre-
dicted several pharmacokinetic and toxicological properties of the

most active derivatives and compared them to CQ. The three pyr-
azolone derivatives 1a, 1b, and 1i showed good human intestinal
absorption (Table 3). In addition, they fulfilled the Lipinski “rule of
five” requirements which indicate good oral bioavailability.

Table 3: In silico pharmacokinetic and toxicity properties of the pyrazolone derivatives and the marketed drug chloroquine (CQ).

Compounds 1a 1b 1i cQ

Human Intestinal Absorption?® Yes (0.98) Yes (0.98) Yes (0.98) Yes (1.00)

Ro5 violation 0 0 0 0

GSK 4/400 Approved Approved Approved Approved

Pfizer 3/75 Warning Warning Warning Rejected

Carcinogenicity® No (0.64) No (0.64) No (0.74) No (0.83)
Genotoxicity No Yes Yes No
Hepatotoxicity No No No Yes
Cardiotoxicity® No No No Yes
Irritant effects No Yes No Yes
Reproductive effects No No No No
Drug-likeness -4.01 -3.82 -5.91 7.39
Drug-score 0.48 0.34 0.47 0.25

Qualitative prediction results are presented along with the probability output in parenthesis. "Cardiotoxicity was predicted based on the inhibition of
type I and Il hERG potassium channels.
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Besides, we applied other industry rules to evaluate the po-
tential of these compounds (Table 3). GSK 4/400 rule states that
compounds with MW > 400 Da and LogP > 4 have a greater prob-
ability to exhibit pharmacokinetic and toxicological issues [27].
All compounds were approved according to this rule, like CQ. On
the other hand, Pfizer 3/75 rule defines that compounds with
LogP > 3 and topological PSA (TPSA) < 75 A? are more likely to
show in vivo toxicity [28]. The three pyrazolone derivatives pre-
sented a warning alert due to their low TPSA (1a = 58.97 A% 1b
= 58.97 A% 1i = 68.20 A?). It is worthy of note that the increased
likelihood of having pre-clinical toxicity was observed for com-
pounds that do not meet both criteria [28], such as observed for CQ.
In addition to these rules, other toxicity risks were predicted for
these compounds (Table 3). The pyrazolone derivatives did not
present hepatotoxic, cardiotoxic, or reproductive toxic effects.
However, the substituted derivatives 1b and 1i showed genotox-
icity risk whereas the derivative 1b exhibited irritant effects as
well. Interestingly, these compounds hold a safer theoretical pro-
file than the marketed drug CQ which was predicted to be hepa-
totoxic, cardiotoxic, and irritant. Furthermore, we calculated the
drug-likeness and drug-score values of these compounds (Table
3). The drug-likeness refers to structural similarity with market-
ed drugs and non-drug-like compounds from the Fluka library. The
three compounds showed low values in the range of -5.91 to -3.82
which indicates they have fragments that are mostly not found in
the marketed drugs, such as the ethyl ester group. The drug-score
combines several physicochemical and toxicological properties to
infer the potential of the molecules as drug candidates. Despite
the lower drug-likeness, all compounds showed higher drug-score
values in comparison to CQ, especially the unsubstituted derivative
1a, which, in turn, points to the promising drug-like profile of these
compounds.

Discussion

Herein, we investigated the antiviral potential of pyrazolone de-
rivatives against CHIKV replication in Vero cells. All the compounds
analyzed have CC values in the range of 579 uM and 1,472 uM,
proving their low cytotoxicity profile, even when compared to the
marketed drug CQ (CC,, = 420 uM) selected as a positive control
for in vitro anti-CHIKV assays as described elsewhere [22,29]. Con-
sequently, the nine pyrazolone derivatives were screened for their
inhibitory activity against CHIKV replication. At 50 uM, three com-
pounds strongly reduced virus replication with inhibition rates of
68.15% for compound 1a, 78.86% for compound 1b, and 77.92%
for compound 1i. A more detailed analysis of the most active com-
pounds was carried out to calculate their EC, | from dose-response
curves. The unsubstituted pyrazolone 1a presented an EC,; of
34.67 pM while compound 1b, which has 2,4-dichloro groups,
showed the highest activity (EC, = 26.44 uM).

SAR studies were then performed to gain more insights into the
anti-CHIKV properties of these derivatives. We observed that the
introduction of electron-withdrawing groups, such as halogens, at
para and ortho positions simultaneously of the phenyl ring favored
the antiviral activity. Interestingly, the introduction of halogens in
the phenyl ring of scaffolds bearing a pyrazolone moiety improved
the antiviral properties against the replication of RNA viruses such
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as Coxsackie viruses A and B [30] as well as against the main prote-
ase (Mpro) activity of SARS-CoV[31]. In contrast, the presence of an
electron-donating group (e.g., methoxy) at the para position of the
same ring improved the activity as well. Further structural mod-
ifications are of great interest to better address the SAR of these
compounds.

