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Abstract: Indole derivatives have become an important class of compounds in medicinal chemistry,
recognized for their wide-ranging biological activities and therapeutic potential. This review pro-
vides a comprehensive overview of recent advances in the evaluation of indole-based compounds
in the last five years, highlighting their roles in cancer treatment, infectious disease management,
anti-inflammatory therapies, metabolic disorder interventions, and neurodegenerative disease man-
agement. Indole derivatives have shown significant efficacy in targeting diverse biological pathways,
making them valuable scaffolds in designing new drugs. Notably, these compounds have demon-
strated the ability to combat drug-resistant cancer cells and pathogens, a significant breakthrough in
the field, and offer promising therapeutic options for chronic diseases such as diabetes and hyper-
tension. By summarizing recent key findings and exploring the underlying biological mechanisms,
this review underscores the potential of indole derivatives in addressing major healthcare challenges,
thereby instilling hope and optimism in the field of modern medicine.

Keywords: indole; biological activities; anticancer; antimicrobial; anti-inflammatory; antidiabetic;
neurodegenerative diseases; antihypertensive

1. Introduction

The indole core, a weakly basic molecule consisting of a pyrrole ring fused to a benzene
ring, is known for its aromatic nature due to the delocalization of ten π-electrons. Indole can
exist in three tautomeric forms—1H-indole, 2H-indole, and 3H-indole (Figure 1) [1]—which
differ in the position of the hydrogen atom within the ring structure. These tautomers can
influence the chemical reactivity and biological interactions of indole derivatives. Indole
derivatives have long fascinated researchers due to their diverse biological activities and
therapeutic potential [2–5]. As core structures in many natural products and pharma-
ceuticals, indoles are pivotal scaffolds in drug discovery and development. This review
aims to provide an updated overview of recent progress in the biological activities of
indole derivatives, highlighting their multifaceted roles in various therapeutic areas from
2020 to 2024.
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Figure 1. Tautomeric structures of the indole ring.

Historically, indole derivatives have been central to developing several important
drugs. For instance, the indole alkaloid reserpine derived from the Rauwolfia plant has been
used as an antihypertensive [6] and antipsychotic agent [7]. The structural significance of
indoles is further underscored by their presence in essential biomolecules such as serotonin
and melatonin. Serotonin, a neurotransmitter with a critical role in regulating mood,
appetite [8], and sleep [9], features an indole moiety, which is essential for its biological
activity [10]. Similarly, melatonin, another indole-based compound, regulates circadian
rhythms [11] and has been investigated for its potential in treating sleep disorders [12] and
as an antioxidant [11].

In recent years, significant attention has been directed toward the anticancer properties
of indole derivatives [13]. Compounds such as indole-3-carbinol (I3C), found in cruciferous
vegetables like broccoli and Brussels sprouts, have demonstrated the ability to inhibit
the proliferation of cancer cells and induce apoptosis. I3C and its dimeric product, 3,3′-
diindolylmethane (DIM), have been shown to modulate estrogen metabolism and exhibit
anticancer effects in hormone-dependent cancers such as breast and prostate cancer [14].
Furthermore, synthetic indole derivatives like sunitinib, a tyrosine kinase inhibitor, have
been effectively utilized as targeted therapies in renal cell carcinoma [15] and gastrointesti-
nal stromal tumors [16], showcasing their efficacy in oncology. The versatility of indole
scaffolds in interacting with various biological targets, such as kinases, has made them
attractive candidates for anticancer drug development, intriguing and engaging researchers
in the field (Figure 2).

Figure 2. Different natural and commercially available indole derivatives and their biological
activities.
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Beyond oncology, the therapeutic potential of indole derivatives extends to addressing
the growing challenge of bacterial resistance [17]. The emergence of antibiotic-resistant
strains, such as methicillin-resistant Staphylococcus aureus (MRSA) and carbapenem-resistant
Enterobacteriaceae, has necessitated the development of new antimicrobial agents. Indole-
based compounds, including indolicidin—a cationic antimicrobial peptide derived from
bovine neutrophils [18]—exhibit potent antibacterial activity against various pathogens,
including multidrug-resistant bacteria. The ability of indole derivatives to disrupt bacterial
membranes and inhibit biofilm formation [19] has opened new avenues for their application
as antimicrobial agents.

Moreover, the anti-inflammatory properties of indole derivatives have been explored
extensively. Indomethacin, a nonsteroidal anti-inflammatory drug (NSAID) containing
an indole structure, has been widely used to reduce fever, pain, and inflammation [20].
Recent research has identified novel indole derivatives that modulate key inflammatory
pathways, such as the NF-κB [21] and COX-2 (Cycloxygenase-2) [22] pathways, offering
potential therapeutic options for chronic inflammatory diseases like rheumatoid arthritis
and inflammatory bowel disease. Additionally, the dual inhibition of COX and LOX
(Lipoxygenase) enzymes by certain indole derivatives has been proposed as a strategy to
reduce the gastrointestinal side effects [23] commonly associated with traditional NSAIDs.
Numerous commercially available drugs containing indole scaffold, as illustrated in Table 1,
highlight the wide-ranging therapeutic applications of this versatile scaffold.

Table 1. Examples of FDA-approved drugs containing indole structures and their therapeutic
applications.

Drug Name Chemical Structure Indication Mechanism of Action

Pindolol
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Table 1. Cont.

Drug Name Chemical Structure Indication Mechanism of Action

Sumatriptan
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Table 1. Cont.

Drug Name Chemical Structure Indication Mechanism of Action
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The structural versatility of indole scaffolds, characterized by their ability to participate
in various chemical reactions and form diverse chemical bonds, underpins their widespread
use in medicinal chemistry. The incorporation of different substituents on the indole ring
has been shown to significantly alter the biological activity of these compounds, leading
to the discovery of novel drugs with improved efficacy and safety profiles. Recent years
have witnessed advancements in understanding indole derivatives’ structure–activity
relationships (SAR), particularly in optimizing drug-like properties such as solubility,
permeability, and metabolic stability. Exploring indole derivatives in other therapeutic
areas, such as neurodegenerative diseases, cardiovascular disorders, and diabetes, further
highlights their potential as lead compounds for developing new drugs.



Molecules 2024, 29, 4770 6 of 49

This review aims to provide an updated and comprehensive overview of the recent
progress in the biological activities of indole derivatives from 2020 to 2024. By focusing on
their multifaceted therapeutic applications and the ongoing research in this dynamic field,
we aim to underscore the potential of indole derivatives as versatile scaffolds in modern
drug discovery for novel therapies.

