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Dengue is one of the most typical viral infection categorized in the Neglected Tropical Diseases (NTDs). It is
transmitted via the female Aedes aegypti mosquito to humans and majorly puts risk to the lives of more than half
of the world. Recent advancements in medicinal chemistry have led to the design and development of numerous
potential heterocyclic scaffolds as antiviral drug candidates for the inhibition of the dengue virus (DENV). Thus,
in this review, we have discussed the significance of inhibitory and antiviral activities of nitrogen, oxygen, and
mixed (nitrogen-sulfur and nitrogen-oxygen) heterocyclic scaffolds that are published in the last seven years
(2016-2022). Furthermore, we have also discussed the probable mechanisms of action and the diverse structure-
activity relationships (SARs) of the heterocyclic scaffolds. In addition, this review has elaborately outlined the
mechanism of viral infection and the life cycle of DENV in the host cells. The wide set of heterocycles and their
SARs will aid in the development of pharmaceuticals that will allow the researchers to synthesize the promising

anti-dengue drug candidate in the future.

1. Introduction

Dengue fever has been a significant disease of concern in tropical and
subtropical countries since the twentieth century, particularly since the
end of World War II. According to a survey report, data collected and
interpreted that approximately three hundred and ninety million people
are infected, and forty thousand people die annually from this viral
infection. Presently, Asia and Latin America are regions of concern due
to the high number of deaths among kids, youths, and aged people
caused by dengue [1]. The arboviral infection caused by this inanimate
viral particle spreads through infected arthropods. It is transmitted by
two distinguished female mosquitoes named Aedes aegypti and Aedes
albopictus [2,3]. Both the mosquito species perform the role of viral
transmitting agents that carry the viral RNA to the human body. DENV is
associated with the Flaviviridae family which is composed of a positive
(+ve) sense of single-stranded ribonucleic acid (ssRNA). Around seventy
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diverse virus types with enveloped ssRNA, from the Flaviviridae family,
are located inside mosquitoes and ticks. These arthropods are effective
and capable vectors that generate severe illness in human beings [4].
Flavivirus is liable for causing high mortality and morbidity rates
throughout the planet. Besides DENV, several others in this family also
continue to severely infect human beings. These include Japanese en-
cephalitis virus (JEV), Yellow fever virus (YFV), West Nile virus (WNV),
Tick-borne encephalitis viruses (TBEV), Zika virus (ZIKV), and St. Louis
encephalitis virus (SLEV) [2,5]. Based on the structural arrangement of
the surface antigen of the DENV, it is differentiated into four serotype
varieties. These are DENV-1, DENV-2, DENV-3, and DENV-4. These se-
rotypes induce specific antibodies when an infection has occurred [4,6].
Furthermore, the latest serotype of the dengue virus is DENV-5, which
has been reported in the year 2013 in October [7,8]. Currently, there is a
lack of adequate drug candidates to inhibit the DENV from its viral
infection. Moreover, dengue vaccines in different nations have
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Fig. 1. Timeline showing the advancement of therapeutic compounds in the treatment of Dengue from 2015 to 2021.

encountered extremely adverse responses. Therefore, an urgency exists
to discover potential and effective drugs to treat DENV and contain its
mobility [9]. Over the past few years, several investigations have
revealed that heterocyclic compounds have potent antiviral activity in
inhibiting DENV.

Heterocyclic compounds are organic compounds that have a cyclic
ring system and one or more heteroatoms. Usually, heteroatoms are
nitrogen (N), oxygen (O), and sulfur (S). They have already been
employed in various biological domains due to their significance in the
inhibition of numerous infections [10,11]. Moreover, these heterocyclic
compounds are also discovered as primary scaffolds in numerous bio-
logical micro-molecules like hemoglobin (Hb), deoxyribonucleic acid
(DNA), ribonucleic acid (RNA), and vitamins, hormones, and many
more. It is important to note that these structures are also found in many
United States-Food and Drug Administration (US-FDA)-approved drug
molecules to treat various diseases. Significant and potential biological
efficacies such as anti-fungal, anti-inflammatory, anti-bacterial, anti--
viral, anti-tumor, anti-diabetic, anti-allergic, anti-oxidant,
anti-convulsant, inhibitory effects in enzymatic reactions have been
noted in the N-, O-, and mixed (N, S- and N, O-containing) heterocyclic
scaffolds [12-18]. The advancement of therapeutic compounds in the
treatment of Dengue over the last seven years is illustrated in Fig. 1.

This review covers the vast range of significant inhibitory effects and
antiviral activity of many heterocyclic scaffolds including N-, O-, and
mixed (N, S- and N, O-containing) in dengue treatment. The current
review focuses on the potential mechanisms of action and diverse SAR of
compounds containing N-, O-, and mixed (N, S- and N, O-containing)
heterocyclic scaffolds such as Triazoles, Pyrazoles, Imidazoles, Pyri-
dines, Pyrazines, Pyrimidines, Indoles, Quinolines, Quinazolines, Cou-
marins, Thiazoles or Benzothiazoles, Thiazolidinones, Benzothiazines,
and Oxadiazoles. The review will be beneficial to the researchers
working in the field of organic chemistry, medicinal chemistry, and
pharmacology.

2. Mechanism of viral infection
The transmission vector for DENV is by the female Aedes mosquitoes,

of which A. aegypti is the popular vector while A. albopictus species is
another competent vector. A blood meal from a dengue patient during

the first week of viremia infects the DENV vectors [19]. Having bit an
infected patient, DENV passes into the bloodstream and attaches itself to
a cell surface of the new vector via a potential receptor (Fc receptor)
(Fig. 2). The spherical structure of DENV has an outer shell of proteins
surrounding an envelope of capsid proteins. These capsid proteins en-
velope the viral genome. Having attached to a receptor, the virus enters
the cell via the endosomal pathway [20]. This leads to the transport of
DENV via endosomes. Endosomal acidification [21] leads to the fusion
of the viral envelope with the endosomal membrane [22] within the cell.
The viral nucleocapsid is released into the mosquito cell cytosol. The
viral nucleocapsid uncoats itself releasing the positive single-stranded
RNA genome. The RNA assumes multiple linear and circular confor-
mations which interact with the host cell proteins. The structures are
specific for invertebrate and vertebrate host cells. A specific RNA
conformation, usually stem-loop in the untranslated regions (UTRs),
hijacks the host protein factory. This leads to viral genome replication.
The viral polypeptide is a large polyprotein complex. This complex is
processed and cleaved by the host cell endoplasmic reticulum giving rise
to ten DENV proteins. These viral proteins help in the assembly of
replicated viral genomes in the rough endoplasmic reticulum forming
immature virions. These immature viruses are transported through the
Golgi complex, maturing them into the infectious form, and releasing
them to further infect other cells [22].

3. Detailed life cycle of DENV inside the cell cytoplasm

Like other pathogenic viruses, DENV adopts multiple steps in its life
cycle (Fig. 2) [23] to infect its hosts. The life cycle consists of viral entry,
genome replication, protein processing, and virion assembly, followed
by its release. DENV is a Flavivirus, its life cycle is activated by the
normal cellular endocytosis of a host cell. This is mediated by the fusion
of the viral envelope with the host cell membrane, leading to the for-
mation of a small DENV-containing endosomal pouch. Research shows
that two conditions favor the viral escape from the endosome. A region
of low pH surrounds the endosome, while a high negative charge on the
endosomal membrane facilitates the process. A low pH activates a viral
glycoprotein which mediates the fusion of the viral and endosomal
membrane, discharging the nucleocapsid. Other processes, which
remain yet to be confirmed, govern the nucleocapsid disassembly and
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Table 1
Molecular activity of structural proteins.

Structural proteins

Structural Molecular functions References

proteins

C protein Help in the virus coalition to the host cell.
Modify and modulate functional properties after
migration into the host nuclei.

Viral ssRNA assembly in nucleocapsid guiding to
the formation of a nucleus of a mature virus.
Play a crucial function in viral infectivity.

Helps in the replication and maturation of viral
particles.

Helps to compactly bind viral particles to host cell
receptors.

Conciliate fusion between host cell membrane
and virus.

[43-47]

prM protein [48-50]

E protein [51,52]

subsequent discharge of viral ssRNA into the cytoplasm [24]. Multiple
studies have shown that DENV may utilize a single or multiple cell
surface receptor. A specific receptor is yet to be determined. The iden-
tified receptors include the dendritic cell-specific intracellular adhesion
molecule-3-grabbing non-integrin (DC-SIGN). In humans, DENV ex-
ploits the c-type lectin domain containing 5A (CLEC5A) receptor of the
macrophage [25-27]. Common glycoprotein receptors such as heparan
sulfate and mannose receptors are also exploited [28,29]. After the
endocytic process and endosomal acidification, following viral genome
release, the viral ssRNA acts as a messenger RNA (mRNA). Utilizing the
host protein machinery, the viral ssRNA is translated giving a precursor
polyprotein, which is processed and cleaved into ten viral proteins (3
structural and 7 nonstructural proteins). The non-structural proteins
mediate the synthesizing process of a complementary negative (-ve)
strand, giving a double-stranded RNA (dsRNA). This intermediate strand
performs the role of a template for the (+ve) strand synthesizing process
for new viral RNA. This process is repeated with multiple rounds of
transcription and translation to produce a multitude of new DENV
particles [30]. Post protein production and genome replication, the viral
structural proteins control new particle assembly. In the endoplasmic
reticulum (ER), capsid (C) and precursor-Membrane (prM) proteins
ensure the formation and unidirectional transport of pre-mature viral
particles across the vesicular system. The capsid proteins utilize the host

ER membrane and glycoproteins to form the viral envelope. Pre-mature
viral particles drive via a secretory route and the Trans-Golgi network
(TGN), which retains acidic conditions. The prM is a pH-dependent
(acidic) precursor membrane protein which has furin cleavage sites. It
utilizes the host furin protease giving rise to the mature (M) protein
during the final stage of viral maturation and release from the host cell
surface [31]. Studies conducted on prM have shown its importance in
shielding the viral envelope proteins and preventing their premature
fusion and viral secretion [32-34]. This leads to a successful viral
maturation sheathed with the host vesicular membrane and budding off
from the host cell.

4. Common symptoms of dengue infection

DENV causes fever and flu-like symptoms. In infected individuals,
the symptoms appear for four to five days and last for approximately ten
days after an infected mosquito bite. These individuals suffer from high
fever (40 °C), severe headaches, musculoskeletal pain, vomiting,
swollen glands, rash, or fatigue. Normal dengue fever may however
develop and turn fatal into dengue haemorrhagic fever (DHF) if the
patient is not given due care after the appearance of symptoms. DHF
appears three to seven days post-normal dengue fever. It has charac-
teristic symptoms of abdominal pain, decrease in basal temperature
(<38 °C), bleeding gums, fatigue, and continuous vomiting with or
without blood. This occurs as a result of systemic inflammation due to
plasma leakage, accumulation of fluid, difficulty in breathing, organ
dysfunction (liver augmentation and cardiovascular system (CVS)
collapse), and reduced oxygen delivery [35].

5. Challenges in anti-dengue drug discovery

As of yet, a specific treatment or vaccine for dengue does not exist.
Thus, options of care and precaution have been laid down as alterna-
tives. Given the inflammatory conditions and lack of treatment options,
patients must take plenty of rest, stay hydrated and use pain killers such
as acetaminophen, a popular non-steroidal anti-inflammatory drug
(NSAID). Other pain killers such as aspirin, naproxen, and ibuprofen
may cause bleeding and hence should be avoided. Patients must avoid
any future mosquito bites during the first week of infection. This curtails
the spread of DENV. The above-mentioned medications may not be
effective for DHF. In the event of an early clinical diagnosis of DHF, the
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Table 2 Table 3
Molecular activity of non-structural proteins. Effect of 5'-OH silylated protecting group of the substituted-triazole moiety for
the inhibition of DENV.

Non-structural proteins

Non-structural Molecular functions References Compound Heterocyclic Scaffolds % . %_CEl.l.
. No. Inhibition Viability
protein
NS1 e The primary function is the replication of viral [53-56] 1 Q 100% 11%
ssRNA. Q \f‘\ NH
e Attaches to the dendritic cells (DCs) during viral Si/l< N/&O
infection and initiates the formation of pro- ®/ o
inflammatory chemokines and cytokines. o)
e Instantly trigger immune cells that express toll- /O

like receptor-4 (TLR4) and disrupt the cellular CQ N

integrity of endothelial cells by activating the N

secretion of proinflammatory chemokines and N

cytokines. 2 (0] 98% 53%
Key role in virion assembly by recruiting viral [57-59] NH
ssRNA, structural proteins, and proteolytic —( J\ ‘ /&
enzymes to the area of virion assembly. Si

Coordinates nucleocapsid and virus formation.
Antagonization of immune response of the host.

o]
Its prime role is to confirm the regulation of the [60-63] / OQ

NS2A

NS2B

proteolytic activity of the virus.

Modify the permeability property of membrane
or membrane destabilization. Act as a co-factor 3 o) 85% 86%
of NS3 for serine protease activity.

Cleaves the polyprotein in association with [64-68] I
NS2B via serine protease enzyme activity. sidl O)\N
Upwind duplex RNA to initiate viral sSRNA 6

genome synthesis by ATPase/helicase activity. (o]
It shows specific NTPase activity for regulating /O O

the NS5 protein. Q N
The activity of RNA triphosphatase is crucial for |

the replication of viral RNA and the capping N
4 (0] 21% 92%

process.
It diminishes glycolytic activity by interacting \fJ\NH

with glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH). Q
Modulates the ATPase activity of the helicase [69-71] (o) O
protein of NS3. o
Subverts innate immune response of the host by /O C

targeting mitochondrial antiviral signaling Q
protein (MAVS).

Collaboratively helps in the replication of viral [72-75]

ssRNA and the anti-host responses. 5 (e} 13% 95%
It can interfere with the phosphorylation of \KJ\NH

signal transducer and activator of transcription | /&
(STAT)-1 to block the Interferon alpha/beta H N
(IFN-o/p) influenced signal transduction
cascade. ¢]
Enzymatic activity and significant function in [76-78]
the replication of viral ssRNA.

Down-regulation of immune interferon response

into the host cell via interacting with STAT-2.

