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Abstract: In recent years, indolylglyoxylamide-based derivatives have received much attention
due to their application in drug design and discovery, leading to the development of a wide array
of compounds that have shown a variety of pharmacological activities. Combining the indole
nucleus, already validated as a “privileged structure,” with the glyoxylamide function allowed for
an excellent template to be obtained that is suitable to a great number of structural modifications
aimed at permitting interaction with specific molecular targets and producing desirable therapeutic
effects. The present review provides insight into how medicinal chemists have elegantly exploited the
indolylglyoxylamide moiety to obtain potentially useful drugs, with a particular focus on compounds
exhibiting activity in in vivo models or reaching clinical trials. All in all, this information provides
exciting new perspectives on existing data that can be useful in further design of indolylglyoxylamide-
based molecules with interesting pharmacological profiles. The aim of this report is to present an
update of collection data dealing with the employment of this moiety in the rational design of
compounds that are able to interact with a specific target, referring to the last 20 years.

Keywords: indolylglyoxylamide; privileged structure; therapeutic effects; indole; glyoxylamide

1. Introduction

The concept of a “privileged structure” was proposed in 1988 by Evans and coworkers
to define structural moieties able to furnish, with appropriate decorations, small molecules
that are able to interact with different targets, receptors, or, more generally, proteins; actually,
smart modifications of these structures could represent a fruitful strategy for the design
and development of new receptor agonists/antagonists/allosteric modulators, enzyme
inhibitors/activators, protein—protein interaction modulators, and so on [1].

The indole scaffold (Figure 1) emerges as one of the most important structural subunits
for discovering novel drug candidates [2—4]. The evidence that indole constitutes a common
structural feature of many biomolecules and natural products such as tryptophan, ergot
alkaloids, and the neurotransmitter serotonin triggered extensive study of indole chemistry,
leading to the development of a huge number of synthetic indole-based derivatives with
biological activity. Many of them became drugs and others are useful for pharmacological
purposes, but the majority became lead prototypes, validating the indole scaffold as a
privileged structure [5].
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Figure 1. Structure of the basic indolylglyoxylamide scaffold.

A nitrogen lone pair is implicated in maintaining the aromaticity of the indole ring,
with the nitrogen proton being very slightly acidic (pKa ~ 17) and able to engage in H-bond
interactions with specific target proteins [5]. This interaction may be crucial to the anchoring
of indole derivatives to certain molecular targets. As an example, Da Settimo and coworkers
highlighted the crucial role of the indole N-H in a series of indolylglyoxylamides with
activity on the central benzodiazepine receptor (BzR) [6]. Despite the literature indicating
that the N-H group as a donor of hydrogen bonds was not required to have BzR affinity,
it was shown that all derivatives featuring a benzofuran and benzothiophene nucleus
possessed a lower affinity for the receptor compared to those bearing an indole nucleus [6].

In addition, the indole ring is able to establish noncovalent interactions due to its aro-
maticity, such as 7 stacking or cation—mt interactions [7]. In this respect, two example
studies of G protein-coupled receptors (GPCRs) were reported by Bondensgaard and cowork-
ers [8] and Rad and colleagues [9], not only showing the crucial role of the indole scaffold
in the molecular recognition of the target receptor but also, most importantly, proposing
the biological validation of the indole substructure as a truly privileged scaffold for GPCR
targets [8,9]. The concept of “biological validation” was used to distinguish “chemically privi-
leged” substructures from privileged scaffolds that have overcome biological tests, gaining
clinical significance [9].

The propensity of amides to establish hydrogen bonds has been extensively studied
and exploited in crystal engineering [10]. In this respect, glyoxylamides provide a greater
number of features with respect to a simple amide function. They introduce a greater
degree of versatility to the system due to the possibility to form an additional hydrogen
bond through the keto group and the variable glyoxylamide torsional angle [11].

The combination of the indole nucleus with the glyoxylamide function originated
an excellent template, the indolylglyoxylamide moiety (Figure 1), which is suitable to a
great number of structural modifications either to produce a specific therapeutic effect or to
improve the pharmacokinetic (PK) profiles of biologically active molecules [12]. Actually,
the synthetic ease and versatility of the indole nucleus and the potency attributed to glyoxy-
lamides have led to the development of a wide array of indolylglyoxylamide compounds,
which have shown different pharmacological effects in medicinal chemistry [12].

The purpose of this report is to provide an update of collection data dealing with
the employment of indolylglyoxylamide moiety in the rational design of compounds
able to interact with specific targets. Altogether, this information provides exciting new
perspectives on existing data that can be useful in further design of indolylglyoxylamide-
based molecules with interesting pharmacological profiles.

A synopsis of some of the applications of the indolylglyoxylamides in drug design
encompassing different fields of biological activity is outlined in Figure 2.
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Figure 2. Graph representing the application of indolylglyoxylamides with different biological activity.

2. Indolylglyoxylamides with Sedative-Hypnotic Properties

About 10% of the adult population suffers from insomnia, which is often a chronic
condition. Insomnia increases with age, and women are more affected with respect to
men. Only a few people seek medical help to treat insomnia, remaining unaware of
behavioral and medical options available [13]. Barbiturates, often used as sedative hyp-
notics/anxiolytics, were the first generation of drugs to treat insomnia [14]. Benzodi-
azepines (Bzs), the second generation, have been used for the treatment of insomnia,
and have, unlike barbiturates, lower potential for abuse and less danger of lethal over-
dose [15]. However, Bzs cause many adverse effects, including cognitive and psychomotor
impairment, dependence, tolerance, hangover, and rebound insomnia [16]. Thus, a third
generation of hypnotics, such as zolpidem, zopiclone, and zaleplon (Figure 3), was devel-
oped to obtain compounds endowed with sleep-inducing action combined with minor
adverse effects, including amnesia and motor dysfunction [17]. During long-term treat-
ment with zaleplon, eszopiclone, and a modified release formulation of zolpidem, neither
tolerance during treatment nor limited rebound insomnia after therapy discontinuation
was observed [18,19]. Unfortunately, when administered at higher doses, the same Bzs’
side effects were observed, whose severity depends on the specific drugs [20].
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Figure 3. Structures of zaleplon, zoplicone, and zolpidem.
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Bzs allosterically modulate the y-aminobutyric acid (GABA) affinity for the type A
GABA receptor (GABAAR), acting as agonists (positive allosteric modulators) endowed
with anxiolytic, anticonvulsant, sedative-hypnotic, and myorelaxant effects.

The main Bz-sensitive GABAAR subtypes in the brain are o 33v2, %2B3Y2, o3B3V2,
and «s5(33Y2, at variance with the oy 33y2 and ag33v2 subtypes, which do not respond to
Bzs [21-24]. The « subunit is the only one that influences the affinity and efficacy of BzR
ligands, because the 'y, and (33 subunits do not vary [21-24].

Since 1980, numerous research groups have aimed at the development of new ligands
with high affinity and selectivity for the different GABA /BzR subtypes. In particular,
selective o1 agonists should represented sedative-hypnotic agents without effects on
learning or memory processes, selective xy /a3 agonists should possess anxiolytic activity
without sedation, and selective &5 inverse agonists should constitute cognitive enhancers
lacking anxiogenic activity [24].

Structure-affinity relationships (SARs) of structurally different classes of BzR ligands
were rationalized by Cooks’ research group by means of a pharmacophore/topological
receptor model constituted by (i) hydrogen-bond acceptor (A2), (ii) hydrogen-bond donors
(H; and Hy), (iii) four lipophilic pockets (L1, L2, L3, and LDi), and (iv) three sterically
forbidden sites (S1, S2, and S3) [25].

Some years ago, Da Settimo and coworkers described a class of N-(benzyl)indol-3-
ylglyoxylamide BzR ligands [26,27]. These compounds showed higher BzR a1-subtype
affinity with respect to the ay and o5 isoforms. SARs of this class indicated an interdepen-
dent effect of substituents at the 5-position and groups on the benzyl ring on «1 affinity.
Affinity was favored when the benzyl ring was substituted with OH/OCHj3; or halogens,
depending on the substitution at the 5-position of the indole, in particular with a chlo-
rine atom or with a nitro group, or not. Thus, whereas in the 5-unsubstitued series the
most active compounds were those featuring an electron-attracting substituent (Cl), in the
5-Cl/NO; series the activity was optimized with 3',4’-(OH); or 3’ ,4’-(OCHj3),. These results
evidenced the existence of two different binding modes, called A and B, for the interaction
of these compounds within the receptor site (Figure 4) [27].

binding mode A

binding mode B

Figure 4. Hypothetical binding modes A and B of indolylglyoxylamide BzR ligands [27] within the
framework of Cook’s pharmacophore/topological model [25]. A2 = hydrogen-bond acceptor; H1 and
H2 = hydrogen-bond donors; L1, L2, L3, and LDi = lipophilic clefts; S1 and S2 = sterically forbidden
sites; X = OH, OCHj3;, CL.

In a subsequent study, the authors exploited the difference in dimension between L2
and LDi lipophilic pockets to identify indolylglyoxylamides that were selective toward the
different BzR subtypes [28]. Because the LDi and L2 clefts are wider in the ¢ and «s5 sites,
respectively, compared to the other subtypes, full occupation of LDi or L2 may lead to «;
and s selective compounds, respectively [28,29]. Based on benzylindolylglyoxylamides
1 and 2 (Figure 5) as lead compounds [26], derivatives featuring different substituents on
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the benzylamide phenyl ring and compounds in which the benzyl moiety was replaced
with alkyl groups were studied with the aim of probing the LDi and L2 pockets [28].

CHs

H H
1 2
Ki (nM) oy = 346 + 29 Ki (n"M) o, = 65 5 Ki (n"M) oy =31.3
inh. % (10 uM) 0, = 39 + 3 inh. % (10 uM) ap, = 32 + 3 No affinity for a, and as
inh. % (10 uM) a5 =46+ 5 inh. % (10 uM) a5 = 44 + 4

Figure 5. Indolyl-3-glyoxylamides 1-3 as sedative-hypnotic agents.

SARs evidenced how compounds featuring the same amide side chain showed dif-
ferent affinity depending on the substitution at the 5-position of the indole ring (NO,, H),
confirming the ability of such compounds to adopt two binding poses (A and B) into the
receptor binding site (Figure 5). The LDi cleft was wider than the L2 one; indeed, the
former could host bulky 4’-substituents of 5-H indoles (binding mode B), whereas the
latter could not accommodate the same 4’-substituents of the 5-NO, counterparts (binding
mode A). Some selected compounds were tested for their affinity at the &, otp, and o5 BzR
subtypes together with leads 1 and 2, and all derivatives showed fair affinity and selectivity
for «; with respect to the x and o5 subtypes. Compound 3 showed the best «; affinity
and selectivity, displaying Ki = 31.3 nM at the oy isoform and no affinity at the o or o5
isoforms [28]. In line with Cook’s BzR pharmacophore model, the data presented by Da
Settimo and coworkers indicated how the full occupancy of the LDi region by a bulky
lipophilic group shifted the selectivity and affinity of the ligand towards the & subtype,
making the interactions with the L1/L2 lipophilic pockets contribute less to the binding
and selectivity to other receptor subtypes. A functional assay performed on 3 evidenced
a similar efficacy with respect to the standard diazepam in co-application with GABA at
the BzR «; subtype (72 £ 2% and 78 £ 3% for 3 and diazepam, respectively), showing
that this compound acts as a full agonist at the «; subtype [28]. Finally, in vivo behavioral
assays based on the observation of the spontaneous motor activity of mice identified 3 as a
sedative-hypnotic agent, although less active with respect to zolpidem [28].