2. Biological Activities of Indole Derivatives
2.1. Anticancer Activity

Cancer remains one of the leading causes of morbidity and mortality worldwide,
with an estimated 19.3 million new cases and nearly 10 million cancer-related deaths
reported globally in 2020 [39–43]. The disease’s burden is expected to rise significantly
in the coming decades, driven by aging populations and increasing exposure to risk
factors such as tobacco use, unhealthy diet, and environmental pollutants [44]. Despite
advances in cancer treatment, including surgery, radiation, and chemotherapy, the need
for more effective and targeted therapies is paramount [45–47]. Indole derivatives have
emerged as promising anticancer agents due to their ability to act on different key biological
targets such as tubulin [48], protein kinases [49], HDAC (Histone Deacetylase) [50], etc.
(Figure 3). The structural versatility of indoles allows for the design of compounds that
can specifically target cancer cells while minimizing toxicity to normal tissues. Here, we
highlight recent advancements and key examples of indole derivatives demonstrating
significant anticancer activity.

Figure 3. Different mechanisms of indole derivatives as anticancer agents.

2.1.1. Tubulin Polymerization Inhibitors

Inhibiting tubulin polymerization is a crucial strategy in cancer treatment because
it directly interferes with microtubule dynamics, essential for proper cell division and
proliferation [51–53]. Microtubules are vital for forming the mitotic spindle, and their
disruption leads to cell cycle arrest at the metaphase, ultimately causing apoptosis in
cancer cells, which often have high mitotic rates [40,54]. Indole derivatives, such as vinca
alkaloids (e.g., vinblastine and vincristine), are key anticancer agents known to inhibit
tubulin polymerization [55]. These compounds bind to tubulin and prevent its assembly
into microtubules, effectively stopping the cell division process in cancerous cells. Beyond
vinca alkaloids, indole-based compounds have shown promise as potential anticancer
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agents due to their ability to target tubulin and other related pathways involved in cell
proliferation [48].

Building on this, recent studies have explored the development of novel indole deriva-
tives with enhanced anticancer properties. For instance, Hawash et al. synthesized a
series of novel substituted indole-acrylamide derivatives and evaluated their anticancer
activities as potential tubulin-targeting agents [56]. Out of these, 1 (Figure 4) emerged as the
most potent, showing significant tubulin polymerization inhibitory activity with an IC50 of
5.0 µM against Huh7 hepatocellular carcinoma cells. Compound 1 induced G2/M-phase
cell cycle arrest in Huh7 cells, leading to apoptotic cell death. The structure–activity rela-
tionship analysis indicated that the presence of a cyano group on the prop-2-en-1-on linker
enhanced the compound’s potency. Molecular docking studies revealed that compound
1 forms hydrogen bonds with βAsn258 and βCys241 in the colchicine-binding site of
tubulin, stabilizing the interaction. The study highlights the potential of indole-acrylamide
derivatives as promising candidates for developing tubulin-targeting anticancer therapies.

Figure 4. Structures of compounds 1−14 as tubulin polymerization inhibitors.

Furthermore, Shi et al. designed and synthesized a series of 9-aryl-5H-pyrido [4,3-b]
indole derivatives as potential tubulin polymerization inhibitors [57], evaluating their
antitumor activities. Their efforts culminated in the discovery of compound 2 (Figure 4),
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which demonstrated the most potent antiproliferative activity against HeLa cells with
an IC50 value of 8.7 µM. This compound effectively inhibited tubulin polymerization
and disrupted the microtubule network, as confirmed by immunofluorescence staining.
Mechanistic studies revealed that 2 arrested the cell cycle in the G2/M phase and induced
apoptosis in a dose-dependent manner. Molecular docking studies showed that 2 binds to
the colchicine-binding site of tubulin, forming stable interactions with key residues such as
Asnβ258 and Valβ238. The cumulative evidence points to compound 2 as a promising lead
for developing new anticancer agents targeting tubulin.

In another approach, Song et al. designed and synthesized novel coumarin-indole
derivatives and evaluated their efficacy as tubulin polymerization inhibitors targeting the
colchicine-binding site [58]. Results showed that compound 3 (Figure 4) demonstrated the
most potent anticancer activity, particularly against the gastric cancer cell line MGC-803,
with an IC50 value of 0.011 µM. Compound 3 also exhibited strong inhibitory activity across
a range of cancer cell lines, with IC50 values below 0.1 µM for 17 other cancer lines and less
than 0.05 µM for 8 lines. The compound effectively inhibited tubulin polymerization with
an IC50 of 2.46 µM and showed potent suppression of MAPK pathway kinases in cancer
progression. In vivo studies using a mouse xenograft model of MGC-803 cells demonstrated
significant tumor growth inhibition (TGI) of 70% and 80% at doses of 15 mg/kg and
30 mg/kg, respectively, without notable toxicity. The findings indicate that 3 is a promising
candidate for further development as a tubulin-targeting anticancer agent.

Moreover, Yan et al. synthesized indole-chalcone derivatives, modifying their struc-
tures to create dual-targeted agents that inhibit tubulin polymerization and thioredoxin
reductase (TrxR) [59]. In the study, compound 4 (Figure 4) exhibited the most potent
antiproliferative activity against six human cancer cell lines, with IC50 values ranging from
6 to 35 nM. This compound showed superior efficacy in inhibiting tubulin polymerization
with an IC50 of 0.81 µM and acted as a TrxR inhibitor with an IC50 of 3.728 µM. Mechanisti-
cally, 4 caused cell cycle arrest at the G2/M phase and induced apoptosis by disrupting
mitochondrial function and increasing reactive oxygen species (ROS) levels. The in vivo
studies in a xenograft model of MHCC-97H cells showed that 4 significantly inhibited
tumor growth by 75.4% without causing notable toxicity. Therefore, compound 4 holds
promise as a dual-targeted anticancer agent, offering an effective strategy to combat drug-
resistant tumors.