Regulating RNA splicing activity in the host cell. 6 0 0% 100%

NS3

NS4A

NS4B

NS5

O‘

existing treatment option of fluid replacement therapy must be started. N~ =0
Despite progressive research, there remains a lack of a definite treatment
and vaccine for DENV. Thus, the disease continues to spread and affect o) O

AN

people worldwide. Hence, there is an increasing ever need for dengue-

specific therapeutic molecules. The US-FDA has previously approved

the first dengue vaccine developed at Sanofi, named Dengvaxia in 2019. N

The vaccine prevents re-infection in administered individuals against all 7 ? 0% 7%

four serotypes of the DENV. Yet, the side effects caused by Dengvaxia \f}\NH

has limited its use. To date, there exists no approved scientific treatment o N X0

option for dengue and antivirals against DENV. (¢}
The main challenges in dengue treatment start from the discovery of o

. . ) . 0

potential drug candidates and their development, which needs to be safe / C

and effective in curing the infection in the long term. In the process of Q

drug discovery and its development, numerous challenges need to be N

addressed such as designing the drug, preclinical experiments, and the

clearance of clinical trial guidelines. Drug repurposing is an important

aspect of developing new drug candidates. The purpose of drugs can be

identified by targeting the three mechanistic processes, namely
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Table 4
Effect of 3'-substitution on the triazole molecular backbone for the inhibition of
DENV.
Compound Heterocyclic Scaffolds % %Cell
No. Inhibition  Viability
8 85% 86%
9 99% 60%
10 0% 90%
11 99% 47%
12 75% 93%
13 64% 93%
14 47% 100%

European Journal of Medicinal Chemistry 240 (2022) 114576

Table 4 (continued)

Compound Heterocyclic Scaffolds % %Cell
No. Inhibition  Viability
(0]
HN )ﬁ/

15 0 0% 100%
HN)E/
(0] N
H
o
‘o
N\
| N
N
16 o) 95% 73%
HN)j/
0“™N
TBS
o
(o]
N\
| N
N
17 o] 21% 100%
(0]
The bulkiness on silyl-group
esTTEL, N H
enhances the SR, |
inhibitory activity =~ == & R o
of the triazole-scaffolds “R7ST e N

The bulkiness of R'-groups on .,
the triazole scaffold —_ ':R': N,

plays a crucial role in the \[ A N
enhancement of N
anti-dengue activities

Here, R and R' are the
bulkier substituents

-

Fig. 4. SAR of the triazole substituents responsible for showing anti-
dengue activities.

targeting the host proteins, viral proteins, and antibodies. Of the three,
selective targeting of the host cellular proteins, which may be intracel-
lular at times, is more challenging than developing drug molecules
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Fig. 6. SAR of the p-substituents on the Ph-ring of the pyrazole substituents for the inhibition of DENV.

targeting the viral proteins. Despite the feasibility of targeting viral
proteins, the lack of studies on various viral infection processes of the
host body and the interaction of viral proteins with the host cellular
pathway are key limitations in drug development against them. In
antibody-mediated viral targeting, an antibody should be designed such
that it effectively opsonizes and neutralizes all the DENV serotypes.
However, in current practices, there exist different antibody types which
target the four serotypes. Administering an antibody therapy via an
intravenous route is laborious and may be painful to the patients.
Moreover, designing a novel antibody, along with the facilities required
for its production raises the cost of antibody-mediated protection,
limiting its affordability and popularity. Acute dengue infection is of
limited duration and not chronic in nature. It usually lasts not more than
a week. Hence, a drug candidate needs to be responsive and specific in
curtailing and clearing the infection rapidly [36,37].

Furthermore, animal models need to be developed to study the
infection mechanism and drug efficacy. This is a major challenge in the
pre-clinical setup to study anti-DENV molecules since except for
humans, most DENV hosts have limited infectivity with fast clearance.
To overcome this limitation, a group of scientists investigated the
infectivity by developing a murine model (AG129 mouse). This model
expressed similar infectivity profiles as human hosts for DENV, however,
they had a reduced number and duration of viremia [38]. Given the
rapid decline in viremia in acute dengue patients, dosing to the patient
in the early stages of infection for clinical trials is another major
limitation.

In addition, current diagnostic methods, fail to differentiate between
DENV fever and other common febrile diseases. Distinguishing primary
or secondary infection is limited due to insufficient data generated from
Immunoglobin M/Immunoglobin G (IgM/IgG) measurements. Also,
given the acute nature of the disease, the viral load remains high during

the initial days of infection and gradually reduces within a week. The
limited technological and diagnostic methods limit researchers with the
inability to assess how and when the viral number is reduced in response
to the drugs. Another aspect of DENV infection is that infection profile
varies between demographic, and also between age groups. The ma-
jority of the infected population exists in South-East Asian countries
with both pediatric and adult patients. Patients having severe infection
profiles differ in their physiology and immune strengths in comparison
to patients with acute infections. Hence, clinical trials need to address
pediatric patients as well as adjust doses suitable to patients with
comorbidities [39].

6. Inhibitory sites of dengue virus

The DENV gets entered into the host/targeted cell through the
endocytosis process. Once it enters the targeted cell, it becomes fused
with the endosomal membrane (EM) with the help of a pH-dependent
process. Then, it releases its viral ssRNA into the cytoplasm in the host
cell, where the translation process occurs of the polyprotein [40,41].
Polyproteins act as a precursor that helps to cleave both host and viral
protease, which further leads to the replication cycle of the RNA inside
the cell. Generally, polyproteins consist of three structural proteins and
seven non-structural proteins. The structural proteins include C protein,
prM protein, and envelope (E) protein. On the other hand, the
non-structural proteins contain NS1, NS2A, NS2B, NS3, NS4A, NS4B,
and NS5 (Fig. 3). [42]. The molecular activity of structural and
non-structural proteins is shown in Tables 1 and 2 It is possible to inhibit
dengue infection by deactivating the molecular activities of these
structural and non-structural proteins.

The C protein helps in the compact binding of the virus to the cellular
membrane of the host cell, and the E protein triggers the fusion process
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Table 5
Inhibition activity and cytotoxicity values of pyrazine 2,3-dicarboxamide and phthalamide-based pyrazole scaffolds.
Compound No. Heterocyclic Scaffolds ECso (M) CCsp (pM) SI
20 /\ 26.5 >116 >4
N N N
N\ / HN/ S
HN NH =
(o6}
F CHj
21 /—\ 0.5 >117 >235
N\ /N N
HN™
HN NH =
OO0
HsC CH3
22 /—\ 2.2 >120 >55
N N N
Y HN/ N
HN NH —
O O
F
23 /—\ 3.4 24 7
N\ /N N
HN™
HN NH =
@ v
HaC
24 0.5 >117 >235
N
HN
HN NH =
OO0
CH3
25 29 >117 >4
N
HN™ S
HN NH =
O O
H3C CHg
26 >120 >120 1
N
HN™
HN NH =
OO0
F
27 14.1 >122 >9
N
HN™
HN NH =5
[eJNe)
Hs;C

between the host cellular membrane and the viral spike proteins.
Similarly, non-structural proteins perform a significant function in the
replication process of viral ssRNA inside the host cells. Several in-
vestigations suggest that there are some possible targets in Tables 1 and
2 in the inhibition of structural and non-structural proteins of DENV.

7. Nitrogen (N)-containing heterocyclic scaffolds for the

inhibition of dengue virus

7.1. Triazoles

Triazoles are the 5-membered heterocyclic compounds enclosed by
three nitrogen atoms and two carbon atoms in the ring system [79].
These are classified as aromatic heterocyclic compounds as they follow
Huckel’s rule. There exist two isomeric forms of triazoles: 1,2,3-triazoles
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Table 6
Table showing the cytotoxicity values and anti-dengue activity of selected diarylpyrazolylquinoline scaffolds.

Compound No. Heterocyclic Scaffolds %Inhibition of DENV2 %Cell Viability of Huh-7 cell
1M 10 pM 20 pM 200 uM

28 521 +3.1 15.31 + 2.3 124.10 +7.48 115.31 + 11.43
29 358 +£1.7 6.14 £ 2.1 88.26 + 9.46 89.72 £1.71
30 414 +23 7.15+1.9 95.56 + 5.07 93.68 £ 5.75
31 3.02+1.8 513+ 1.4 125.54 + 6.35 98.29 + 7.59
32 11.23 + 2.8 25.39 + 3.4 88.13 +1.84 87.49 £7.61
33 531+1.6 8.09 £ 2.3 103.99 + 3.75 98.90 + 9.26
34 4.36 £ 1.7 831+15 97.82 + 3.68 91.56 + 3.85
35 891 +1.3 22.35 + 1.7 95.32 + 2.61 86.51 + 4.51

(continued on next page)
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Table 6 (continued)
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Compound No. Heterocyclic Scaffolds

%Inhibition of DENV2

%Cell Viability of Huh-7 cell

1M 10 pM 20 pM 200 pM

36 41.42 + 2.4 55.32 + 1.8 98.75 + 2.87 95.37 + 3.64
37 7.81 +25 20.68 + 1.8 115.73 + 3.28 97.35 + 8.21
38 6.12+2.1 15.83 + 3.2 89.08 + 8.16 52.55 + 1.89
39 46.87 + 5.3 65.71 + 4.1 95.81 + 4.82 98.40 + 16.44
40 452+27 11.81 £ 1.9 89.22 + 4.03 83.64 + 2.68
41 571 + 1.7 12.75 + 1.8 91.12 + 2.04 42.97 + 2.47
42 58.96 + 2.8 85.34 + 6.7 83.71 + 2.52 89.53 + 2.41

and 1,2,4-triazoles. In recent years, a huge amount of studies have been
devoted to the biological and pharmacological activities of both the
triazole-derivatives [80,81]. Substituted triazole-based heterocyclic
compounds display a wide array of biological activity among the
numerous N-containing heterocyclic compounds. The noteworthy bio-
logical activity can be attributed to the structural and electronic prop-
erties of the triazole moiety [82]. The variations of the triazole ring
substitution have resulted in upgraded effectiveness and reduced
toxicity in various drug candidates [83]. Substituted triazole-based
heterocycles have several biological activities such as
anti-proliferative, anti-convulsant, anti-microbial, anti-neoplastic,
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anti-viral, analgesic, anti-inflammatory, anti-cancer, and anti-malarial
activities [84-89].

However, there has been a significant account of the anti-dengue
action by 1,2,3-triazole-based compounds [90]. For instance, Vernekar
et al. (2015) reported a 5'-silylated 3’-azidothymidine derived 1,2,3-tri-
azole nucleoside to inhibit dengue and WNV. The authors revealed that
the substituted triazole-based compounds display anti-viral properties
by binding to the methyl transferase (MTase) inhibitor. The utilization
of molecular modeling and S-Adenosylmethionine (SAM) binding assay
further supported their findings. The researchers conducted their
investigation by observing the action of Renilla luciferase present in the
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RS C050 =>200 /x‘
42 TS \ Sl =>183.49 & 36
= ™ The presence of -SO,NH, grou ECs50 = 1.36
ECs5o = 0.81 P ot -5, group CCc, = >200
CCsq = >200 enhances the inhibitory actiivity 50
Sl = >246.91 significantly as compared to S1=>147.06

-OCHj3; and -F groups

Fig. 7. SAR of the selected pyrazole-containing heterocyclic scaffolds showing maximum inhibition against the Huh-7 cell infected with DENV2.

1,3,4-trisubstituted pyrazoles
31-42

1,2,4-trisubstituted pyrazoles
28-30

Fig. 8. Positional isomers of the trisubstituted pyrazole scaffolds.

43

Responsible for inhibition
of DENV2 NS2B/NS3 protease |

Fig. 9. SAR of the fluorinated-Pyrazoline scaffold showing inhibition against
DENV2 serotype.

DENV-subgenomic replicon on the baby hamster kidney (BHK) cell line.
The authors have approached a three-step structure-based modification
on the substituted-triazole moiety. The first set of modifications was
obtained by protecting the 5'-OH position with various silyl protecting
groups (Table 3). The second-base modification was obtained by
substituting different groups on the 3'-position of the triazole ring sys-
tem (Table 4) [91].

From the first set of observations, seven diverse 5'-OH silylated
protecting groups were examined against the DENV strain at a concen-
tration of 10 pM (Table 3). The SAR revealed that the bulkier silylated
protecting groups such as tert-Butyldiphenylsilyl (TBDPS) 1, triisopro-
pylsilyl (TIPS) 2, and tert-butyldimethylsilyl (TBS) 3 inhibited 85-100%
against the DENV while the non-silylated protecting groups such as
tetrahydropyran THP 4, ethoxymethyl 5, methyl 6, acetyl 7 did not
produce significant anti-dengue activities (Table 3). Thus, it has been
confirmed that the bulkiness of the protecting groups performs a sig-
nificant function in DENV inhibition. However, the authors could not
acquire the precise mechanism underlying the inhibition. They further
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Table 7
Data showing the inhibition activity and the cytotoxicity values of the metal
complexes of 2,4,5-triphenylimidazole complexes.

Compound Heterocyclic Scaffolds 1Cso (pg/ CCsp (Hg/ SI
No. ml) ml)
44 1.46 36.75 25.17
H
N
O
S
TPI
45 —56.29 509.14 —9.04
H
N
e
N\
%
Co-TPI
46 98.66 1231.71 12.48
H
N
e
N\
O Fe
Fe-TPI

extended their work by altering the substituents on the 3'-position of the
triazole ring (Table 4). They observed that the 5'-TBS triazole moieties
did not display cytotoxicity at 10 pM. The use of bulkier and aromatic
side groups produced enhanced anti-dengue activities. However, in the
case of an unprotected 5'-OH group, there is no significant inhibition
with bulkier substituents at the 5'-position of the triazole group for the
scaffolds 8-17 (Table 4). Thus, based on the SAR analysis, it is confirmed
that the protection of the ~OH group by hindered silyl substituents and
the presence of bulkier groups on the triazole scaffold is essential for the
anti-dengue action (Fig. 4).

Vishvakarma et al. (2019) [92], proposed a piece of theoretical ev-
idence that illustrates the biological inhibition of DENV. With the sup-
port of in-silico methodology, the authors determined to target the
non-structural protein ns2B-nsP3 protease. The authors obtained a set
of 138 heterocyclic scaffolds from the ZINC database and screened them
for various physiological and bioavailability constraints. The various
heterocyclic scaffolds taken in their studies include imidazole, triazole,
oxazole, thiadiazole, and thiazolidine. Out of the 138 scaffolds, only 4
were taken for further confirmations, of which 18 and 19 had the 1,2,
4-triazole core (Fig. 5). However, 18 was the most potent heterocyclic
moiety having the highest binding affinity of —141.595 kJ/mol. The use
of Density functional theory (DFT) and Molecular dynamics simulation
(MDS) supported their observations. The literature search revealed that
the active site of the ns2B-nsP3 protease was found to be His51, Asp75,
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Table 8
Data showing the inhibition activity and the cytotoxicity values of the imidazole-
based nucleoside scaffolds.