3. Indolylglyoxylamides with Anxiolytic-Like and Neuroprotective Properties

As described above, Bzs are the first-line treatment for anxiety disorders, eliciting their
action by allosterically binding the GABAR. If their binding causes an enhancement in
GABA inhibitory action, they are called agonists, whereas when it causes a GABA action
reduction, they are called partial agonists. Finally, if their binding does not produce any
effects, they are called antagonists [30]. Bzs are also classified as full agonists (or full inverse
agonists) and as partial agonists (or full inverse agonists), depending on their efficacy
toward the different GABAR subtypes.

As Bzs cause several unwanted side effects, research has focused on the identification
of safer anxiolytic agents. Due to their differential localization in brain areas, the different
GABAR subtypes may be associated with distinct physiological effects, specifically (i) x;
subtype moderating sedation, (ii) otz /(ct3) subtype mediating anxiolytic and myorelaxation
actions, and (iii) a5 subtype being involved with cognition processes [24,31,32].

Based on this, to develop an anxioselective compound [33], either selective binding
agonism to o, (affinity-based selective agents) or agonism to the oy subtype and antagonism
to other isoforms (efficacy-based selective agents) is required. In addition, anxioselective
compounds lacking sedation and dependence may interact with all four GABA R subtypes
as partial agonists [30].
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With respect to nonselective Bzs, either affinity- or efficacy-based «; selective agonists
should conserve anxiolytic properties with minor collateral effects, namely, sedation, ataxia,
tolerance, dependence, and impairment of cognitive processes [24,31]. Aiming at develop-
ing novel anxioselective agents, Da Settimo et al. [27,28,34,35] studied a huge number of
indol-3-ylglyoxylamides, and the major result was the identification of compounds 4 and 5
(Figure 6), which showed the highest potency at the x,-BzR together with an interesting
in vitro profile (full «; agonism, «; partial agonism/antagonism, low affinity to «s). Such
compounds were also assayed in vivo for their effects on mouse anxiety by means of a
light/dark (LD) apparatus. The LD test is based on the mouse being conflicted between
its natural hostility to brightly lit areas and its spontaneous tendency to explore novel
environments. The most reliable parameters to assess anxiolytic-like activity have been
reported to be the time spent in the illuminated area and the number of transitions between
the light and dark areas [36]. Compounds 4 and 5 administrated in mouse i.p. at a dose of
20 mg/kg each determined an increase in the time spent in the white compartment (TW)
and the number of transfers from the illuminated to the dark area and vice versa (Tran)
values, thus representing potential anxiolytic agents without sedative activity.

F
O H OoN e X
N
CHs;
o y o
N
N H
H 4 5
Ki (nNM) auq = 245 + 20 Ki (nM) oy = 14 + 2
Ki (M) ap = 118 £ 10 Ki (M) ap = 121 + 920
Ki (M) a5 = 163 + 14 Ki (nM) a5 = 239 + 21

Figure 6. Indol-3-ylglyoxylamides 4 and 5 as anxioselective agents.

Recently, research has focused on ligands acting at different sites of the GABAsR in
order to develop novel anxiolytic drugs endowed with improved safety profiles. Neuros-
teroids elicit anxiolytic effects favorable for memory, learning, and emotional processes
without sedation by positively modulating GABA neurotransmission [37]. Of note, at the
central nervous system (CNS) level, their concentration was enhanced by ligands of translo-
cator protein (TSPO) [38], formerly known as the “peripheral benzodiazepine receptor,”
such as diazepam, Ro5-4864, alpidem [39], PK11195 [40], and FGIN-1-27 [41,42]. TSPO
ligands were shown to promote cholesterol translocation into mitochondria, where it is
converted into pregnenolone, a steroid precursor [43]. In this connection, neurosteroido-
genic TSPO ligands may be exploited to identify novel anxiolytic agents, avoiding the
side effects typical of Bzs [39,44—46]. In light of the above, Taliani and coworkers [47-50]
developed a class of N,N-dialkyl-2-phenylindol-3-ylglyoxylamides (PIGAs) potentially
able to bind TSPO (Figure 7). Notably, these compounds were developed because of the
structural similarity between indolylglyoxylamides, previously reported as BzR ligands
with a sedative/hypnotic or anxiolytic/nonsedative profile [28,34,35], and 2-arylindol-3-
acetamides, reported by Kozikowski et al. [42] to be TSPO selective high-affinity ligands.
Numerous PIGAs showed subnanomolar affinity for TSPO together with the capacity to
enhance pregnenolone concentrations in rat C6 glioma cells and in a human astroglioma
cell line (US7MG) [47-49,51]. SARSs of this class of compounds were rationalized by means
of a pharmacophore/topological model composed of three lipophilic clefts (L1, L3, and
L4) and an H-bond donor moiety (H;) (Figure 7). In detail, the subsequent interactions
were supposed to be established: (i) an H-bond between the amide carbonyl and the H;
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site, (ii) lipophilic interactions between the two hydrophobic groups Ry and R, with the L3
and/or L4 clefts, and (iii) 7-stacking interaction between the 2-phenyl group and the L1
pocket (Figure 7). Biological evaluations of a large number of PIGAs allowed the authors
to delineate the following structural requirements for an optimal interaction with TSPO:
(i) a double substitution on the amide nitrogen, (ii) an electron-withdrawing substituent at
R, and (iii) an electron withdrawing and very small substituent at Ry4. Finally, the presence
of a substituent at the 7-position (Rs) did not increase affinity (Figure 7).

Electron withdrawing and very

The presence of a substituent )
small substituent.

does not increase affinity.

L1 o
Electron withdrawing L3 U Double substitution to occupy both
substituent. the L3 and L4 clefts.

Figure 7. SAR of N,N-dialkyl-2-phenylindol-3-ylglyoxylamides (PIGAs) in the pharma-
cophore/topological model.

In addition, a number of these compounds exhibited in vivo anxiolytic/nonsedative
properties in rodents, which was related to their ability to stimulate neurosteroid produc-
tion, which, in turn, caused a positive allosteric modulation of GABA 4R [48,52].

A peculiar characteristic of several classes of TSPO ligands is the lack of correlation
between the in vitro steroidogenic activity and binding affinity [53-55]. To resolve the gap
in that connection, the residence time (RT) has been identified as the best parameter to
correlate these two issues. Accordingly, the RT of some selected PIGAs, i.e., 6-12 (Figure 8),
was quantified and the results highlighted a positive correlation between the steroidogenic
efficacy and RT, unlike what observed between efficacy and affinity [51,56]. It was also
observed that the main requirements to obtain high RTs and thus high-efficacy compounds
were a highly lipophilic moiety at the 2-position of the indole together with at least one
of the two N-alkyl groups on the amide nitrogen with a number of carbon atoms in the
1-3 range. In fact, PIGAs with in vivo anxiolytic-like properties in rats, namely, 7, 8, and
12 (Figure 8) [48,56], displayed long RT values, evidencing the important role played by
RT in predicting the in vivo efficacy of TSPO ligands. To determine the structural reasons
behind this difference in RT values, an enhanced sampling molecular dynamics simulation
of compounds 6 and 12 (Figure 8), selected on the basis of their different kinetic parameters
and efficacy in steroidogenesis, was carried out. The results clearly evidenced that slight
structural differences of PIGAs had a significant impact on the unbinding energetics and
thus on RT [57].

Very recently, compound 12 (Figure 8) was used to evaluate the immunomodulatory
function of TSPO in human microglia [58]. Specifically, 12-pretreatment of interleukin-1§3-
activated human C20 microglial cells, an adult-derived immortalized cell line that shows
the typical phenotypic and functional characteristics of physiological microglia, induced
a phenotypic shift from M1 and M2 by reducing the release of pro-inflammatory (IL-8)
cytokines and increasing the release of anti-inflammatory (IL-4) ones [58].

Compounds 8 and 12 (Figure 8) were also evaluated for their effect on inflammatory-
based retinal neurodegeneration in an in vitro model of lipopolysaccharide (LPS)-induced
degeneration in 661W cells, a photoreceptor-like cell line [59]. Both compounds modulated
the inflammatory and apoptotic processes in 661W cells and reduce LPS-driven cytotoxicity,
effects that were shown to be mediated by neurosteroids [59].
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Compound 12 (Figure 8) was shown to be also able to reduce myelin oligodendrocyte
glycoprotein experimental autoimmune encephalomyelitis (MOG-EAE) disease progres-
sion, severity, and neuropathological markers by (i) promoting neurosteroid allopreg-
nenolone synthesis in the CNS and (ii) increasing the production of anti-inflammatory
IL-10, evidencing its potential use as a tool against primary progressive multiple sclerosis
(PPMS) or severe multiple sclerosis (MS) [60].

Finally, compound 12 (Figure 8) was also employed to investigate the impact of neu-
rosteroidogenesis on cholesterol homeostasis in an in vitro human microglia model, with
cholesterol accumulation usually being associated with the impairment of neuroinflammatory
response, favoring neurodegenerative disease progression. The results evidenced the crucial
role played by TSPO ligands, such as 12, in promoting neurosteroidogenesis, allowing for the
restoration of cholesterol homeostasis and thus the maintenance of the correct functionality of
microglia for the treatment of brain diseases related to neuroinflammation [61].

C3H7 CZHS
CH206H5

Ki (nM) TSPO = 3.30 + 0.31
RT (min) = 127 + 4

Ki (nM) TSPO=1.9+0.2 Ki (nM) TSPO = 5.50 + 0.47
RT (min) =109 + 4

CsH7 C4H9

\

Ki (nM) TSPO =0.31 £ 0.02 Ki (nM) TSPO =0.54 + 0.06 Ki (nM) TSPO =0.56 + 0.06 Ki (nM_) TSPO =0.34 £0.03
RT (min) =55 +2 RT (min) =141 + 4

CsHys

Figure 8. N,N-dialkyl-2-phenylindol-3-ylglyoxylamides (PIGAs) 6-12 as anxiolytic and

neuroprotective agents.
The biological activities of 12 are summarized in Table 1.

Table 1. Biological activities of compound 12.