In a related effort, Ren et al. designed and synthesized a series of 6-aryl-3-aroyl-indole
analogs as inhibitors of tubulin polymerization [60], inspired by colchicine and combretas-
tatin A-4 (CA4). Among the analogs, 5 (Figure 4) exhibited the most potent activity, with an
IC50 of 0.57 µM for tubulin polymerization inhibition and significant cytotoxicity against
MDA-MB-231 breast cancer cells (IC50 = 102 nM). Compound 5 induced G2/M phase
arrest, disrupted microtubule structures, and inhibited cell migration in a scratch assay.
Additionally, the compound bound effectively to the colchicine site on tubulin, as con-
firmed by molecular docking studies. The phosphate prodrug of 5, compound 6 (Figure 4),
demonstrated vascular disrupting activity (VDA) in vivo, reducing bioluminescence signal
in a kidney cancer model in mice by over 90% within 2.5 h. The study highlights 5 and its
prodrug as promising candidates for tubulin-targeting cancer therapies.

Reddy et al. synthesized a series of indole-tetrazole coupled aromatic amides and
evaluated their in vitro anticancer activity, tubulin polymerization inhibition [61], and
molecular docking studies. Compounds 7, 8, and 9 (Figure 4) exhibited significant anti-
cancer activity, with IC50 values ranging from 3.5 to 8.7 µM against MCF-7 (breast), A549
(lung), and SKOV3 (ovarian) cancer cell lines, outperforming the standard drug etoposide.
Compounds 7 and 9 demonstrated enhanced tubulin polymerization inhibition, with IC50
values of 0.52 and 0.34 µM, respectively, compared to the standard combretastatin A-4
(IC50 = 1.12 µM). Molecular docking studies revealed that these compounds showed strong
binding interactions with α,β-tubulin, with compound 9 forming a hydrogen bond with
ASN329. The ADMET properties of the active compounds indicated favorable drug-like
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profiles, adhering to Lipinski and other rules, making them promising candidates for
further development as anticancer agents targeting tubulin polymerization.

Similarly, Boda et al. synthesized a series of indole-1,3,4-oxadiazole hybrids and
evaluated their anticancer activity and ability to inhibit tubulin polymerization [62]. They
identified compound 10 (Figure 4) as the most potent, with IC50 values of 4.2 µM, 3.1 µM,
and 2.1 µM against SKOV3 (ovarian), A549 (lung), and MCF-7 (breast) cancer cell lines,
respectively. Compound 10 also demonstrated superior tubulin polymerization inhibition
with an IC50 of 0.48 µM, surpassing the standard combretastatin A-4 (IC50 = 1.13 µM).
Molecular docking studies revealed that 10 forms stable interactions with α- and β-tubulin,
displaying the highest binding energy of −8.54 kcal/mol and forming hydrogen bonds
with key residues (PRO175, VAL177, and SER174). This proves that indole-1,3,4-oxadiazole
hybrids, particularly 10, are promising candidates for further development as tubulin-
targeting anticancer agents.

Likewise, Hurysz et al. developed a series of indole-substituted furanones and as-
sessed their potential as anti-tubulin agents with broad anticancer activity [63]. Notably,
compound 11 (Figure 4) emerged as the most potent, displaying significant cytotoxicity
against U-937 cancer cells with an EC50 value of 0.6 µM. The compound effectively inhib-
ited tubulin polymerization, a mechanism similar to the well-known colchicine inhibitor.
Molecular docking studies confirmed that 11 binds favorably to the colchicine-binding site
(CBS) on tubulin, forming a hydrogen bond with V181 at a distance of 2.39 Å, which is
notably stronger than the corresponding bond in colchicine (3.05 Å). This strong binding
affinity likely contributes to its enhanced biological activity. Furthermore, 11 exhibited
broad-spectrum anticancer efficacy, as demonstrated by its performance in the NCI-60 cell
line assay where it achieved GI50 values as low as 28 nM against MCF7 breast cancer cells.
This evidence points to compound 11 as a highly promising candidate for advancing novel
anticancer treatments that target tubulin polymerization.

In a similar study, Liang et al. synthesized novel indole-containing hybrids derived
from millepachine and evaluated their antitumor activities [64]. The most potent com-
pound, 12 (Figure 4), exhibited significant cytotoxicity across five human cancer cell lines,
with IC50 values ranging from 0.022 to 0.074 µM, which is around 100 times more potent
than millepachine. Compound 12 inhibited tubulin polymerization with an IC50 of 2.07 µM
and induced G2/M cell cycle arrest in cancer cells. Furthermore, it triggered apoptosis
through reactive oxygen species (ROS) accumulation and mitochondrial membrane poten-
tial (MMP) disruption. Notably, 12 displayed lower toxicity toward normal human cells
and maintained efficacy against drug-resistant cancer cell lines, highlighting its potential as
a promising antitumor agent.

Wang et al. synthesized a series of GSH-responsive prodrugs derived from indole-
chalcone and camptothecin (CPT), aiming to overcome multidrug resistance (MDR) in
cancer therapy [65]. The most potent compound, 14 (Figure 4), displayed superior an-
tiproliferative activity compared to CPT alone, with IC50 values as low as 0.15 µM against
HCT-116 colon cancer cells. Notably, 14 exhibited potent efficacy against paclitaxel-resistant
(PTX-resistant) HCT-116 cells, with an IC50 of 0.25 µM, significantly outperforming both
CPT and a physical mixture of 13 (Figure 4) (an indole-chalcone derivative) and CPT.
Mechanistic studies revealed that 14 acts as a GSH-responsive prodrug, releasing CPT and
13 upon activation by GSH, leading to inhibition of tubulin polymerization, mitochon-
drial membrane depolarization, and the induction of apoptosis. Additionally, 14 triggered
autophagy and enhanced intracellular reactive oxygen species (ROS) levels, further promot-
ing cell death. In vivo, 14 significantly inhibited tumor growth in PTX-resistant colorectal
cancer xenograft models, with a tumor growth inhibition rate of 64.7%, while displaying
minimal toxicity toward healthy cells. With its strong activity, compound 14 emerges as a
promising candidate for overcoming MDR in colorectal cancer therapy.
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2.1.2. Protein Kinase Inhibitors

Protein kinase inhibitors (PKIs) are a class of enzyme inhibitors that block the activity
of protein kinases, which are enzymes responsible for adding phosphate groups to proteins
(a process known as phosphorylation) [66]. These enzymes are crucial for cell signaling
pathways that regulate cell growth and survival [67]. By inhibiting these kinases, PKIs
can effectively disrupt cancer cell proliferation with fewer side effects than traditional
chemotherapy [68]. EGFR inhibitors are a key example of PKIs, targeting the epidermal
growth factor receptor (EGFR). This receptor is often overexpressed or mutated in can-
cers like non-small cell lung cancer (NSCLC). Drugs such as erlotinib and gefitinib block
EGFR activity, preventing uncontrolled cell division and offering a more personalized
treatment [69].