Compound No. Heterocyclic Scaffolds ICs0 (1M) CCsp (pM) SI
47 (0] 0.27 1.24 4.59
N NH,
HO >
T o ™
HO OH
EICAR
48 N CN 0.55 3.99 7.25
/
o, &
s
HO OH
EICNR
49 N CN 6.57 >50 >7.67
HO / L
oo
HO OH
50 (@] 14.63 >50 >3.42
N NH,
/
o, &)
7 s
HO OH
51 N CN 22.29 >50 >2.24
HO &
7 Se N{ S
HO  OH
52 (e} >20 >50 -
N NH,
HO / \
N
Se X
HO OH
53 Ribavirin 6.66 48.98 7.35

Presence of electron-withdrawing
group at this position increases
the inhibitory activity

N

¢ LAddition of -CN increases
HO HO the inhibitory activity
T x N
HO  OH HO  OH
EICAR EICNR

X=0or S or Se
Rate of Inhibitory activity: O > S > Se

Fig. 10. SAR of the imidazole-based nucleoside scaffolds.

Ser135, Gly153, Gly151, Pro132, Vall154, and Leul28. Interestingly, the
four scaffolds targeted the identical cavity, the functional area of the
ns2B-nsP3 protease. The computational analysis reported H-bonding,
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DMB220

Involved in chelation of the
divalent metal ions
present at the active-site of the
RdRp DENV polymerase

Fig. 11. Structure of the DMB220 molecule.

Table 9

Data showing the anti-dengue activity of DMB220 against the four serotypes of

dengue.
DENV Serotypes ICsp (LM) ECs0 (M)
DENV1 5.7 £0.9 2.7 £0.4
DENV2 6.0 + 0.4 2.8+ 0.6
DENV3 6.7 £ 1.0 2.7 £ 0.6
DENV4 5.0 £0.9 22+05

electrostatic and hydrophobic interactions taking place between the
heterocyclic scaffold and the ns2B-nsP3 protease. The major interactions
for compound 18 are ARG-55, ASP-58, LYS-1061, GLU-54, SER-75,
ILE-76, and GLY-96. For compound 19 are ARG-55, ASP-58, LEU-74,
ALA-56, LYS-1061, GLU-54, SER-75, ILE-76 and GLY-96. Based on the
SAR analysis, the presence of halogens on the benzene ring and different
amide linkages have contributed to the binding affinity to the ns2B-nsP3
protease. The existence of two halogen atoms enhances the binding af-
finity slightly (Fig. 5).

7.2. Pyrazoles

Pyrazoles are one of the most vital nitrogen-containing 5-membered
heterocyclic scaffolds. These are aromatic and comprise two nitrogen
atoms and three carbon atoms [93,94]. Pyrazoles are considered weak
bases (pKb = 11.5) and belong to the alkaloids [95]. The distinctive
properties and the pharmacological activity of the pyrazole scaffolds
make them an important scaffold in pharmaceutical and medicinal
chemistry [96,97]. Pyrazoles display extensive biological performances
such as anti-viral, anti-cancer, anti-diabetic, anti-bacterial,
anti-inflammatory, anti-fungal, and so on [98-100]. The variety of
pyrazole-containing scaffolds showing anti-dengue activities is dis-
cussed in the upcoming sections.

Saudi et al. (2016) synthesized a few pyrazine-2,3-dicarboxamide
and phthalamide substituted to pyrazole scaffold [101]. The authors
successfully synthesized and evaluated their anti-viral activity against
DENV and YFV. Based on the SAR (Fig. 6), it was observed that the
scaffolds containing pyrazine-2,3-dicarboxamide 20 displayed lesser
potency (half-maximal effective concentration (ECsp) = 26.5 pM) than
the scaffold containing the phthalamide substituent 24 (ECso = 0.5 pM).
Interestingly, the presence of electron-donating groups at the
para-position of the two Ph-rings of the 2,3-dicarboxamide 21 displayed
the highest potency (ECso = 0.5 pM). Contrastingly, in the case of
phthalamide group 24 one electron-donating (-Me) and one-electron
(-F) withdrawing group demonstrated the highest potency (ECsy =
0.5 pM) (Table 5). Based on the SAR, the existence of electron-donating
groups decreased the potency of the DENV while the
electron-withdrawing group or unsubstituted phenyl tends to increase
the potency of the synthesized scaffolds (Fig. 6).

Lee et al. (2017) introduced a few diarylpyrazolylquinoline hetero-
cyclic skeletons (Table 6), which displayed anti-dengue activity against
the DENV2 serotype [102]. The anti-DENV action was investigated in
Huh-DV-Fluc cells at a concentration of about 1 or 10 pM and compared
to the reference compound ribavirin. Furthermore, they investigated
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Table 10
Data showing the GAK inhibition and DENV inhibition of a series of isothiazolo [4,3-b] pyridines.
Compound No. Heterocyclic Scaffolds Kd ECso ECoo CCso
55 0.0089 1.844 8.05 17
56 0.97 5.72 >10 >10
HoN
=
NS
N
57 0.25 0.18 0.56 2.09
58 0.089 0.82 1.76 >25
HoN
59 0.035 0.8416 3.92 4.14
H,N
60 0.052 4.03 >10 >10
61 0.018 0.47 1.34 6.32
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Table 10 (continued)
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Compound No. Heterocyclic Scaffolds Kd ECso ECqo CCso
62 ~o 0.011 0.70 2.15 >10
HoN
=N,
S
~ ~
N
fluorinated-pyrazoline scaffold with the aid of a one-pot, three-compo-
. O nent reaction in Monowave 50 [103]. With the application of molecular
.H ,‘;‘. docking (MD) and MDS, the inhibition site of the DENV2 was deter-
KN mined. The authors investigated that the existence of fluorine analogs in
1 the molecular backbone successfully inhibited the NS2B or NS3 site of
¢ N s The substituents at this the serine protease of the DENV (Fig. 9). The computational studies
Presence of NT %= position affects the anti- indicated that the scaffold could form several types of bonds, such as
-NH; groups affects “R¢ dengue activities hydrogen bonding (His51, Arg74), van der Waals (Asp75), and hydro-

v
Electron-donating substituents
increases the inhibition activity

*

the anti-dengue activity

Fig. 12. SAR of the isothiazolo [4,3-b] pyridines for the inhibition of GAK
and DENV.

both the in-vitro and in-vivo activity of the most potent compounds and
found that the heterocyclic scaffold 28 inhibited about 15% of DENV2 at
a concentration of 10 uM (Table 6). The inhibition activity is greater
than its fluoro-substituent 29 and methoxy-substituent 30. Further, the
inhibition activity was more than that of its positional-isomer 30. The
positional isomers of pyrazole-derivatives are given in Fig. 8. Addi-
tionally, at 10 uM concentration, the inhibition activity of heterocyclic
scaffold 31 was found to be approximately 25% on the DENV2 serotype.
The values obtained are greater than those obtained for scaffolds 30 and
32. On the contrary, the inhibition increased even further when the
phenyl ring was linked to the N3-position of the pyrazole ring with the
introduction of -OCH3 and the -SO,NH; groups at the 4-position of the
phenyl ring of the compounds 37-42 (Table 6). From the various het-
erocyclic scaffolds, compound no. 42 demonstrated the highest inhibi-
tion of the DENV2 in the Huh-7 cells, followed by compound no. 39 and
36 (Fig. 7). Compound no. 42 (R; = OMe, Ry = SOsNHy) displayed 85%
inhibition while Compound no. 39 (R; = OMe, Ry, = OMe) displayed
66% inhibition and compound no. 36 (R; = OMe, Ry = F) displayed 55%
inhibition. The authors also determined the cytotoxicity of the cells by
Cell Proliferation Kit II (XTT) assay at concentrations of 20 pM and 200
pM for 3 days. The results of compounds 36, 39, and 42 (Fig. 7) showed
low cytotoxicity with cell viability greater than 50% at 200 pM con-
centration. On advanced experimentation on the inhibition activity of
the compounds 36, 39, and 42; compound 42 displayed the lowest ECsg
value of 0.81 and is the most potent among other heterocyclic scaffolds.
Surprisingly, it was also more effective against the other serotypes of the
DENV. Thus, based on SAR (Fig. 7), we conclude that the Ro-position is
the crucial position responsible for the inhibition of the DENV2 in the
Huh-7 cells. The existence of -SOoNH> at the Ry-position exhibited the
highest inhibition towards DENV. So, to obtain efficient inhibition,
interchanging the substituents at Ry-position may be beneficial to the
researchers to report promising scaffolds for the inhibition of the DENV
(Table 6).

Zamei et al. (2019) investigated a fluorinated-pyrazoline scaffold 43
(Fig. 9) for the inhibition of DENV2. The authors obtained the
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phobic (His51, Arg74) interactions with the DENV2 protease with a
binding affinity (—57.1 kcal/mol). However, they could not support
their results with experimental proofs. Based on SAR analysis (Fig. 9),
the authors achieved enhanced inhibition in the existence of
fluoro-substituent on one of the phenyl rings. If several other
fluoro-substituents or other halogens are introduced, the inhibition ac-
tivity may increase at a considerable rate.

7.3. Imidagzoles

Imidazole belongs to the class of five-membered, aromatic hetero-
cyclic scaffolds. The skeletal structure of imidazole comprises three
carbon atoms and two nitrogen atoms that are not vicinal with each
other. Imidazoles are highly polar and amphoteric in nature [104].
These compounds are vastly explored in various pharmaceutical and
agrochemical industries due to their bioactivity [105-107]. The
substituted-imidazole scaffolds display a wide array of biological ac-
tivity, and these have been explored, like anti-cancer, anti-viral,
anti-analgesics, anti-inflammatory, anti-HIV, anti-microbial, and many
more [105,108-110].

Sucipto et al. (2018) proposed a Cu(Il)-imidazole complex for anti-
dengue inhibition for the first time. Based on their strategy, the [Cu
(2,4,5-triphenylimidazole);], derivative was found to be effective in
inhibiting the DENV2 serotype infecting Vero cells [111]. The proposed
complex showed reduced toxicity 50% cytotoxic concentration (CCsg =
44.174 pg/ml) and high anti-DENV activity half-maximal inhibitory
concentration (ICsp = 2.3 pg/ml) against the DENV2 infected Vero cells.
On screening the metal-free imidazole scaffold, the inhibition rate was
enhanced (ICsp = 0.13 pg/ml), but its cytotoxicity was higher (CCsg =
5.03 pg/ml) for the Vero cells. After a couple of years, the authors
further investigated the inhibition of the DENV-2 serotype with a
modification in the imidazole complex. The authors introduced [Cu(2,4,
5-triphenyl-1H-imidazole)2(H30),].Cly complex. Experimental results
displayed that the complex showed cytotoxicity (CCso) of about 98.62
pg/ml and inhibition rate (ICs() of nearly 300.36 pg/ml against the Vero
cells. The selective index (SI) data showed a value of 1.96, confirming
that the complex inhibits the DENV replication with minimum cyto-
toxicity for the Vero cells [112].

Continuing their effort to synthesize various anti-DENV inhibitory
complexes, a similar group further advanced their research by chelating
different metal ions with the 2,4,5-triphenylimidazoline (TPI) ligand 44
(Table 7). In this case, the authors took three metal ions: cobalt, iron,
and zinc. The screening of the metal complexes to the DENV-3 serotype
presents that the Zn-TPI and Fe-TPI 46 displayed the lowest cytotoxic
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Table 11
Inhibition activity of isothiazolo [4,3-b]pyridine analogs against GAK.
Heterocyclic Scaffolds Kd (pM) Heterocyclic Scaffolds Kd (uM)
\O 0.052 ~ o) 2
0 _0O

0.77 >30
0.52 0.041
0.86 >30
0.4 7.6
>30 3.2
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Fig. 13. SAR of isothiazolo [4,3-b] pyridines.

effect with increasing concentrations with cell viability greater than
50%. The Co-TPI 45 displayed 43% inhibition of DENV3 replication at a
minimum concentration of 6.25 pg/ml. The other complexes, such as
zinc and iron, showed 54.9% and 56% inhibition, respectively. Thus, the
above values indicate that Fe-TPI 46 and Zn-TPI are among the most
potent inhibitors of the DENV-3 viral strains [113]. The results are
displayed in Table 7. In contrast to the above results, further studies on
the Zinc complex of the above imidazole-containing ligand exhibited
high levels of toxicity (CCsp = <100 pg/ml) in the Vero cells. In
conclusion, Zn(II)-2,4,5-triphenylimidazole complex cannot be further
evaluated to investigate DENV-2 inhibition [114].

Okano et al. (2019) synthesized various imidazole-based nucleosides
and scrutinized their anti-dengue inhibition. Their study revealed that 5-
ethynyl-(1-4-p-ribofuranosyl) imidazole-4-carboxamide (EICAR) 47 and
5-ethynyl-(1-g-p-ribofuranosyl) —imidazole-4-carbonitrile derivative
(EICNR) 48 displayed anti-viral activity (Table 8). Unfortunately, the
cytotoxicity of the selected compounds was high. So, to overcome this
challenge, the authors switched to 4'-thio and 4’-seleno derivatives on

European Journal of Medicinal Chemistry 240 (2022) 114576

the backbone of the selected compounds. Surprisingly, the 4’-thioEICAR
51 and 4'-thioEICNR 49 exhibited greater inhibition against the DENV
RNA-dependent RNA polymerase (RdRp) without any cytotoxicity than
ribavirin 53 on the viral BHK21 cell line [115]. The results of the viral
inhibition and the cytotoxicity values are listed in Table 8. From the SAR
analysis, it was found that the existence of cyano substituent on the
imidazole ring enhances the inhibitory activity (Fig. 10). The
amide-substituent tends to decrease the inhibition slightly. Moreover,
the rate of inhibition got enhanced when the substituent on the ribo-
furanosyl is oxygen. When the substituent is a sulfur-atom or a
selenium-atom, the rate decreases in order.

7.4. Pyridines

Pyridine, the most common 6-membered aromatic heterocyclic
compound consists of five carbon atoms and one nitrogen atom with a
structural formula CsHsN. Pyridine is a basic and planar molecule; the
electron cloud is delocalized over the ring system, thus, obeying Huck-
el’s rule of aromaticity [116]. In the last few decades, pyridines have
been explored in almost every field [117], especially in medicinal
chemistry, where it is biological implication is immense [118,119]. The
anti-dengue activity of various pyridine-analogs is discussed in the
subsequent sections.