12
Activity Cell Line/Animal Model Reference
Immunomodulation Human C20 microglial cells [58]
Mc?dulatlon of 1nﬂamrr}atory—based LPS-induced degeneration in 661W cells [59]
retinal neurodegeneration
Neuroprotection Female mouse mpdel of primary [60]
progressive multiple sclerosis
Maintenance of the correct functionality Human microglia C20 and HMC3 cells [61]

of microglia in neuroinflammation
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4. Indolylglyoxylamides with Antitumoral Properties

Cancer is the main cause of death worldwide, accounting for more than 19.3 million newly
diagnosed cases. The widely recognized multistep process of carcinogenesis assumes that
the accumulation of several mutations in an individual cell leads to significant modifications
in its proliferation and differentiation behavior, reaching a malignant state with metastasis
via benign intermediate stages [62]. Cancer therapy differs depending on the type and stage
of the tumor, but it can be identified with common strategies, including surgery, which
is the most suitable in the case of solid tumors, although it may favor the spreading of
metastases [63]. Moreover, radiation (ionizing [64], thermal [65], and photodynamic [66])
can be used to treat tumors through what is known as radiotherapy, which, like surgery, is
preferable for localized or isolated cancers [67]. Chemotherapy and immunotherapy are other
possible ways of treating oncological diseases represented mainly by disseminated or systemic
tumors [65]. The first is based on the use of “antineoplastic” substances, namely, chemical
agents against new growth, whose cytotoxic action interferes with cellular synthesis, DNA
and RNA functions, and life-sustaining proteins. The second one, discovered more recently, is
among the most widely studied approaches due to its greater selectivity and effectiveness
through immune stimulation by using monoclonal antibodies [68].

Despite massive research efforts, it has still not been possible to develop drugs able
to trigger a marked prolongation of survival time or even a complete cure for widespread
solid tumors. The main problems associated with cancer chemotherapy are the lack of,
or poor response, to treatments currently available, severe side effects, and the onset in
many tumors of a multi-drug resistance process, which can be considered the most severe
complication of these diseases. Tumors that have developed resistance to more than one
drug are said to be “multi-drug resistant” (MDR), and in this case there is little that can be
done to halt or retard further progression of the disease.

Therefore, there is still a need to develop new drugs to overcome the aforementioned
problems with the currently used treatments. Ideal anticancer drugs should be efficient
against currently untreatable or poorly treatable tumors and against MDR tumors, with
oral bioavailability and/or reduced side effects [69].

Among the indol-3-ylglyoxylamides, indibulin 13 (ZIO-301; D-24851, Figure 9) is an
orally applied, synthetic, small molecule whose antitumor effect is based on microtubule
destabilization [70].

P—

@)
HN \/N

\ O

Cl

Indibulin, 13

ICs0 (M) = 0.036-2.1
tubulin polim. inh. IC5q (uM) = 0.43 + 0.02

Figure 9. Structure of indibulin 13.

Indibulin 13 provokes cell accumulation with condensed nuclei and abnormal mitotic
spindles and cell cycle arrest at metaphase; it exhibits anticancer activity against a broad
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spectrum of human tumor cell lines and xenografts, including MDR tumor cells and taxane
refractory tumors [71]. In preclinical studies, 13 did not show neurotoxicity—which is usually
observed with other tubulin binding drugs, i.e., taxanes and vinca alkaloids—because of
the lack of affinity for microtubules in differentiated neuronal cells with post-translationally
modified tubulin [72]. Furthermore, 13 exhibits good bioavailability after oral adminis-
tration and therapeutic treatment at nontoxic doses [71]. Therefore, this antimitotic drug
exhibits a notable improved therapeutic index with respect to other tubulin binding agents,
i.e., paclitaxel and vincristine [73]. However, further clinical tests in a phase I trial [74] of
an oral drinking solution of 13 in 10% lactic acid evidenced an increase in the occurrence of
nausea and vomiting [74]. In 2010, Oostendorp et al. tested a capsule formulation of 13 to
improve its tolerability [75]. The protocol was modified to twice daily dosing with the aim of
further increasing the systemic exposure upon oral administration of 13. Unfortunately, the
results were not the expected ones, and the formulation still needs optimization.

With the aim of investigating whether the replacement of the aryl rings with different
heterocycles at the 1- and/or 3-positions of 13 may increase the biological activity and
confer potential advantages in terms of pharmacological and PK features [76,77], Li et al.
developed a series of N-heterocyclic indolylglyoxylamides [78]. In general, the replacement
of the p-chlorophenyl and pyridine rings of 13 with different heterocyclic moieties increases
the solubility of the molecules in water. The anticancer effect of such derivatives was
assayed in vitro against six human cancer cell lines (gastric NUGC3, murine leukemic P388,
hepatocellular HepG2, breast MCF7 and its doxorubicin (adriamycin)-resistant MCF7 / ADR,
uterus MES-SA and its doxorubicin-resistant MES-SA /Dx5 subline) and the results clearly
demonstrated an enhanced anticancer activity of these compounds with respect to 13 [78].
A crucial role played by steric and electronic factors of the heterocycle at the 1-position
was evidenced, whereas for the 3-position, the presence of an isothiazolyl ring appeared to
be an important feature. The most active compounds were 14 and 15 (Figures 10 and 11).
Both compounds exhibited a similar dose-dependent in vivo activity at oral doses up
to 100 mg/kg when tested on a leukemic P388 cancer survival model in young female
inbred DBA /2] mice, whereas 13 was more efficacious at an oral dose of 200 mg/kg.
After a continuation of up to 9 days of daily oral administrations with 14 and 15, further
prolongation of cancer survival was revealed without evident loss of body weight.

Compound 14 (BPROC261, Figure 10) was further examined for its mechanisms behind
its anticancer action. It was effectively found to be able to (i) inhibit tubulin polymerization
by binding at the colchicine site, (ii) disrupt microtubule arrangement, (iii) arrest the cell
cycle at the G2/M phase in cancer cells, and (iv) inhibit angiogenesis in various types
of human cancer [79]. In addition, it was orally adsorbable in mice and exhibited good
oral bioavailability (43%) in dogs and the ability to cross the human intestinal Caco-2
cell monolayer, suggesting good oral bioavailability in humans. Compound 14 exhibited
antiproliferative properties in vivo against different types of tumors, and its combination
with cis-platin synergistically prolonged the lifespans of the mice inoculated with murine
leukemia cells. Several years later, 14 was shown to be able to modulate the radiation
response on human non-small cell lung cancer (NSCLC) cells via p53-dependent and
p53-indipendent pathways [80].

In this connection, two compounds of this series, 15 and 16, were assayed on NSCLC
cell lines A549 (p53+/+) and H1299 (p53—/—) [81]. Compound 15 (Figure 11) showed
a greater cytotoxic effect than 16 (Figure 12) on both cell lines, and this was likely due
to its higher cell permeability deriving from its higher lipophilicity. Further biological
evaluation highlighted a p53-indipendent antiproliferative mechanism for this class of
compounds. Of note, both compounds caused similar patterns of G2/M phase arrest in
both cancer cell lines. In addition, they enhanced the radiosensitivity of both cell lines. This
effect was probably due to the increased proportion of cells in the G2/M phase, the most
radiosensitive cell cycle phase [82].
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Pursuing the interest in the development of orally active anticancer drugs, Li et al.
showed that compound 17 (BPROC305, Figure 13) was able to induce cell cycle arrest at the
G2/M phase by interfering with microtubule assembly kinetics and to exert antimitotic and
antiproliferative effects against human cancer cells. Additionally, 17 is orally adsorbable, is
almost safe, and shows anticancer activity against leukemia and solid tumors in mice [83].
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Figure 13. Indol-3-ylglyoxylamides 17-23 as antitumor agents.

Following these studies, Colley et al. [84] in 2015 described a series of 13-related
compounds with less aromatic rings and a greater degree of saturation, aiming to ob-
tain compounds endowed with potent tubulin polymerization activity and improved
physicochemical and PK properties. Starting from the suggestion that N!-unsubstituted
indol-3-ylglyoxylamides can still maintain tubulin polymerization inhibitory activity, the
authors first focused on the substitution of the p-chlorobenzyl group of 13 with an aliphatic
moiety. All compounds were initially evaluated for their cytotoxicity against FaDu, an
EGEFR inhibitor insensitive (head and neck cancer) cell line derived from squamous cell
carcinoma of the pharynx. As a general trend, the presence of various simple alkyl groups
at the N'-position induced a loss of cytotoxic activity; however, the introduction of an
OCHj; group to the pendant pyridine retrieved activity and changing the positions of these
structural features caused an improvement in potency. Rational changes in the group at the
3-position (R;) revealed some clear trends in activity: (i) the p-methoxy group bounded
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to the pyridine ring played an essential role; (ii) the substitution of the p-methoxy with
a p-ethoxy was tolerated, with a 2-fold increase in LCsj, whereas the introduction of a
second methoxy group was detrimental and (iii) replacement of the pyridine ring with a
five-membered heterocycle appeared to be unproductive. The introduction of different
groups at the 1-position (R;) did led to the desired increase in antiproliferative activity.
The introduction of a sec-butyl group was more beneficial for the activity compared to the
introduction of an isopropyl group. Changing the oxygen atom in the 2-methoxyethyl
moiety with a methylene group did not influence activity, suggesting that the shape, rather
than the polarity, of the Ry group determines the potency. The introduction of an addi-
tional a-methyl group to the R; of the 2-methoxyethyl substituent resulted in the most
potent compound of the series (18, Figure 13, LCsy against FaDu = 12 nM) [85], whereas
introducing a 3-tertiary center was not tolerated at all. In sum, although some of the most
potent compounds featured simple and linear R chains, a degree of further substitution
was tolerable or even advantageous, whereas too much substitution led to compounds with
severely compromised or abolished cytotoxic activity. Finally, a subset of compounds was
further evaluated, and it was discovered that they were effectively able to inhibit tubulin
polymerization through binding at the colchicine site.

Guggilapu and coworkers developed a small library of C5-tethered indol-3-
ylglyoxylamides as tubulin polymerization inhibitors [86]. All derivatives were tested
for cytotoxic activity against different cancer cell lines (prostate (DU145, PC-3), lung (A549),
and colon (HCT-15)), with the DU145 cell line highlighted as the most sensitive one. In
particular, derivative 19 (Figure 13) was shown to be the most cytotoxic one and was
further biologically evaluated, evidencing its ability to (i) inhibit cell migration, (ii) in-
duce apoptosis, (iii) arrest the cell cycle at the G2/M phase in a dose-dependent manner,
(iv) inhibit tubulin polymerization with an ICs value of 0.40 uM, (v) induce the collapse
of mitochondrial membrane potential (Al}pm), (vi) increase ROS levels, and (vii) decrease
anti-apoptotic Bcl-2 and increase pro-apoptotic Bax levels.

