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Abstract

In recent decades, several viruses have resulted in large outbreaks with serious health, economic and social consequences.
The current unprecedented outbreak of the new coronavirus, SARS-COV-2, necessitates intensive efforts for delivering
effective therapies to eradicate such a deadly virus. Isatin is an opulent heterocycle that has been proven to provide
tremendous opportunities in the area of drug discovery. Over the last fifty years, suitably functionalized isatin has shown
remarkable and broad-spectrum antiviral properties. The review herein is an attempt to compile all of the reported
information about the antiviral activity of isatin derivatives with an emphasis on their structure-activity relationships
(SARs) along with mechanistic and molecular modeling studies. In this regard, we are confident that the review will
afford the scientific community a valuable platform to generate more potent and cost-effective antiviral therapies based on

isatin templates.

Keywords Isatin - Indoline-2,3-dione - Viruses * SARS-COV-2  Antiviral drugs * Structure-activity relationships (SARs)

Introduction

Viral diseases are a worldwide threat affecting all human
societies and contribute to significant threats to human
health [1]. Viruses are the etiological agents in many epi-
demic and pandemic community outbreaks that result in
substantial morbidity and mortality. In 2003, >800 deaths
were reported due to the severe acute respiratory syndrome
(SARS) epidemic originating from South China [2]. In
2012, acute respiratory viral disease called Middle East
respiratory syndrome (MERS), caused by MERS cor-
onavirus (MERS-COV), was reported in the Kingdom of
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Saudi Arabia with a>35% mortality rate [3]. In late 2019,
the latest coronavirus disease 2019 (COVID-19) pandemic
emerged in China and has been a global concern since then.
The novel severe acute respiratory syndrome coronavirus 2
(SARS-COV-2) has been confirmed as the causative agent
of COVID-19 and has spread to over >200 territories,
resulting in a significant number of fatalities (Table 1)
[4, 5]. Moreover, many other viral diseases (Table 1) result
in a significant number of deaths annually worldwide.
Vaccination and antiviral chemotherapy are considered
the cornerstones of combating viral diseases [6]. Vaccina-
tion has been documented as a powerful tool in the eradi-
cation of fatal viral infections. In 1980, the smallpox
vaccine played a vital role in eliminating the virus, and to
date, several approved vaccines are available for fighting
against >15 viral pathogens [7]. On the other hand, antiviral
drug treatment is effective in controlling a wide range of
viral infections, including HIV. Nevertheless, no antiviral
drugs have been developed for many serious viral diseases,
including the currently ongoing pandemic COVID-19.
Moreover, many of the clinically used antiviral drugs have a
wide range of shortcomings in terms of potency, selectivity
and pharmacokinetic profiles [8]. In this regard, the high
rate of viral strains resistant to the currently approved drugs
together with the continuous emergence of new pathogenic
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viruses, exemplified by SARS-COV-2, dictates the devel-
opment of new antiviral therapies. The most current popular
approach in small molecule antiviral drug discovery is “one
drug, multiple viruses”, which relies on the development of
broad-spectrum antiviral agents (BSAAs) capable of inhi-
biting an array of human viruses [9].

Isatin (1H-indole-2,3-dione) (Fig. 1) is a privileged het-
erocyclic motif with a broad spectrum of biodynamic
activities, such as anticancer [10], antitubercular [11, 12]
antimalarial [13, 14] antibacterial [15] anticonvulsant [16]
and antiviral [17, 18] activities. In addition, clinically suc-
cessful isatin-based drugs, such as sunitinib, semaxanib and
toceranib (Fig. 1), have been applied in the treatment of
various diseases [19, 20].

The successful applications of isatin in clinical settings,
the wide range of its pharmacological properties and dif-
ferent approaches of its possible structural manipulation
have attracted the attention of medicinal chemists towards
further elaboration of this opulent heterocycle [20, 21].
Accordingly, in the last few decades, there has been a surge
of interest in the exploration of isatin derivatives against a

Table 1 Common viral diseases with their estimated number of deaths

Viral disease Estimated number Year/Period  References
of deaths

COVID-19 460,000 19/12/2019-  [5]

21/6/2020

HIV 770,000 2018 [124]

Viral hepatitis 1,340,000 2015 [125]

Ebola 11,323 2013-2016 [32]

Seasonal 290,000-650,000 Annually [34]

influenza

Dengue fever 20,000 Annually [36]

Fig. 1 Chemical structures of
isatin, sunitinib, semaxanib and
toceranib
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wide range of pathogenic viruses. Despite the very enriched
literature revealing the activity of isatin derivatives against a
wide range of pathogenic viruses, not a single report about
the antiviral activity of isatins was published until two years
ago. The chemistry of isatins acting against only arbo-
viruses was concisely reviewed by Gomes et al. in late 2018
[22]. To the best of our knowledge, no reports have com-
prehensively reviewed and discussed the antiviral activity of
isatin derivatives. This review sheds light on recently
reported antiviral activities of isatin-inspired compounds
with the following objectives: (I) presentation of the most
promising novel/new isatin-based antiviral compounds, (II)
extensive discussion of their structure-activity relationships
(SARs) with the aim of inspiring novel and creative design
approaches, and (III) emphasizing future trends in the
exploration of isatin scaffolds as promising antiviral cores.

Isatin derivatives as anti-HIV agents

In 2019, the WHO estimated that there were approximately
38 million HIV/AIDS cases globally, of which 690000
people died from HIV-related disorders [23]. Antiretroviral
therapies (ART) have been documented to play a pivotal
role in the treatment of HIV/AIDS patients [24]. However,
the growing spread of resistance is the principal factor in
ART failure, and hence, this necessitates the development
of new anti-HIV drugs [25]. Motivated by the promising
antiviral activities of fluoroquinolones and isatin deriva-
tives, Pandeya et al. reported the anti-HIV activity of new
norfloxacin-isatin Mannich bases [26]. Of the nine tested
bases, compounds 1a and 1b (Fig. 2) were the most potent
inhibitors of HIV-1 replication, with ECs, values of 11.3
and 13.9 pg/mL, respectively, with maximum protection
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Fig. 2 Chemical structures of norfloxacin-isatin Mannich bases

2a: R'=H; R?=Morpholinomethy!

Fig. 3 : Chemical structure of isatin N-Mannich bases

ranging from 70-95%. With regard to SARs, installation of
trimethoprim at C-3 and an electron-withdrawing group at
C-5 of the isatin moiety appeared superior to the other
substituents.

A set of isatin N-Mannich bases (Fig. 3) were synthe-
sized by Pandeya et al. in 1999. Initially, the authors syn-
thesized the Schiff bases of isatin with sulphadoxine, which
were then converted into Mannich bases [27]. The anti-HIV
activity of these bases was examined against HIV-1 and
HIV-2 strains using the MTT assay. Compound 2a (Fig. 3)
was identified as the most potent, exhibiting considerable
activity up to 16% against both strains (EC5y more than
2 ug/mL). Regarding SARs, methyl-substituted compounds
were less active than their unsubstituted counterparts, and
morpholinomethyl substitution at position 1 of the isatin
moiety appeared superior to the others.

In an independent study, motivated by the reported
potent antiviral activity of the thiosemicarbazone derivative
methisazone [3] (Fig. 4), in the prophylaxis of smallpox
[28], a series of Schiff and Mannich bases of isatin and
thiosemicarbazide 4 (Fig. 4) was developed by Pandeya
et al. [29]. The resultant compounds were screened for anti-
HIV activity against HIV-1(IIl B) in MT-4 human cells.
None of the investigated bases showed anti-HIV activity at
a concentration level below their toxicity threshold. The
authors attributed such a low activity to the relatively bulk
hydrophobic p-chlorophenyl thiazolyl moiety at the end of
the thiosemicarbazide group.
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Fig. 4 Chemical structures of Mannich bases of isatin and N-[4-(4’-
chlorophenyl) thiazol-2-yl] thiosemicarbazide
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Fig. 5 Chemical structures of the hybridized Schiff and Mannich bases
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Fig. 6 Chemical structures of thiosemicarazone derivatives

Encouraged by the reported anti-HIV activity of qui-
nazolinone scaffolds, Pandeya et al. [30] hybridized qui-
nazoline derivatives with different isatins in an attempt to
obtain new antiviral Schiff bases [5] (Fig. 5). The authors
also derivatized the obtained Schiff bases adopting the
Mannich reaction to yield their respective N-Mannich
bases (Fig. 5). The resultant bases were examined for their
antiviral activity against HIV-1 in human MT-4 cells.
None of the tested compounds displayed any significant
anti-HIV activity.

The two thiosemicarazone derivatives 6 and 7 (Fig. 6)
were tested against HIV by Teitz et al. [31]. Their antiviral
efficacy was concentration dependent, and the effective
antiviral concentrations ranged from 0.17 to 2.04 uM for 6
and from 1.45 to 17.4 uM for 7. Viral inhibition by 50%
was reported for 6 and 7 at concentrations of 0.34 and
2.9 uM, respectively. This inhibitory activity of these two
thiosemicarbazones was ascribed to their ability to inhibit
the synthesis of viral structural proteins. Therapeutic index
values were determined for both compounds and found to
be 20 and 30 for 6 and 7, respectively.
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most potent compounds 8a and 8b

Sixty isatinyl thiosemicarbazone derivatives [32] (Fig. 7)
were synthesized by Banerjee et al. in an attempt to obtain
potent compounds for the treatment of HIV-TB coinfection
[33]. Compounds 8a and 8b displayed promising activity
against the replication of HIV-1 cells (EC5y 1.69 and
4.18 uM, respectively). Better anti-HIV activity was asso-
ciated with thiosemicarbazones with methoxy groups
compared with hydroxy analogs. The authors attributed this
to the involvement of the methoxy group in steric interac-
tions with the aromatic residues of HIV-1 reverse tran-
scriptase (RT), an essential enzyme in the replicative viral
life cycle, which was further supported by in silico studies.
The superior anti-HIV efficacy of 8a over 8b was ascribed
to the establishment of hydrophobic interactions with the
enzyme contributed by the chlorine atom at the para posi-
tion of the phenyl piperazinyl methyl moiety and the methyl
group that was present at C-5 of the isatin ring. Regarding
SARs of the derivatives at C-5 of the isatin ring, higher
activity was observed to be governed by the order of F =
CH; > Cl. Substitution by gatifloxacine, a fluoroquinolone,
at N1 of the isatin moiety appeared superior to the other
analogs. Furthermore, the 4-chlorophenyl piperazinyl
methyl substituent at N1 was found to be better than the
other aminomethyl groups. To gain insight into the possible
mode of anti-HIV activity, 8a was examined for its cap-
ability to inhibit viral RT. Among the tested derivatives,
compound 8a showed the highest inhibitory activity with an
IC5p of 11.5+1.5uM.