Xu et al. (2016) investigated a pyridoxine-based small molecule that
inhibits the RdRp DENV polymerase [120]. The authors constructed the
small molecule inhibitor named DMB220 (5-benzenesulfonylme-
thyl-3-hydroxy-4-hydroxymethyl-pyridine-2-carboxylic acid hydrox-
yamide) 54 (Fig. 11) with the aid of mechanism-based drug synthesis.
The mechanism-based drug modeling is based on the chelation of the

NC 2
HN
N\ 7 N
. ) —
H
75
AAK1: Kd=0.12 pM
DENV (Huh-7): ECg, = 8 uM DE
CC50 =>50 HM

DENV (MDCCs): EC5y = 0.043 uM; CCsq = >20 uM

_o I

\O A
[
NN
76

AAK1: ICg5=0.00402 uM
NV (Huh-7): EC5, = 0.72 uM; CCsq = 17.0 yM

Fig. 14. Examples of 3,5-disubstituted pyrrolo [2,3-b] pyridines inhibiting AAK1 and DENV.
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Fig. 15. SAR of the substituted isothiazolo [4,3-b]pyridines for the GAK inhibition.
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Table 12
Optimized structures of a few pyrazine-2,3-dicarboxamide exhibiting DENV inhibitions.
Compound No. Heterocyclic Scaffolds ECso CCso SI
79 N/:\N 26.5 >116 >4
N
S HN Y
HN NH —
[OJN©)
F
80 0.5 >117 >235
N » N
N
Y, HN D
HN NH —
O O
H3C
81 4.6 >116 >25
N y N
v S )
HNHNH \
(O 2N 6]
F
82 0.5 >117 >235
N p N
Y S/
HNHNH \
[OJNe)
H5;C
83 N/:\N 2.2 >120 >55
N
Y HN D
HN NH —
[ON 6]
F
84 3.4 24 7
N y N
N
Y, HN D
HN NH —
[ON6)
HsC
85 2.1 >116 >55
N y N
N s X
HN NH —
[O2Ne]
F
86 <0.9 26 >29

N. N
S S\
HN NH =
0 O
HsC
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Fig. 16. SAR of the pyrazine-2,3-dicarboxamide substituted pyrazole scaffolds
for the inhibition of DENV.
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Fig. 17. SAR of disubstituted pyrimidine analogs against the DENV strains.

divalent metal ions to the active site of the viral enzymes. The researcher
devised the first-ever protocol aimed at the chelation of the divalent
metal ions to the functioning portion of the RdRp of the DENV poly-
merase. Thus, on screening DMB220, a wide range of inhibitory action
was observed on all the four types of DENV RdRp enzymes. The utili-
zation of enzymatic assay proved that DMB220 was proactive against all
4 serotypes of DENV with an inhibition of the RdRp polymerase to be
about 50% at a very low micromolar concentration having an ICsg of
5-6.7 pM. Through cellular assay, the anti-dengue activity of DMB220
was determined. The results revealed a 50% effectiveness against the
DENV infection with an ECsg of less than 3 pM (Table 9). Furthermore,
the researchers proved that the DENV RdRp S600T variant displayed a
three-fold hyper-susceptible action to DMB220, as previously shown to
resist the nucleoside inhibitors. Based on the SAR studies, the existence
of the -OH and -NHOH group attached to the pyridine ring of the
DMB220 molecule, is involved in the chelation of the divalent metal ions
present on the active site of DENV RdRp polymerase (Fig. 11).

7.4.1. Fused pyridines

Pu et al. (2018) proposed several isothiazolo [4,3-b] pyridine scaf-
folds that are active against the cyclin G-associated kinase [121]. The
authors optimized a variety of groups at position-3 of the isothiazolo [4,
3-b] pyridines 55-62 (Table 10) and obtained that the scaffolds display
a broad cyclin G-associated kinase (GAK) inhibition (kd) and a modest
anti-viral activity. Further, these scaffolds are active in the human
dendritic cells with enhanced anti-DENV activity. The authors carried
forward the anti-DENV activity in the Huh-7 cells against the DENV2
serotype. The anti-DENV activity (ECsy and ECgg) was conducted with
the luciferase assay, while the cytotoxicity (CCsp) was taken through the
alamarBlue assay. The results are discussed in Table 10. A similar
strategy has been adopted by Martinez-Gualda et al. (2021) through the
variation in the substituents at the 3-position of the isothiazolo [3,4-b]
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pyridines. Their research showed that the substitution of Phenyl and
N-Piperidine at the 3-position displayed an enhanced affinity towards
GAK in a nanomolar concentration [122]. The improved series of sub-
stituents demonstrated low ICsp on the nM scale. Molecular docking
analysis revealed that carboxamide residue is involved in an H-bond
interaction with the Lys69 residue of the ATP binding site of the GAK
protein. The SAR revealed that the existence of electron-donating sub-
stituents attached to the isothiazole ring exhibited greater inhibition
activity. Further, the attachment of a carboxamide side-group at the
3-N-piperidinyl position leads to enhancement in the affinity towards
GAK (Fig. 12). Hence, -NH; substituent on the phenyl ring and the
various substituents on the fused isothiazole ring contribute signifi-
cantly to the inhibition of DENV.

Wouters et al. (2019) proposed a series of isothiazolo [4,3-b] pyri-
dine analogs 63-74 (Table 11), showing a great affinity to the GAK. The
authors took advantage of the well-known Sonogashira and Suzuki
coupling reactions to introduce a substituent connected with the carbon
at 3-position [123]. Their research demonstrated that substituting a
phenyl-analog can enhance the binding affinity and, thus, is crucial for
showing anti-viral activities. GAK is a cellular regulator of the host
adapter proteins (AP)-1 and AP-2. The GAK is associated with clathrin
and is responsible for the intracellular regulation of the DENV at the
primary and later stages of the viral lifespan [124]. Upon substituting
the different C-based substituents at the 3-position, the authors found
that the 3,4-dimethoxy group showed the highest inhibition at a very
low nanomolar concentration. Moreover, inhibition is further affected
by the hydrophobic interactions and hydrogen-bond between compound
71 and the ATP binding pocket of GAK. With the help of luciferase assays
and AlamarBlue assays, the ECsy values and the CCso values were
determined. The value indicates that compound 71 showed an average
anti-dengue activity with a minimum cytotoxic value (Table 11). The
SAR (Fig. 13) showed the existence of electron-donating substituents on
the phenyl ring of the fused isothiazole scaffold enhanced the inhibition
activity. But, in the case of electron-withdrawing substituents, the re-
sults marked a decrease in the inhibition. Further, different electronic
groups on the fused isothiazole ring exhibit inhibition towards DENV.
Thus, the substituents on the phenyl ring and the isothiazole ring are
crucial for showing anti-dengue activity.

Verdonck et al. (2019) proposed a synthetic strategy and SAR for a
diverse 3,5-disubstituted pyrrolo [2,3-b] pyridines [125]. The strategy
has been applied for the inhibition of adaptor-associated protein kinase
1 (AAK1) displaying anti-DENV activity. AAK1 is a switch for the
host-adapter proteins [126], which are interconnected with the cla-
thrin—the kinase assists in regulating numerous distinct RNA viruses.
Upon optimizing the synthetic strategy, the authors established that the
pyrrolo [2,3-b] pyridines exhibited an enhanced inhibition against the
DENV in-vitro and human primary DCs. Based on the SAR, the proposed
compounds demonstrated enhanced anti-viral inhibition against the
DENV strains with a low nano-molar binding affinity towards AAK1
kinase. The compounds 75 and 76 (Fig. 14) showed the most potent
inhibition against the DENV-infected human dendritic cells. Based on
the structural orientations, the presence of pyridine and fused pyridine
rings are very essential for showing maximum inhibition.

Martinez-Gualda et al. (2020) proposed a SAR (Fig. 15) based on a
similar kind of substituted isothiazolo [4,3-b]pyridines against the GAK
[127]. However, in this strategy, the 3-position of the isothiazolo [4,3-b]
pyridines has been kept fixed by substituting with a cis-2,6-dime-
thylmorpholine group. The structural variations were performed at the
5-and 6-position. At 6-position, many linkers were introduced between
the phenyl ring 77 using Suzuki coupling, and their structural-activity
relationship was studied. Further, in some cases, (Ar = phenyl) 78,
the substitution of the Ph-ring at the 5-position was also performed
(Fig. 15). Upon optimizing the different ligands, the 3,4-dimethoxyphe-
nyl-group at position-5 produced the best inhibition at a lower nano-
molar concentration (ICso = 0.1-0.5 pM). Thus, it was established that
the existence of substituted morpholine group at 3-position and aryl
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Table 13

Inhibition activity of disubstituted pyrimidine analogs against the DENV strains.
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Heterocyclic Scaffolds Inhibition Activity (ICqp)

Heterocyclic Scaffolds Inhibition Activity (ICgp)
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substituent at 6-position is responsible for exhibiting GAK inhibition.

7.5. Pyrazines

Pyrazines are one of the important N-containing heterocyclic com-
pounds. They belong to the class of 1,4-diazines [128]. The molecular
backbone of pyrazine contains two nitrogen atoms and four carbon
atoms which constitute a six-membered aromatic heterocyclic ring.
Pyrazines display a broad spectrum of biological activities like
anti-fungal, anti-microbial, anti-cancer, anti-depressant, and so on
[129-131]. They are most frequently used in the perfumery, pharma-
ceutical industries, and agrochemicals in the form of intermediates [132,
133]. In the last few years, a few of them have been utilized to inhibit
DENV and are discussed in the upcoming sections (Fig. 11). Saudi et al.
(2016) optimized a series of fourteen pyrazine-2,3-dicarboxamide
substituting it with the pyrazole backbone 79-86 (Table 12) [101].
The optimized compounds were screened against the DENV and YFV
activity. The results displayed that the compounds showed a better in-
hibition against the DENV with an ECsg value in the range of 0.5-3.4 pM.
However, the heterocyclic scaffolds 80 and 82 exhibited the maximum
inhibition having an ECsg value of 0.5 uM and a SI value greater than
235. The results are discussed in Table 12. Based on SAR (Fig. 16), the
electron-donating, as well as electron-withdrawing substituents, play a
critical role in the rate of inhibition. Moreover, pyrazine moiety con-
tributes significantly to the inhibition activity.

7.6. Pyrimidines

Pyrimidines and their derivatives are largely found in diverse natural
products and also constitute the building blocks in living organisms
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[134]. They exist in the DNA and RNA of living organisms [135]. They
possess a broad range of biological products due to their pharmacolog-
ical and medicinal significance [136]. The pyrimidine scaffold contains
four carbon atoms and two nitrogen atoms. Thus, constituting a
six-membered aromatic heterocyclic structure. Pyrimidines display a
diverse spectrum of biological functions such as cyclooxygenase (COX)
inhibitor, anti-inflammatory, anti-cancer, anti-viral, analgesics,
anti-allergic, and many more [135,137,138]. The last few years have
witnessed several anti-dengue activities of pyrimidine-based analogs,
which are discussed in the upcoming works of literature.

Clark et al. (2016) developed certain disubstituted-pyrimidine ana-
logs that were found to intercept the access of the DENV through the
inhibition of the viral kinase. The researchers uncovered that an allo-
steric ABL kinase inhibitor called GNF-2 suppresses DENV replication
via a polypharmacological pathway. The polypharmacological pathway
is facilitated via the ABL kinase and the viral E protein. The GNF-2 ob-
structs the access of DENV via the direct interaction with the E protein of
the DENV. Further, the GNF-2 suppresses the effect of Abl kinases that
cause the entry of the DENV at the post-entry stage. The researchers
further explored that the GNF-2 containing, biotin-conjugated, and
fluorophore-conjugated analogs coordinate with the Glycoprotein E of
the DENV in the pre-fusion conformation. Thus, this interaction of the
GNF-2 and the glycoprotein E on the virion surface helps suppress the
entry of the DENV [139]. Upon optimizing different substituents on the
pyrimidine core, the authors found that the 2,4-disubstitution with the
—OCF; group at the C-4 position; resulted in enhanced inhibitory activity
than the 2,6-disubstitution (Fig. 17). A few selected scaffolds are pre-
sented in Table 13, which demonstrates the maximum inhibition against
the four DENV serotypes from the numerous reported scaffolds. Com-
pounds 87a, 88a, and 88d displayed powerful inhibition towards
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Table 14
Inhibition activity and cytotoxicity values of the most potent scaffolds.
Compound Heterocyclic Scaffolds ECso CCso SI
No.
920 0.8 £ 18.1 23
O 0.2 +1.0
NH
NN N
H
91 0.8 + 17.3 22
0.2 +0.8
92 7.4+ 40 + 5
1.0 1.2
93 9.1+ 30.2 3
1.0 + 1.5
94 4.6 + 25.1 5
0.9 +1.2
95 O 19.9 - -
/ ‘ +£1.3
NH
»)
N7
O - The presence of piperidine ring
O enhances the inhibitory activity
NH - The presence of heterocyclic
S scaffolds decreases the
| )N\ inhibitory activity
PR
N"$R:I<—=  .The length of the side-chain
" increases the inhibitory
activity

Fig. 18. SAR of the substituted pyrimidine scaffolds for the inhibition of DENV.

DENV1 and DENV2 with a 90% inhibitory concentration (ICqq) value
between 1 and 5 pM. However, the rest exhibited maximum inhibition
towards DENV1. However, 87c¢ and 87d exhibited maximum inhibition
towards DENV4 and DENV3, respectively. Based on the SAR analysis
(Fig. 17), the existence of electron-donating and electron-withdrawing
groups on the substituted pyrimidine scaffold plays a contributing role
in the inhibition activity. Further, the existence of the -OCF3 group at a
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Table 15
Anti-dengue activity of the two most potent compounds against the four dengue
serotypes.

Compound No. ECso (M)

DENV-1 DENV-2 DENV-3 DENV-4
90 0.87 +£0.1 0.85 + 0.2 0.56 + 0.2 25+ 1.1
91 0.58 £ 0.1 0.81 £ 0.2 0.39 £ 0.8 0.87 £0.3

NN
o’ —

0
LY,
)

N
89
ECsp = 4.5 0.08 uM

CCso = 66.0 £ 0.04 M

0
C
o Sl=147

Fig. 19. Structure of the most potent inhibitory compound for the inhibition of
RdRp DENV-2 serotype.

Table 16
Larvicidal activity of the indole-derivatives.
Compound No. Heterocyclic Scaffolds LCso (1M) LCqp (1M)
92 9.49 15.76
Cl A
N
H
93 5.88 9.50
Br N
N
H
94 >464.57 >464.57
A\
N
Col
95 19.91 30.13
Cl N
N
H
96 10.64 14.74
Br \
N
H
97 >853.6 >528.51

different position on the phenyl ring affects the inhibition activity.
McGuigan et al. (2016) synthesized and reported tritylated and 4,4'-
dimethoxytritylated-scaffolds of pyrimidine and purine nucleosides. The
authors worked out in vitro evaluation of the reported scaffolds against
the DENV and YFV [140]. The utilization of the anti-dengue assay
demonstrated that the tritylated fludarabine analog expressed the
maximum inhibition of the dengue viral strains. The results displayed a
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The presence of chlorine

or bromine decreases the

growth of larvae The presence of -CO,H
(X=ClorBr) increases the growth

of larvae significantly

Iz

Fig. 20. SAR of the indole-derivatives showing inhibition against the larvae of
Aedes aegypti mosquitoes.
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Sl =380 pharmacokinetics profile

Fig. 21. The most potent inhibitor of DENV2.