In a subsequent study, the same research group developed a class of compounds by
merging the indol-3-ylglyoxylamide scaffold with the bioactive thiazole nucleus [87]. All
compounds were first evaluated for antiproliferative activity against different cancer cell
lines (prostate (DU145, PC-3), lung (A549), and colon (HCT-15)) and, also for this class, the
DU145 cell line turned out to be the most sensitive one. The most active compound was 20,
which showed ICs5 = 93 nM against DU145, was safe with the healthy cell line RWPE-1, and
inhibited tubulin polymerization with a percentage of 68.5%. Moreover, DU145 treatment
with compound 20 led to (i) cell migration inhibition, (ii) apoptosis induction, (iii) G2/M
phase cell cycle arrest in a concentration-dependent manner, (iv) the collapse of AYm,
and (v) an increase in ROS levels. Finally, molecular modeling studies performed on 20
evidenced the crucial role played by the glyoxyl moiety, which was able to establish three
hydrogen bonds with active site residues of the colchicine binding site of the tubulin [87].

More recently [88], aiming at developing more water-soluble compounds, Brel and
colleagues synthesized indibulin 13 (Figure 9) derivatives featuring a bisphosphonate
moiety on the indole nitrogen. Assessment of the compounds’ antimitotic microtubule-
destabilizing activity and cytotoxicity toward a panel of human cancer cells outlined the
tetraacid derivative 21 (Figure 9) as the most active compound, which was more potent with
respect to indibulin 13. The storage of stock solutions of its corresponding tetraethyl esters
in 96% EtOH at room temperature provoked spontaneous hydrolysis of bisphosphonate and
subsequent time-dependent activity enhancement. Compound 21 also showed significant
cytotoxicity toward A549 and A375 human cancer cells. At physiological pH, 21 formed
tetrasodium salt endowed with an aqueous solubility of at least 10 mg/mL, three orders of
magnitude higher than that of indibulin 13.

In 2016, Tantak’s research group [89], encouraged by the good antitumoral activity shown
by bisindole-based derivatives and by the crucial role played by the glyoxylamide in bioactive
compounds [90,91], synthesized and tested a series of bis(indolyl)glyoxylamides against
different human cancer cells. The most promising compounds, 22 and 23, are presented in
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Figure 13. Studies on the preliminary mechanism of action indicated the ability of these
compounds to induce apoptosis in PC-3 cells by increasing cleaved PARP1 levels.

Very recently, Soni et al. [92] designed and synthesized a series of compounds by
joining the indol-3-ylglyoxylamide moiety and the 3-carboline scaffold to obtain cytotoxic
agents acting as DNA intercalators. In particular, the 3-carboline alkaloid skeleton was
incorporated as a pharmacophoric planar aromatic ring for DNA intercalation [93,94] and
the indole ring was introduced as a second pharmacophoric requirement of the hybrids.
Lastly, the glyoxamide may have helped the molecule to assume the appropriate orientation
in the active site (Figure 14).
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Figure 14. Design of (3-carboline indol-3-yl-glyoxylamide hybrids as antitumor agents.

When tested for their antiproliferative effects toward several human cancer cell lines,
the most potent compound was 24 (Figure 14), with ICsy values ranging from 4.37 to
10.36 uM and good selectivity to cancer cells with respect to healthy ones. Deep biological
evaluation revealed that 24 was able to (i) induce early and late apoptosis, (ii) bind DNA,
and (iii) inhibit topoisomerases II (Topoll). The interaction of 24 with a DNA-Topoll complex
was also studied in silico by molecular modeling analysis, revealing the crucial role of
glyoxylamide moiety, which is implicated in a hydrogen bond with DNA. An in silico
study also revealed promising drug-like properties of 24.

The indol-3-ylglyoxylamide scaffold was exploited by Taliani et al. to identify com-
pounds useful for the multi-target treatment of glioblastoma multiforme (GBM), a particu-
larly aggressive form of brain cancer. In fact, the pathogenesis of malignant gliomas was
characterized by the deregulation of different intracellular signaling pathways, most of
them converging to escape from cell death, which is a common feature of tumors and the
main cause of treatment failure [95]. In this respect, apoptosis inducers have emerged as
promising drugs for a large variety of tumors. In GBM, tumor suppressor protein p53 [96]
and mitochondrial 18 kDa translocator protein (TSPO) [97] represent two attractive intracel-
lular targets, both acting as apoptosis inducers. On this basis, indol-3-ylglyoxyldipeptides
were rationally designed to dually modulate TSPO and p53 [98]. Specifically, the authors
focused their attention on their in-house collection of 2-phenylindol-3-ylglyoxylamide
TSPO ligands (PIGAs) [47-49], which were suitable to be easily structurally modified, and,
aided by molecular modeling studies, planned adequate decoration of the basic scaffold,
with the aim of reactivating p53 while retaining TSPO binding affinity. The result of the
study was the identification of compound 25 (Figure 15), which was able to bind TSPO
(Ki =438 nM) and reactivate p53 functionality by inhibiting (IC5y = 11.65 nM) the dissocia-
tion from its physiological inhibitor, murine double minute 2 (MDM2) [98]. Compound
25 was also able to induce AYm collapse and inhibit cell viability in GBM cells. Of note,
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25 was more active with respect to the single target reference standards applied alone,
nutlin-3 for MDM2-p53 and PK11195 for TSPO, and was as potent as the combination of
them. This is consistent with the synergism resulting from the simultaneous targeting of
TSPO and p53, which may represent a valuable anticancer therapy to treat GBM, since most
GBM phenotypes maintain wild-type p53 and over-express TSPO and MDM2 [98].
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Figure 15. Indol-3-ylglyoxylamides 25-30 as antitumor agents.

Encouraged by these good results, the same research group started a lead optimization
process and developed a small library of 2-phenylindol-3-ylglyoxylyldipeptide derivatives
in their methyl ester form [99].

From this study, compound 26 (Figure 15) emerged as the most active compound in
terms of TSPO binding affinity and p53-MDM?2 interaction inhibition (TSPO: Ki = 87.2 nM,
p53-MDM2: ICs = 4.3 nM) [99]. Moreover, its effects were superior to those of the lead, 25.
For these reasons, it was selected for further studies aimed at characterizing its biological
effectiveness as an antitumoral agent. The results evidenced the ability of 26 to restore
normal p53 activity and inhibit GBM cell growth by cell cycle arrest and apoptosis. Fur-
thermore, 26 was ineffective at affecting the viability of a GBM cell line expressing mutant
P53, whereas it was able to reduce the proliferation of glioma cancer stem cells, cells within
the tumor that are resistant to therapies and responsible for GBM recurrence. Cell viability
assays on non-tumoral human mesenchymal stem cells (MSCs) evidenced the ability of 26
to display its effect predominantly on tumor cells with respect to healthy ones [99].

In cancer therapy, reversible drugs may have several limitations, including the lack of
ability to induce a therapeutic effect over time and the consequent activation of alternative
signaling pathways that escape drug action, causing resistance [100]. In this connection,
Taliani et al. [101] developed a dual target compound able to covalently bind MDM?2
and TSPO (27, Figure 15). In detail, starting from the previously developed reversible
derivative 25, the authors introduced the chemo-reactive isothiocyanate group at the
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5-position of the indole ring, a position that is not implicated in the interaction with the
target protein [98]. Then the ability of compound 27 to bind TSPO with a long-lasting
binding profile was shown (Ki = 199 nM). Through this binding, 27 caused mitochondrial
permeability transition pore opening and consequent Alm dissipation in GBM cells. Both
effects were shown to be maintained over time, unlike those observed for the reversible
analogue 25. In addition, 27 bound MDM?2 with an ICs of 6.81 nM, inhibiting its interaction
with p53; also in this case, the effect was sustained over time, thus demonstrating the
covalent nature of such an interaction. Compound 27 was also able to inhibit GBM cell
growth by arresting the cell cycle and inducing apoptosis. All of these effects appeared
to be greater and more long lasting with respect to those elicited by 25. Moreover, the
apoptosis appeared to be irreversible, hindering the cells from recovering proliferative
activity after the drug was washed out. Overall, all these findings demonstrated that in
GBM cells compound 27 acts as a dual-targeting and irreversible ligand, representing a
useful alternative to overcome the time-limited effects of classical chemotherapies [101].

Platinum-based agents, i.e., cisplatin, carboplatin, and oxaliplatin, are some of the most
used and active chemotherapeutic drugs currently prescribed to treat many types of human
cancer [102]. However, behind their effectiveness, their use is limited by drug resistance and
adverse effects [103]. Accordingly, several effective strategies, including the use of transition
metals different from platinum, have been developed [104]. Among these, paddlewheel
ruthenium-based complexes, featuring a direct metal-metal bond and a (ILIIT) mixed valence,
emerged as very promising [105]. In this regard, a diruthenium (ILIII) complex 28 (Ruy(25)4Cl)
(Figure 15) was developed by reacting Ruy (1-O,CCHj3)4Cl with the dual agent 25 [98,106]. At
variance with 25, 28 was ineffective in GBM because of its high stability, which is due to the
steric hindrance provided by indolylglyoxylyl moiety that hampers the attack of the water
molecules or other potential ligands at the Ru metal centers, inhibiting the release of ligand
and, in turn, its anticancer effect. Thus, complex 29 (Ru,(26)4Cl) (Figure 15) was developed,
featuring 26 (isomer of 25) [99], which coordinates the Ru, core. Complex 29 was less stable
and, in turn, more active as an antitumoral agent due to the enhanced availability of the Ru,
core to attack by nucleophiles with respect to 28 [107].

The same research group in 2023 developed a complex designed as an auranofin ana-
logue obtained by conjugating a PIGA ligand [47-49] with the auranofin-derived cationic
fragment [Au(PEt3)]* [108]. Auranofin is a gold-based drug clinically used for the treat-
ment of arthritis. Lastly, it took part in different drug repurposing strategies, and it was
shown to be promising toward different tumors, such as ovarian cancer (OC), in particular
by inhibiting thioredoxin reductase (TrxR), localized at the mitochondrial level [109]. In
parallel, TSPO expression was altered in various multiple diseases, including OC [110]. In
view of this, the rationale of the design is to exploit the high TSPO affinity of phenylindolyl-
glyoxylamide moiety to drive the complex into the mitochondria, where the [Au(PEt3)]*
cation, after its release, can exert its anticancer function. Notably, complex 30 (Figure 15)
exhibited enhanced antitumor activity toward two models of human OCs (i.e., A2780 line
and SKOV-3) and much lower cytotoxicity toward a healthy cell line (i.e., HEK293). In
addition, 30 was effective as a TrxR inhibitor, with ECs in the low nanomolar range.