Building on the potential of indole derivatives as PKIs, Gomaa et al. synthesized a
series of novel 2,3-dihydropyrazino [1,2-a]indole-1,4-dione derivatives. They evaluated
their efficacy as dual inhibitors of EGFR and BRAFV600E [70], with promising antiprolifer-
ative and antioxidant activities. Compound 15 (Figure 5) was particularly notable for its
potent activity, exhibiting superior EGFR inhibition with an IC50 value of 32 nM compared
to the reference drug erlotinib (IC50 = 80 nM). Additionally, compound 15 demonstrated
potent BRAFV600E inhibitory activity, with an IC50 value of 45 nM, alongside signifi-
cant antiproliferative activity against cancer cell lines, showing a GI50 value of 35 nM.
This compound also displayed cytotoxicity against the LOX-IMVI melanoma cell line,
with an IC50 of 1.02 µM, and exhibited strong antioxidant activity, comparable to Trolox,
with a DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging rate of 72.7% at 10 µM.
Compound 15 induced apoptosis and G2/M cell cycle arrest, marking it a potent candidate
for further development as an anticancer agent targeting EGFR and BRAFV600E.

Figure 5. Structures of compounds 15–27 as protein kinase inhibitors.
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In another investigation, Shawish et al. designed and synthesized a series of pyrazolyl-
s-triazine compounds incorporating an indole motif, aiming to develop dual inhibitors of
EGFR and CDK-2 for anticancer therapy [71]. The most prominent activity was observed
with compound 16 (Figure 5), which showed remarkable cytotoxicity against A549 lung
cancer cells with an IC50 value of 2.66 µM. It also exhibited potent inhibition of EGFR,
with an IC50 value of 34.1 nM, significantly outperforming the reference drug erlotinib
(IC50 = 67.3 nM). Furthermore, 16 showed robust CDK-2 inhibition, achieving 91.4% inhibi-
tion at 10 µM while inhibiting EGFR by 93.6% at the same concentration. The compound
effectively promoted apoptosis in lung cancer cells, increasing total apoptosis by 71.6-fold
compared to the control, with 43.7% apoptosis versus 0.61% for untreated cells. With its
dual-target inhibition of EGFR and CDK-2 and significant pro-apoptotic effects, compound
16 represents a highly promising candidate for further development in anticancer therapies.

In 2022, Khalilullah et al. synthesized new pyrazolinyl-indole derivatives and evalu-
ated their anticancer potential, particularly as EGFR inhibitors [72]. The study revealed that
compound 17 (Figure 5) displayed the most significant anticancer activity across multiple
cancer cell lines, achieving 78.76% growth inhibition in leukemia cells at a concentration of
10 µM, significantly outperforming the standard reference drug imatinib (9% inhibition).
The study confirmed the cytotoxic activity of 17 in nine cancer cell line panels, including
leukemia, breast, and colon cancers. Molecular docking studies revealed that 17 strongly
interacts with the active site of the EGFR tyrosine kinase, forming hydrogen bonds with
key residues such as Met793, enhancing its inhibitory effect.

Yu et al. designed and synthesized a series of [1,2,4]triazolo [1,5-a]pyrimidine indole
derivatives to evaluate their antiproliferative activities against various cancer cell lines,
particularly targeting the ERK signaling pathway [73] in gastric cancer cells (MGC-803). The
ERK signaling pathway, known as the extracellular signal-regulated kinase pathway, regu-
lates various cellular processes, including proliferation, differentiation, and survival [74].
Aberrant activation of this pathway is frequently observed in many types of cancer [75],
contributing to uncontrolled cell growth and resistance to apoptosis. The most potent
compound, 18 (Figure 5), exhibited strong antiproliferative effects with IC50 values of
9.47 µM against MGC-803, 9.58 µM against HCT-116, and 13.1 µM against MCF-7 cells,
outperforming the standard drug 5-Fu. Compound 18 significantly inhibited the ERK
signaling pathway, reducing the phosphorylation levels of key proteins including ERK1/2,
c-Raf, MEK1/2, and AKT—in a dose-dependent manner. Additionally, 18 induced G2/M
phase arrest and apoptosis in MGC-803 cells by upregulating pro-apoptotic proteins like
Bax and cleaved-Caspase7 while downregulating anti-apoptotic proteins such as Mcl-1 and
Bcl-2. Given its potent activity, compound 18 could be a valuable candidate for anticancer
drug development targeting the ERK signaling pathway.

The PI3K/AKT/mTOR pathway is a critical signaling pathway in cancer, regu-
lating cell growth, proliferation, and survival. Dysregulation of this pathway is com-
monly observed in various cancers, making it a significant target for anticancer thera-
pies [76,77]. Building on this, Qin et al. synthesized a series of 1,3,4,9-tetrahydropyrano
[3,4-b]indoles and evaluated their potential as treatments for triple-negative breast can-
cer (TNBC) by targeting the PI3K/AKT/mTOR pathway[78]. The research showed that
compound 19 (Figure 5) demonstrated the most potent anticancer activity against MDA-MB-
231 cells with an IC50 value of 2.29 µM. Mechanistic studies revealed compound 19 induced
G0/G1 cell cycle arrest, triggered apoptosis, and disrupted mitochondrial membrane poten-
tial (MMP). Additionally, it increased reactive oxygen species (ROS) levels, reduced intra-
cellular glutathione (GSH), elevated intracellular calcium ions (Ca2+), and activated caspase
cascades. Compound 19 significantly suppressed key regulators of the PI3K/AKT/mTOR
pathway in MDA-MB-231 cells, including reduced phosphorylation of AKT and mTOR.
With its ability to selectively target cancer cells and disrupt critical survival pathways,
compound 19 stands out as a promising lead for the treatment of TNBC.

Tyagi et al. developed a series of indole-chalcone-based glycohybrids using click
chemistry to explore their anticancer potential. They synthesized three distinct glycohybrids
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using D-glucose, D-galactose, and D-mannose, linking these sugars to indole-chalcone
derivatives via a 1,2,3-triazole bridge [79]. The research identified 20 (Figure 5) as the
most potent anticancer compound, particularly against MCF-7 breast cancer cells, with
an impressive IC50 value of 1.05 µM and a high selectivity index (SI > 161), indicating
strong selectivity for cancer cells over normal cells. It also showed considerable cytotoxicity
against MDA-MB-231 cells with an IC50 of 18.03 µM. Compound 20 exhibited no significant
toxicity toward normal MCF-10A cells, highlighting its selectivity. Molecular docking
studies also revealed that 20 binds effectively to the HCK protein target, with a docking
score of −13.42 kcal/mol and higher binding affinity than the natural HCK inhibitor PP1
(−6.77 kcal/mol).