Presence of p-Nitro hydrazine
groups plays a significant role
in the anti-dengue activity
KT . 2 N .

NO; & v Ny NO, Silylating groups further
enhances the DENV
replication
: ?
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g :@ \ A 5 R
~o
o
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ECyo = 9.35 + 3.03 ECso = 4.79 £ 0.82
CCso = >100 CCso =>100

Fig. 22. SAR of the most potent tricyclic indoline and imidazolidone fused
scaffolds showing inhibition against the DENV.
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100% inhibition of DENV at an optimum concentration of about 10 pM.
However, the mechanism of viral inhibition is still unclear, and studies
on the mechanism are yet to be reported. Leal et al. (2019) reported
thirty novel heterocyclic compounds enclosing the pyrimidine core to
suppress the DENV activity [141]. Out of the thirty compounds, a few of
them 90-95 (Table 14) displayed the maximum DENV inhibition.
However, only two scaffolds, 90 and 91, demonstrated suppression ac-
tivity against all the DENV serotypes (Table 14). The optimized results
revealed that the anti-dengue inhibition is prominent when the length of
the side chain is greater. The presence of a heterocyclic compound in the
side-chain has little effect on the suppression of viral activity (Fig. 18).
The compounds 90 and 91 (Table 15) also displayed greater stability
and improved solubility in a different medium. Experimental and mo-
lecular dynamics simulation studies very well support these results.
Thus, we can conclude from the SAR analysis (Fig. 18) that the presence
of the Piperidine ring and the length of the side-chain on the pyrimidine
scaffolds enhance dengue inhibition. However, the existence of hetero-
cyclic scaffolds as side-groups posed a decrease in the inhibition activity.

7.6.1. Fused pyrimidines

Wan et al. (2019) reported a new [1,2,4]Triazolo [1,5-a]pyrimidine
analog (Fig. 19) that is found to suppress the NS5-RdRp DENV protein.
The newly developed compound inhibited the DENV2 proliferation and
DENV2-induced inflammation [142]. Through a biophysical assay, the
authors verified the mechanism between the most potent analog 89
(Fig. 19) and DENV RdRp protein. Through the application of luciferase
assay, the inhibition value (ICsp) was found to be 1.28 + 0.2 pM. The
cell-based cytopathic assay revealed that compound 89 displayed an
ECs value of 4.5 + 0.08 pM.

Further, immunofluorescence assay and quantitative reverse
transcription-polymerase chain reaction (QRT-PCR) supported the evi-
dence that compound 89 inhibited DENV RNA. Furthermore, the au-
thors observed that the treatment with compound 89 against the DENV,
has significantly reduced the structural E protein activity and the non-
structural NS1 proteins with an increase in concentration from 2.5 to

- Cyclohexyl as the substituent
shows the maximum inhibition

{Fr
HN—" - Piperidine as the substituent

/@\/\>_<\ shows improved inhibition
RE o

Presence of Furyl-substituent
as the substituent shows
the maximum inhibition

Fig. 23. SAR of the indole-containing scaffolds against DV2pro.

Table 17
Effect of the selected indole-scaffolds against the inhibition of DV2pro.
Heterocyclic Scaffolds Inhibition Activity(ICqo) Heterocyclic Scaffolds Inhibition Activity (ICqo)
p DV2pro = 1.6 pM QH DV2pro = 3.1 pM
HN > AN
N | ,\} S
N
4 No© @O H
o 102
101
o H DV2pro = 6.5 pM H DV2pro = 9.2 pM
X
N\ [ N\
N
N
7 N Gu H
o} 104
103
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Table 18
Inhibition activity and cytotoxicity of the selected 4-anilinoquinoline
derivatives.
Compound No. Heterocyclic Scaffolds ECso ECqo CCso
105 /@\ 0.82 1.5 >10
HN OMe
»
N
106 /@ 0.63 3.2 >10
HN OH
Br. | N
Z
N
107 /@\ 0.24 0.69 5.3
HN NHMe
Br SN
| 2
N
108 0.69 4.0 >10
pes
N
N
HN H
Br. N
|2
N
109 N 0.64 1.5 >10
N
HN
(0]
Br. | S
~
N
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benzene ring fused with the pyrrole nucleus [144]. Due to their strong
binding affinity to many receptors of the various inhibitory sites of
pathogenic proteins, indole scaffolds are the most important component
in pharmacological compounds [145]. This property is responsible for
various clinical and therapeutic applications [144,146]. Indoles display
a broad spectrum of biological activity. However, the role of indoles in
blocking the DENV is rarely reported. The last few years have witnessed
several indole-derivatives discussed in the upcoming sections.

Gobi et al. (2018) reported four indoline-based Schiff base com-
pounds to suppress the larvicidal activity of Aedes aegypti mosquitoes
[147]. Aedes aegypti are the main carriers of dengue, zika fever, chi-
kungunya, and yellow fever virus. The incorporation of indole core in
Schiff base formation has been an extensive and renovating work. Schiff
base compounds are regarded as versatile compounds that display many
biological activities [148-150]. The authors proposed that the com-
pounds display a great mortality rate against the larvae of the Aedes
aegypti mosquitoes. Sousa et al. (2019) reported six indole-derivatives
92-97 (Table 16) that showed larvicidal activity against the larvae of
Aedes aegypti mosquitoes [151]. Out of the six indoline derivatives,
scaffolds 92, 93, 95, and 96 displayed the most potential larvicidal
control. However, compound 93 (Table 16) displayed the maximum
inhibition of the larvae of Aedes aegypti. The results further revealed that
the proposed heterocyclic scaffolds are non-toxic toward other
non-target entities (RAW 264.7 macrophages, Vero cells, C. elegans N2,
and G. mellonella) at the larvicidal concentrations. The larvicidal activity
persists for almost 30 days of treatment. The SAR of the larvicidal ac-
tivity in Fig. 20 indicated that the existence of chlorine and bromine as
the side groups of the indole-ring hinders the growth of larvae compe-
tently. Conversely, the existence of the -COOH group increases the
growth of larvae.

Bardiot et al. (2018) investigated several indole-based scaffolds that
very efficiently inhibited DENV serotype-2 [152]. The authors carried
out broad SARs, in which compound 98 (Fig. 21) was found to be the

10 uM. Moreover, compound 89 reduced the inflammation in the host
cells, which was caused due to the DENV serotype 2. Thus, causing no
effect on the defense of the host cells, i.e., the Janus activated kinase
(JAK) or STAT-signaling mechanism. The utilization of molecular
docking revealed that the best binding affinity for compound 89 is
—8.02 kcal/mol. The docking results indicate that the concerned com-
pound is involved in a few hydrogen-bonding and hydrophobic in-
teractions in the RARp protein pocket. Thus, the presence of a fused
pyrimidine scaffold having other heterocyclic rings attached to it ex-
hibits potent inhibition activity (Fig. 19).

7.7. Indoles

Indoles are one of the vital compounds obtained mostly from natural
sources [143]. Indoles are also known as benzopyrroles due to the

N-NH ~NH
— —
HN HN
L 1O
~ o~
. .
H H
110 111
EC50 =26 EC50 =6.7
CCsp=5.8 CCs50=8.7
Substitution of -CH3 at the p-position
improves the anti-DENV activity

Fig. 25. Structures of aminoquinazoline-derivatives inhibiting DENV.

-The presence of electron-withdrawing
groups increases the inhibition activity

- The presence of bromine substituent

| possess greater inhibition

-The presence of m-substituted electron-

donating groups increases the inhibition activity

- NHMe substituent displays enhanced
inhibitory activity

- The presence of heterocyclic substituent
possess greater inhibition

Fig. 24. SAR of the 4-anilinoquinoline analogs against the inhibition of DENV.
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Table 19
Trimethoxy Anilinoquinazoline scaffolds showing inhibition to DENV.
Heterocyclic Scaffolds Inhibition Heterocyclic Scaffolds Inhibition
Activity Activity
(ECs0) (ECs0)
(uM) (uM)
OMe 2.8 OMe >10
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(> ([
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MeO NH MeO NH
H
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N/ H N CN
112g
112b
OMe 1.0 OMe 2.7
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MeO NH MeO NH
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N Br
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OMe 1.4 OMe 2.0
MeO. MeO
MeO NH MeO NH
N Jﬁi:[ Br N )ﬁH
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Me0:©\
MeO NH

MeO

- The presence of electron-withdrawing
increases the activity

- The presence of halogens increase the

activity except fluorine which shows

moderate activity

- The addition of -CN enhances the activity

- The addition of -H has moderate activity

MeO

- The presence of electron-withdrawing
decreases the activity

- The addition of halogens decreases
the activity

- The addition of -H has moderate activity

Fig. 26. SAR of the trimethoxy anilinoquinazoline scaffolds against the inhi-
bition of DENV.

most powerful and selective inhibitor of the DENV2 in the nanomolar to
micromolar range. Furthermore, the authors discovered that the physi-
ochemical properties and metabolic stabilities of rats and human mi-
crosomes improved significantly. Moreover, separation of the racemic
mixtures based on the chirality displayed selectivity for one of the en-
antiomers. The SAR (Fig. 21) further revealed that the presence of the 3,
5-dimethoxy group on the aniline ring displayed a 10-fold enhancement
of inhibition of the DENV (ECs¢p = 0.007 pM). Surprisingly, 2,5-and 2,
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3-dimethoxyaniline exhibited inhibition in the sub-micromolar range.
Extending their investigation by replacing one of the methoxy groups
with either alkyl or fluoro-substituents decreased the potency of the
viral inhibition. Thus, the presence of the methoxy-group at the
meta-position is responsible for the maximum and selective inhibition.
Further, the existence of monocyclic or bicyclic aryl groups is the
preferred choice for displaying inhibition activity.

Qian et al. (2022) reported several tricyclic analogs containing
indoline and imidazolidone scaffolds for the inhibition of DENV infec-
tion. Upon optimizing different analogs, only two compounds, 99 and
100 (Fig. 22), exhibited potent inhibition against the dengue-virus
serotype-2. The authors established that the proposed compounds are
active in inhibiting DENV2 serotypes [153]. The results were confirmed
by recognizing the E protein via the application of immunofluorescence
assay on the antibody of the DENV E protein and with the help of the
western blotting technique. The mechanistic study revealed that com-
pounds 99 and 100 displayed moderate activity against the RdRp en-
zymes. However, SPR imaging further confirms a strong affinity of the
compounds 99 and 100 towards the NS5-RdRp. Compound 100 was
determined to show the maximum inhibition against DENV2. The out-
comes are supported by the in-silico molecular docking, which shows
that they bind to the NS5-RdRp through hydrogen-bonding and hydro-
phobic stabilization interactions. The SAR further confirms that p-nitro
hydrazine substituents significantly enhance the anti-dengue activity.
Further, the presence of silylating protecting groups confirms to be the
most contributing factor to the suppression of dengue replication
(Fig. 22).

Nie et al. (2021) investigated several inhibitors containing the
indole-core. The compounds efficiently inhibited the Flavivirus NS2B-
NS3 protease. Of the various synthesized indole-containing scaffolds,
only a few 101-104 showed the maximum inhibition (Table 17).
However, scaffolds 101 and 103 showed the maximum inhibition
against the DENV-2 protease. The SAR describes the presence of the
furyl-group as the substituent that performs a significant role in
enhancing the anti-dengue activity (Fig. 23). Likewise, the existence of
cyclohexyl or piperidine substituents at the R’-position displayed
improved inhibition. However, other substituents did not show much
enhancement compared to the furyl group. Further, studies on the ki-
netics of the enzymes show that compound 98 exhibits a non-
competitive mode of inhibition [154].

7.8. Quinolines

Quinolines are bicyclic-nitrogen-containing heterocyclic com-
pounds. Quinolines are found in several natural products, mostly
Cinchona alkaloids [155]. They display a broad array of biological and
pharmacological activities. Several biological activities of quinolines are
anti-malarial, anti-convulsant, cardiotonic, anti-fungal, anti-in-
flammatory, analgesic, and anthelmintic [156]. The oral absorption and
inhalation of human beings are non-toxic, with a logP value of 2.04
[157]. Derivatives of quinolines are of great practical importance to
synthetic organic chemists and various industries [155]. It is the most
crucial heterocyclic analog for the application of drug discovery and also
in the context of medicinal chemistry [158-161].

Huang et al. (2021) reported several 4-anilinoquinoline analogs to
suppress the DENV [162]. Of the synthesized compounds, only a few
105-109 (Table 18) showed potent inhibition against the DENV. The
inhibition activity (ECsg) of the lead compounds was in the range of
0.63-0.69 pM. However, most compounds displayed limited cytotox-
icity slightly greater than 10 pM. The mechanism of inhibition is still
under investigation. However, the authors conclude that the binding
affinity of the lead compounds to the multiple protein targets could
suppress DENV replication. Based on the SAR analysis, the existence of
electron-withdrawing groups and more specifically bromine as the
substituent as the R-group on the quinoline scaffold showed an increase
in the inhibition. Conversely, the existence of electron-donating groups
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Table 20
Acetylene-substituted Anilinoquinazoline scaffolds showing inhibition to DENV.
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Heterocyclic Scaffolds Inhibition Activity (ECsp) (pM)

Heterocyclic Scaffolds Inhibition Activity (ECso) (M)
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Fig. 27. SAR of the acetylene-substituted anilinoquinazoline scaffolds against the inhibition of DENV.
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Fig. 28. Structure and SAR of two Coumarins derived from the seeds of
Mammea americana.
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and heterocyclic scaffolds as the R’-position displayed improved inhi-
bition (Fig. 24). Thus, switching the electronic substituents on the
quinoline scaffold and substituted aniline can significantly affect the
inhibition activity.

7.9. Quinagolines

Quinazolines are N-containing bicyclic, aromatic heterocyclic scaf-
folds. The molecular backbone comprises benzene and pyrimidine
scaffolds fused collectively to form a whole aromatic ring structure. The
molecular formula of quinazoline is CgHgNy. Quinazolines possess a
broad range of biological and medicinal significance. These are the
widely used scaffolds often explored by medicinal chemists to synthesize
various drugs responsible for numerous diseases [163]. The most sig-
nificant biological activities they have been explored are anti-cancer,
anti-tuberculosis, anti-viral, anti-bacterial, anti-hypertensive, anti--
diabetes, anti-obesity, and many more [163-168].