5. Indolylglyoxylamides with Antibacterial Properties

In 2008, Takhi and colleagues [111] developed a small library of 3-indolylglyoxylamides
endowed with antibacterial properties structurally related to linezolid 31 and eperezolid
32 (Figure 16), oxazolidinone-based antibacterial agents effective against many susceptible
and resistant Gram-positive organisms such as methicillin-resistant Staphylococcus aureus
(MRSA), vancomycin-resistant enterococci, and penicillin-resistant Streptococcus Prneumoniae
(PRSP) [112]. The oxazolidinones inhibited bacterial protein synthesis by binding to a site on
the 50S ribosomal subunit, thus preventing the formation of a functional 70S initiation com-
plex [113,114]. Despite that, with this single mechanism, no cross-resistance was expected
between this class and other antibacterial families, although some cases of 31-resistant
pathogens in clinical have been observed [115]. In this context, to increase the spectrum
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and potency of these oxazolidinones, Takhi’s research group exploited the indolylglyoxy-
lamide moiety. Two series of compounds were synthesized: the first one by replacing
the hydroxyacetamido group of 32 with various substituted 3-indolylglyoxylamides, and
the second one by replacing the acetamide at the C-5 position with a variety of N- and
O-linked groups and keeping the 5-bromoindole fixed on the left side. Almost all deriva-
tives showed increased activity with respect to 31 against MRSA, Enterococcus faecalis
(E. faecalis), and Enterococcus faecium (E. faecium). Among these compounds, the most ac-
tive one was 5-bromoindole 33 (Figure 16), which showed 1-2-fold higher activity with
respect to 31 against a panel of organisms. The MIC values against Staphylococcus aureus
(S. aureus), E. faecalis, and E. faecium were in the range of 0.5-1 ug/mL. However, all
derivatives were ineffective across a Gram-negative community acquired pneumonia
pathogen-like Haemophilus influenzae (H. influenzae) [111].

In a subsequent phase, starting from 33, a class of molecules was developed in which
the 5-bromoindole moiety was kept fixed, whereas the acetoamidomethyl side chain was
replaced with various substituents, such as amide, carbamate, and azole. In general, al-
most all compounds were shown to be active across all the organisms investigated, except
for the Gram-negative H. influenzae, as observed for the first series. N-linkage modifica-
tions at C-5 furnished the most active compounds of the series, such as 34 (Figure 16)
(MIC = 0.5-2 ug/mL), which also demonstrated in vivo efficacy against S. aureus DRCC035
in a lethal murine infection model via oral route.

Singh and colleagues developed a series of N-1, C-3, and C-5 substituted bis-indoles [116],
among which 35 (Figure 16) was the most active compound, being able to generate the highest
zone of inhibition. Molecular modeling studies performed on the enzyme targeted by clinically
used antimicrobial agents (Topoll, dihydrofolate reductase) evidenced that the glyoxylamide
moiety of 35 plays a key role in such interactions [116].

In 2016, Tantak’s research group also made use of the indol-3-yl-glyoxylamide scaffold
to design potential antibacterial agents [89]. In detail, encouraged by the good antimicrobial
activity of bisindole-based derivatives [116,117], a series of bis(indolyl)glyoxylamides was
synthesized and tested against two Gram-positive bacteria, Bacillus subtilis and S. aureus,
and three Gram-negative bacteria, Escherichia coli (E. coli), Pseudomonas putida, and Klebsiella
pneumonia (K. pneumoniae). The most promising compound was 36 (Figure 16), which
showed significant antibacterial activity across all the investigated organisms, with MIC
values ranging from 12.5 to 25 pug/mL, combined with high effectiveness in killing Gram-
negative organisms.

Via a screening campaign on compounds from an in-house library, Li et al. [118]
identified two 6-bromoindol-3-ylglyoxylamido-polyamines, 37 and 38 (Figure 16), which
displayed antimicrobial activity across Gram-positive bacteria Staphylococcus intermedius
(MIC 3.125 uM for both compounds) and S. aureus (MIC 6.25 and 3.125 uM, respectively),
with 37 also being able to enhance the in vitro antibiotic activity of doxycycline toward
the resistant Gram-negative Pseudomonas aeruginosa (P. aeruginosa). Starting from these
results, a series of 6-bromoindol-3-ylglyoxylamido-polyamines was developed, leading
to the discovery of compounds with enhanced antimicrobial activity. Compounds with a
polyamine (PA) core were the most active within the series, reaching maximal potency with
a PA3-10-3 core (39, Figure 16). Compound 39 also displayed the ability to enhance the
antibiotic activity of doxycycline toward P. aeruginosa. Deep investigation of 37 revealed
its ability to (i) restore antibiotic activity against a variety of Gram-negative bacteria,
such as Escherichia coli (E. coli), K. pneumoniae, and Acinetobacter baumannii (A. baumannii);
(ii) disrupt bacteria membrane integrity; and (iii) inhibit the efflux pump via depolarization
of the membrane [119]. Unfortunately, 37 exhibited cytotoxicity and strong red blood cell
hemolytic activity.

In the same year [120], the same researchers, using 37 as a lead compound, described
a series of bromoindol-3-ylglyoxylamides in search of antibacterial agents lacking cy-
totoxic/hemolytic activity. All the compounds showed intrinsic activity across Gram-
positive bacteria and the fungus Cryptococcus neoformans, with 40 (Figure 16) also displaying
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slight activity across Gram-negative bacteria like E. coli (MIC 25 uM) and K. pneumoniae
(MIC 34.4 uM). Most derivatives also potentiated the activity of doxycycline against Gram-
negative bacteria such as P. aeruginosa, A. baumannii, E. coli, and K. pneumoniae. This study
allowed the authors to identify five antibacterial compounds (40-44, Figure 16) without cy-
totoxic/hemolytic activity. Their mechanism of action consisted of disrupting the integrity
of the bacterial membrane and inhibiting the efflux pump by means of depolarization of
the membrane, as observed for the lead, 37.
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6. Indolylglyoxylamides with Anti-Inflammatory Properties
6.1. Phosphodiesterase PDE4 Inhibitors

Phosphodiesterases (PDEs) are enzymes responsible for the modulation of signal trans-
duction, and they catalyze the degradation of cyclic nucleotides (cAMP and/or cGMP).
Among the 11 families known, PDE4, PDE7, and PDES are selective for ;cAMP [121]. As the
PDE4 isozyme is the most prominent cAMP metabolizing enzyme in immune and inflamma-
tory cells, selective PDE4 inhibitors have been deeply investigated, with the aim of developing
novel anti-inflammatory agents alternative to corticosteroids [122]. Potent anti-inflammatory
effects in patients with inflammatory diseases such as asthma or chronic obstructive pul-
monary disease (COPD) were observed following selective inhibition of PDE4 [123].

PDE4 inhibitors are more potent than corticosteroids in clinical use because they
can influence diverse cell types involved in inflammatory diseases, including respiratory
epithelial cells, smooth muscle cells, and submucosal glands. Furthermore, they lack the
common side effects associated with corticosteroid therapy, namely, adverse reactions on
the pituitary—hypophyseal axis and on bone density, among others [124]. However, the
therapeutic use of PDE4 inhibitors so far has been limited by several side effects, such as
nausea, vomiting, and headache.

Compound 45, AWD12-281 (Figure 17), was a highly selective PDE4 inhibitor [125,126]
with a better safety profile than other PDE4 inhibitors, namely cilomilast and roflumi-
last [127,128], in clinical development. Additionally, it was demonstrated that when 45 was
administered topically by inhalation in dogs, also at the highest suitable dose (15 mg/kg
in 50% lactose blend), no emesis was produced. These data support its potential use for
the topical treatment of asthma and COPD. It is characterized by low oral bioavailability
and solubility, and it exerts robust and durable pharmacological effects after intratracheal
administration in various animal models, indicating persistence in lung tissue. Compound
45 was capable of suppressing the production of cytokines in stimulated peripheral blood
mononuclear cells (PBMCs): interleukin-2 (IL-2, phytohemagglutinin stimulation), IL-5
and IL-4 (anti-CD3/anti-CD28 costimulation), and lipopolysaccharide-stimulated release
of tumor necrosis factor « (TNFw). The corresponding ECsg4 for 45 were within a narrow
range (46-121 nM). Compound 45 also suppressed TNF« release in dispersed nasal polyps
(ECsp = 111 nM) and in diluted whole blood (ECs5¢ = 934 nM). High plasma protein binding
may be responsible for the reduced activity in human blood. The molecule entered phase II
clinical trials to evaluate its therapeutic potential in asthma, COPD, and allergic rhinitis.
Even though the results are not available to the public, development was discontinued in
2006 due to poor efficacy [129]. Despite the halt, the good safety profile, along with the
persistence in lung tissue, may serve as a good starting point for the development of novel
clinical candidates for the aforementioned pathological conditions.
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Figure 17. Structure of indolylglyoxylamide PDE4 inhibitor 45.
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6.2. Phospholipase A2 Inhibitors

Phospholipases A, (PLA;s) belong to the superfamily of phospholipases, enzymes
that hydrolyze phospholipids. PLA;s are lipolytic enzymes responsible for the catalysis
of the ester bond hydrolysis at the sn-2 position of glycerophospholipids, which generate
free fatty acids, including arachidonic acid and lysophospholipids. This family comprises
four predominant types of PLA;: secreted PLA; (sPLA;), cytosolic Ca2+—dependent PLA,
(cPLAy), cytosolic Ca2+—independent PLA; (iPLAjy), and PAF-AH (platelet activating factor
acetyl hydrolases). The other two types are lysosomal PLA; (LPLA;) and adipose-PLA;
(AdPLA). Enzymatic functions are performed by means of a catalytic dyad/triad (His/Asp
for sPLAy; Ser/Asp for cPLA; and iPLAj; Ser/His/Asp for PAF-AH and LPLA;; His/Cys
for AAPLA) [130].

sPLAjs are involved in several inflammatory diseases. The first indication came
from high levels of group IIA (GIIA) sPLA; found in the synovial fluid of patients with
rheumatoid arthritis. Abnormal levels of sPLAjs were also found in the plasma or serum
of patients with acute pancreatitis, septic shock, Crohn’s disease, and ulcerative colitis.
Furthermore, sPLA>s seem to be involved in adult respiratory distress syndrome and
inflammatory bowel disease [130].

Researchers at Lilly published a series of papers regarding indole-based derivatives as
inhibitors of GIIA sPLA,; (referred to by the authors as “human nonpancreatic secretory
phospholipase Ajy,” hnps-PLA;) [131]. Lead compound 46 (IC5y = 13.6 uM, Figure 18)
was initially obtained by high-volume screening, and several rounds of optimization were
performed, including the replacement of the acetate function first with an acetamide moiety
and then with the «-ketoamide group [132].

)
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Figure 18. Structure of the first indole derivative synthesized by Lilly as sSPLA; inhibitor 46 [131].

Incorporation of the a-ketoamide group, yielding the indolylglyoxylamide moiety,
was crucial, as delineated by compounds 47-50 (Table 2), in which the introduction of a
4-oxyacetic acid group allowed optimal potency and selectivity to be reached [133].

Interactions of the lead compound 46 were confirmed by X-ray crystallography studies,
which also allowed for a rationalization of the effective binding between the calcium ion in
the active site of hGIIA and the carbonyl of the 4-substituent and the carboxamide carbonyl
of the 3-glyoxylamide moiety of compound 50 (LY315920, varespladib) [134]. Introduction
of the glyoxylamide moiety was instrumental to additional interactions in the active site,
namely, the hydrogen bond formation between the carboxamide and His 48, and the new
interaction between the ketone carbonyl and Phe 106 of the enzyme [133].