A set of aminopyrimidinimino isatin derivatives [34]
(Fig. 8) was designed, synthesized and evaluated for their
inhibitory activity on HIV-1 replication in MT-4 cells
[35]. Compounds 9e, i, and 1-0 inhibited viral replication
with ECsy values ranging from 12.1 to 62.1 ug/mL.
Among these derivatives, compound 91 was the most
potent, with a protection rate of >99% and SI>13.
Compound 91 showed inhibition of the HIV-1 RT enzyme
(IC50=32.6 £6.4uM). The anti-HIV activity of these
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Fig. 8 Chemical structures of aminopyrimidinimino isatin derivative 9

derivatives did not correlate with their respective logP
values. Antiviral and cytotoxicity assays against HCV
showed analog 9k to be the most active, displaying 100%
inhibition of viral replication with minimal cytotoxicity at
50 pg/mL. In addition, the synthesized compounds were
tested for their in vitro antibacterial activity against 28
pathogenic bacteria, and the results revealed that all of the
derivatives displayed mild to moderate activity against the
tested bacteria. Compound 9e, which incorporates a
4-chlorophenyl piperazinomethyl moiety, was the best,
and it was superior to lomefloxacin against 20 tested
microorganisms. Moreover, primary screening against
Mycobacterium tuberculosis strain Hz;Rv (at a con-
centration of 6.25 pg/mL) revealed compounds bearing a
fluoroquinolone moiety (9 1-0) as the most potent as they
completely inhibited mycobacterial growth, i.e., with
MICs = 3.13 pug/mL.

Based on reports defining the key structural features of
nonnucleoside reverse transcriptase inhibitors (NNRTIs),
a series of isatin P-thiosemicarbazone derivatives [36]
(Fig. 9) was designed, synthesized and investigated for
their anti-HIV activity in the CEM cell line [37]. The
synthesized compounds demonstrated inhibition of viral
replication with ECs, values ranging from 2.62 to
>14.50 pM. Compounds 10c, f, and i were the most potent,
with ECsy values in the range of 2.62-3.40 uM. Never-
theless, they were less potent than the positive control drug
efavirenz. The other compounds were inactive below their
respective toxicity thresholds.
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10a: R= N,N-dibenzylamino;
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Fig. 9 Chemical structures of isatin p-thiosemicarbazone derivatives
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Fig. 10 Chemical structures of isatin sulfadimidine Schiff’bases

The highest activity and the least cytotoxicity were
associated with compound 10f (ECsy=2.62 uM and SI>
17.41). The superimposition technique indicated a good
correlation between thiosemicarbazone and efavirenz with
RMS values within the acceptable range. It is very difficult
to draw a clear conclusion regarding SARs of these deri-
vatives as the number of analogs is limited and the sub-
stitution pattern seems random.

Selvam et al. synthesized five Schiff* bases [6] (Fig. 10)
by reacting isatin derivatives with sulfadimidine [38]. The
obtained derivatives were evaluated for anti-HIV activity
against both HIV-1 and HIV-2 in MT-4 cells using zido-
vudine as a positive control. The ECs, values for HIV-1 and
HIV-2 inhibition were in the ranges of 8-15.3 ug/mL and
41.5-125 pg/mL, respectively. On the other hand, the
standard drug had ECs, values of 1.2 and 0.62 ng/mL
against HIV-1 and HIV-2, respectively. Cytotoxicity studies
revealed that the toxic concentration of the investigated
compounds was >125 pg/mL. While 11e showed the high-
est anti-HIV-2 activity (ECs9=41.5 ug/mL), compounds
11a and e exhibited the most potent activity against HIV-1
(ECs59 =8 pug/mL). The SARs revealed that substitution by
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13a: R'=H; R?=N,N-dimethylamino;
13b:R"=H; R?=Piperidin-1-yl;

13c: R'=H; R?=Morpholin-1-yl;

13d: R'=Cl; R?=N,N-dimethylamino;
13e:R'=Cl; R?=Piperidin-1-yl;

13f: R'=Cl; R%=Morpholin-1-yl;

13g: R'=Br; R?=N,N-dimethylamino;
13h:R"=Br; R?=Piperidin-1-yl;

13i: R'=Br; R?=Morpholin-1-yl;

12a: R'=H; 12b: R'=CI; 12¢: R'=Br

Fig. 11 Chemical structures of Schiff bases 12 and Mannich bases 13
of isatin and (4‘-pyridyl)-4-amino-5-mercapto-4-(H)-1,2,4-triazole

14a: R'=H; R?=H; R%=H;

14b: R'=CHj; R?=H; R3=H;

14c: R'=Cl; R?=H; R3=H;

14d: R'=Cl; R?=H; R®=4,5-dimethyl-2-isoxazolyl;

14e: R'=Br; R2=COCHj; R%=4,6-dimethyl-2-pyrimidinyl;
14f: R'=Br; R?=COCgHs; R3=4,6-dimethyl-2-pyrimidinyl;
14g: R'=CHj; R>=COCH3; R3=4,6-dimethyl-2-pyrimidinyl;
14h: R'=Cl; R?=COCgHs; R%=4,6-dimethyl-2-pyrimidinyl;

Fig. 12 Chemical structures of isatin-sulfonamide derivatives

either electron-donating or electron-withdrawing groups at
C-5 of the isatin motif was unfavorable to anti-HIV-1
activity and hence might not provide more potent deriva-
tives. On the other hand, N-acetylation of position 1 in 11a
increased the anti-HIV-2 activity 2-fold, showing promise
for further molecular modification. The most active com-
pounds were far less active than the reference drug; there-
fore, they still need to be modified.

Triazole is a structural subunit of some clinically suc-
cessful antiviral drugs, such as ribavirin and taribavir, and
could be useful in the development of more potent antiviral
agents [39]. Accordingly, Schiff bases of isatin and ami-
notriazole 12 (Fig. 11) were designed and synthesized by
Pandeya et al. [40]. Next, these bases were reacted with
formaldehyde and various secondary amines to furnish the
N-Mannich bases [8] (Fig. 11). Compounds 12a—c¢ and
13a—i were tested for anti-HIV-1 activity in MT-4 cells. All
bases were unable to inhibit the replication of HIV-1 at
concentrations below the toxicity threshold (SI< 1).

Selvam et al. synthesized a series of isatine-sulfonamide
hybrids [9] (Fig. 12), whose anti-HIV activity together with
compound 1la's was investigated against HIV-1 in MT-4
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Fig. 13 Chemical structures of
aminopyrimidinimino isatin
hybrids

15a: R=N,N-dipropylamino;
15b: R= N,N-diethylamino;

15c¢: R= 4-benzylpiperazin-1-yl;

15d: R=4-(3"-chlorophenyl)piperazin-1-yl;
15e: R=4-methylpiperazin-1-yl;

15f: R=4-(2"-methoxyphenyl)piperazin-1-yl;
15g: R= 4-(3'-methoxyphenyl)piperazin-1-yl;
15h: R=4-(4"-methoxyphenyl)piperazin-1-yl;
15i: R=4-phenylpiperazin-1-yl;

15j: R=pyridin-2-yl;

15k: R=4-(3"-trifluromethylphenyl)piperazin-1-yl;

151: R=morpholin-1-yl;
15m: R=pyrrolidin-1-yl;

0]

N

7,{

cells using zidovudine as a reference drug [41]. Compounds
14a-h were less active than compound 1la (ECsy=
13.6-116.06 ug/mL). Moreover, they showed very low
inhibitory activity against HIV integrase (IC5y=53.62-
>250 ug/mL) compared with the positive control pyr-
anodipyrimidine (ICsq = 0.03 pg/mL).

In continuation with their previous work [33], Sriram
et al. designed and synthesized aminopyrimidinimino isatin
hybrids [10] (Fig. 13) as a novel class of nonnucleoside
reverse transcriptase inhibitors [42]. These hybrids were
tested along with the standard drug nevirapine for their
inhibitory activity on the replication of HIV-1 in both MT-4
and CEM cell lines. Although less active than nevirapine
(ECs¢p=0.1 uM), compounds 15¢, 1, and o were the most
potent in the MT-4 cell lines, with ECsy values of 7.8, 5.6
and 7.6 uM, respectively, and maximum protection of 88.6-
126% (SI>12). The other compounds (15b, g, n, and p)
showed protection in the range of 56-64.6% with SI values
of 2-5. The SARs demonstrated that shortening of the two
n-propyl groups in compound 15a (EC5y > 36 uM) to diethyl
groups as in 15b (ECs5p = 19.2 uM) did improve the activity.
Replacement of the phenyl group attached to the piperazine
in compound 15i (ECsy > 46 uM) with a pyridine group as in
15j (ECso> 69 uM) did not boost the activity. In addition,
introduction of the m-methoxyphenyl moiety as in 15g
(ECs9p=22.6 uM) increased the potency 2-fold, while no
effect was seen when the same group was introduced at
ortho or para positions as in 15f and 15h, respectively.

o o
o o o

E F
F OH
y on 150:R i@\)ﬁ)\OH . w
n:R= 0:R= P: R=
hN N hN N (\N N

NSRA USRS

Replacement of the methoxy group in compound 15g by
chloro or trifluoromethyl groups, as in 15d and 15Kk,
respectively, resulted in a > 2-fold reduction in their potency.
Substitution of the N-benzylpiperazine group in 15¢ with N-
methylpiperazine as in 15e was detrimental to the activity, as
was the replacement of the morpholin-1-yl group in 151 with
pyrrolidin-1-yl in 15m. Preliminary screening of the syn-
thesized compounds against HCV viral RNA replication at a
50 pug/mL concentration revealed compounds 15j and n—p as
the most potent (inhibition of viral replication 80-84%) and
least cytotoxic (cell growth >80%). Although compounds
15a, g, i, k, and m inhibited HCV viral replication in the
range of 94-100%, they showed cytotoxicity, which
necessitates their structural modification to obtain safer
therapeutic candidates. These derivatives were also screened
against M. tuberculosis strain H3;Rv at a concentration of
50 ug/mL. The results showed that compounds bearing the
fluoroquinolone motif (15n—p) were associated with the
highest activity (complete inhibition of mycobacterial
growth). The MICs of 15n—p were found to be 3.13 pug/mL,
and they were free from cytotoxicity up to 62.5 ug/mL.
Antibacterial activity evaluation of all of the synthesized
compounds against 24 pathogenic bacteria revealed mild to
moderate activity. Among these derivatives, 15n emerged as
the most potent broad-spectrum chemotherapeutic agent
active against HIV, HCV, M. tuberculosis and various
pathogenic bacteria, making this compound eligible for
further studies in the drug development process.
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Fig. 14 Chemical structures of
aminopyrimidinimino isatin
derivatives

16a: R= -N(CH206H5)2;

OCH,

H,CO OCH,

16b: R= -N(CH,CH,CH,CHj),;

16c: R= -N(CH2CH3)2

16d: R= 4-benzylpiperazin-1-yl;

16e: R= 4-(3"-chlorophenyl)piperazin-1-yl;
16f: R=4-(4"-chlorophenyl)piperazin-1-yl;
169: R=4-(4"-flurophenyl)piperazin-1-yl;
16h: R=4-(4"-flurobenzoyl)piperazin-1-yl;
16i: R=4-methylpiperazin-1-yl;

16j: R= 4-(3"-methoxyphenyl)piperazin-1-yl;

16k: R= pyridin-2-yl;

16l: R= 2"-methyl-piperidin-1-yl;
16m: R= 4"-methyl-piperidin-1-yl;