Ibrahim et al. synthesized a series of azine derivatives bearing indole moieties using a
green mechanochemical process and evaluated their anticancer activity against HCT-116
(colon), HepG2 (liver), and MCF-7 (breast) cancer cell lines [80]. Compounds 21, 22, 23, 24,
and 25 (Figure 5) exhibited potent cytotoxic activity with IC50 values ranging from 4.27 to
8.15 µM against HCT-116, compared to the reference drug doxorubicin (IC50 = 5.23 µM).
Similarly, these compounds demonstrated significant activity against HepG2, with IC50
values of 4.09–9.05 µM, and against MCF-7, with IC50 values of 6.19–8.39 µM. Molecular
docking studies revealed that compound 24 showed the highest binding affinity toward
CDK-5 with a docking score of −8.34 kcal/mol, forming hydrogen bonds with key residues
such as Gln131 and Asn132. The structure–activity relationship (SAR) analysis suggested
that halogen substitutions significantly enhanced anticancer activity, particularly chloro
and bromo groups at the para positions.

Perike et al. synthesized a series of hybrid molecules containing indole-thiazolidinedione-
triazole moieties and evaluated their anticancer activities against four human cancer cell
lines: HePG-2 (liver), HCT-116 (colorectal), PC-3 (prostate), and MCF-7 (breast) [81]. The
most potent compound, 26 (Figure 5), demonstrated superior anticancer activity, showing
IC50 values of 4.43 µM against HePG-2, 4.46 µM against HCT-116, 8.03 µM against PC-
3, and 3.18 µM against MCF-7, outperforming the standard drug doxorubicin, which
exhibited IC50 values of 4.46 µM (HePG-2), 5.18 µM (HCT-116), 8.72 µM (PC-3), and
4.13 µM (MCF-7). Molecular docking studies revealed that 26 binds effectively to EGFR,
CDK2, and sorcin targets, with a binding affinity of -10.1 kcal/mol against EGFR, forming
key interactions with residues like Cys773, Asp776, and Phe771. These findings suggest that
compound 26 has the potential to be further developed as a promising anticancer agent
due to its potent activity and strong binding affinity to multiple cancer targets.

Parthiban et al. synthesized indole-curcumin derivatives and evaluated their anti-
cancer activities against Hep-2, A549, and HeLa cell lines [82]. The methoxy-substituted
indole curcumin derivative (27) (Figure 5) showed the most potent anticancer activity,
with IC50 values of 12 µM against Hep-2, 15 µM against A549, and 4 µM against HeLa
cells. These results were comparable to standard drugs doxorubicin (IC50 = 10 µM for
Hep-2, 0.65 µM for A549, and 1 µM for HeLa) and paclitaxel (IC50 = 1.8 µM for Hep-2,
0.175 µM for A549, and 0.08 µM for HeLa). Molecular docking studies revealed that the
methoxy-substituted compound 27 strongly binds to GSK-3β, EGFR, and Bcr-Abl proteins,
with significant interactions at key active sites. Compound 27 exhibited potent antioxidant
activity, reducing DPPH free radicals by 90.50%. These findings suggest that methoxy-
substituted indole curcumin derivatives possess dual-action anticancer and antioxidant
capabilities, making them promising candidates for further development.

2.1.3. Bcl-2 Inhibitors

Bcl-2 inhibitors have gained significant attention in cancer therapy due to their ability
to promote apoptosis in cancer cells by neutralizing the anti-apoptotic functions of the
Bcl-2 family proteins [83]. Bcl-2, a key regulator of the mitochondrial pathway of apoptosis,
is frequently overexpressed in various cancers, contributing to tumor growth, resistance
to chemotherapy, and poor prognosis. Inhibiting Bcl-2 restores the balance between pro-
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apoptotic and anti-apoptotic signals within the cell, triggering apoptosis and reducing
tumor survival [84].

Given the therapeutic potential of Bcl-2 inhibitors, Zhang et al. synthesized a series of
novel Bcl-2/Mcl-1 dual inhibitors with an indole scaffold and evaluated their potential as
anticancer agents [85]. In particular, compound 28 (Figure 6) demonstrated the most potent
dual inhibition activity, with sub-micromolar binding affinities for both Bcl-2 and Mcl-1,
with Ki values of 0.41 µM and 0.41 µM, respectively, while showing no significant activity
against Bcl-XL (IC50 > 200 µM). Compound 28 effectively induced apoptosis in HL-60
cells in a dose-dependent manner, with 46.9% apoptosis observed at 80 µM concentration
compared to 0.87% in the control. Mechanistic studies revealed that 28 increased PARP
cleavage and mitochondrial membrane potential, activating intrinsic apoptotic pathways.
Molecular docking studies confirmed that 28 binds to the P2, P3, and P4 pockets of Bcl-2
and Mcl-1, forming key hydrogen bonds and hydrophobic interactions that enhance its
inhibitory activity.

Figure 6. Structures of compounds 28–30 as Bcl-2 inhibitors.

Following this line of investigation, Liu et al. in 2022 synthesized a series of novel
indole derivatives and evaluated their dual inhibitory activity against Bcl-2 and Mcl-1[86].
The tested compounds have shown potent activity, compound 29 (Figure 6) being the most
potent with IC50 values of 7.63 µM for Bcl-2 and 1.53 µM for Mcl-1, comparable to the
reference compound AT-101 (IC50 = 2.60 µM for Bcl-2 and 1.19 µM for Mcl-1). Molecular
docking studies revealed that 29 interacts with the active sites of Bcl-2 and Mcl-1 proteins,
forming hydrogen bonds and Van der Waals interactions, especially with residues such
as Gln96 and Phe101 in Bcl-2. Despite its potent binding affinity, 29 exhibited moderate
antiproliferative activity, with an IC50 of 69 µM against Jurkat cells, lower than AT-101
(IC50 = 3.12 µM). These findings suggest that while 29 is a promising dual inhibitor, further
structural optimization is needed to enhance its antitumor efficacy.