Several clinical trials were launched to evaluate the efficacy of Varespladib 50, also
formulated as a methyl ester prodrug, for various diseases (i.e., sepsis-induced systemic
inflammatory response syndrome, asthma, cardiovascular diseases), but the molecule did
not demonstrate sufficient efficacy in either phase II or phase III [135-141].
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Table 2. GIIA and group IB (GIB) PLA; inhibition by indol-3-ylglyoxylamides 47-50. Data are taken
from Draheim et al. [133].
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N
Ry
47-49 Varespladib
50
hGIIAPLA, hGIBPLA,  pGIBPLA,
cpd Ri R; (M) (LM) (M)
47 2-(C¢Hs)CeH4CH, CH;, 0.006 + 0.001 0.364 0.097
48 3-(C¢Hs)CeHyCH, CH; 0.009 + 0.001 0.57 0.007
49 C¢HsCH, CH, 0.011 + 0.004 0.761 0.015
50 - - 0.009 + 0.001 0.228 0.048

6.3. p38a Inhibitors

p38x belongs to the well-known mitogen-activated protein (MAP) kinase family of
serine/threonine protein kinases. It is widely expressed in endothelial, immune, and in-
flammatory cells and plays a pivotal role in the release of proinflammatory cytokines such
as TNF-R, IL-1f3, and IL-6 [142,143]. Compounds able to selectively block any one of these
cytokines have proven efficacious for the treatment of pathological inflammatory conditions,
including rheumatoid arthritis (RA), psoriasis, and inflammatory bowel disease [144]. Sepa-
rate genes encode for the four isoforms (p38c, p38f3, p38y, and p385) of the p38 subfamily of
MAP kinases. The p38« isoform was overactivated within inflamed tissues, which suggests
that this target could be used for the treatment of these types of diseases [145,146].

Starting from the ability of p38« inhibitors to block the synthesis and release of proin-
flammatory cytokines, several pharmaceutical companies, like Merck, Vertex, Roche, and
Scios (subsidiary of J&]), among others, invested in the development of novel therapeutic
agents for the treatment of RA, inflammatory bowel disease, psoriasis, systemic lupus
erythematosus, and other indications characterized by chronic inflammation. This led to
the development of an impressive variety of chemically diverse competitive inhibitors
with excellent drug-like properties. These compounds showed a high degree of selectivity
despite most of them being ATP competitive inhibitors. This is because these compounds,
although structurally different, position themselves in specific regions in or in proximity to
the ATP binding site of p38«, which is characterized by amino acid sequences distinct from
the majority of other human kinases. Being able to identify such selectivity hotspots is an
important process to developing highly selective ATP competitive kinase inhibitors.

First- and second-generation p38« inhibitors, like 51 (Figure 19) [147], did not show high
selectivity against other human kinases. However, third-generation inhibitors have recently
been developed, demonstrating that selective p38c inhibition is possible. Three third-generation
compounds, 52 [148], 53 [149], and 54 [150] (Figure 19), are highly kinase selective.
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Figure 19. Structure of derivatives 51-54 as p38« inhibitors. # ICs values taken from Kuma et al. [151].
b ICsq value taken from Goldstein et al. [152]. ¢ ICs( values taken from Hill et al. [150].

In a panel of 321 human protein kinases, Scios inhibitor 52 bound exclusively to p38x
(Kp = 0.48 nM) and its closely related isoform p38§3 (Kp = 15 nM). Vertex inhibitor 53 bound
to p38a (Kp = 3.7 nM), p38f3 (Kp = 17 nM) and five other kinases. Roche inhibitor 54 bound
to p38a (Kp = 1.3 nM) and to JNK2/3 and p38f3, although less strongly (Kp =16/19 nM
and Kp = 120 nM, respectively); in addition, it bound weakly to five other kinases [152].
Compound 52 displayed an IC5p = 9 nM against p38c. It was also able to inhibit LPS-
induced TNF« release from human whole blood (ICs5p = 0.3 uM) and LPS-induced IL-1f3
release from human peripheral blood mononuclear cells (PBMCs) in a concentration-
dependent manner [153]. A phase I study evaluted the safety, pharmacodynamics, and PK
of 52 in healthy volunteers. A phase II study investigated the analgesic efficacy of 52 in
acute postsurgical dental pain (263 subjects). Because it is well known that inflammatory
mediators and cytokines such as TNFo and IL-1 can contribute to peripheral and central
sensitization and also to modulating acute, chronic, and neuropathic pain, inhibition of
p38 could be beneficial to managing pain [154,155]. This study showed for the first time
the acute analgesic effects induced by inhibition of p38x. The molecule was evaluated in a
phase II clinical trial in patients with active rheumatoid arthritis and showed no greater
efficacy compared to the placebo [156].

Recently, a combination of compound 52 with remdesivir has been suggested to treat
stage I, stage II, or stage IIl COVID-19 or COVID-19 cytokine storm [157].

7. Indolylglyoxylamides with Antiviral Properties
7.1. Viral NS2B/NS3 Protease Inhibitors

Dengue virus (DenV) is the infectious agent responsible for Dengue fever, a neglected
tropical disease. It belongs to the Flaviviridae family, a family of viruses characterized by
a positive single-stranded RNA genome [158,159]. Essential to the viral replication cycle
is the NS2B/NS3 protease, a serine endoprotease member of the chymotrypsin family
expressing the catalytic triad His51-Asp75-Ser135. The protease cleaves the polyprotein



Pharmaceuticals 2023, 16, 997

23 of 43

encoded by the viral genome into functional proteins, thus representing an interesting
therapeutic target [160].

Klein and colleagues [161] synthesized several 3, y-unsaturated-a-ketoamides, and
among these compounds, the most interesting derivative, 55 (Figure 20), was able to inhibit
DenV replication in a cell-culture assay in a concentration-dependent manner and to induce
a 1000-fold reduction in virus titer at noncytotoxic concentrations. SARs highlighted the
role of the indolylglyoxylamide moiety, with the a-ketoamide warhead showing superior
inhibitory activity compared to o-hydroxy and x-epoxy derivatives, and the indole portion
binding to the S1 subsite. It should be speculated that 55 may tautomerize to 56 because of
the double bond at the «,3-position with respect to the ketocarbonyl (Figure 20) and that
both may contribute to the activity of the compound.
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DenV % inhib. (50 uM) = 39.1
Figure 20. Structure and biological activity of derivative 55 and its possible tautomer, 56.

Zika virus (ZIKV) is another pathogen belonging to the Flaviviridae family and
Flavivirus genus, like DenV. ZIKV infections are usually asymptomatic or characterized
by mild symptoms, but during the latest outbreaks severe ZIKV-associated complications
emerged (depending on the genetic variant of ZIKV), such as congenital birth defects,
including microcephaly, and Guillain—Barre syndrome in adults [162]. In 2018, ZIKV
infection was added to the Research and Development Blueprint by the WHO (the list of
diseases recommended for intensive research) [163].

Del Rosario Garcia-Lozano et al. investigated a series of piperazine-based small
molecules to find inhibitors with broad activity against Flaviviridae [164]. By means
of a privileged structure-based design, the authors coupled the central piperazine core
with preferred medicinal chemistry structures, which has proven to possess multiple
biological activities, namely, indol-3-yl-2-oxoacetyl [11,161,165-167], cinnamoyl [168-176],
and quinoline-3-carbonyl groups [177-184]. They initially synthesized 26 acylpiperazine
amide and urea derivatives (general formula 57, Figure 21), which were screened by a
commercial HCV NS3/4A protease inhibition assay, resulting in inhibitory values above
70%, and then assessed in a cell-based antiviral assay to determine their potential activity
to inhibit ZIKV and DenV replication in vitro. From the first round of testing, compound
58 (Figure 21), featuring an indolylglyoxylamide, emerged as an interesting molecule with
dual activity against ZIKV (IC5p = 8.9 uM) and DenV (ICsq = 10.7 uM) and low toxicity
(CCsp = 153 uM). Antiviral activity of this molecule is comparable to the protease inhibitor
sofosbuvir 59 (ZIKV ICsy = 4.0 uM, DENV ICs = 13.1 uM, CCsp > 200 uM, Figure 21),
which was used as a reference compound.

In a subsequent round of optimization, the urea linker was functionalized with various
aromatic substituents (general formula 60, Figure 21). In this second set of compounds,
the indolylglyoxylamide derivatives 61 and 62 (Figure 21) performed worse than the cin-
namoyl ones, 63 and 64 (Figure 21). Compound 61 showed activity only against DenV
(IC50 = 7.3 uM), and the toxicity profile was not optimal (CCsg = 12 uM), whereas com-
pound 62 was just toxic. Compound 64 was the best in terms of activity against ZIKV
(IC50 = 1.9 uM) and DenV (ICsg = 1.4 uM), showing values lower than sofosbuvir 59. Al-
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though compound 64 was the most potent of the study, compound 58 showed a lower LogP
value (2.17 vs. 5.15) and a minor fraction bound to plasma protein (78.00% vs. 91.97%) in
the predicted ADME properties, confirming that the properties of the indolylglyoxylamide

moiety are interesting for drug development.
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Figure 21. General structure of the first series of acyl piperazine amide and urea derivatives 57 and of
optimized urea derivatives 60 and the biological activity of 58, sofosbuvir 59, indolylglyoxylamides

61-62, and cinnamoyl derivatives 63-64 as antiviral agents [164].

7.2. HIV-1 Inhibitors

The human immunodeficiency virus (HIV) infection pandemic is now over 30 years
old and continues to be a global health issue, with more than 37 million infected people
(https:/ /www.unaids.org/en/resources/fact-sheet, accessed on 10 June 2023). The uti-
lization of highly active antiretroviral therapy (HAART) helped to impede the spread of
HIV and transformed it into a chronic disease for many patients. However, continuous
treatment with HAART can lead to limitations, such as the onset of drug resistance. In
addition, for this reason, there is still a need for the development of new anti-retroviral
agents that can target different steps of the replication cycle with improved tolerability and
dosing schedules [185]. Among the numerous steps of the HIV infection cycle, the specific
interaction between the membrane-bound HIV-1 glycoprotein 120 (gp120) and cluster of
differentiation 4 (CD4), the primary attachment receptor for HIV-1, represents an attractive
target for the development of novel inhibitors since the disruption of this interaction would
likely curb HIV-1's infectivity at a very early stage of the viral infection [186].