16n: R=

F

16p:R= hN

/Nﬁ)
OCH3

In an independent study, Sriram et al. [43] synthesized a
different set of aminopyrimidinimino isatin hybrids 16
(Fig. 14). In the next step, these hybrids were evaluated for
their inhibitory activity on the replication of HIV-1 in both
MT-4 and CEM cell lines. Compound 16n, bearing cipro-
floxacin, was the most efficacious, with EC5y = 9.4 ug/mL,
SI>19 and a maximum protection of 101%. Compared
with its analogs 9m (Fig. 8) and 15n (Fig. 13), compound
16n was more potent indicating the usefulness of -CI sub-
stitution over those of -F or -Br. Compounds 16a—c, h, m,
and p displayed maximum protection in the range of
59-95% with SI = 3. Relatively low activity was demon-
strated by these derivatives in CEM cell lines (20-48%).
The authors attributed such a low activity to the rapid rate of
metabolism in the culture media. The SARs revealed that
compound 16n bearing ciprofloxacin at N1 is twice as
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active as 16p, which carries lomefloxacin at the same
position. Extension of diethyl groups in 16c¢ to dibutyl
groups in 16b improved the activity, as did their replace-
ment with benzyl groups in 16a. A significant reduction in
potency was observed when the 4-benzylpiperazin-1-yl
group in 16d (>36.1 ug/mL) was replaced by a 4-
methylpiperazin-1-yl group in 16i (>80 pug/mL). No
increase in activity was found when the -Cl shifted from the
meta position in 16e to the para position in 16f. Replace-
ment of -Cl in 16f with -F in 16g resulted in a reduction in
the anti-HIV activity, as did the insertion of a carbonyl
group in 16f between the benzene ring and N4 of the
piperazine ring to yield 16h. Replacement of 3/-CI in 16e
with a 3’-methoxy group in 16j did not enhance the
potency. Shifting of the -CH; group attached to the piper-
idine ring at position 2 in 161 (ECsy=32.6 ug/mL) to



Medicinal Chemistry Research (2022) 31:244-273 251
Fig. 15 Chemical structures of |
isatin-lamivudine hybrids : OH
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position 4 as in 16m resulted in a>2-fold reduction in
activity (ECsy= 67.4 ug/mL). Investigation of all of the
derivatives against HCV viral RNA replication at a 50
pg/mL concentration revealed compounds 161, n, and o as
the most potent (inhibition of viral replication 81-89%) and
the least cytotoxic (cell growth>100%). Compounds 16e, f,
and k were also effective in inhibiting HCV replication;
however, they demonstrated significant cytotoxicity, which
might hinder their further development. Similar to what has
been reported by the same research group [42], compounds
bearing the fluoroquinolone motif (16n—p) were associated
with the highest antimycobacterial activity (100% inhibition
of mycobacterial growth at 6.25 ug/mL). Further experi-
ments revealed the MICs for compounds 16n and p to be
3.13 pg/mL; on the other hand, it was 1.56 pg/mL for 160.
Furthermore, compounds 16n—p were not cytotoxic to
VERO cells up to 62.5 pg/mL. The antibacterial activity of
compound 16 was evaluated against 24 pathogenic bacteria
using a conventional agar dilution procedure. Generally,
mild to moderate activity was observed; however, com-
pounds 16np showed great potency among these deriva-
tives. Therefore, compound 16n with broad spectrum
antimicrobial activities could act as a lead molecule for
further studies.

Different isatin-lamivudine hybrids 17,18 (Fig. 15) were
synthesized by Sriram et al. [44]. The obtained hybrids
were evaluated against HIV-1 in a CEM cell line. Among
them, five hybrids displayed potent antiviral activity. The
results showed compound 17b to be equipotent to lami-
vudine with an ECsy of 0.0742 uM, CCs, of >200 uM and
SI of >2100. The SARs demonstrated that the introduction
of -F (17b and 18c and h) at the C-5 position of isatin
boosted the activity (ECsy = 0.0742-1.16 uM) and resulted
in less cytotoxic compounds (CCsy= 123->200uM),

18c: R'=F; R?%=CH,CHj; R®=H;R*=H;

18d: R'=H; R?=Cyclopropyl; R3=H; R*=H;

18e: R'=Cl; R?=Cyclopropyl; R3=H; R*=H;

18f: R'=Cl; R?%=CH,CHj; R3=H; R*=CHj;

18g: R'=Cl; R?=Cyclopropyl;; R3=0CHj; R*=CHj;
18h: R'=F; R?=Cyclopropyl;; R3%=0CHg; R*=CHj;

whereas -Cl (18b and e-g) was detrimental to activity
(EC59 =4.73—>12.5uM) and increased toxicity (CCsy=
ECsy=4.73-12.5 uM), to the CEM cell lines. The Mannich
bases [13] were less active than Schiff’s bases [12]. No
significant difference in activity was observed between
compounds bearing norfloxacin 18a—c and those incor-
porating ciprofloxacin 18d and e. Compounds 17 and 18
were evaluated for antimycobacterial activity against the
M. tuberculosis H3;Rv strain at a concentration of 6.25 pg/
mL. While Schiff bases 17a and b moderately inhibited
mycobacterial growth (56 and 82%, respectively), Mannich
bases 18a-h displayed higher antimycobacterial activity
(92-100% growth inhibition).

In their quest to develop new anti-HIV therapeutics,
Pawar et al. [45] designed various isatin analogs [14]
(Fig. 16). Molecular docking analysis of these analogs was
performed on five different crystal structures of RT com-
plexed with five different ligands, namely, nevirapine,
delaviridine, efavirenz, etravirine, and rilpivirine. The
docking scores of 19a—c (Fig. 16) were comparable with
those of these reference ligands, indicating their good
binding affinity for this enzyme. The docking results
revealed their potential binding in the NNRTI binding site
in a similar mode to a known nonnucleoside inhibitor.
H-bond interactions and hydrophobic interactions of isatin
analogs with amino acid residues of the NNBP site seemed
to play a major role. The ADME properties of the designed
molecules were within the specified limits. With these
promising in silico findings, the synthesis and biological
testing of compounds 19a—c is highly recommended.

The isatin derivatives discussed here, such as compounds
6, 7, 8a, 10f and 17b, exhibited potent anti-HIV activity.
The enriched SAR shown in Fig. 17 may provide new
insight for further development of more potent candidates.
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Fig. 16 The designed isatin N-R! |
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Fig. 17 SAR of isatin
derivatives with anti-HIV
activity
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Manipulation of position 3 by
condensation with various
aliphatic, aromatic/heteroaromatic
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efficacy.
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of isatin ring.
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1-3 Carbons alkyl group is favorable for
: the activity.

Mannich bases of cyclic secondary
amine or quinolone-tethered secondary
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Anti-SARS-COV isatin derivatives

Severe acute respiratory syndrome (SARS) is a viral aty-
pical pneumonia associated with headache, high fever,
myalgia and dizziness. Death may result from severe
respiratory failure as a result of alveolar damage. Human
coronavirus SARS-COV, belonging to the family Cor-
onaviridae, was identified as the causative agent [46—48].
SARS originated in southern China in late 2002, and then
the virus spread rapidly to more than 25 countries. During
its initial outbreak, a high mortality rate (up to 15-19%)
was reported [49]. With the emergence of the current
COVID-19 pandemic, coronaviruses continue to represent
a threat to humans; therefore, the possibility of SARS-
COV reemergence cannot be overlooked. Despite the
containment of the initial outbreaks via public health
measures, the development of vaccines and antiviral
agents for SARS-COV is essential to preparing for the
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next disease outbreak [50]. A wide range of antiviral
agents capable of targeting SARS-COV have been iden-
tified; nonetheless, not a single approved antiviral drug is
available for the treatment of SARS or SARS-like disease
(MERS) [51]. As the SARS-COV main protease is con-
sidered an attractive therapeutic target owing to its viable
role in the viral replication cycle, several studies have
been conducted to develop isatin derivatives as potential
SARS-COV main protease inhibitors [52-55]. In 2005,
Chen et al. prepared a group of N-substituted isatin deri-
vatives, compound 20 (Fig. 18), and their SARS-COV
3C-like protease inhibition activity was evaluated using
fluorescence resonance energy transfer (FRET), which
was further confirmed by HPLC analysis [54]. Com-
pounds 20a-k showed ICs, values in the lower micro-
molar range (0.95-17.50 uM), among which the most
promising were identified as 20e, f, and h (IC5q =2, 0.98
and 0.95 uM, respectively).
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Fig. 18 Chemical structures of
N-substituted isatin derivatives

Fig. 19 The SARs of N-
substituted isatin derivatives as
SARS-COV 3C-like protease
inhibitors
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The SARs (Fig. 19) revealed the superiority of the ben-
zothiophenemethyl side chain over the other groups at
position 1 of the isatin core. In addition, better activity was
linked to substitution with electron-withdrawing groups
such as 7-bromo (20f), 5-iodo (20h) or 7-nitro [20e] in the
isatin moiety. On the other hand, electron-donating sub-
stituents such as OCH;, NH, and CH; were detrimental to
the activity. Further studies identified 20h as a selective and
potent inhibitor of SARS-COV protease versus other pro-
teases, such as papain protease. A molecular modeling
study demonstrated the ability of compound 20h to fit
precisely into the SARS-COV protease binding pocket.
Additionally, hydrophobic and electronic factors appeared
to be key elements that determine the binding affinity.
Therefore, compound 20h could act as a lead molecule for
further investigation.

In another work, a series of N-substituted 5-
carboxamide-isatin derivatives [16] (Fig. 20) was designed
by Zhou and his coworkers as potential SARS-COV 3C-like
protease inhibitors [55]. The rationale behind their design
was based on the potential hydrogen bonding that would

Benzothiophenemethyl
»: group is superior over
: other aryl, heterocyclic

+ and alkyl groups.

.
.
"
.

result from the binding of the carboxamide group with
Phe140 and His163 at the P1 site of the enzyme binding
pocket. Meanwhile, the two carbonyl groups at C-2 and C-3
of the isatin core are involved in hydrogen bonds with the
amino acid residues His41 and Cys145. The alkyl groups
attached to N1 of the isatin moiety would soke into the
hydrophobic S2 site of the binding pocket formed by Met49
and Metl165. The enzyme activity was evaluated via col-
orimetric measurements of the protease activity, which was
further confirmed by HPLC analysis. The results revealed
that with the exception of 21e, compounds 21a-d and 21f
exhibited moderate to excellent activities (ICso=0.37 =
0.03-71 £ 6 uM). The most active compound 21f was >2.5-
fold more potent than 20; thus, it could act as a lead
molecule for further studies. Testing of 21f against other
proteases revealed its selectivity towards SARS-COV 3C-
like protease over the others. The SARs demonstrated that
the introduction of the carboxamide group at the C-5
position of the isatin skeleton led to a greater binding affi-
nity to the SARS-COV 3C-like protease. Replacement of
this group with I, COOH or COOCH; resulted in a
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significant reduction in the activity. Substitution at the N1
position by a bulkier hydrophobic group such as
naphthalen-2-ylmethyl could enhance the activity, as evi-
denced by compound 21f. Replacement of the C-3 carbonyl
oxygen by other groups, such as 4-methoxyphenylimino or
I-naphthylimino, yielded inactive compounds.