Venkatesham et al. (2017) investigated two substituted-
aminoquinazoline compounds 100 and 111 (Fig. 25) for the anti-
DENV activities [169]. The outcomes showed that compound 110
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Table 21
Inhibition activity and cytotoxicity values of the few selected thiazole-based
compounds in the virus reduction yield assay against DENV2.
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Table 22
Several N-substituted 1,2-benzoisothiazol-3(2H)-ones derivatives and their in-
hibition activity.

Compound Heterocyclic Scaffolds ECso CCso SI Compound Heterocyclic Scaffolds %DENV ICso
No. (M) (HM) No. Inhibition (M)
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+ 4.16
N
/
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/
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posed the maximum inhibition among the other synthesized amino-
quinazoline derivatives (ECso and SI value of 2.6 uM and 2, respec-
tively). The SAR showed that the scaffolds 110 and 111 interact with the
binding pocket through hydrophobic interactions. The employment of
molecular docking proved that the proposed compounds inhibited the
NS2B-protease  successfully. Further, the existence of the
electron-releasing group at the para-position of the phenyl ring
improved the inhibition as compared to the electron-withdrawing group
(Fig. 25). Moreover, the cytotoxicity values got decreased with the
above replacement. This implies that the electron-releasing groups can
significantly boost the DENV-inhibition. This paves the way for a further
outline of anti-DENV compounds in the future. Thus, electron-releasing
groups at the p-position possess better inhibition ability as compared to
the m-position. Further, the existence of side-groups at 2- and 4-position
of the aminoquinazoline derivatives are vital for showing inhibition
activity.

Saul et al. (2020) synthesized several anilinoquinazoline compounds
112a-112j (Table 19) for the inhibition of dengue strains [170]. The
authors optimized numerous groups and obtained that the substitution
with chloro 112¢ and bromo 112d groups at the 6-position of the tri-
methoxy anilinoquinazoline scaffold posed the maximum effective in-
hibition. On the other hand, no inhibition or cytotoxicity is observed
upon substituting 6-methyl, 6-fluoro 112b, or 6,7-difluoro groups on the
backbone of the anilinoquinazoline derivative. Interestingly, the inter-
change of the 6-fluoro group to 6-chloro 112¢ or 6-bromo 112d, or
6-iodo 112e groups enhanced the inhibition activity to almost 10 times.
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Fig. 29. SAR of the N-substituted 1,2-benzoisothiazol-3(2H)-ones derivatives
against the inhibition of DENV.

Further, it was observed that when there is an increase in the electro-
negativity and the size of the substituent group is introduced, a fall in the
activity takes place. Interchanging halogen groups to position-7 also
marked a downfall in the inhibition. On the contrary, substitution with
the cyano-group 112g at position-7 led to a 5-fold increase in the inhi-
bition, while substitution of methylsulfone 112j had no effect. To sum
up, 6-iodo-4-((3,4,5-trimethoxyphenyl)amino)quinoline-3-carbonitrile
112e displayed the maximum inhibition (ECsy = 0.079 pM) towards
the dengue viral strain with some degree of cytotoxicity (Fig. 26). The
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Table 23
Inhibition activity of Y-shaped benzothiazole-based heterocyclic scaffolds
against DENV2 NS2B/NS3 protease.

Compound No. Heterocyclic Scaffolds % ICso
127 56%
>Z< Y iNJ ®
128 45%
H
il
e
N o
HO OH
HO
129 cl 58%
H
i
AP
N o
HO
Table 24

Inhibition activity of truncated benzothiazole-based heterocyclic scaffolds
against DENV2 NS2B/NS3 protease.

Compound No. Heterocyclic Scaffolds ICso (1M)
130 (@) 26.95 + 1.61
sy MK
e
HO N
131 (@) 4.38 + 0.38
ors K
Lrp-
HO N
132 O 5.97 £ 0.50
HO s @—C|
o
HO N
133 O 6.39 + 0.20
HO s }—Q—cm
e
HO N
134 (@) 4.86 + 0.33

HO s Cl
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various optimized structures of anilinoquinazoline are illustrated in
Table 19. The authors further explored the anilinoquinazoline scaffolds
based on the above results by introducing an acetylene group on the
phenyl ring 113a-113g (Table 20) [171]. The SAR in Fig. 26 reveals that
the existence of electron-withdrawing groups on Rj-position enhances
the inhibition activity. Moreover, all halogen substituents except the
fluoro-group cause an increase in the inhibition rate. Conversely, the
existence of electron-withdrawing substituents decreases the inhibition
activity present on the Ry-position. Thus, R; and Ry groups on the

Cl
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trimethoxy anilinoquinazoline scaffolds play a vital role in the inhibition
of dengue serotype. In the case of acetylene-substituted anilinoquina-
zoline scaffolds (Fig. 27) R4 and Rs positions are significant for greater
inhibition. The presence of acetylene further strengthens the rate of
inhibition.

8. O-containing heterocyclic scaffolds for the inhibition of
dengue virus

8.1. Coumarins

Coumarins belong to the class of oxygen-containing heterocyclic
compounds. The Coumarins are obtained from various natural product
sources, bacteria, and fungi and also can be synthesized chemically.
These compounds provide various therapeutic applications due to their
high stability, solubility, and low toxicity [172]. Coumarins can be
called privileged heterocyclic compounds. They display a broad range of
biological activities such as anti-viral, anti-microbial, anti-HIV, anti--
malarial, and so on [173,174].

Calder6n et al. (2017) reported an innovative strategy in which the
authors extracted two Coumarin scaffolds 114 and 115 (Fig. 28) from
the seeds of Mammea americana to study the inhibition of anti-viral in-
fections. The pre-experimental procedure indicated suppression of about
40% (p < 0.01) of the DENV2 infection while the post-experimental
procedure exhibited a 50% inhibition (p < 0.01). The scaffolds dis-
played low toxicity at a concentration [175]. The Coumarin 114 scaffold
inhibited DENV2 at concentrations greater than 3.1 pg/ml while
Coumarin 115 inhibited DENV2 at a concentration range of 0.8-200
pg/ml. Based on the SAR (Fig. 28), the existence of a cyclic 6-membered
structure on coumarin 114 is responsible for greater inhibition as
compared to the acyclic structure on coumarin 115.

Yusufzai et al. (2018) reported certain 4-thiazolidone [17] and
hydrazinyl thiazolyl [16] based Coumarin scaffolds and evaluated their
activity with the help of in-silico molecular docking. The results disclose
that the synthesized Coumarin derivatives show potential inhibition
towards the NS2B/NS3 DENV serine protease. The binding affinity in-
dicates the scaffolds involved in various hydrogen bonding and also
some polar interactions in the binding pocket of the serine protease.
However, the authors could not bring together the experimental eval-
uation which needs to be supplied in order to address the Coumarin
derivatives against the DENV infection and replication.

9. Mixed heterocyclic scaffolds

9.1. N, S-containing heterocyclic scaffolds for the inhibition of dengue
virus

9.1.1. Thiazoles or benzothiazoles

Thiazoles and benzothiazoles are the most important heterocyclic
compounds containing nitrogen atoms and sulfur atoms. Thiazoles are
rich in natural products, whereas benzothiazoles are rarely obtained
from natural products [176]. Benzothiazoles are bicyclic heterocyclic
compounds obtained from the fusion of benzene and thiazole cores
[177]. These compounds display a broad range of biological activities
and are utilized for pharmaceutical and medicinal chemistry purposes
[178]. The various biological and pharmacological activities of these
scaffolds are anti-bacterial, anti-protozoal, anti-viral, anti-cancer,
anti-allergic, gene-modulators, anti-schizophrenia, anti-hypertensive,
anti-inflammatory, and so on [176,179-181].

Jadav et al. (2015) synthesized several substituted-thiazole-based
scaffolds 116-119 (Table 21) to inhibit DENV serotype-2 [182]. The
anti-viral inhibitory activity was determined through the help of a virus
reduction yield assay. Upon screening the scaffolds, compound 119 was
found to be the most powerful inhibitor, with an ECsqg value of 1.32 in
micro-molar concentration. The application of in-silico molecular
docking revealed that the compounds show greater affinity to the
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Fig. 30. SAR of the benzothiazole-based heterocyclic scaffolds against DENV2 NS2B/NS3 protease.

Table 25
Inhibition activity of some selected conjugated thiazolidinone-thiazole scaffolds
against DENV-2 NS5 RdRp polymerase.

Compound No. Heterocyclic Scaffolds ICso (1M)
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Fig. 31. SAR of the conjugated thiazolidinone-thiazole scaffolds against DENV-
2 NS5 RdRp polymerase.

binding cavity of the -OG pocket of the viral protein. Several van der
Waals, H-bonding, and hydrophobic stabilization interactions
contribute to the inhibition of these compounds against the DENV-2
protein.

Batool et al. (2021) investigated a few N-substituted 1,2-benzoiso-
thiazol-3(2H)-ones 117-123 (Table 22) via a one-pot and two-step
protocol [183]. Upon screening the synthesized compounds, it was
observed that the compounds inhibited the DENV2 NS2B/NS3 protease
significantly. The dose-dependent investigation demonstrated that the
compounds inhibited the DENV2 protease in micromolar concentration.
The utilization of in-silico molecular docking revealed that the com-
pounds bind to the protease in the cavity of the catalytic triad of the
NS2B/NS3 protease. The SAR (Fig. 29) revealed that the existence of
ortho-substituent on the phenyl ring of the benzoisothiazole derivatives
123, 124, 125 shows a better inhibition rate than the para-substituents.
However, a potent electron-withdrawing group (-NO3) on the phenyl
ring of the benzoisothiazole derivative 120, 121 displayed considerably
less DENV inhibition. But, when an electron-donating group is inserted
at the ortho-position in the presence of -NO; at the para-position of the
benzoisothiazole derivative, 122 displayed powerful inhibition
(Fig. 29). Thus, scaffolds 125 and 126 displayed maximum inhibition
(Table 22). The docking outcomes show that the highest potent com-
pounds 125 and 126 exhibited a binding score of —7.6 and —6.2
kcal/mol, respectively. The results further display that the scaffolds bind
with DENV through some H-bonding, n-r interactions, and hydrophobic
interactions at the binding pocket of the NS3 catalytic pocket. Thus,
ortho-substitution and para-substitution effects DENV inhibition
considerably. Ortho-substitution displays greater inhibition as
compared to the para-substitution.

Maus et al. (2021) investigated several new benzothiazole scaffolds
to target the allosteric pocket of the DENV NS2B/NS3 protease [184].
The authors synthesized several sequences of Y-shaped benzothiazole
scaffolds, but only a few of them, 127-129 (Table 23), displayed
promising inhibition activity against the DENV. Furthermore, they
extended their investigation by truncating numerous benzothiazole
compounds 130-134 (Table 24). The results exhibited the DENV
serotype-2 protease suppression in the short micromolar concentration.
The benzothiazole scaffold containing the iodine as the substituent 131
displayed the maximum inhibition having an ICsg value of about 4.38
uM. However, when the iodine is replaced by chlorine 132 and dichloro
134, the inhibition rate got decreases marginally. Surprisingly, when
there is no substituent attached to 130, the inhibition rate decreased to
about 6-fold (Table 24). The SAR of the truncated benzothiazole scaf-
folds is presented in Fig. 30 which shows that various substituents pre-
sent on the phenyl ring of the truncated benzothiazole scaffolds affect
greater inhibition. However, the authors also observed that the absence
of any substituent decreases the inhibition rate. Upon extending their
search for better suppression activity, replacing various heterocyclic
compounds with different amino acid linkers posed an excellent inhi-
bition rate.

9.1.2. Thiazolidinones
Thiazolidinones are considered a crucial variety of heterocyclic
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Table 26
Inhibition activity of some selected 2,1-benzothiazine 2,2-dioxide against
DENV3 NS5 RdRp.

Compound No. Heterocyclic Scaffolds ICs (PM)
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compounds due to their broad array of biological practicalities. These
compounds are mostly explored in innumerable pharmaceutical and
medicinal chemistry [185,186]. The thiazolidinone scaffold shows
numerous biological applications, including anti-bacterial, anti-viral,
anti-fungal, anti-diabetic, anti-inflammatory, anti-cancer, and so on
[187-189]. Manvar et al. (2015) reported several thiazolidinone and
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thiadiazole conjugated scaffolds 135-139 (Table 25). The authors uti-
lized these scaffolds to inhibit DENV serotype-2 RdRp in micromolar
concentration [190]. The optimization of reaction conditions demon-
strated that compounds 135 and 136 show the maximum suppression of
the DENV2 RdRp. The application of SAR infers the presence of halogens
is significant for the inhibition of DENV2 RdRp (Fig. 31). More specif-
ically, the substitution of 3-fluorobenzilidine at the C-5 position of the
thiazolidinone scaffold displays the ideal switch. However, the presence
of 2-chlorophenyl and 3-fluorophenyl exhibited the maximum sup-
pression. The inhibition activity of various conjugated
thiazolidinone-thiazole scaffolds is shown in Table 25. The in-silico
molecular docking reveals that the compounds bind to the Thumb
pocket-II of DENV serotype-2 RdRp NS5 polymerase. Based on the SAR
(Fig. 31), modulation of various substituents on R; and Ry affects the
inhibition activity.

9.1.3. Benzothiazines

Benzothiazine derivatives are considered one of the most vital
compounds in pharmaceutical and medicinal chemistry. These com-
pounds have been presented as various drug intermediates, inhibitors of
corrosion, stabilizers in the vulcanization of rubber, and also used as
fading items to obstruct the fading process [191]. Apart from various
industrial applications, these analogs are important in biological appli-
cations. They have been reported as anti-viral, anti-microbial, anti-HIV,
anti-hypertensive, immunomodulators, neuroprotective, anti-oxidant,
anti-rheumatic, ATP-sensitive potassium channel opener, aldose reduc-
tase inhibitors, and many more [192-194].

Cannalire et al. (2018) reported several 2,1-benzothiazine 2,2-di-
oxides 140-146 (Table 26) to suppress DENV3 NS5 RdRp [195]. Based
on the SAR, compounds 140 and 141 exhibited the maximum inhibition
rate (ICsp) of 0.6 and 0.9, respectively, in the micromolar concentration.
This implies that the existence of the benzoyl group at the C-4 position
and phenoxy substituent at the C-6 position plays a key role in inhibiting
the DENV3 NS5 RdRp. The substitution of different halogen groups also
contributed to enhancing the inhibition activity of the
benzothiazine-derivatives. The compounds with no halogen-substituted
to the benzoyl-group posed a decrease in the inhibition activity (Fig. 32).
Based on the kinetics analysis and microscale thermophoresis analysis,
the binding mechanism of other compounds acts by a mixed mechanism
of inhibition. This implies that the binding to the RdRp is not dependent
on the RNA and GTP substrates. Furthermore, the application of
computational studies reveals that compound 140 performs as a
non-competitive inhibitor. The most potent compound 140 (Table 26)
binds to the N-pocket of NS5 RdRp via an allosteric mechanism. Thus,
the substituents at R; and Ry contribute significantly to the inhibition of
DENV3 NS5 RdRp. Strongly electron-donating and
electron-withdrawing groups tend to decrease the inhibition. Also, o- or
m-substitution at R3 plays a significant role in the inhibition (Fig. 32).