In this regard, a cell-based screening assay led to the identification of indolylglyoxy-
lamide derivative 65 (Table 3), which was demonstrated to interfere with the gp120/CD4
interaction. Subsequent optimization studies on 65 generated molecules strongly able
to inhibit HIV-1 infection in vitro [187-190], including indolylglyoxylamide 66 (Table 3),
which possessed nanomolar ECsj values (4.0 and 4.9 nM against two different viral strains,
C-C chemokine receptor type 5 (CCR5)-dependent JRFL and CXC-chemokine receptor 4
(CXCR4)-dependent LAI strains of HIV-1, respectively) and no cytotoxicity to the HeLa
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host cell line, with a 20-fold improvement in potency compared to 65 (ECsy = 86 £ 24 nM
in CXCR4-dependent LAI strain of HIV-1) [188].

Table 3. Biological activity of HIV-1 attachment inhibitors 65-72. Data are taken from references [167,191].
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Despite the good antiviral profile, physicochemical properties of these first derivatives
were associated with drug formulation and delivery issues. Moderate stability in human
liver microsomes (HLM) and low aqueous solubility exerted by 66 may have complicated
its preclinical and/or clinical development. In order to improve these features, nitrogen
was introduced to the indole ring, generating four azaindole analogues of 66 (67-70, Table 3)
all possessing better PK and pharmaceutical profiles [191]. Interestingly, the indole position
onto which the nitrogen was inserted seems to play a crucial role in potency, as exemplified
by the 4-aza 67 and the 7-aza 70 isomers, which maintained the antiviral activity compared
to 66, whereas incorporation of the nitrogen atom in a more exposed position of the core
was detrimental for HIV-1 inhibitory activity (the 6-aza isomer 69 and the 5-aza analogue 68
were 5- and 100-fold less potent, respectively). Insertion of the nitrogen was instrumental
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to improving the metabolic stability of isomers 67-70 with respect to 66 (half-life (t; /») in
HLM: 66 16.9 min; 67-70 from 38.5 to >100 min. The presence of the azaindole ring may
also be exploited to convert the compounds into the corresponding salts, facilitating their
formulation [191]. The improved basicity displayed by the azaindoles seemed to correlate
with their permeability across a Caco-2 monolayer at pH 6.5. Compound 7-azaindole 70
(pKa 2.0) should predominantly exist as a free base, thus possessing high permeability,
whereas 4-azaindole 67 (pKa 5.0) could be protonated, leading to reduced permeability. For
the same reason, a considerable amount of both 5-azaindole 68 (pKa 6.2) and 6-azaindole
69 (pKa 6.0) would be present as the pyridinium cation at pH 6.5, reducing their ability to
penetrate across the Caco-2 membrane.

Additional development of these azaindoles led to the identification of clinical can-
didates: 7-azaindole HIV-1 attachment inhibitor BMS-378806 71 [192] and 6-azaindole
derivative BMS-488043 72 (Table 3) [193]. Low permeability and moderate metabolic stabil-
ity caused the plasma concentration of 71 to decrease after oral administration in humans,
leading to a halt in its development, whereas 72 showed an improved in vivo PK profile in
rat, dog, and monkey (71: t;/, in HLM 37 min, Caco-2 permeability 51 nm/s; 72: t; /» in
HLM 100 min, Caco-2 permeability 178 nm/s) [191,194]. Compound 72 was able to reduce
viremia in HIV-1-infected subjects when administered as a monotherapy, validating the use
of HIV-1 inhibitors as a potential treatment of HIV-1 infection in vivo [195].

Capitalizing on these findings, a subsequent broad optimization campaign on com-
pound 65 led to the identification of temsavir 73 (GSK2616713, Table 4), with enhanced
antiviral activity against a spectrum of laboratory strains (Table 4) and good PK [167].
The ability of this compound to bind gp120 was demonstrated by mechanistic studies
conducted on an X-ray structure of crystal complex 73/gp120, showing interactions at the
interface between the inner and outer domains under the 320—321 loop (Figure 22) [196].
Despite a predominance of hydrophobic interactions, crucial interactions involved the
indolylglyoxylamide moiety, namely, the H-bonds between the backbone NH of W427 with
the oxoamide carbonyl and the azaindole NH and the side chain of D11. The benzamide
occupied the gp120 site that was also occupied by W427, pushing both W427 and the
(320— 321 loop toward the CD4 binding loop and preventing CD4 binding (Figure 22) [167].

Figure 22. X-ray structure of the co-crystal of the gp120/73 complex [167]. Reproduced from
reference [167]. Copyright 2017 American Chemical Society; https://doi.org/10.2210/pdb5U70/pdb
accessed on 1 May 2023.
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Table 4. Activity in cellulo of 73 against laboratory strains of HIV-1. Data are taken from Ref. [167].
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Despite the optimal profile of 73, the phosphonooxymethyl prodrug fostemsavir
74 (GSK3648934, Table 4) was synthesized to fix emerging problems linked to dissolu-
tion and solubility-limited absorption. Compound 74 successfully decreased the viral
RNA level in patients compared with those receiving placebo during the first 8 days,
with efficacy sustained through 48 weeks, in a phase III clinical trial in patients with
limited therapeutic options [197]. Eventually, these results led to the approval of 74
from the Food and Drug Administration in July 2020 for patients with limited treat-
ment options (FDA approves new HIV treatment for patients with limited treatment
options (https:/ /www.fda.gov/news-events/press-announcements/fda-approves-new-
hiv-treatment-patients-limited-treatment-options (accessed 18 August 2020)).

8. Indolylglyoxylamides with Antileishmania Properties

Leishmaniasis is a parasitic disease caused by the Leishmania parasite, which is spread
to humans through the bite of infected sand flies. This parasite exists in two different forms:
the motile flagellated form (promastigotes), which can be found in the gut of the vector,
and the non-flagellated form (amastigotes), which is in the mammalian host and it is
responsible for acute disease [198,199]. There are three types of cutaneous leishmaniasis:
visceral leishmaniasis (VL), the most lethal if left untreated; cutaneous leishmaniasis (CL);
and mucocutaneous leishmaniasis (MCL). According to the World Health Organization
(WHO), 12 million people are infected worldwide, and in the next few years a dramatic
increase is expected of about 2 million new cases per year, out of which 500,000 will be cases
of VL. Today, more than 1 billion people live in areas endemic for leishmaniasis and are at
risk of infection. An estimated 30,000 new cases of VL and more than 1 million new cases of
CL occur annually (https://www.who.int/news-room/fact-sheets/detail /leishmaniasis).
Unfortunately, there are few treatment options for leishmaniasis, and the side effects can be
very serious. In view of the foregoing facts, there is still an exigent need to develop novel
antileishmanial agents.
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Chauhan et al. investigated 8,9-dihydrocoscinamide B (75, Figure 23) for its anti-
leishmaniasis properties. This molecule is the reduced derivative of coscinamide B, a
bis-indole ketoamide isolated from a marine sponge possessing cytoprotective activity
against HIV. They also synthesized four analogues maintaining the coscinamide scaffold
(76, Figure 23) and a small series of indolylglyoxylamide derivatives bearing different
amines as substituents of the ketoamide moiety (77, Figure 23) [200].
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Figure 23. Structures and biological activities of 8,9-dihydrocoscinamide B 75 and its derivatives
76-78 as leishmaniasis agents.

The molecules were tested for their inhibitory capacity in both luciferase-promastigote
and luciferase-amastigote systems at 10 pg/mL concentration, highlighting the better anti-
leishmaniasis activity of coscinamide derivatives compared to the differently substituted
indolylglyoxylamides. Particularly, 8,9-dihydrocoscinamide B 75 and the methylated
derivative 78 (Figure 23) showed the most potent inhibitory percentage in both systems
(100 and 99% in promastigote system; 97.72 and 97.78% in amastigote system) [200].

In a subsequent study, Chauhan et al. synthesized a series of indolylglyoxylamide
derivatives, introducing a carboxylic moiety at the alpha position to the ketoamide nitrogen
in the form of either a methyl ester 79 or carboxylic acid 80 (Figure 24). Moreover, prompted
by the good anti-leishmaniasis activity shown by some (3-carboline derivatives [201-203],
another series of indolylglyoxylamides 81 bearing various tetrahydro-[3-carboline moieties
was developed (Figure 24) [204].

Most methyl ester derivatives showed low activity and selectivity when tested for activity
in vitro against transgenic L. donovani amastigotes. They also showed an unfavorable toxicity
profile. Hydrolysis of methyl ester to carboxylic acid led to a complete loss of activity.

On the contrary, indolylglyoxylamide derivatives 80 displayed good biological activity,
with ICsg values in the range of 3.79-8.04 uM, thus representing promising candidates
for the development of new antileishmanial drugs. The antileishmanial activity was
influenced by varying the substitution pattern on the pendant phenyl ring of tetrahydro-{3-
carbolines, with electron-withdrawing groups more potent than electron-donating ones
(81). The effect of a withdrawing group on the indole ring was studied by introducing a
bromine substituent at position 5, but this led to an increase in toxicity without significantly
impacting the activity. Different isomers of tetrahydro-f3-carbolines did not affect the
activity. Compound 82 (Figure 24), bearing an ethyl group at the para position of the
pendant phenyl ring, appeared to be the molecule with the best profile, with an ICs
value of 5.17 uM, toxicity above 100 uM, and a high selectivity index of 31.48—12- and
5-fold greater than the standard drugs pentamidine and sodium stibogluconate (SSG),
respectively [204].
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Figure 24. Structures and biological activities of standard drugs pentamidine and sodium stibogluconate,
novel tryptophan 79-80, and tetrahydro-3-carboline derivatives 81-82 as leishmaniasis agents [204].

9. Indolylglyoxylamides with Antiprion Properties

The indolylglyoxylamide moiety, with its ability to form noncovalent interactions, has
found application in the field of antiprion agents, with remarkably potent compounds having
been generated. Prion diseases, or transmissible spongiform encephalopathies (TSEs), are a
group of progressive neurodegenerative diseases that affect both humans and animals. In
TSEs, normal cellular prion protein (PrPC) is converted into an insoluble aggregate conformer
PrPSc, in which “Sc” stands for scrapie, the prion disease of sheep and goats, which is thought
to be infectious. The death of neuronal cells in TSEs is caused by these aggregates, resulting
in vacuolization and the characteristic spongiform degeneration of brain tissue. Despite
the high levels of expression in neurons and conservation among mammalian species, the
physiological role of PrPC is still generally unclear, even though it appears to be crucially
involved in neuroprotection, cell adhesion, and iron metabolism [205,206]. Thompson et al.
designed and synthesized a vast series of indol-3-ylglyoxylamides with a general structure 83
(Figure 25). The choice of this structure, obtained from a scrapie-infected mouse brain (SMB)
cell line screening assay, was determined by the extensive array of drug candidates bearing
this moiety in either the clinical or preclinical stage with different biological activities [2,207].

The compounds’ capability to inhibit PrPSc formation was tested in a prion-infected
cell line (SMB) of mesodermal origins, and nanomolar activity was demonstrated only
by indol-3-ylglyoxylamide derivatives, featuring a aniline moiety substituted at the para
position with an aromatic heterocycle bearing at least one hydrogen-bond acceptor (84 and
85, EC59 6 nM and 1 nM, respectively, Figure 25) [207].
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Figure 25. Indolylglyoxylamides 83-88 as antiprion agents [207,208].