Other groups of researchers designed and synthesized a
series of 5-sulfonyl isatin derivatives 22 and 23 (Fig. 21)
[52]. Then, these compounds were evaluated for their

21a; R=CHj3; 21b: R=n-Propyl; 21¢: R=n-Butyl; 21d: R=Benzyl;
21e: R=H; 21f: R=naphthalen-2-yimethyl

Fig. 20 Chemical structure of N-substituted 5-carboxamide-isatin
derivatives

Fig. 21 Chemical structure of
5-sulfonyl isatin derivatives
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/
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s /

23g: R=PhCH,; R'= —NC}CW

23i: R=CHj; R'= —NC}CM

23k: R=naphthalen-2-yl; R'= —N )
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in vitro inhibition of SARS-COV 3C-like protease using
fluorogenic substrate peptide. Compounds 22a—f showed
promising inhibitory activity (ICsq=1.18-12.66 uM) with
22d bearing a 4-methylpiperidinyl moiety, which displayed
the greatest potency. The SARs suggested that the isatin
core played a pivotal role in the activity, and the relative
contribution of the substituents was piperidine > morpho-
line > piperazine. Within the group of compounds carrying
a piperidine moiety, methyl substitution at position 4 of the
piperidine ring is optimal for maximum activity. Mod-
ification of the isatin core, namely, alkylation at the N-1
position, was performed to examine the role of substitution
at this position on the potency. Compounds 23a—k dis-
played moderate to excellent enzyme inhibition activity
(IC50=1.04-17.82 uM). The SARs demonstrated that N-1
benzylation of 22d, the most active compound, yielded 23g,
which is associated with very slight improvement in activity
(IC50=1.04 uM). On the other hand, introduction of a
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B-naphthyl methyl group (23h; ICso=1.69 uM) slightly
reduced the activity, while methylation at the same position
resulted in a> 15-fold reduction in activity (23i; ICso=
17.82 uM), demonstrating the key role of the specific size of
the group in the activity. Functionalization of 22¢ (IC5y =
12.66 uM), bearing a morpholine moiety, with either a CH;
[23e] or benzyl (23f) group did not result in significant
enhancement of the potency (IC50=9.91 and 13.86 uM,
respectively), while p-naphthyl methyl group substitution
resulted in a>3-fold reduction in activity (IC50=
39.87 uM). In silico studies conducted by the authors sug-
gested modification of the R' group with a simple six-
membered ring alongside substitution at the N-1 position
with a small group such as a methyl group for better
activity. Overall, compounds 22a—f and 23a-k showed
similar inhibitory activities to the 5-carboxamide substituted
isatins (21a—f), with compounds 22d and 23g being the best
and serving as ideal starting points for further studies.

In 2008, Selvam et al. screened compounds 1la—e
together with compound 24 (Fig. 22) against SARS-COV in
Huh 5-2 cells [56]. The results showed that compound 24
was the most effective (45% maximum protection at
125 pg/mL), and the other compounds were far less

O H
S
N S F CH,
F 1 Ne
o
N H3C
H

24

Fig. 22 Chemical structure of compound 24

effective (0-22% maximum protection at 125 pg/mL). The
authors claimed the importance of the C-3 sulfonamide
group for optimum antiviral activity.

The isatin-inspired derivatives discussed here displayed
promising SARS-COV inhibitory properties, and some of
them could serve as potential lead compounds (20j, 21f and
23g). Nevertheless, studies aimed at exploring the isatin
core to fight against SARS-COV are limited, and further
studies are required. To this end, the structure-activity
relationship (SAR) is presented in Fig. 23 for further
rational development of isatin derivatives with higher
potency against SARS-COV.

Anti-SARS-COV-2 isatin derivatives

The outbreak of the ongoing COVID-19 pandemic was
reported in Hubei Province, China, in December 2019, and
the pandemic spread worldwide, leading to serious medical,
economic, social and political impacts. A novel virus was
later identified as the etiological agent and named severe
acute respiratory syndrome coronavirus 2 (SARS-COV-2)
[56, 57]. Despite the deleterious consequences of COVID-
19 and the huge efforts expended on finding efficient
therapies, no single drug has proven effective in the treat-
ment of COVID-19 patients, and the currently adopted
therapeutic strategies are either supportive or preventative
[58, 59]. Thus, efficient drug discovery approaches should
focus on developing new chemical entities that are capable
of modulating targets that are critical to the virus life cycle.
As SARS-COV-2 and SARS-COV strongly resemble each

Fig. 23 The SARs of isatin
derivatives as SARS-COV
inhibitors : this position.

E boosts the activity.

...............................................
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SARS-COV-2
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i l like protease (PLP®) derivatives
catalyze the formation could inhibit
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. 2

Essential for RNA transcription and viral replication

Fig. 24 The critical role of MP™ in the transcription and replication
processes of the SARS-COV-2 life cycle. The open reading frames
(ORFla and ORFlab) encode polyproteins (ppla and pplab) that are

Fig. 25 Chemical structures of
N-substituted isatin
derivative 25
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subjected to proteolytic reactions catalyzed by two cysteine proteases,
namely, the main protease (MP™) and the papain-like protease (PLP™).
Isatin derivatives could inhibit MP™ and thus restrain virus replication

25r: R'=CHj; R*=COOH;
25s: R'=n-Propyl; R>=COOH;

25t: R'=n-Butyl; R?=COOH;
25u: R'=naphthalen-2-ylmethyl R?=COOH;

25v: R1=©f\>—/ R2=CONH,;
S
25w: R'=n-Propyl; R?=CONH,;
25x: R'=n-Butyl; R?=CONHy;
25y: R'=naphthalen-2-ylmethyl R>=CONH;
25z: R'=(6-Br)naphthalen-2-ylmethyl R>=CONH.,;

25aa: R'=(6-Ph)naphthalen-2-yimethyl R?=CONH;
25ab: R'=naphthalen-2-ylmethyl R>=CONH;

O O
25q: R'=Benzyl; R%= Q,\ko
o

other, an increasing number of published works have grown
around the theme of developing drugs based on their effi-
ciency on SARS-COV [60]. The SARS-COV-2 main pro-
tease (also called 3C-like protease) plays a critical role in
viral replication and transcription processes (Fig. 24), and
its uniqueness to the virus renders it an ideal target for
rational drug design [61-63]

@ Springer

Accordingly, a series of N-substituted isatin derivatives
25 (Fig. 25) has been designed and synthesized to act as
potent inhibitors of the SARS-COV-2 main protease [64].
The enzyme inhibition activity of compounds 25 was
evaluated using synthetic peptide-pNA as the substrate
and tideglusib as a positive control. Compounds 25h, j, k,
q, and w—ab showed inhibition activity >50% at 50 uM,
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while the positive control exhibited ICsyp=1.91 uM.
Consistent with what has been reported by Zhou et al. in
SARS-COV [55], maximum activity was associated with
derivatives bearing carboxamide groups at C-5 of the
isatin core (25v-z) (IC50=0.045-17.8 uM). Compounds
25y, z, and v were the most promising candidates (IC5y =
0.045, 0.047 and 0.053 uM, respectively). Compounds
25g—n and 25r-u were relatively less active or inactive
against the SARS-COV-2 main protease. Considering the
similarity between the main protease structures of cor-
onaviruses, the absence of hydrogen bond-forming
groups, such as carboxamides, at C-5 could explain the
poor activity of the aforementioned derivatives, as pre-
viously reported by Zhou et al. [55]. Consistent with
what is illustrated in Fig. 23, SAR studies indicated the
necessity of bulky and rigid hydrophobic groups at the
N-1 position for maximum activity against the SARS-
COV-2 main protease. Bromination at C-6 of the naph-
thalene ring in 28y yielded 25z, which retained similar
potency; on the other hand, introduction of an aryl group
at the same position significantly diminished the activity,
as did the insertion of a methylene group between the
isatin ring and the carboxamide group (25a, and b). The
similarities in SARs of compounds 25 as SARS-COV and
SARS-COV-2 main protease inhibitors further prove their
conservation of the same binding pocket; therefore, all
reported inhibitors of SARS-COV could be explored as
potential anti-SARS-COV-2 candidates.

A molecular modeling study of the most active com-
pound (25y) (Fig. 26) revealed hydrogen bond interactions
between the carboxamide moiety as a donor with Asn142
and Glul66 and the two carbonyl groups at C-2 and C-3
with Cys145 as acceptors. In addition, the rigid hydro-
phobic naphthyl ring inserted into the hydrophobic binding
tunnel formed by Met49 and Met165 in addition to the n-
stacking interaction with the His41 aromatic residue. Nearly
40-fold more potent than the positive control, compounds
25y, z, and v could serve as starting points for further drug
development of potent anti-coronavirus drugs. To this end,
future studies should focus on chemical optimization to

q
‘Glu{e6

Fig. 26 Molecular interaction of the N-substituted isatin derivative 25y
with the SARS-COV-2 main protease binding pocket; bond 1 is an H-
bond; 2 is a n-m stacking interaction; and 3 is a hydrophobic interaction

minimize their high cytotoxicity and to enhance their cel-
lular efficacy.

Badavath and his coworkers performed a molecular
docking analysis on a series of heterocyclic derivatives in
the binding site of the SARS-COV-2 main protease [65].
Among them, two isatin derivatives, 26 and 27 (Fig. 27),
showed better interactions with the most important bind-
ing residues of the enzyme binding pocket with energies
of <—10 kcal/mol. Furthermore, ADME analysis revealed
that the properties of compounds 26 and 27 are within the
specified limits.

Anti-arboviral isatin derivatives

Arboviruses are viruses associated with high morbidity and
mortality, and the majority are zoonotic. The clinical picture
of arboviral infections in humans ranges from silent infec-
tions to overt clinical diseases, including hemorrhagic fever,
arthritis and encephalitis [66]. Most arboviruses belong
to the following families: (i) Flaviviridae (dengue virus
(DENYV), Japanese encephalitis virus (JEV), West Nile virus
(WNYV) and Zika virus), (ii) Bunyaviridae (Crimean-Congo
hemorrhagic fever and Rift Valley fever virus) and (iii)
Togaviridae (chikungunya virus, Western equine encepha-
litis virus and Eastern equine encephalitis virus) [22, 67].
There is no licenced antiviral medicine for any of the
arboviruses, and thus, the current therapeutic strategies
are only supportive [67, 68]. Therefore, several studies have
been performed to develop anti-arboviral drugs using the
isatin core motivated by its broad spectrum of biological
activities. These studies have been reviewed but briefly by
Gomes et al. [22].

Anti-chikungunya virus isatin derivatives

Mishra and his coworkers synthesized a hybrid molecule
(MBZM-N-IBT) [23] of 2-methyl benzimidazole and isatin-
p-thiosemicarbazone (Fig. 28). This compound was eval-
uated for its anti-chikungunya virus activity [69]. Com-
pound 28 displayed enhanced antiviral activity as it was
able, through very short exposure, to significantly inhibit
chikungunya virus replication in addition to diminishing

Br

ok

NS
N=N

e

Cl 26

27

Fig. 27 Chemical structures of the designed isatin derivatives 26 and
27 as potential SARS-COV-2 main protease inhibitors
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Fig. 28 Chemical structure of MBZM-N-IBT [23]

viral RNA levels and consequently the expression of viral
structural and nonstructural proteins (NSPs). In mammalian
systems, the following events were identified: (i) a reduc-
tion in viral particle formation by >75%, (ii) decrease in
viral RNA synthesis by >65% and (iii) reduction in viral
protein levels by >97%. Moreover, compound 28 blunted
the viral life cycle at the early and late stages, indicating
multiple modes of antiviral action. Molecular modeling
studies for compound 28 revealed strong binding affinities
to the structural and nonstructural proteins of the chi-
kungunya virus and related viruses. In silico pharmacoki-
netic prediction indicated favorable drug-like properties.
Thus, compound 28 could represent an ideal starting point
for further drug discovery steps. Nonetheless, a limitation of
this study is that only a single compound was synthesized
and investigated for activity against chikungunya virus.
Given the promising activity exhibited by compound 28,
further analogs are highly recommended to be synthesized
and screened in the pursuit of more efficient therapies
against this deadly pathogen.