9.2. N, O-containing heterocyclic scaffolds for the inhibition of dengue
virus

9.2.1. Oxadiazoles

Oxadiazoles are 5-membered heterocyclic scaffolds. The structure of
oxadiazole contains two nitrogen atoms, one oxygen atom, and two
carbon atoms. There exist four possible isomers of Oxadiazoles: 1,2,3-
oxadiazoles, 1,2,4-oxadiazoles, 1,3,4-oxadiazoles, and 1,2,5-oxadia-
zoles. The aromaticity of the oxadiazole scaffolds is significantly low-
ered due to the replacement of two nitrogen atoms in the place of two
CH bonds [196]. Oxadiazoles possess a broad range of therapeutic ap-
plications [197]. Besides this, these privileged scaffolds display a broad
array of biological applications such as anti-viral, anti-bacterial,
anti-tuberculosis, anti-cancer, anti-HIV, anti-convulsant, analgesics,
pesticide, and so on [198-201].

Benmansour et al. (2016) reported the synthesis and the anti-dengue
activity of numerous 2-phenyl-5-[(E)-2-(thiophen-2-yl)ethenyl]-1,3,4-
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Fig. 32. SAR of the 2,1-benzothiazine 2,2-dioxide against DENV3 NS5 RdRp.

Table 27
Inhibition activity of various oxadiazole derivatives against the DENV2 RdRp.
Compound Heterocyclic Scaffolds ICso
No. (uM)
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Table 28

Inhibition activity of the most potent oxadiazole derivatives against the DENV1-
4.

Compound Vero E6 DENV-1 DENV-2 DENV-3 DENV-4

No. CCso EGso (uM)  ECso (M)  ECso (M)  ECsp (pM)
(uM)

147 >100 2.0 2.7 3.7 3.0

149 30 5.9 4.7 - -

150 >100 6.9 12 9.8 10.0

151 >100 2.5 2.6 3.0 3.0

oxadiazole and 3-phenyl-5-[(E)-2-(thiophen-2-yl)ethenyl]-1,2,4-oxadia-
zole analogs [15]. A few of the various analogs, 147-153 (Table 27),
displayed maximum inhibition against the DENV2 RdRp. Upon
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screening the analogs against the infected cells model, the inhibition
activity was acquired in the submicromolar concentration range. The
authors screened the compounds against all the DENV cell lines obtained
from the clinical isolates. The results displayed that compounds 147,
149, 150, and 151 were the most efficient against all the DENV sero-
types (Table 28). The SAR (Fig. 33.) of the oxadiazole-derivatives re-
veals that the existence of chlorine on the thiophene ring plays a
contributing role in the inhibition activity. Further, the existence of
chlorine substituents at the p-position enhanced the inhibition activity
while chlorine at the m-position decreased the inhibition activity. Thus,
p-substituents on the phenyl ring and bromo-substituent on the thio-
phene are the vital position where the inhibition takes place.

Tok et al. (2017) reported various 1,3,4-oxadiazole analogs 152-157
(Table 29) to suppress the larvicidal and adulticidal activity of several
Aedes aegypti mosquitoes [202]. The outcomes indicated that the syn-
thesized oxadiazole scaffolds did not display larvicidal inhibition;
rather, a few of the oxadiazole scaffolds exhibited inhibition towards the
adulticidal activity of Aedes aegypti mosquitoes. The mortality rates of a
few compounds 152-155 were >80% at about 5 pg per mosquito con-
centration. The application of dose-response bioassay indicated that a
few of the compounds 152-155 displayed LDsg values in the range of
about 5-10 pg per mosquito. The SAR (Fig. 34) directed that substituent
on the phenyl ring significantly contributed to the adulticidal activity.
For instance, the addition of nitro (-NO5), bromo (-Br), and chloro (-Cl)
substituents possesses a greater mortality rate. But, the addition of
fluoro-substituent decreased the mortality rate.

Hamdani et al. (2020) synthesized several S-alkylated and S-
alkylphthalimidated scaffolds by fusing 1,3,4-oxadiazole and benzene-
sulfonamide 158-162 (Table 30) [203]. The authors reported the scaf-
folds to examine their inhibition against the DENV serotype-2. The
application of the bioactivity assay demonstrated that compounds 158
and 159 exhibited the highest inhibition, having ICs5¢ values of 13.9 uM
and 15.1 pM, respectively. The results of a few of the most potential
scaffolds are summarized in Table 30. The docking analysis revealed
that compound 158 possesses the maximum binding affinity (—9.0
kcal/mol). The computational results further illustrate that the com-
pounds bind to the allosteric pocket of the DENV2 NS2B/NS3pro re-
ceptor. Further, the presence of the phthalamide moiety displayed
several H-bonding interactions with the Trp-83 and Asn-165. Moreover,
hydrophobic stabilization has also contributed to the overall affinity of
the scaffolds. However, further work is needed to quantify the structure
for the fine-tuning of anti-viral activities. The SAR (Fig. 35) analysis
revealed that the existence of isoindoline-1,3-dione as the substituent of
oxadiazole scaffold enhances the inhibition activity. Also, increasing the
alkyl chain causes greater inhibition. Moreover, the presence of -CH3 on
the phenyl ring causes a decrease in the inhibition while ~CF3 enhances
the inhibition rate. Thus, the length of the alkyl chain and the sub-
stituents on the phenyl ring are the most contributing factors to the
inhibition of the DENV.

Adawara et al. (2021) carried out a computational analysis of 25
oxadiazole scaffolds to study the inhibition of DENV [204]. The authors
support their findings with the aid of quantitative structure-activity
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Fig. 33. SAR of the oxadiazole derivatives for the inhibition of DENV.

Table 29

Mortality rate and LDs, values of a few selected oxadiazole derivatives against the female Aedes aegypti mosquitoes.

Compound No. Heterocyclic Scaffolds
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relationship (QSAR) and molecular docking. The computational analysis
supported their results against the DENV serotype-2 NS5. The MD
simulation outcomes exhibited several hydrogen bonding and hydro-
phobic stabilizing interactions with the binding pocket of the DENV2
NS5 receptor. The molecular docking results indicated that compounds
164 and 165 (Table 31) exhibited the maximum binding affinity value
of —19.1 kcal/mol. This indicates that the presence of halogen sub-
stituents performs a significant function in the binding to the pocket of
the NS5 receptor (Fig. 36). Compound 163 exhibited the minimum
binding affinity. However, the hydrogen bond energy value of com-
pound 163 was found to be the highest (—3.9 kcal/mol) among the other
potent inhibitors. The perceived value of 163 can be ascribed to the
existence of the methoxy group, which binds to the pocket efficiently.
Thus, this observation can significantly play a key role in designing
several oxadiazole-based inhibitors for overpowering the DENV
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replication (Table 31). The presence of halogens might significantly
contribute to the formation of hydrogen bonds, which eventually cause
inhibition activity in the DENV serotype-2 (Fig. 36).

10. Summarizing the SAR analysis of reported heterocyclic
scaffolds for inhibiting the DENV

So far, we have elaborately outlined the various heterocyclic scaf-
folds that significantly inhibit the DENV serotypes. The various scaffolds
and the respective SARs assisted in quickly capturing the group or the
substituent responsible for inhibiting the DENV. In this section, we have
summarized the SARs of each category of the heterocyclic scaffolds. The
information will enable the reader to grasp the concepts and the struc-
tural patterns of the reported heterocyclic inhibitors. The quick access to
the structural patterns will assist the researchers working in medicinal
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rate

Fig. 34. SAR of the oxadiazole derivatives against the female Aedes aegypti mosquitoes.

chemistry, organic synthesis, and pharmacology to design and report
promising scaffolds that will contribute to the development of DENV
vaccines. Altogether, we aim to recollect the multiple pieces of literature
and conclusively present them so that the information present in it will
enable a boost in the DENV research. The summarized SARs of N-het-
erocyclic (Table 32), O-heterocyclic (Table 33), N, S-heterocyclic
(Table 34), and N, O-heterocyclic (Table 35) scaffolds are discussed.

Table 30

11. Conclusion

In this review, we have rationalized the role of numerous heterocy-
clic compounds in the inhibition of DENV. Heterocyclic compounds are
present in almost all drug categories. The occurrence of nitrogen, oxy-
gen, and sulfur atoms in the molecular structure of the heterocyclic
scaffolds have contributed significantly to its numerous therapeutic
applications. However, for the discovery of every new drug, the viral
organisms adapt to the new drug and deem themselves resilient to the

Inhibition activity and binding scores of the S-alkylated and S-alkylphthalimidated analogs against the DENV-2.

Compound No. Heterocyclic Scaffolds % Inhibition of DENV2 ICs0 (pM) Docking Score (kcal/mol)
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Fig. 35. SAR of the S-alkylated and S-alkylphthalimidated oxadiazole derivatives against DENV-2.

Table 31

Binding affinity values and the H-bond energy of the selected oxadiazole scaffolds.

Compound No. Heterocyclic Scaffolds

Binding affinity (kcal/mol) H-bond energy (kcal/mol)
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Fig. 36. SAR of the oxadiazole scaffolds.

drug. This poses a huge challenge for medicinal chemists and also to
pharmacists. The development of heterocyclic compounds provides
them a free hand in designing various drug candidates in terms of lip-
ophilicity, solubility, and polarity. Further, the use of computational
tools has considerably contributed to the rapid design of drug moieties.

Apart from the numerous benefits of heterocyclic compounds, there
are still many concerns that need to be looked upon. As of now, there are
no marketed drugs accessible for DENV treatment. The treatment of
DENV has many challenges. The foremost challenge of anti- DENV drugs
is to be effective against all the serotypes and genotypes. In the majority
of the heterocyclic compounds we have discussed, the compounds have
exclusively inhibited only some particular serotypes. These challenges
need to be looked into by fellow researchers and scientists who are
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working towards the design and therapy of drugs containing heterocy-
clic scaffolds. Another obstacle that still needs to be addressed is the
evidence regarding the host factors that cause the pathogenesis of DENV
infection. This challenge has not been reported to date. Further, we have
witnessed the lack of evidence regarding the mechanism of action of
numerous drugs. Information on the mechanism pathway can be a major
contribution to identifying and designing heterocyclic compounds for
better inhibition capability. To address all the above concerns, re-
searchers should aim for the viral proteins rather than the host proteins.
By following this strategy, the cytotoxicity or the side-effect of the
heterocyclic scaffolds or drug molecules can be overcome.

Furthermore, several studies are being conducted to collect addi-
tional data on the inhibitory activity of heterocyclic scaffolds in dengue
infection. It will contribute to a better understanding of heterocyclic
scaffolds’ antiviral activity against the DENV by limiting their cytotoxic
effects on the host cell. Achieving these conditions will provide a satis-
factory interpretation of the potential therapeutic activities of these
heterocyclic scaffolds against dengue infection and lead to the discovery
of novel drug candidates leading to the suppression of DENV infectivity
and its replication.
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Table 32
Comprehensive SAR of the reported N-heterocyclic scaffolds.
N-Heterocyclic SARs Key Highlights References
Scaffold
Triazole (0] o Inhibits the MTase inhibitor. [91]
The bulki iivl o The presence of bulkier substituents on the silyl
e bu erl1nheasnsc(e)2 tsf:é/ -group ETTLITION | NH group and triazole moiety enhances inhibition
** . tivi
inhibitory activity ~ === £ L R N0 activity.
of the triazole-scaffolds ’~.R_‘_§_'_"’
0}
The bulkiness of R'-groups on .,
the triazole scaffold = RN,
plays a crucial role in the ":\[ N
enhancement of N
anti-dengue activities
Here, R and R’ are the
bulkier substituents
The presence of halogen e Inhibits the ns2B-nsP3 protease. [92]
e?\l:;f\t:i:;n::e e The presence of halogens as substituents affects
27 inhibition activities inhibition.
g
NH
[¢]
N J
Ry The position of the //
N amide-linkage & -
Binding Energy = -141.595 kJ/mol  affect the inhibition ~ Binding Energy = -140.435 kJ/mol
activity
Pyrazole /—\ e Inhibits DENV. [101]
X X N o EDG decreases inhibitory activity.
\/ e EWG increases inhibitory activity.
NH
Electron donating groups 00 "yt Electron withdrawing groups
or Methyl groups : ' or unsubstituted (-H) groups
tends to decrease the : i tendstoincrease the
inhibitory activity against : R, + inhibitory activity against
Y
e Inhibits DENV2. [102]
o The existence of -SO,NH, at the Ry-position
exhibited the highest inhibition.
ECso = 1.09
CCsp=>200
SI=>18349 ¢
= M ECsy=1.36
ECso = 0.81 "= The presence of -SO,NH, group 50~ -
CCyp = >200 enhances the inhibitory actiivity CCso =>200
Sl =>246.91 significantly as compared to SI=>147.06
-OCH, and -F groups
o Inhibits DENV2. [103]

Responsible for inhibition
of DENV2 NS2B/NS3 protease
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e The existence of fluorine exhibits maximum
inhibition.