Substitutions at the C-4 to C-7 positions of the indole ring (86, Figure 25) were inves-
tigated, which emphasized that only modification at C-6 can improve antiprion activity.
Specifically, the introduction of strongly electron-withdrawing groups at C-6 delivered com-
pounds with an optimal antiprion effect (compounds 87 and 88, ECsy 6.1 nM and 1.2 nM,
respectively, Figure 25) [208]. Toxicity profiles were determined in a zebrafish model with
more than half of the tested compounds showing no effect on zebrafish survival, including
the most potent candidates. Derivatization at R; with methyl or morpholine was not
tolerated, yielding a mortality rate of at least 20%. Interestingly, all derivatives substituted
at the 6-position displayed enhanced microsomial stability, suggesting that this position is
likely a metabolic site for unsubstituted compounds [208].

A subsequent series of antiprion agents was synthesized by Thompson et al., first focusing
on the para substitution of the aniline and then modifying the ketoamide functionality [209].
The results from this investigation corroborated the previous findings that the best phenyl
substituent at the para position (R;) of indol-3-ylglyoxylamide derivatives is a 5--member
aromatic ring containing at least two heteroatoms. Additional heteroatoms can be tolerated if
at least one is oxygen; further modification of the heterocycle is generally detrimental [209].

Detailed modifications were carried out on the glyoxylamide moiety, producing
compounds with reduced potency: (1) formation of 3-(aminoacetyl)indoles and indole-3-
acetamides by replacing either carbonyl with a methylene group, (2) the introduction of a
maleimide bridge, and (3) an increment in the distance between the two carbonyls via the
introduction of one or two carbon spacers. After analyzing the two series lacking either
the amide carbonyl or the x-keto carbonyl, it was seen that the latter produced a more
serious reduction in activity, suggesting its more substantial role in conferring potency to
the molecules [209].

10. Others
10.1. A,p Allosteric Modulators

Among adenosine receptors (ARs), the Ajp subtype displays lower affinity for adeno-
sine with respect to the other subtypes (A1, Aa, and A3), and it is therefore triggered
only at micromolar concentrations of adenosine. Under physiological conditions, extra-
cellular concentration of adenosine is about 100 nM, whereas under stress conditions, it
increases to micromolar levels, thus also activating A;pAR. AypAR is involved in many
physio-pathological conditions, including inflammatory processes, angiogenesis, glucose
metabolism, tumor growth, and modulation of the function of cardiac fibroblasts, which
are involved in many cardiovascular diseases, like chronic heart failure. For these reasons,
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A AR represents an important pharmacological target for a variety of diseases, such as
diabetes, tumors, cardiovascular diseases, and pulmonary fibrosis.

In this context, Taliani and colleagues employed indol-3-ylglyoxylamide to discover
novel AR ligands that, surprisingly, acted as Ay AR-positive allosteric modulators: com-
pounds 89 and 90 (Figure 26) [210]. Compound 90, selected as representative for a deeper
biological characterization, showed the ability to increase the efficacy but not the potency of
Ajp agonists, such as adenosine, NECA and BAY60-6583 [211], and the ability to promote
MSC differentiation to osteoblasts and bone formation [212].

Ay NH2 NH,
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P AN i
" too | A
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", ~OH X AN
HO N7
OH OH NH,
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Figure 26. (A) Structure of adenosine, NECA, and BAY60-6583; (B) indol-3-ylglyoxylamides 89-91 as
AppAR-positive allosteric modulator agents.

Subsequently, starting from the basic structures of 89 and 90, a structurally related series
of compounds was developed by the same authors [213]. When evaluated for mineralization
activity in the presence of the orthosteric agonist BAY60-6583, the most effective compound
was 91 (Figure 26), which showed higher activity with respect to 90. Of note, compound 91
also significantly enhanced mineralization in the absence of BAY60-6583, thus highlighting
its potential use as an anti-osteoporosis agent, as it was able to increase mineralization in
experimental conditions close to physio-pathological ones. Finally, functional assays were
performed, which confirmed allosteric modulator behavior at A;gAR for 91. Also in this case,
91 enhanced the efficacy of NECA without affecting its potency.
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10.2. Carbonic Anhydrase Activators

Recently, an involvement of carbonic anhydrase (CA) activation in cognitive and mem-
ory disorders was demonstrated [214,215]. In fact, significantly reduced levels of different
cerebral isoforms of x-CAs were found in the hippocampus of patients with Alzheimer’s
disease. Moreover, following the administration of the activator phenylalanine to experi-
mental animals, a pharmacological improvement in synaptic efficacy, spatial learning, and
memory was produced. All of these observations suggest that these enzymes may represent
a potential therapeutic target to identify useful agents to treat neurodegenerative diseases.
In particular, CA activators (CAAs) act by restoring the active form of the enzyme, working
as an alternative or additional site for proton transfer, accelerating the reaction. Exhaustive
SARs evidenced a lipophilic aromatic ring substituted with a proton-shuttling moiety by
means of a flexible chain as basic structural requirements to develop active CAAs.

In this connection, a series of indolylglyoxylamides featuring a basic protonable or a
polar group at the 3- or 5-position was developed (92-95, Figure 27) [216]. The choice of this
moiety came from the longstanding experience of the research group with the development
of indolylglyoxylamides with in vivo and/or in vitro activity [4,35,51,52,57,217] together
with the widely recognized role of the alpha-keto amide moiety as a privileged motif in
medicinal chemistry [11].

o HN-R1
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A\ ' Ry = (CH2)3N(CHz)2; Ry = (CH3),0OH
93: R1 = (CHz)zN(CHch3)2, R2 = (CHZ)ZOH
N 94: Ry = (CHy)30H; Ry = (CH3)3N(CH3),
95: Ry = (CHjy),0H; R, = (CH5),N(CH,CH3),
92-95

Ky hCA VIl (uM) = 9.1 - 10.8
Figure 27. Indol-3-yl-glyoxylamides 92-95 as carbonic anhydrase activator agents.

Biological assays evidenced that the CA isoform most sensitive to activation by all
compounds was the cytosolic isoform VII, also known as the brain-associated isoform, as it
is mainly expressed only in the brain [218].

The most active compounds were indole-based derivatives featuring at the 3-position
a carboxamide or an ethyl ester moiety and the protonable/polar group at the 5-position.
These latter compounds increased the release of brain-derived neurotrophic factor (BDNF),
acting on the CNS by increasing the growth and differentiation of new neurons [219].

11. Conclusions

The aim of this review was to emphasize to medicinal chemists how the indolylgly-
oxylamide scaffold may serve as a versatile option to develop compounds with different
therapeutic applications. Because of its suitability for a vast number of different mod-
ifications that enable interaction with specific molecular targets and produce desirable
therapeutic effects, indolyglyoxylamide functionality may be considered a unique com-
bination of privileged structures in medicinal chemistry, namely, the indole ring and the
a-ketoamide moiety.

The indole ring features ease of functionalization and the ability both to engage
H-bond interactions by means of its nitrogen proton and to establish 7t-7t stacking or cation-7t
interactions due to its aromaticity. The o-ketoamide moiety may be exploited to modulate the
conformation of a lead compound by increasing or decreasing its structural rigidity and to
confer additional ability to establish hydrogen bonds in order to improve its potency and/or
selectivity to a specific target. As an example, Da Settimo et al. were able to modulate the
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affinity of indolylglyoxylamide derivatives towards BzR subtypes by varying substituents at
the 5-position of the indole and on the ketoamide nitrogen [26-29,34,35].

Furthermore, the a-ketoamide moiety possesses a unique pharmacokinetic profile
showing improved membrane permeability compared to a-ketoacids and enhanced stabil-
ity toward plasma esterases than x-ketoesters, together with a higher resistance against
proteolytic cleavage. As reported by del Rosario Garcia-Lozano et al., the a-ketoamide
derivative was not the most potent in terms of antiviral activity against Dengue and Zika
viruses but presented a superior predicted pharmacokinetic profile [164].

To increase the potency and/or to enhance the selectivity of a lead compound, as well
as to improve its pharmacokinetic properties and/or reduce its toxicity and acquire novel
chemical space to secure intellectual property, medicinal chemists may exploit bioisoster-
ism to rationally modify its structure. The new bioisosteric molecule may show structural
changes in molecular size, shape, electronic distribution, polarizability, pKa, or dipole
that can deeply ameliorate the pharmacological activity of the original compound. In this
view, the indolylglyoxylamide moiety may be fruitfully used by medicinal chemists to
bioisosterically replace a tricyclic heterocycle to modulate its conformation by decreasing its
structural rigidity and, possibly, to confer a new capacity to establish stronger and/or more
selective interactions with a target protein. Furthermore, the two a-ketoamide electron-rich
oxygen atoms may represent further points of interaction with a target, thus playing a
crucial role in enhancing the affinity and selectivity of the compound for a specific protein,
especially if the protein is prone to forming hydrogen bonds. In this vein, as an example,
Primofiore et al. bioisosterically substituted the 3-carboline scaffold with the indolylglyoxy-
lamide one, obtaining highly potent BzR ligands [220]. The indolylglyoxylamide scaffold,
having a more flexible structure than a completely planar 3-carboline, assumes a planar or
pseudoplanar conformation in the interaction with the receptor site, as demonstrated by
theoretical calculations showing the indole aromatic ring and the glyoxylamide moiety to
lie approximately in the same plane. These results confirm how medicinal chemists may
take advantage of the bioisosteric substitution of a tricyclic heteroaromatic scaffold with
the more flexible indolylglyoxylamide to develop novel lead compounds with improved
pharmacological properties.

We are aware that in silico methods such as virtual screening (VS) may rapidly provide
a set of biologically active compounds in an economically efficient manner and that, very
recently, the employment of artificial intelligence methods such as deep and machine
learning has added value in small-molecule drug discovery. However, in our opinion,
one of the strategies that can aid medicinal chemists in the discovery of new drugs in a
shorter amount of time with respect to other strategies is the exploitation of privileged
structures and molecular fragments that are able to interact with more than one target.
In this overview, we evidenced how the indolylglyoxylamide fragment was exploited in
numerous applications to generate biologically active compounds and clinical candidates,
primarily as sedative/hypnotics, anxiolytics, antitumorals, antibacterials, antivirals, anti-
inflammatories, and antiprions, suggesting its prominent place in drug development.
These data unquestionably support how the use of privileged scaffolds in drug design
provides access to better success rates by overcoming the intrinsic hurdles connected with
time-consuming drug development that rely on structures that are not yet validated.

To conclude, the authors believe that this overview, highlighting indolylglyoxylamide
as a unique moiety and emphasizing its peculiar role as valuable option within future
drug discovery programs, may aid medicinal chemistry to develop novel agents that are
increasingly potent, efficient, and safe.
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