Isatin derivatives against JEV, WNV and DENV

A set of new and reported 14 N-methylisatin-beta-thiose-
micarbazone derivatives were tested in vitro against certain
flaviviruses, namely, Japanese encephalitis virus (JEV),
West Nile virus (WNV) and dengue virus-2 (DENV-2) [70].
Amongst them was SCH 16 (Fig. 29), whose exact identity
is confusing because the authors drew a structure does not
match the given chemical name as it lacks the thiosemi-
carbazone moiety. The given chemical name matches
compound 10e, which was first reported by Bal et al. [37],
and the synthetic route used supports the drawn structure
therein. It appears that the authors mistakenly drew an
incorrect structure for SCH 16 in their report, and thus in
the current review it is presented as 10e. Compound 10e
(the correct structure of SCH 16) fully inhibited JEV and
WNV replication (IC5o=16 and 4 pg/mL, respectively).
Furthermore, in vivo studies conducted in a mouse model

@ Springer

10e ; SCH 16

Fig. 29 Chemical structure of N-methylisatin-p-thiosemicarbazone,
10e (SCH 16)

challenged intraperitoneally with LDs, of JEV revealed the
ability of compound 10e at a 500 mg/kg dose to fully inhibit
viral replication and consequently prevent mortality.
Mechanistic studies suggested the inhibition of viral early
protein translation as a potential mode of action for com-
pound 10e. Thus, it could serve as a potential lead for the
development of more potent antiviral drugs against JEV and
WNV. No antiviral activity has been observed for this
compound against DENV-2.

In an independent study [71], Sebastian and his cow-
orkers performed experimental in vitro work to investigate
whether the combination (in lower concentrations) of
compound 10e (SCH 16) with mycophenolic acid, ribavirin
or pentoxifylline could boost the activity against JEV. The
rationale behind this is the ability of the aforementioned
drugs to inhibit viral replication through interference at the
late stage of the viral translation process. As compound 10e
could influence viral early protein translation, its combina-
tion with drugs having different modes of action might offer
a synergistic effect against JEV and could enhance the
safety profile. The results of this study demonstrated that the
combination of 10e with ribavirin or mycophenolic acid
potentiated the efficacy. In contrast, antagonism was noticed
for the combination of 10e with pentoxifylline. In addition
to the potential direct anti-JEV effects expected from isatin
derivatives discussed herein, Minami et al. described an
additional therapeutic benefit of isatin (100 mg/kg per day
for a week, intraperitoneal injection) in relieving JEV-
induced parkinsonism in rats by increasing dopamine con-
centrations in the striatum [72].

Infection with WNYV results in severe human disease,
which particularly involves the CNS with clinical features
similar to those of Parkinson’s disease [73]. Accordingly,
Blazquez et al. [74] studied the potential effect of four
antiparkinsonian agents, namely, isatin, L-dopa, selegiline,
and amantadine, in restraining WNV multiplication. Sub-
stantial inhibition of viral replication was exhibited by isatin
(ICs50 = 0.78 mM). This, together with the ability of isatin to
elevate dopamine concentration in the brain by virtue of its
MADO inhibitory activity, renders it an ideal lead structure
for further studies [75].
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Dengue viruses (DENVs) are the etiological agents of the
currently most common arthropod-borne viral disease in
humans and are endemic in more than 100 countries
worldwide. The lack of safe and effective vaccines and
antiviral drugs limits the control measures to eradication of
Aedes mosquito vectors [76]. Adopting high-throughput
phenotypic screening, Zou et al. synthesized a series of
spiropyrazolopyridones [24] (Fig. 30) as a new class of anti-
DENV agents [77]. The enantiomers depicted in Fig. 30
were obtained by chiral HPLC resolution of their corre-
sponding racemates. Compounds 29a—w showed promising

Fig. 30 Chemical structures of
spiropyrazolopyridones

29a

29b: R'=p-chlorobenzyl; R?=H;R%=H; R*=Cl; C-3=R;

29c: R'=m-chlorobenzyl; R2=H;R3=H; R*=Cl; C-3=Racemate;

29d: R'=o-chlorobenzyl; R?=H;R3=H; R*=Cl; C-3=Racemate;

29e: R'=p-methoxybenzyl; R%=H;R%=H; R*=Cl; C-3=Racemate;
29f: R'=p-trifluromethylbenzyl; R?=H;R3=H; R*=Cl; C-3=Racemate;
29g: R'=p-trifluromethylbenzyl; R%=H;R%=H; R*=Cl; C-3=R;

29h: R'=p-trifluromethylbenzyl; R%=H;R%=H; R*=Cl; C-3=S;

29i: R'=3-chloropyridinyl; R%=H;R3=H; R*=Cl; C-3=Racemate;

29j: R'=3-chloropyridinyl; R2=H;R3=H; R4=Cl; C-3=S;

29k: R'=2-chloropyridinyl; R?=H;R3=H; R*=Cl; C-3=Racemate;

Fig. 31 The SARs of
spiropyrazolopyridones as anti-
DENV-2
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antiviral activity against DENV-2 (ECs, = 0.006-85.3 uM),
with compound 29q being the best. The SARs (summarized
in Fig. 31) revealed that, as a general pattern, R enantiomers
were more potent than S enantiomers. With regard to sub-
stitution at R!, parachlorobenzyl was needed for better
activity, while meta- or orthochlorobenzyl (29¢, and d)
abolished the antiviral activity. Furthermore, for the para-
benzyl substituted derivatives, electron-withdrawing groups
such as -CF; (29f~h; ECs5,=0.025, 0.021 and 3.9 uM,
respectively) were favorable to the activity, whereas
electron-releasing groups such as -OCHj3 were detrimental
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(29¢; ECsy=06.2uM). Furthermore, installation of a
3-chloropyridyl group at the R! position was tolerable (29i;
ECsy=0.67 uM), and equipotency was retained by the R
enantiomer (29a; ECso=42nM, determined in the sec-
ondary viral titer reduction assay). In contrast, a significant
drop in efficacy was reported when R! was substituted by
other groups, such as 2-chloropyridyl (29k; ECs,=
32.8 uM), S-chloropyrimidinyl (291; ECs,=85.3 uM),
cyclohexyl (29m; ECsy=22.5 uM), phenyl (29n; EC5) =
32.5uM), or p-chlorophenethyl (290; ECsy=7.2 uM).
Reduction of either amide functionality (29v and w; ECs
=4 and 1.1 uM, respectively) resulted in less potent com-
pounds. N-methylation of either amide yielded derivatives
without affecting the level of activity (29p and q; ECs5y =
0.42 and 0.011 pM, respectively), indicating that neither
NH is critical for optimum efficacy. With regard to R*
substitution, compound 29s, bearing a bromo group, still
maintained substantial potency (ECsy=0.05uM). On the
other hand, substitution by an electron-donating methoxy
group yielded compound 29u (ECsy = 2.3 uM), which was
>40-fold less potent than 29s. Following this, compound
29t, bearing the electron-withdrawing -CF; group, dimin-
ished the potency by >20-fold relative to 29s, suggesting a
far limited range of tolerated substituents at that position.
Compound 29q, which was identified as the most potent
among the spiropyrazolopyridones, exhibited poor physi-
cochemical and pharmacokinetic properties, which impeded
further stepping in the drug development process. However,
compound 29a, although less potent, was identified as being
the best in terms of physicochemical properties and in vivo
pharmacokinetics profile. Therefore, compound 29a could
represent a lead compound for further investigations.

Based on the SAR studies illustrated in Fig. 31, further
optimization efforts were made by Xu et al. [78]. The
optimization approach focused mainly on the two amide
groups of the indolone moiety to explore the chemical space
to enhance the potency against all four serotypes of DENV.
Accordingly, a set of substituted spiropyrazolopyridone
analogs [25] (Fig. 32) were synthesized and evaluated
against four DENV serotypes. Among these compounds,
30a (JMXO0254) displayed the most potent and broad inhi-
bitory activities, effective against DENV serotypes 1-3
(ECs0=0.78, 0.16, and 0.035 uM, respectively). On the
other hand, compounds 30b-h demonstrated relatively
moderate to high anti-DENV activities with low micromolar
to nanomolar potency against the four strains. Mechanistic
studies proved that the dengue NS4B protein was the
molecular target for these compounds. Furthermore, com-
pound 30a showed an optimal in vivo pharmacokinetic
profile accompanied by enhanced efficacy in the A129
mouse model. These encouraging results indicate its
potential role as an anti-DENV drug candidate that dictates
further drug development processes.
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30a: R'= Isopentyl; R?=H;

30b: R"'=(3,3-dimethylbutyl); R?=H;

30c: R'= H; R%=Isopropyl;

30d: R"'=p-chlorobenzyl; R?=H;

30e: R'=p-chloro-m-flurobenzyl; R?=H;

30f: R'=m-methoxybenzyl; R?=H;

30g: R'=3-bromopropyl; R?=H;

30h: R'=10-N,N-dimethylaminodecyl; R?=H;

Fig. 32 Chemical structures of substituted 4,6-dihydrospiro[(1-3)tria-
zolo[4,5-b]pyridine-7,3'-indoline]-2’,5(3H)-dione analogs 30a-h

Anti-herpetic isatin derivatives

Herpes simplex viruses (HSVs) are double-stranded RNA
viruses comprising HSV1 and HSV2, and they are the
causative agents of serious health problems in humans
worldwide. Both viruses belong to the alpha subfamily of
the human herpesvirus family and share common structural
features [79]. The principal characteristics of HSV infec-
tions are the high incidence and high recurrence rate [80].
The currently used drugs for HSV therapy are nucleoside
derivatives, and among them, acyclovir is the most com-
monly used [81, 82]. However, the emergence of resistant
strains and the prevalence of cross resistance among the
strains dictate the development of new non-nucleoside-
based efficient drugs [83]. Motivated by the reported ther-
apeutic usefulness of isatin-p-thiosemicarbazones in an
array of viral diseases, Kang et al. designed and synthesized
a series of isatin-p-thiosemicarbazones [26-28] (Fig. 33)
[84]. Utilizing the plaque reduction assay, these compounds
were evaluated for antiviral activity against HSV-1 and
HSV-2, and acyclovir was used as a positive control.
Compounds 31-33 showed anti-HSV-1 and anti-HSV-2
activities in the ranges of 1.3-6.21 and 1.54-5.8 uM,
respectively. Although less potent than acyclovir (ICso =
0.3 uM), compound 33d, which bears a morpholine group,
was identified as the most potent derivative against HSV-1
(ICsy = 1.3 uM) with cytotoxicity of >25 uM. Furthermore,
it was able to inhibit HSV-2 at a concentration of 2.74 uM
(ICsq of acyclovir was 1.27 uM). Replacement of morpho-
line with either aliphatic amines (dimethylamine, diethyla-
mine, dipropylamine, N-methylamine, N-ethylamine or N-
propylamine) or alicyclic amines such as piperdine or
pyrrolidine significantly reduced the activity against
HSV-1 (IC59>25 uM). Notably, compounds 33a, ¢, and d
demonstrated potent and selective inhibition against HSV-2
(ICso=1.54, 5.8 and 3.14 uM, respectively). Interestingly,
compound 31a exhibited promising activity against HSV-1
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Fig. 33 Chemical structures of
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(IC50=2.97uM) with minimal cytotoxicity (CCso>
25 uM). Surprisingly, it was completely devoid of activity
against HSV-2, indicating its selectivity against HSV-1. The
SARs indicated that insertion of electron-releasing sub-
stituents (-CH3 and -OCH3) in the phenyl ring of compound
31a yielded derivatives with varied antiviral activity. The
3-methyl [31b], 3-methoxy [31c], and 4-methoxy [31d]
derivatives demonstrated similar antiviral activity against
HSV-1 (IC50=3.84, 2.64 and 2.20 uM, respectively). On
the other hand, no anti-HSV activity was observed when
the authors introduced these groups as 2-methyl, 4-methyl
and 2-methoxy groups. Para substitution by electron-
withdrawing groups (Cl or Br) delivered potent analogs
against HSV-1 (ICso =2.69 and 3.29 uM, respectively). In
addition, grafting of heterocyclic rings such as pyrazole
(31g; IC59p = 6.21 uM) and morpholine (ICsy > 25 uM) at the
para position reduced the efficacy against HSV-1. Fur-
thermore, placement of -OCHj3 or -OCFj3 at C-5 of the isatin
core of compound 31a resulted in 32a and b (IC5y=5.01
and 5.9 uM, respectively), which were 2-fold less potent
against HSV-1 than 31a. Substitution by other groups, such
as F, Cl or Br, at the same position yielded totally inactive
compounds, as did the N' modification of the isatin ring by