We also investigated the stereo electronic features to correlate
to their biological activity. A direct correlation between PSA, E, |
and E - and their inhibitory activity was noticed. In general, the
frontiers orbitals are involved in the ligand-receptor interactions
and the higher density and distribution of LUMO orbitals over the
phenyl ring likely contribute to their antiviral profile. Also, the na-
ture and position of the substituents of the phenyl ring influence
the electrostatic charge of carbon 4 of the phenyl ring (C, ), and our
results indicate that this influence is important to the maintenance

of their anti-CHIKV activity.

Although the pyrazolone derivatives were not as active as the
control CQ, both compounds 1a and 1b had higher selectivity. De-
spite the lower cell selectivity of compound 1i in comparison to the
control drug, this compound still offers an interesting safety win-
dow because its CC,, value is nearly 21-fold higher than its EC,.
Hence, considering the promising potential of these derivatives,
we investigated the mechanism of action of the most active com-
pounds. Initially, we evaluated whether these compounds could
inactivate directly the CHIKV particles. All compounds exhibited
virucidal activity and significantly reduced virus titers. Interesting-
ly, in silico studies have suggested that other pyrazolone derivatives
could interact with surface-exposed proteins (e.g., spike proteins)
of the RNA virus SARS-CoV-2 and exert virucidal activity. Also, these
derivatives were shown to interact with other targets, such as papa-
in-like and main proteases, and inhibit virus replication [32].

We further evaluated at which steps of virus replication the
compounds could act by adding them at different times of infection.
The three compounds presented significant inhibitory activity at
the first times of time-of-addition assays, indicating they act at ear-
ly stages like virus attachment or entry. Similarly, Oliveira and co-
workers [33] demonstrated that the organometallic complex [Ru-
2Cl4(p-cymene)2] inhibited the early steps of the CHIKV virus due
to its virucidal activity triggered by an interaction with the viral en-
velope proteins. The same was observed for one phospholipase A2
isolated from the snake venom of Crotalus durissus terrificus [34].
The virucidal activity of the pyrazolone derivatives may contribute
to their activity at the early stages of the virus life cycle. Besides,
compound 1b presented more prominent activity when added until
4 hpi, suggesting that it acts at other post-entry steps that are still
to be assessed. In fact, different compounds have multiple mecha-
nisms of action against CHIKV, such as the natural products baicalin
[35] and harringtonine[36], and the synthetic benzimidazole MB-
ZM-N-IBT [37], which is interesting to curtail resistance emergence
and spread.

In the drug development process, undesirable pharmacokinetic
and toxicological properties are one of the leading causes of drug
failure [38]; thereby, we predicted some ADMET properties of the
most active compounds. The three derivatives have high human in-
testinal absorption and good oral bioavailability according to Lip-
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inski’s “rule of five”, pointing them as suitable for oral delivery. Also,
they were approved in GSK 4/400 rule, but a warning was raised
regarding the Pfizer 3/75 one, unlike CQ which was rejected.

Moreover, we analyzed some theoretical toxic properties, and
the three derivatives exhibited a safer profile than the marketed
drug CQ. The higher drug-score values of these compounds in com-
parison to CQ, especially the unsubstituted derivative 1a, highlight
their potential as drug candidates and encourage further hit-to-
lead optimization campaigns to improve their anti-CHIKV activity.
Finally, it is important to note that the studied compounds share a
common scaffold with the anti-inflammatory drug antipyrine and
its derivatives which possess antiviral activity against RNA viruses
[30]. Therefore, in addition to the antiviral activity, the compounds
selected in our work may be endowed with anti-inflammatory
properties which are highly desired to treat CHIKV infections, but it
remains to be explored in the future.

Conclusion

In the present study, we have identified three pyrazolone de-
rivatives (1a, 1b, and 1i) with significant in vitro antiviral activity
against CHIKV and good selectivity. Their activity is likely modu-
lated by parameters such as PSA, E, ., E . and LUMO distribu-
tion as well as the electrostatic charge of the carbon 4 of the phe-
nyl ring. Further, the mechanism of action evaluation showed that
these compounds act at early steps of virus replication in addition
to their high virucidal activity. Also, compound 1b significantly in-
hibited virus replication at post-entry steps, pointing to multiple
mechanisms of action. Finally, the pharmacokinetic and toxicolog-
ical predictions reinforced the promising potential of these com-
pounds as drug candidates which deserve further investigations to
fight CHIKV infections.
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