In a related effort, Almehdi et al. designed and synthesized a series of novel indole-
based Bcl-2 inhibitors to evaluate their anticancer activity against Bcl-2-expressing cancer
cell lines [87]. Interestingly, compound 30 (Figure 6) demonstrated the most potent activity,
particularly against MCF-7 breast cancer cells, with an IC50 of 0.83 µM, as well as against
A549 lung cancer cells (IC50 = 0.73 µM). For comparison, the standard reference gossypol
showed an IC50 of 4.43 µM for MCF-7 and 3.45 µM for A549. The compound 30 also
demonstrated effective inhibition of Bcl-2 using an ELISA assay, with an IC50 of 1.2 µM,
which was only two-fold less potent than gossypol (IC50 = 0.62 µM). Compound 30 induced
significant apoptosis in cancer cells, with a 43-fold increase in early apoptosis and a 111-
fold increase in late apoptosis, alongside G1/S phase cell cycle arrest. Molecular docking
studies revealed stable binding interactions between 30 and the Bcl-2 protein, involving
hydrogen bonding, pi–pi stacking, and hydrophobic interactions with residues such as
Arg-60, Phe-63, and Glu-95, indicating strong binding affinity. These results suggest that
30 is a promising candidate for further development as a selective Bcl-2 inhibitor with
potent anticancer properties.
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2.1.4. Carbonic Anhydrases IX and XII Inhibitors

Carbonic anhydrases (CAs) are a family of zinc-containing enzymes that catalyze the
reversible conversion of carbon dioxide and water to bicarbonate and protons, playing a
crucial role in pH regulation [88,89]. There are multiple isoforms of CAs, with CA IX and
CA XII being particularly important in cancer. These isoforms are often overexpressed
in hypoxic tumor environments, where they help maintain intracellular pH homeostasis,
aiding cancer cell survival, invasion, and metastasis under acidic conditions [90–92]. Given
their involvement in tumor growth and progression, developing selective CA inhibitors,
particularly against CA IX and CA XII, has emerged as a promising strategy for cancer
therapy. Targeting these isoforms can disrupt the pH balance in cancer cells, leading to
reduced proliferation, enhanced sensitivity to other therapies, and apoptosis, making CA
inhibitors a valuable tool in anticancer drug development [93,94].

In light of this, Singh et al. synthesized a series of quinoline/pyridine indole-3-
sulfonamide hybrids. They evaluated their selective inhibition against carbonic anhydrase
(CA) isoforms, particularly the tumor-associated isoforms hCA IX and XII [95]. Results
indicated that compounds 31 and 32 (Figure 7) exhibited the most potent inhibition of hCA
IX, with Ki values of 1.47 µM and 1.57 µM, respectively. Both compounds showed minimal
inhibition against the cytosolic isoforms hCA I and II, demonstrating their selectivity toward
tumor-associated isoforms. Compound 32—with a 2-chloro substitution on the quinoline
ring—was particularly effective, forming hydrogen bonds with Thr199 in the active site
of hCA IX, as revealed through molecular docking studies. Therefore, compounds 31 and
32 can be considered promising leads for developing selective anticancer agents targeting
hCA IX, which plays a significant role in cancer cell survival and metastasis.

Figure 7. Structures of compounds 31–36 as CA inhibitors.

Demir-Yazıcı et al. synthesized a series of 2-(hydrazinocarbonyl)-3-phenyl-1H-indole-
5-sulfonamide-based thiosemicarbazides and evaluated their potential as selective in-
hibitors of tumor-associated human carbonic anhydrase (hCA) isoforms IX and XII [96].
Compounds 33 and 34 (Figure 7) demonstrated the most potent inhibition of hCA XII, with
Ki values of 0.69 nM and 0.87 nM, respectively, significantly outperforming the standard
inhibitor acetazolamide (Ki = 5.7 nM). Both compounds also exhibited strong inhibition
of hCA IX, with Ki values of 2.1 nM and 1.4 nM, respectively. Molecular docking and
molecular dynamics simulations confirmed favorable binding interactions between these
compounds and the active sites of hCA IX and XII, suggesting their potential for further
development as selective anticancer agents targeting these isoforms.



Molecules 2024, 29, 4770 15 of 49

Nguyen and co-workers synthesized and evaluated a series of indole-based benzene-
sulfonamides for their antitumor activity, particularly focusing on their inhibitory effects
on carbonic anhydrase IX (CA IX) in hypoxic cancer cells [97]. Among these, 35 and
36 (Figure 7) showed the most potent cytotoxicity against breast cancer cell lines MCF-7
and SK-BR-3, with IC50 values close to 50 µM under CoCl2-induced hypoxic conditions.
These compounds suppressed the expression of CA IX, which plays a critical role in tumor
growth and migration under hypoxic conditions. In CA IX-knockdown cells, the cytotoxic
effects of 35 and 36 were significantly diminished, confirming the role of CA IX inhibition
in their antitumor activity. Furthermore, 35 and 36 significantly enhanced the anticancer
efficacy of doxorubicin (DOX) when combined, particularly in SK-BR-3 cells, where the
combination treatment showed strong synergism. The combination also further inhibited
cancer cell migration, highlighting the potential of these compounds as adjuvant therapies
in breast cancer treatment.

2.1.5. Estrogen Receptor Modulators

Estrogen receptors, particularly estrogen receptor alpha (ERα), play a pivotal role in
the progression of hormone-dependent breast cancers. Targeting ERα has become a central
approach in developing new therapeutic agents to inhibit estrogen signaling and halt cancer
cell proliferation [98]. There has been growing interest in designing novel indole-based
compounds in recent years due to their ability to interact with ERα and exhibit potent
anticancer properties.

For example, Sreenatha et al. designed and synthesized 1,3,4-oxadiazole-indole deriva-
tives and evaluated their anticancer activity, particularly focusing on estrogen receptor
alpha (ERα) inhibition [99]. Of these, compound 37 (Figure 8) demonstrated the most
potent activity with an IC50 of 10.56 µM against MDA-MB-468 cells and 22.61 µM against
MDA-MB-231 cells. It also showed an IC50 of 5.27 µM in an ERα-specific binding assay,
indicating a strong affinity for the estrogen receptor. Computational studies, including
density functional theory (DFT) and molecular docking, revealed that 37 forms stable
interactions with the active site of ERα, involving key residues like Phe404 through π–π
stacking and hydrogen bonds. Additionally, molecular dynamic simulations (MDS) showed
that 37 maintains stable binding with ERα throughout a 50 ns simulation, with minimal
fluctuations in the protein–ligand complex.