Ph or Benzyl significantly diminshes
the potency. H

groups such as Me, Et, Ph or benzyl. As isatin-
fB-thiosemicarbazones have promising anti-herpetic action
along with low cytotoxicity, this class of compounds pro-
vides a valid starting point for the discovery of more potent
candidates. Therefore, the SARs of compounds 31-33 are
compiled in Fig. 34 to aid in further rational development.

Jarrahpour and coworkers designed and synthesized
twelve new bis-Schiff bases of isatin (34 and 35) (Fig. 35)
as broad-spectrum chemotherapeutic agents [85]. Then, the
synthesized compounds were screened for antiviral activity
against a panel of DNA and RNA viruses, including HSV-1
and HSV-2. None of these bases displayed notable antiviral
activity, indicating their inability to restrain viral replication
at a concentration that was >5-fold lower than the minimum
cytotoxic concentration.

Based on the potential therapeutic properties of nucleo-
side derivatives as effective medications in a vast range of
viral diseases [86], a series of novel substituted isatin
ribonucleosides [31] (Fig. 36) was synthesized by de Oli-
veira et al. [87]. Next, these compounds were evaluated for
antiviral activity on HSV-1-infected cells. At a concentra-
tion of 50 uM, 36 exhibited mild to moderate viral repli-
cation inhibition in the range of 15-66% (calculated as %
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Fig. 36 Chemical structures of substituted isatin ribonucleosides 36

inhibition of virus yield) without cytotoxicity to Vero cells
at the tested concentration. Among them, ribonucleoside
36f displayed the highest potency (66% inhibition of HSV-1
replication). Further screening of compounds 36 for their
inhibitory activity against HIV-1 reverse transcriptase
revealed complete inactivity.

Isatin derivatives against respiratory
syncytial virus (RSV)

Human respiratory syncytial virus (RSV) is a negative-
strand RNA virus and the etiological agent of severe acute
lower respiratory tract infections in neonates and young
children [88]. Those who are at most risk of developing
severe clinical disease are under 50 days of age or those
with cardiopulmonary comorbidities [89]. Although
extensive studies have uncovered the details of the virus
structural and functional features, there are very limited
strategies for the prevention and treatment of RSV
infection [90]. The current therapeutic strategy is restric-
ted to aerosol administration of the nonspecific and ter-
atogenic drug ribavirin. Thus, the development of efficient
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and selective RSV inhibitors is crucial [91]. Based on
the structure of the potent RSV fusion inhibitor BMS-
433771 (Fig. 37) [92], Sin et al. developed a train of
benzimidazole-isatin oximes [33, 35, 37] (Figs. 37-39)
that were envisioned as isosters for the bezimidazol-2-one
motif inherent in BMS-433771 [93]. Following the
selection of the optimal benzimidazole side chains (Rz)
from previous studies [94], the authors focused initially on
optimization of the oxime substituent (R'). The synthe-
sized benzimidazole-isatin oximes 37a—aa demonstrated
excellent antiviral activity (ECs9=5-100nM). Com-
pounds 37a, ¢, q, I, S, ¥, Z, and aa were identified as the
most potent derivatives relative to BMS-433771 (ECs5o =
20 nM). Among them, benzimidazole-isatin oxime 37aa
emerged as the most efficacious (ECsy = 5 nM). The SARs
indicate a good correlation with that reported for the
enzimidazole-2-one series [94, 95]. In this regard, small
alkyl substitution at R' is crucial for good cell perme-
ability rather than potent antiviral activity, as evident from
the activity of the parent compound 37a (ECso = 10 nM).
With the exception of 37i (ECso =96 nM), branching at
the a- or B-position of the side chain appeared to be det-
rimental to the activity. Extension of the alkyl groups at
the R! position up to C5 furnished compounds that were
2-to-7-fold less potent than 37f (ECsy = 56 nM). Higher-
level unsaturation at R! exemplified by 37j and k resulted
in improved antiviral activity (ECsos’ =64 and 79 nM,
respectively). Reasonable potency was observed upon
insertion of a polar OH group at the p-position of com-
pound 37K in conjunction with a nitrile moiety at the end
of the chain (371; ECsy = 65 nM). Incorporation of either
neutral or acidic polar groups at the terminus of R! offered
potent antiviral analogs. Amongst the neutral polar groups
are acetate (37m; ECsy = 62 nM) and amide (37n and o;
ECs50s” = 26 and 45 nM, respectively). Derivatives bearing
polar acidic groups such as 37p and q displayed enhanced
potency (ECsps’ =46 and 19nM, respectively). Intro-
duction of a Ph spacer between the oxime and the car-
boxylic acid moiety provided compounds with better
activity (37r and s; ECs5ps’ =16 and 16.5nM, respec-
tively). This could be extended to other polar, neutral
substituents incorporated at the 4-position of the aryl ring,
represented by compounds 37t-aa, which demonstrated
excellent in vitro antiviral properties (ECss’ = 5-51 nM).

The three nitrones 38a—c (Fig. 38) displayed moderate
antiviral properties (ECsos’ = 230-898 nM).

Following this, the research was directed towards the
optimization of pharmacokinetic properties. Compounds
37h and m were selected for further optimization because
they exhibited good RSV inhibition (ECs< 100 nM)
associated with moderate lifetime and better cellular
permeability. Consequently, attention was focused on the
series of azaisatin oximes 39a—u (Fig. 38). The rationale
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37a:R"=H; R?= -(CH,),CH(CHj),;
37b:R'=CHj; R?= -(CH,),CH(CHs),;
37c: R'=CHj; R?= -(CH,),OH;

37d: R'=CHj; R?= -(CH,),0AC;

37e: R'=CHj; R?= -(CH,);0CH3;

37f: R'=-CH,CH3; R?= -(CH,);0CH3;
379g: R'=-CH,CH,F; R?= -(CH,);0CHj;
37h: R'=-CH,CF; R?= -(CH,)sCN;

37i: R'=CH,cPr; R?= -(CH,);0CH3;

37j: R"=-(CH,)3CCH; R?= -(CH,);0CHs;
37k: R'=-(CH,);CN; R?= -(CH,);0CHj;
37I: R'=-CH,CH(OH)CH,CN; R?= -(CH,);0CHs;
37m;R"=(CH,),0AC: R?= -(CH,);0CH3;

37p;R"'=CH,SO3H: R?= -(CH,);0CHj;
37q;R'=CH(COOH)CH,COOH: R?= -(CH,);0CH3;
37r:R'=CH,-4-Ph-COOH; R?= -(CH,),CH(CH3)y;
37s:R"'=CH,-4-Ph-COOH; R?= -(CH,),NMe,;
37t:R'=CH,-4-Ph-COOCHj; R?= -(CH,);0CH3;
37u:R'=CH,-4-Ph-COOCH3; R?= -(CH,),CH(CHj),;
37v:R'=CH,-4-Ph-COOCHj; R?= -(CH,),NMe,;
37w:R"=CH,-4-Ph-COOCHS3; R?= -(CH,),NSO,Me;
37x:R"=CH,-4-Ph-CON(CHj),; R?= -(CH,);0CHs3;
37y:R"'=CH,-4-Ph-CON(CHj),; R?= -(CH,),CH(CHs);
372:R'=CH,-4-Ph-SO,CH3; R?= -(CH,),OH;
37aa:R'=CH,-4-Ph-SO,CHj; R?= -(CH,),0AC;

37n;R'=CH,CONEt,: R2= -(CH,);OCH;
370: R'=-(CH,);CN; R2= -CH,CNH,;

38a: R'=Isopropyl; R?=-(CH,);0Me;

38b: R'=i-Pentyl; R?=-(CH,);0Me;
38c: R'=Cyclohexyl; R?=-(CH,);0Me;

Fig. 38 Chemical structures of nitrones 38a—c

behind this structural modification of 37h and m was to
boost the metabolic stability through prevention of CYP-
450-mediated aromatic hydroxylation at the isatin phenyl
ring system while enhancing their water solubility.
Compound 39 demonstrated RSV inhibition activity
ranging from 7.3 nM-10.59 uM, with compound 39s
being the best (ECsy=7.3nM). Compounds bearing
fluoroethyl oxime moieties (39i, j, and n) had the best
overall combination of efficacy, pharmacokinetic prop-
erties, cellular permeability and metabolic stability. Oral
dosing of these analogs in the BALB/c mouse model of
RSV infection revealed that 39n exhibited a similar
pharmacokinetic profile to that of BMS-433771, although
it was less effective in terms of antiviral efficacy.

The SARs of benzimidazole-isatin oximes 37-39 are
compiled in Fig. 40.