(continued on next page)
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N-Heterocyclic SARs Key Highlights References
Scaffold
Imidazole Presence of electron-withdrawing e Inhibits the RdARp DENV polymerase. [115]
group at this position increases e The existence of cyano substituent on the imidazole
the inhibitory activity ring exerts greater inhibitory activity as compared
\ . q to the amide substituent.
N N o The rate of inhibition got enhanced when the
</ Addition of -CN increases substituent on the ribofuranosyl is oxygen followed
HO HO S the inhibitory activity by sulfur and selenium.
X S
HO OH HO OH
EICAR EICNR
X=0 or S or Se
Rate of Inhibitory activity: O > S > Se
Pyridine & Involved in chelation of the o Inhibits the RARp DENV polymerase. [120]
Fused (3!-1' divalent metal ions e Involved in chelation of the divalent metal ions
Pyridine -“ Oh" a present at the active-site of the present on the active site of DENV RdRp
8 ‘s H"‘ RdRp DENV polymerase polymerase.
2 K
N26h
DMB220 0o
AN 0 - The substituted phenyl analogs e Shows greater fifﬁnity t?wards GAK. - [124]
on fused isothiazole ring, affects the . Electron-don.atmg. substituents on the phenyl ring
0 . S of the fused isothiazole scaffold enhanced the
yZ anti-dengue activities inhibition activity.
'| - Presence of electron-donating o Substituents on the phenyl ring and the isothiazole
' substituents on the phenyl present on the ring are crucial for showing anti-dengue activity.
fused isothiazole ring
TOQH_S_affeCts_ _ S increases the inhibitory activity
the inhibition activity h R‘: w3 - Presence of electron-withdrawing
‘ot substituents on the phenyl present
on the fused isothiazole ring
decreases the inhibitory activity
The substituent e Shows inhibition towards GAK. [127]
is varied and o The existence of substituted morpholine group at 3-
/’ is repo_nsi.bl_e. for position and aryl substituent at 6-position is
7 GAK inhibition . . -
> - - when Ar = 3,4-Dimethoxyphenyl, responsible for exhibiting GAK inhibition.
g X‘ﬁ 1 N exhibited maximum inhibition
A NN ¥ C ‘s
fnnnd| [ S 2 ey .
SN X3 N
| =
The substituent at
position-3 Ar = (substituted) aryl
is kept fixed X = NH, alkenyl, alkynyl or absent
Pyrazine Presence of pyrazine ring o Inhibits DENV. [101]

Electron-donating groups
or Methyl groups
tends to increase the
inhibitory activity against
DENV

. increases the inhibitory activity

nnnnnnny &

Electron-withdrawing groups
or unsubstituted (-H) groups
tends to decrease the
inhibitory activity against
DENV

.
'
'

R

R

ansnnnnnan?

'
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Pyrazine moiety contributes significantly to the
inhibition activity.

Electron-donating, as well as electron-withdrawing
substituents, play a critical role in the rate of
inhibition.

(continued on next page)
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N-Heterocyclic SARs Key Highlights References
Scaffold
Pyrimidine Electron-donating and e The existence of electron-donating and electron- [139]
TR Electron-withdrawing o withdrawing groups on the substituted pyrimidine
PR ¢ substituentsonthe = >LR’ scaffold affects DENV.
feys’ phenyl ring affects the “1° o The existence of the -OCF3 group at a different
NZ inhibition activity N* | po%lt%on on the phenyl ring affects the inhibition
/k\ | )\\ activity.
oeme,, HNTON HN™ N
{F4COz
.T-“ :‘.--..‘
v R
The presence of -OCF; T
ier v
at the ortho-position The presence of -OCF;
enhances tl_1e_ inhibition at the meta-position
activity enhances the inhibition
activity
e Suppresses activity against all the DENV serotypes. [141]
O - The presence of piperidine ring e The presence of the Piperidine ring and the length
O enhances the inhibitory activity of the side-chain on the pyrimidine scaffolds
enhance the dengue inhibition.
NH - The presence of heterocyclic o Heterocyclic scaffolds as side-groups posed a
N scaffolds decreases the decrease in the inhibition activity.
| N inhibitory activity
Asree
NS R: <=  .The length of the side-chain
i increases the inhibitory
activity
Indole o Inhibits the larvicidal activity of Aedes aegypti [151]
mosquitoes.
,")Z’: e The existence of chlorine and bromine as the side
7.'~ =* N\ groups of the indole-ring hinders the growth of
4 larvae.
The presence of chlorine H o The existence of the -COOH group increases the
or bromine decreases the growth of larvae.
growth of larvae The presence of -CO,H
(X =ClorBr) increases the growth
of larvae significantly
Presence of monocyclic or bicyclic o Inhibits DENV2. [152]
(Het)aryl groups are preffered o The presence of the methoxy-group at the meta-
Displays difference in the activity position is responsible for the maximum and se-
O between the two enantiomers lective inhibition.
aore, e Monocyclic or bicyclic aryl groups are the preferred
o] :.OM e:. choice for displaying inhibition activity.
Rk
O N 4 :pMe}
N “*** . Presence of 3,5-dimethoxy group
H provides an increase in
10-fold inhibition
EC5, = 0.0078 uM i
CCyp = 29 uM - Also, |mpro.ves.the )
Sl =380 pharmacokinetics profile
Presence of p-Nitro hydrazine e Inhibits DENV2. [153]

groups plays a significant role
in the anti-dengue activity

sesnmunw » & CEET T

: \; NO2 Silylating groups further
. : enhances the DENV

: replication

: 5 : »

H o s NH.E .

yasnnn R

.
o

* .
o s
o .
o \ .
. .
.

.
%0 o
. .

: P4
“'

.
o

ECso = 4.79 £ 0.82
CCso =>100

ECso = 9.35 £ 3.03
CCso=>100
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The p-nitro hydrazine substituents significantly
enhance the anti-dengue activity.

The presence of silylating protecting groups
suppresses dengue replication.

(continued on next page)
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N-Heterocyclic SARs Key Highlights References
Scaffold
- Cyclohexyl as the substituent e Inhibits DENV-2 protease. [154]
R shows the maximum inhibition o The presence of the furyl-group enhances the anti-
S L 3 dengue activity.
HN—" - Plperlfilne as thf_b Sl:lb_s_tltuem o The existence of cyclohexyl or piperidine
o m shows improved inhibition substituents at the R’-position displayed improved
“RF W o inhibition.
Presence of Furyl-substituent
as the substituent shows
the maximum inhibition
Quinoline N o The electronic substituents on the quinoline [162]
@ scaffold and substituted aniline can significantly
HN % affect the inhibition activity.
e Bromine as the substituent as the R-group on the
quinoline scaffold showed an increase in the
-The presence of m-substituted electron- inhibition.
donating groups increases the inhibition activity o The electron-donating groups and heterocyclic
- NHMe substituent displays enhanced scaffolds as the R’-position displayed improved
-The presence of electron-withdrawing inhibitory activity inhibition.
groups increases the inhibition activity - The presence of heterocyclic substituent
- The presence of bromine substituent possess greater inhibition
possess greater inhibition
Quinazoline o Inhibits NS2B-protease. [169]
;\l\ NH /N\ NH o The electron-releasing groups at the p-position
- _ possess better inhibition ability as compared to the
m-position.
o The side-groups at 2- and 4-position of the amino-
HN RELTN HN . quinazoline derivatives are vital for showing inhi-
. CH . .“F.\ bition activity.
~N '0..?'. SN '--‘:
~ “
PN Py
H H
EC50 =26 EC50 =6.7
0050 =5.8 CC50 =8.7
Substitution of -CH3 at the p-position
improves the anti-DENV activity
OMe o The electron-withdrawing groups on the R;-posi- [170]
MeO tion enhance the inhibition activity.
- The presence of electron-withdrawing e Halogen substituents except for the fluoro-group
MeO increases the activity cause an increase in the inhibition rate.
- The presence of halogens increase the e The electron-withdrawing substituents decrease
activity except fluorine which shows the inhibition activity present in the Rp-position.
moderate activity
- The addition of -CN enhances the activity
- The addition of -H has moderate activity
- The presence of electron-withdrawing
decreases the activity
- The addition of halogens decreases
the activity
- The addition of -H has moderate activity
-Ry =R, =Rz = H, produces the minimum ECj, value e R4 and Rs positions are significant for greater [171]

- Presence of Fluorine in R4/ Ryf R, increases the ECs, value
R, Ry

2

Yeras®

ot th, heti

R PR -P of
AN W AT~ decreases the inhibition activity

l p D -R4=land R, =F, produces the least EC5,
ﬂ N YRy -P

of el withdrawing substituent
s at Rs-position, produces higher EC5, value
The presence of acetylene
is effective in producing lower
effective concentration

inhibition.
o The presence of acetylene further strengthens the
rate of inhibition.
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Table 33
Comprehensive SAR of the reported O-heterocyclic scaffolds.
O-Heterocyclic SARs Key Highlights References
Scaffold
Coumarin The cyclic 6-membered ring The acyclic structure e Inhibits DENV2. [175]
enhances the inhibition decreases the inhibition o The existence of a cyclic 6-membered structure on the
coumarin 114 is responsible for greater inhibition as
compared to the acyclic structure on coumarin 115.
114 115
ECs = 9.6 pg/ml EC5 = 2.6 ug/ml
CCs = 3150.0 ug/ml CCsp = 549.8 pg/ml
Sl =328.1 SI=211.5
Table 34
Comprehensive SAR of the reported N, S-heterocyclic scaffolds.
N, S-Heterocyclic SARs Key Highlights References
Scaffold
Thiazoles or - substituents at ortho- and para- o Inhibits DENV2 NS2B/NS3 protease. [183]
Benzothiazoles o position display maximum inhibition e Ortho-substitution displays greater inhibition
as compared to the para-substitution.
- Chloro and hydroxy substituents display
optimum inhibition
- Substitution of -NO, at o- and p-position
decreases the inhibition
- -CHj; at o-position and -NO, at p-position
enhances the inhibition
- Presence of various substituents o Inhibits DENV2. [184]
at this position affect the dengue o Various substituents present on the phenyl
virus inhibition : :
o ) ring of the truncated benzothiazole scaffolds
HO iR <:| - Halogens at o-position enhances affect greater inhibition.
S .
: N4 wae the inhibition o The absence of any substituent decreases the
7 inhibition rate.
HO N - Unsubstituted position decrease
the inhibition
Thiazolidinones e DENV-2 NS5 RdRp polymerase. [190]
e Modulation of various substituents on Ry and
R; affects the inhibition activity.
N-N
@
X
=
. 'A DY
"Rz
Presence of halogens affects the inhibition activity
Benzothiazines e /‘\ e Inhibits DENV3 NS5 RdRp. [195]
- ‘Rer - Presence of difluoro substituents e R; and R; contribute significantly to the
-Br at o- and m-position ¥ e, P L
enhance the activity Ry — enhance the activity inhibition of DENV3 NS5 RdRp.
e . . e Strongly electron-donating and electron-
ﬂ - Unsubstituted groups slightly decrease withdrawing groups tend to decrease the
the inhibition inhibition.
oo 0] e The o- or m-substitution at R plays a

- Strong electron-donating and electron-

"Ryt
2 withdrawing decrease the inhibition

(0]
.‘ N O
©/ .80,

/

=z

significant role in the inhibition.
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Table 35
Comprehensive SAR of the reported N, O-heterocyclic scaffolds.
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N, O- SARs

Key Highlights References
Heterocyclic
Scaffold
Oxadiazole g O-N - The presence of Chlorine at ¢ Inhibits DENV2 RdRp [15]
:P_r’w \ ~ihs P-p_os_i?ion increases the e The existence of chlorine on the thiophene ring plays
N \ //'"'<: inhibition a contribution to the inhibition activity
. o The existence of chlorine substituents at the p-
- The presence of Chlorine at L h inhibiti . hil
The presence of bromine at m-position decreases the position enhanced the inhibition activity while
this position is crucial for inhibition chlorine at the m-position decreased the inhibition
the inhibition activity
o The p-substituents on the phenyl ring and bromo-
substituent on the thiophene are in a vital position.
O O o Suppress the larvicidal and adulticidal activity of [202]
~N )k \\S/ several Aedes aegypti mosquitoes.
| \>\N N \\O e The nitro (-NOs), bromo (-Br), and chloro (-Cl)
o) \/’ substituents showed a greater mortality rate.
. o The fluoro-substituent decreased the mortality rate.
R ..
‘. - ﬂ'
- The presence of substitutents on
the phenyl ring affects the mortality
rate
- The addition of -NO,, -Br and -Cl display
greater mortality rate
- The addition of -F decreases the mortality
rate
Increasing the alkyl chain causes greater inhibition o Inhibits DENV2. [203]
o The length of the alkyl chain and the substituents on
Presence of isoindoline-1,3-dione the phenyl ring are the most contributing factors to
enhances the activity the inhibition.
I\ KA ﬁ N-N e The presence of ~-CH3 on the phenyl ring causes a
gZ ¢ »\S ¢ 0¥ 0, &Y S decrease in the inhibition while —-CF5 enhances the
o, N 0 f o, S\N 0 inhibition rate.
R H ‘ \RY H \ =
s L,/
‘0.’ ': ,’ N R"/'u
* . ,/ ‘. »'
\ "-...-',,/
- Presence of -CF causes increase in inhibition‘ o
- Presence of -CH; causes decrease in inhibition The substitution here, affects the
inhibition activity
The presence of halogens is crucial o Inhibits DENV2. [204]
for greater binding affinity e The presence of halogens forms H-bond which causes
P’ 7 greater binding affinity.
/// "
v
Dl .
'Br: 4 | N X"
an® . o
STNANO0 )
| > N\
N~ N —
(X =F or Cl)
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C protein Capsid protein
CCsg 50% Cytotoxic Concentration
CLEC5AC type lectin domain containing 5A

COX Cyclooxygenase
CVS Cardiovascular system
DCs Dendritic cells

DC-SIGN Dendritic Cell-Specific Intracellular Adhesion molecule-3-
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Grabbing Non-integrin
DENV  Dengue Virus
DFT Density Functional Theory
DHF Dengue Haemorrhagic Fever
DNA Deoxyribonucleic acid
dsRNA  Double-stranded RNA
E protein Envelope Protein
ECso Half maximal Effective Concentration
EM Endosomal membrane
ER Endoplasmic Reticulum
GAK Cyclin G-Associated Kinase
GAPDH Glyceraldehyde- 3-phosphate dehydrogenase
Hb Hemoglobin
ICso Half maximal inhibitory concentration
ICog 90% inhibitory concentration
IFN-a/f Interferon alpha/beta
JAK Janus Activated Kinase
JEV Japanese Encephalitis Virus

MAVS Mitochondrial Antiviral Signaling Protein

MD Molecular Docking

MDS Molecular Dynamics Simulation

mRNA  messenger RNA

MTase  Methyl transferase

NSAID  Non-Steroidal Anti-Inflammatory Drug

IgM Immunoglobin M

IgG Immunoglobin G

prM precursor-Membrane

QSAR Quantitative Structure-Activity Relationship
RdRp RNA-dependent RNA polymerase

RNA Ribonucleic acid

SAM S-Adenosylmethionine

SAR Structure-Activity Relationship

SI Selective Index

SLEV St. Louis Encephalitis Virus

ssRNA  single-stranded Ribonucleic Acid

STAT Signal Transducer and Activator of Transcription
TBDPS tert-Butyldiphenylsilyl

TBEV Tick-borne Encephalitis Viruses

TBS tert-butyldimethylsilyl

TGN Trans-Golgi Network

THP Tetrahydropyran

TIPS Triisopropylsilyl

TLR4 Toll-like receptor-4

US-FDA United States-Food and Drug Administration
UTRs Untranslated Regions

WNV West Nile Virus

YFV Yellow Fever Virus.

ZIKV Zika Virus.
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