Figure 8. Structures of compounds 37–41 as anticancer agents.
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Similarly, Kaur et al. designed and synthesized new indole-oxadiazole derivatives
and evaluated their potential to inhibit estrogen receptor alpha (ER-α) for breast cancer
treatment [100]. Compounds 38 and 39 (Figure 8) stood out for their potent antiproliferative
activity against ER-α-positive T-47D breast cancer cells, with IC50 values of 3.24 µM and
1.72 µM, respectively, compared to the standard drug bazedoxifene (IC50 = 12.78 µM).
Additionally, compound 39 showed a remarkable 1589-fold higher binding affinity for
ER-α (213.4 pM) compared to bazedoxifene (339.2 nM), while compound 38 exhibited an
IC50 of 446.6 nM in the ER-α binding assay. Western blot analysis demonstrated that both
compounds effectively reduced ER-α protein levels, with 64.97% and 23.71% reductions,
respectively, indicating a suppression of estrogen signaling. Molecular docking studies
confirmed that both compounds bind to the active site of ER-α, causing conformational
changes that inhibit receptor activity. The pharmacokinetic studies also revealed that both
compounds exhibit drug-like properties, making them promising candidates for further
development as anti-breast-cancer agents targeting ER-α.

2.1.6. HIF-1α Inhibitors

Hypoxia-inducible factor-1α (HIF-1α) is a transcription factor crucial in cellular adap-
tation to low oxygen levels (hypoxia), a common feature in the tumor microenvironment.
Under hypoxic conditions, HIF-1α stabilizes and translocates to the nucleus, activating the
transcription of various genes involved in angiogenesis, metabolism, and survival [101].
This adaptation promotes tumor growth, invasion, and metastasis by enhancing blood
vessel formation (angiogenesis) and altering metabolic pathways to support rapid cell
proliferation. Targeting HIF-1α in cancer therapy disrupts these adaptive mechanisms,
inhibiting tumor progression and improving treatment outcomes [102,103].

Keskin et al. synthesized twelve novel indole-based hydrazone derivatives and eval-
uated their cytotoxicity against HCT116 colon cancer cells, A549 lung cancer cells, and
healthy lung fibroblast cells (MRC-5) [104]. Compound 40 (Figure 8) stood out for its potent
anticancer activity, with IC50 values of 2.0 µM against HCT116 and 12.5 µM against A549
cells, while displaying moderate toxicity toward healthy cells (IC50 = 27.0 µM). Notably,
40 exhibited a high selectivity index (SI = 13.5) for HCT116, indicating strong selectivity for
cancer cells over normal cells. Molecular docking studies revealed that 40 binds to the HIF-
1α protein, forming critical hydrogen bonds with Asp201 and coordinating with the Fe2+

ion at the protein’s active site. The interaction of 40 with HIF-1α, a key regulator of tumor
adaptation to hypoxic conditions, suggests that it inhibits cancer cell survival by targeting
the HIF-1α pathway, making it a promising candidate for selective anticancer therapy.

Rahman et al. synthesized a series of novel 3-methyl indole-based analogs via Pd-
catalyzed Suzuki–Miyaura and Buchwald–Hartwig coupling reactions, targeting HIF-1α
inhibition [105]. These compounds were evaluated for their anticancer potential against
the Mia PaCa-2 pancreatic cancer cell line. Compound 41 (Figure 8) exhibited the most
potent antiproliferative activity with an IC50 value of 73.63 µM. Molecular docking studies
demonstrated that 41 effectively binds to the HIF-1α active site, with a binding affinity of
−7.7 kcal/mol, forming hydrogen bonds with key residues such as Asp201, Gln147, and
Thr196 as well as hydrophobic interactions with Leu186 and Trp296. The docking data
combined with in silico ADMET predictions indicate that 41 holds strong potential for
further development as an anti-pancreatic-cancer agent targeting the HIF-1α pathway.

2.1.7. HDAC Inhibitors

Histone deacetylases (HDACs) regulate gene expression by removing acetyl groups
from histones, leading to chromatin condensation and transcriptional repression. In cancer,
HDACs are often dysregulated, promoting tumor growth and survival [106]. Targeting
HDACs with inhibitors can reactivate tumor suppressor genes and induce cancer cell
death, offering a promising therapeutic strategy [107]. Jiang et al. synthesized indole-based
hydroxamic acid derivatives and evaluated their inhibitory activity against HDACs as
potential anticancer agents [108]. The most potent compound, 42 (Figure 9), exhibited
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strong inhibition of HDAC1 and HDAC6 with IC50 values of 1.16 nM and 2.30 nM, respec-
tively, outperforming the standard HDAC inhibitor suberanilohydroxamic acid (SAHA).
Compound 42 significantly increased the acetylation of histone H3 in a dose-dependent
manner, induced G2/M cell cycle arrest, and promoted apoptosis in HCT116 cancer cells. In
addition, it showed potent antiproliferative activity against various cancer cell lines, includ-
ing A549, MDA-MB-231, SGC7901, HCT116, and HL60, with IC50 values as low as 0.02 µM
in HL60 cells. In vivo studies in an HCT116 xenograft mouse model further demonstrated
that compound 42 inhibited tumor growth by up to 71.79%, with better efficacy and lower
toxicity than SAHA, making it a promising candidate for further development as an HDAC
inhibitor for cancer therapy.

Figure 9. Structures of compounds 42–45 as anticancer agents.

2.1.8. LSD1 Inhibitors

Lysine-specific demethylase 1 (LSD1), also known as KDM1A, is a key epigenetic
regulator involved in the demethylation of histone H3 at lysine 4 (H3K4) and lysine
9 (H3K9), influencing gene expression and chromatin remodeling. LSD1 is critical in
various biological processes, including cell differentiation and proliferation [109]. As a
result, targeting LSD1 has emerged as a promising strategy to combat cancer by inhibiting
its enzymatic activity and restoring normal gene expression patterns [110]. Building on the
significance of targeting LSD1 in cancer therapy, Zhang et al. synthesized a series of novel
indole derivatives and evaluated their potential as highly potent LSD1 inhibitors [111].
Compound 43 (Figure 9) emerged as the most active LSD1 inhibitor, with an IC50 value of
0.050 µM. This compound also demonstrated significant antiproliferative effects against
A549 lung cancer cells, with an IC50 value of 0.74 µM. In vivo studies showed that 43 had
favorable metabolic stability, with a half-life (t1/2) of 6.27 h for oral administration and
8.78 h for intravenous administration, as well as a strong antitumor effect in A549 xenograft
models. Additionally, 43 regulated genes are involved in cancer progression, particularly
by modulating the PI3K/AKT pathway and upregulating IGFBP3, a key player in cancer
cell apoptosis.