Isatin derivatives against coxsackievirus

Coxsackieviruses (CVs) are enteroviruses that have been
linked to fatal human diseases, including viral myocarditis
and encephalitis, particularly in children and young ado-
lescents [96]. Despite the serious morbidity and mortality
that might arise from CVs, there is still no licenced drug
that is effective for the treatment of acute CV infections
[97, 98]. Thus, efforts have been made by Zhang et al. to
identify novel CV inhibitors adopting a high-throughput
screening approach [97]. In this context and encouraged
by the potent antiviral activity of isatin derivatives, four
isatin-based analogs 40 and 41 (Fig. 41) were synthesized
and evaluated for their activity against coxsackievirus B3
replication (CVB3) using methisazone as a positive con-
trol. Among them, 40a emerged as the most active analog
that showed a significant reduction in viral particle for-
mation and consequently blunted the virus-induced
apoptosis of the host cells. Furthermore, treatment of
infected cells with 40a resulted in enhanced cell survival
through upregulation of glucose-regulated protein 78
(GRP78), which is considered a novel antiviral mechanism
in this regard. Therefore, compound 40a would be capable
of inhibiting other picornaviruses, as they share the same
machinery of protein synthesis initiation.
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Fig. 39 Chemical structures of
benzimidazole-azaisatin

oxime 39

39a: R'=H; R2=—(CH2)4F; Aza position=6;

39b: R'=H; R?=-(CH,);CN;Aza position=7;

39c: R'=H; R?=-(CH,),OAC; Aza position=7;
39d: R'=Me; R?=-(CH,)4F; Aza position=6;

39e: R'=Me; R?=-(CH,),OH;Aza position=6;

39f: R'=Me; R?=-(CH,);CN;Aza position=7;

39g: R'=Me; R?=-(CH,),OH;Aza position=7;

39h: R'=-(CH,),F; R?=-(CH,),F;Aza position=6;
39i: R'=-(CH,),F; R2=-(CH,),OH; Aza position=6;

391: R'=-(CH,),F; R%=-(CH,);CN; Aza position=7;

39m: R'=-(CH,),F; R?=-(CH,)3S0,-Me; Aza position=6;

39n: R'=-(CH,),F; R?=-(CH,);S0,-Me; Aza position=7;

390: R'=-CH,CF3; R?=-(CH,),OH; Aza position=7;

39p: R'=-CH,CF; R2=»(CH2)3CN; Aza position=7;

39q: R'=-CH,CH=CH,; R?=-(CH,);S0,-Me; Aza position=6;
39r: R'=-CH,-2-Pyidine; R?=-(CH,);S0,-Me; Aza position=6;
39s: R'=—CH,-4-Ph-SO,CH3; R?=-(CH,),OH; Aza position=7;
39t:R'=—CH,-4-Ph-SO,Me; R?=-(CH,);SO,Me; Aza position=>5;
39u:R'=—CH,-4-Ph-SO,Me; R?=-(CH,);CN; Aza position=5;

39j: R'=-(CH,),F; R?=-(CH,),OH; Aza position=7;
39k: R'=-(CH,),F; R?=-(CH,),0AC; Aza position=7;

Fig. 40 The SARs of
benzimidazole-aza/isatin oximes
as potent RSV inhibitors

Replacement

: water soulbility
1 conserves RSV
+ activity.

+The 6 and 7-azaisatins are
*superior to their 4 and 5-
1 azaisatin isomeric analogs in

terms of potency.

s

Isatin derivatives as anti-poxvirus agents

Smallpox is a serious and fatal human disease caused by
poxviruses that resulted in >300 million deaths worldwide
during the 20" century [99]. Poxviruses are DNA viruses
belonging to the family Orthopoxvirus that are capable of
replicating in the cell cytoplasm [100]. Smallpox was
eradicated globally due to a successful vaccination pro-
gram, and no single case has been registered since 1978
[101]. Nevertheless, studies aimed at the development of
vaccines and drugs are still in progress to offer protection
against smallpox in the event that it is used as a biothreat
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better antiviral activity.

agent [102]. The US Institute of Medicine has recom-
mended the existence of at least two anti-poxvirus drugs
mediating their action via two different modes of action to
diminish the evolution of resistant strains [101]. Isatin
derivatives such as methisazone [3] (Fig. 4) were shown
50 years ago to play a viable role as smallpox chemo-
prophylactic agents; however, their mode of action has not
yet been identified [28, 103]. Methisazone has been
reported to reduce disease morbidity and mortality when
used prophylactically in susceptible contacts. However,
the lack of therapeutic efficacy limits its use, and it is no
longer manufactured as a drug substance [104]. In this
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Br ! N-NH
o U
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N
R R H
40 41

40a: R'=m-flurobenzyl; R?=Br; R3=F;
40b: R'=0-cyanobenzyl; R?=H; R3=H;
40c:R1=p—qurobenzyI; R2=H; R3=H;

Fig. 41 Chemical structures of anti-CVB3 isatin derivatives
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Fig. 42 Chemical structures of isatin-B-thiosemicarbazone derivatives
41la—d

regard, Pirrung and his coworkers followed a combina-
torial method to optimize the isatin-f-thiosemicarbazone
basic structure to enhance its antiviral activity [104].
Accordingly, a series of isatin-B-thiosemicarbazones was
synthesized and examined for antiviral activity and cyto-
toxicity in vaccinia virus- and cowpox virus-infected
human cells using methisazone [3] and cidofovir (a
recently approved anti-poxvirus drug) as positive controls.
Compounds 42a-d (Fig. 42) did inhibit cowpox virus
plaque formation (ECsps’ =6+2.9-6.2+ 1.6 uM with SI
> 8) with greater potency than methisazone (ECsos’ = 14 £
0.3uM) and cidofovir (ECsps’ =38+ 1.9 uM). With
regard to their activity against vaccinia virus plaque for-
mation, these compounds exhibited enhanced efficacy
(ECs508° = 0.6 + 6.8 uM with SI> 35) and were more potent
than the standard drug cidofovir (ECsps’ =27 +7.8 uM).
In addition, compounds 42a, c, and d showed better
activity in vaccinia virus plaque formation inhibition than
methisazone (ECs5ps’ = 3.3 + 3.2 uM). The SARs identified
5-bromoisatin as a key pharmacophore for better antiviral
efficacy in the designed library. Compound 42d carrying
acyclic secondary amine emerged as the most potent
analog against both tested strains. As potent and much
more selective anti-poxvirus isatin-p-thiosemicarbazone
derivatives were identified, further drug discovery pro-
cesses are warranted.

Isatin derivatives as anti-influenza virus
agents

Influenza viruses belong to the family Orthomyxoviridae
and are the main causative agents of upper respiratory tract
infectious diseases and are associated with considerable
morbidity and mortality rates in humans [105]. Vaccines
and rapidly acting antiviral medications are the corner-
stones of the prevention and treatment of influenza virus
disease [106, 107]. The efficiency of vaccination is limited
by continuous antigenic variation in the envelope glyco-
proteins of the virus [106]. Furthermore, the available anti-
influenza virus drugs used for prevention and treatment are
rather scarce, and the development of resistant strains
represents a serious challenge [108]. Therefore, tremendous
efforts are needed to develop new antivirals with improved
therapeutic properties to overcome resistance to currently
used drugs. In view of the broad-spectrum antiviral activ-
ities of isatin derivatives, Selvam et al. [109] evaluated the
antiviral activity of compounds 1la—e (Fig. 10) against
influenza A (HIN1, H3N2, and H5N1) and B viruses using
ribavirin and oseltamivir as positive controls. Compounds
11a-e displayed similar potency associated with minimal
cytotoxic effects (ECsps’ =2.7-5.2 ug/mL against the
HINTI strain of influenza A), (ECsps’ = 13.8-26.0 ug/mL
against the H3N2 strain of influenza), (ECs5ps’ =3.1-6.3
pg/mL against the HSN1 strain of influenza), and (ECsys =
7.7-11.5 pyg/mL against influenza B). Furthermore, these
compounds were able to reduce the viral yield of the
HINT strain by 90% at concentrations of 2—10 ug/mL. The
efficacies of these compounds were similar to those of
ribavirin but less than that of oseltamivir against all tested
strains. Introduction of the F group at C-5 of compound
11a significantly reduced the potency against all tested
strains, while other substituents such as Cl, Br or Me
promoted the antiviral activity. On the other hand, N-
acetylation of 1la yielded compound 1le with similar
potency. Two bis-spirocyclic compounds 43 and 44
(Fig. 43) were synthesized by Kurbatov et al. [110].
Then, they were evaluated for their inhibitory activity
against influenza virus A (HIN1) replication. Compound
44 demonstrated significant inhibitory activity (ECsy=
1.9 ug/mL) with higher cytotoxicity (CTDsy= 37 pg/mL),
whereas compound 43 exhibited moderate inhibitory
activity (ECs9=26 pg/mL) associated with minimal cyto-
toxicity (CTDsy =415 pg/mL).

In another work, Karki and his coworkers synthesized a
set of isatin-p-thiosemicarbazones (45a—j) [111]. Then, the
antiviral activity was tested against a panel of viruses,
including (i) influenza A virus HIN1 subtype, influenza A
virus H3N2 subtype, and influenza B virus, in MDCK cell
cultures; (ii) parainfluenza-3 virus (PI-3 V) feline corona
virus (FIPV) and feline herpes virus in CRFK cell culture;
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(iii) HSV-1, HSV-2, vaccinia virus (VV), vesicular stoma-
titis virus (VSV), and herpes simplex virus-1 TK KOS
ACVr (HSV-1 TK KOS ACVr) in HEL cell cultures; (iv)
VSV, coxsackievirus B4 (CV-B4), and respiratory syncytial
virus (RSV) in HeLa cell cultures; and (v) reovirus-1
(RV-1), sindbis virus (SV), CV-B4, and Punta Toro virus
(PTV) in Vero cell cultures. Compounds 45b, 45¢, 45d, and
45f (Fig. 44) displayed moderate antiviral activity against
HEL cell cultures (ECsps’ = 11-20 uM), relative to the
standard drugs (ECsos’ =29, 10, >250, and >100 uM for
brivudin, cidofovir, acyclovir, and ganciclovir, respec-
tively). On the other hand, there were no evident antiviral
effects of compounds 45a—j in the CRFK, MDCK, or Vero
cell cultures.

Anti-rhinovirus isatin derivatives

Human rhinoviruses (HRVs) are the principal causative agent
of cold-like illnesses affecting mainly the upper respiratory
tract [112]. Despite being of little direct medical impact, HRV
infection is associated with serious economic implications in
terms of missed work and redundant medical care [113]. HRV
comprises three groups, designated A, B, and C, belonging to
the genus Enterovirus and the family Picornaviridae. Efforts
have been made to develop effective vaccination; however,
the presence of a vast range of serotypes (>100) with genetic
variation limits the development of efficient vaccines.

45a: R'=H; R?=H; 45b: R'=CI; R?=H;

45c: R'=H; R?=Ph; 45d: R'=H; R?=p-CI-Ph;

45e: R'=H; R?=p-OMe-Ph; 45f: R'=H; R?=p-Me-Ph;
45g: R'=Cl; R?=Ph; 45h: R'=Cl; R?=p-CI-Ph;

45i: R'=Cl; R?=p-OMe-Ph; 45j: R'=Cl; R>=p-Me-Ph;

Fig. 44 Chemical structures of isatin-p-thiosemicarbazones 45a—j
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Furthermore, there is no single clinically approved drug for
the treatment of HRV infection, and the current therapeutic
strategy is only supportive [112]. Thus, research has been
accelerated to discover potent and selective anti-rhinovirus
agents. Accordingly, Webber et al. adopted a structure-based
drug discovery strategy together with molecular modeling and
SAR to develop novel nonpeptidic rhinovirus 3C protease
reversible inhibitors based on exploitation of the isatin core
[114]. In this regard, a series of isatin derivatives, compound
46 (Fig. 45), was synthesized and examined for their potential
inhibitory effects on purified HRV-14 3CP. Compounds
bearing carboxamide groups at C-5 are far more potent (Ki =
0.002-0.051 uM) than those carrying other groups at the same
position (Ki=1.2>100uM). In addition, compounds sub-
stituted at N-1 with larger alkyl groups are 2-25-fold more
potent than those bearing smaller alkyl groups. Compound
46s, bearing a benzothiophen group, was identified as the
most potent analog (Ki = 0.002 + 0.002 pM). From the earlier
discussion along with the similarity between rhinovirus
proteases and SARS-COV protease [54], the SARs shown in
Fig. 23 could successfully be applied for compound 46.
Further experiments revealed compounds 46h, n, and s
(Ki=0.051, 0.011 and 0.002 uM, respectively), demonstrat-
ing higher selectivity for HRV-14 3CP than other proteases,
such as chymotrypsin and cathepsin B. Unfortunately, the
synthesized derivatives exhibited low in vitro antiviral
potency (ECsps’ =>5.6->100 uM) and were far less potent
than the standard drug pirodavir (ECsp=0.03 uM). The
authors attributed this to potential problems related to physi-
cochemical properties and cytotoxicity issues related to these
compounds. Thus, further target-driven structural modifica-
tion of these molecules could yield new antiviral drug can-
didates with broad spectrum antiviral properties.

Isatin derivatives with anti-poliovirus
activity

Poliovirus is a single-stranded RNA enterovirus of broad
worldwide distribution, and it was a public health concern
in the early 20™ century. Although most infections are
subclinical, only rare sporadic cases result in paralytic
poliomyelitis [115, 116]. Due to the initiative launched by
the WHO in 1988 regarding massive vaccination cam-
paigns, near-total eradication of wild-type poliovirus has
been achieved [117]. Research efforts to deliver potent
antipoliovirus drugs are in progress in an attempt to obtain
at least two antivirals with different modes of action [118].
Early efforts were made by Varma et al. in 1987 to dis-
cover new anti-poliovirus drugs based on isatin as the
privileged core [119]. To that end, twelve isatin N-Man-
nich bases 47a-1 (Fig. 46) were synthesized and examined
for their potential inhibitory effects on the replication
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Fig. 45 Chemical structures of
isatin derivatives 46a—aa

46a: R'=Me; R?=H;

46b: R'=Me; R?=Cl;

46¢: R1=Me; R2=I;

46d: R'=Me; R?=NO,;
46e: R'=Me; R>=COOH;
46f: R'=Me; R>=COOCHS3;
46g: R'=Me; R?>=CN;

46h: R'=Me; R2=CONHy;

46i: R'=Me; R?=CONHCHj;

47g: R'=CHj; R%, R%=—N >
47h: R'=CH3; R?, R3= —N@

47i:R'=Br; R, R=—N O
PR,

47j:R'=Br; R4, R= —N_ )

47k: R'=Br; R? R3= fNQ

471: R'=CHg; R?, R3=7N©

Fig. 46 Chemical structures of isatin N-Mannich bases 47a-1

47a: R'=H; R?,
47b: R'=H; R?,

47c: R'=H; R?,

47d: R'=H; R?,

47e: R'=H; R?

47f: R'=CH3; R?, R%= —N o}
s /

of poliovirus II. Compounds 47a—e, g, and j-1 were active
against poliovirus II when tested using the modified plaque
suppression method. Furthermore, compound 47a displayed
activity against HSV, measles, and parainfluenza-3 viruses.
Further studies are required to investigate their exact ECsgs’
and their potential molecular targets.

Isatin derivatives against vesicular
stomatitis virus (VSV)

Vesicular stomatitis is an old zoonotic viral disease that
primarily affects livestock and has the ability to infect
humans who directly come in contact with infected animals
in VSV endemic areas. Numerous investigations on the
pathogenesis and immunology of VSV have not led to the
development of efficient vaccines. To date, there is no
specific antiviral therapy, and the therapeutic strategy is

46j: R'=Me; R2=CON(CHg)y;

46k: R'=Me; R?=CSNH,;

461: R'=Me; R?=COCHg;

46m: R'=Me; R?=SOCH3;
46n:R"=(E)-CH,CH=CHPh;R?>=CONH;
460: R'=(CH,);Ph; R>=CONH;

46p: R'=-CH,Ph; R>=CONH,;

46q: R'=-CH,(4-Ph-CgH,); R?>=CONH,;
46r: R'=-CH,-2-naphthyl; R%=CONH,;

46s: R'=CH,-2-benzo[b]thiophene; R?=CONH,;
46t: R'=CH,(4-Me-CgH,); R?=CONHy;

46u: R'=CH,(3,4-di-Me-CgH3); R?=CONH,;
46v: R'=CH,(3-OMe-CgH,); R?=CONH,;

46w: R'=CHy(3,5-di-OMe-CgH3); R?=CONH,;
46x: R'=CH,(6-OMe-2-naphthyl); R>=CONH;
46y: R'=CH,(3-OHCgHy4); R?=CONH,;

46z: R'=CH,(3,5-di-OHCgH3); R?=CONHy;
46aa: R'=CH,(6-OH-2-naphthyl); R>=CONH;

supportive [120]. Accordingly, a study was performed by
Abbas and his coworkers to develop anti-VSV agents via
exploration of the isatin ring system [121]. In this study, a
series of fluorinated isatin derivatives, compounds 48 and
49 (Fig. 47), was synthesized and evaluated for their cyto-
toxicity and antiviral activity against VSV isolates using
interferon as a positive control. Among compounds 48, the
allyl group bearing analog 48c¢ was identified as the most
efficacious, with a log virus titer difference of 0.88.
Replacement of the allyl group with a butyl group (47d)
reduced the potency (log virus titer difference =0.76).
Compounds carrying groups such as Me, Et or Ph were less
potent (log virus titer difference = 0.05-0.20). Within the
group of compounds 49, analog 49a bearing a phenyl group
displayed weak potency (log virus titer difference = 0.2).
Introduction of the F group at the para position of the
phenyl ring in compound 49a yielded the most active
compound among series 49b (log virus titer difference =
0.9), which still lags behind the activity of interferon (log
virus titer difference = 1.8). Conversely, replacement of the
F group in 49b by an N,N-dimethylamino moiety at the
same position (49c) reduced the activity (log virus titer
difference = 0.68). In addition, the introduction of hetero-
cyclic ring systems such as furan, thiophene or indoline-2-
one at R! provided analogs with reduced antiviral efficacy.
Thus, compound 49b could be envisioned as the lead
compound that dictates further structural optimization to
attain more potent anti-VSV candidates.

Future trends

In the present review, several isatin derivatives (Fig. 48)
demonstrated excellent antiviral activity against a vast range
of pathogenic viruses. The SARs described herein are
enriched and, therefore, arouse innovative thoughts for
designing novel and broad-spectrum antiviral analogs. In
general, nonvoluminous electron-pulling groups at C-5 of
the isatin ring together with the appropriate N-1 substitution
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Fig. 47 Chemical structures of
fluorinated isatin derivatives
47a—e and 48a—f

49a: R'= HC@ ;
o

pla .

49d: R'= HC@ :

are linked to better activity in most of the reported antiviral
isatins. However, it is important to mention that several
positions of the isatin ring, such as C-2, C-4, C-6 and C-7,
have not been well explored and hence would obviously
offer a valuable platform for designing prospective com-
pounds. Replacement of the benzene ring in the isatin
moiety by pyridine would improve pharmacokinetic prop-
erties, cellular permeability and metabolic stability. How-
ever, this replacement was found to reduce the antiviral
efficacy, as exemplified by compound 39n. Therefore,
future research aiming at the development of isatin-based
antiviral analogs should focus on balancing different prop-
erties by following a stepwise optimization strategy. Fur-
thermore, the essence of the isatin ring structural integrity in
antiviral activity has not yet been examined and is therefore
a subject of further investigation. The strategy of molecular
hybridization has been recognized as a powerful tool in the
construction of novel bioactive molecules [122]. Imple-
mentation of such a strategy has been found only in a single
report in this review, which was concerned with the
hybridization of the isatin moiety with the FDA-approved
drug lamivudine [44]. The obtained hybrid molecules were
highly potent (17b; ECsy=0.0742 uM), signifying the
potential role of molecular hybridization strategies in
the future development of efficient antiviral therapeutics.
The most potent anti-SARS-COV and anti-SARS-COV-2
compound was 25y (Fig. 48). It is a very potent main
protease inhibitor of coronaviruses; meanwhile, it is very
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49b: R'= HC@F;
s
49e: R'= HC‘@ ;

/
49c: R'= HC@\N\ ;

§
49f: R'= O@

cytotoxic, which hinders its further development. Therefore,
structural optimization is necessary by leveraging the ease
of isatin ring synthetic modification. Insertion of imine,
hydrazone, and thiosemicarbazone functionalities at C-3
might alleviate the cytotoxic properties of compound 25y.
Considering the similarity between the rhinoviruses and
coronaviruses main proteases, the same modification strat-
egy applied for compound 25y could be adopted in 46s.
Another attractive approach that could be employed in such
cases is the prodrug strategy given that adequate hydrolytic
liability is attained [123]. Compound 37aa (Fig. 48) is very
active against RSV (EC5y =5 nM); however, poor physi-
cochemical and pharmacokinetic profiles blunt its further
consideration in the drug development process. Adoption of
drug delivery systems by combining compound 37aa with
an appropriate carrier can offer protection from off-site
metabolic biotransformation. Introduction of an electron-
withdrawing group at C-5 could further enhance the
potency of compound 10e (Fig. 48) against West Nile virus
(WNV) (EC5p =4 pg/mL). With regard to compound 42d,
alkylation of the thiosemicarbazone amino group alongside
the replacement of the C-5 Br by small groups such as the
F group could enhance the potency. Finally, an attractive
approach that could be considered to improve the activity
and selectivity of the most potent antiviral isatins shown in
Fig. 48 is metal complex formation. Metal ions offer an
extra binding site to biomolecules, enabling further inter-
actions, and they seem promising for the development of
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Fig. 48 The most potent antiviral isatins

effective antiviral drugs with a unique mechanism of action.
Thus, the future perspectives discussed herein would pro-
vide new insight for further rational designs of more potent
analogs based on the isatin core.

Conclusion

In recent decades, the emergence of large viral outbreaks,
exemplified by COVID-19, has already resulted in cata-
strophic impacts. This has motivated researchers worldwide
to search for promising antiviral agents using diverse het-
erocycles. To this end, isatin, an indole analog, has been
extensively studied. This review starkly highlights the
recent developments of isatin derivatives as antiviral agents
with emphasis on their SARs to guide further rational dis-
covery of more potent analogs. In general, several candi-
dates described herein have shown promising activity
against different pathogenic viruses. For example, isatins
17b [44] and 25y [55, 64] were found to be equipotent or
better than the relevant standards used in inhibiting HIV and
SARS-COV-2, with ICsy values of 0.0742 and 0.045 uM,

. o

e
. -
..........

respectively. To develop an ideal antiviral agent, not only
potency but also cytotoxicity should be considered. Some
potent derivatives, reviewed herein, demonstrated low
selectivity indices (SI), which hinder their further devel-
opment. In addition, the physicochemical properties and
pharmacokinetic profiles have been shown to be other
drawbacks associated with some potent antiviral isatins.
The use of 37 h, and m [93], for example, is limited by their
metabolic instability and poor permeability albeit their
potent antiviral efficacy (ECsy< 100 nM against RSV). In
the current review, the SARs of isatin derivatives have been
extensively discussed and presented to inspire novel and
creative design approaches to eliminate the highlighted
drawbacks. Isatin derivatives have been shown to display a
wide range of biological activities. At first glance, this
might not bode well for the drug development process, as it
would mean that derivatives will potentially have many side
effects. Nonetheless, fine tuning of isatin functionalization
based on SARs would be useful in developing an ideal lead
in this regard. Interesting research gaps have been identi-
fied, including (i) studies about the detailed mechanism of
action, which could be useful in rational drug design and
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discovery processes; (ii) investigations of potent antiviral
isatins on viruses sharing similar targets are very limited;
and (iii) a lack of molecular modeling studies. Addressing
these gaps has highlighted the way for future exploration of
the isatin core as a promising antiviral core.
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