2.1.9. IMPDH Inhibitors

Inosine 5′-monophosphate dehydrogenase (IMPDH) is a key enzyme in the de novo
synthesis of guanine nucleotides, catalyzing the conversion of inosine monophosphate
(IMP) to xanthosine monophosphate (XMP) [112]. This enzyme is crucial for cell prolif-
eration and is often overexpressed in various cancers, including colorectal cancer. Over-
expression of IMPDH promotes tumor growth and progression by enhancing nucleotide
biosynthesis, which supports rapid cell division. Targeting IMPDH with specific inhibitors
can disrupt this pathway, reducing nucleotide availability and inhibiting cancer cell prolif-
eration. IMPDH is a promising therapeutic target in cancer treatment strategies [113].
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In expanding on the potential of IMPDH inhibitors in cancer treatment, Jia et al. syn-
thesized a series of novel indole acrylamide derivatives. They evaluated their inhibitory
activity against the IMPDH enzyme [114], particularly focusing on the hIMPDH2 isoform,
which is highly expressed in tumor cells. Compounds 44 and 45 (Figure 9) showed the most
potent inhibition of hIMPDH2, with IC50 values of 2.948 µM and 4.207 µM, respectively.
These compounds also demonstrated significant cytotoxicity against SW480 human colon
cancer cells, with IC50 values of 15.31 µM for 14n and 15.34 µM for 45. Molecular dock-
ing studies revealed that both compounds form strong π–π interactions with the purine
ring of inosine monophosphate (IMP) and hydrogen bonds with key residues such as
Asp274 within the active site of IMPDH, making them promising leads for developing new
anticancer agents targeting the IMPDH pathway, particularly for treating colon cancer.

2.1.10. Other Anticancer Mechanisms

Another important target in cancer therapy is the 14-3-3η protein, a member of the
14-3-3 family—a group of regulatory proteins that play a crucial role in signal transduction,
cell cycle control, and apoptosis by binding to phosphorylated serine/threonine residues on
target proteins. The 14-3-3η isoform, in particular, has been associated with various cancers
due to its role in promoting cell survival, proliferation, and metastasis [115]. Overexpression
of 14-3-3η has been observed in cancers such as breast, lung, liver, and prostate cancer,
where it contributes to oncogenic signaling by stabilizing and activating key cancer-related
proteins like AKT, RAF, and BAD [116].

In light of the critical role that 14-3-3η plays in cancer progression, targeting this protein
has become a promising strategy for therapeutic intervention. Gao et al. synthesized a
series of novel 1H-indole-2-carboxylic acid derivatives targeting the 14-3-3η protein [117].
After multiple rounds of optimization, compound 46 (Figure 10) exhibited the best affinity
for 14-3-3η and demonstrated potent inhibitory activities against several human liver cancer
cell lines, including Bel-7402, SMMC-7721, SNU-387, Hep G2, and Hep 3B cells. Notably,
46 showed superior efficacy against chemotherapy-resistant Bel-7402/5-Fu cells with an
IC50 of 4.55 µM, compared to sorafenib’s IC50 of 13.31 µM. In addition to its antiproliferative
effects, 46 induced G1-S phase cell cycle arrest and promoted apoptosis in liver cancer cells,
as confirmed by increased cleaved caspase-3 and PARP levels. Molecular docking studies
revealed that 46 binds effectively to 14-3-3η, forming hydrogen bonds with key residues,
such as Lys50, Arg132, and Tyr133. This suggests that 46 is a promising candidate for HCC
treatment, particularly in overcoming chemotherapy resistance.

Yao et al. designed and synthesized a series of 1-benzo [1,3]dioxol-5-yl-3-N-fused
heteroaryl indoles and evaluated their antiproliferative activity against various cancer cell
lines [118], including prostate (LNCaP), pancreatic (MIA PaCa-2), and acute lymphoblastic
leukemia (CCRF-CEM). The most potent compounds, 47 and 48 (Figure 10), had IC50 values
ranging from 328 to 644 nM against CCRF-CEM and MIA PaCa-2 cells. Mechanistic studies
revealed compound 48 induced S-phase cell cycle arrest and apoptosis in CCRF-CEM cells.
The structure–activity relationship (SAR) analysis indicated that a 5,6-dimethoxy moiety
and a 2-ethyl ester group on the indole scaffold were essential for good antiproliferative
potency, highlighting the potential of these derivatives as promising leads for further
development as anticancer agents.

Deng et al. synthesized a series of novel Mcl-1 inhibitors bearing an indole carboxylic acid
moiety and evaluated their potential for anticancer activity [119]. Compound 49 (Figure 10)
displayed the most promising activity with a Ki value of 0.37 µM for Mcl-1 and showed
selectivity by not inhibiting Bcl-2 or Bcl-xL. Compound 49 also demonstrated moderate
growth inhibition in HL-60 leukemia cells with a GI50 value of 3.15 µM, outperforming the
control UMI-77 (GI50 = 7.78 µM). Mechanistic studies indicated that 49 induces apoptosis
in a Mcl-1-dependent manner by disrupting the Mcl-1/Bim protein–protein interaction, as
confirmed through co-immunoprecipitation assays. Additionally, 49 exhibited good micro-
somal and plasma stability, along with favorable pharmacokinetic properties, including a
half-life of 4.21 h and an oral bioavailability of 11.10%. In a 4T1 xenograft mouse model,
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compound 49 significantly inhibited tumor growth, achieving a 52.34% reduction in tumor
size at a 40 mg/kg dose.

Figure 10. Structures of compounds 46–55 as anticancer agents.

Qin et al. designed and synthesized a series of 5-((4-(pyridin-3-yl) pyrimidine-2-
yl)amino)-1H-indole-2-carboxamide derivatives, targeting the orphan nuclear receptor
Nur77 [120], known for its role in inducing apoptosis in cancer cells. Remarkably, com-
pound 50 (Figure 10) exhibited the most potent antiproliferative activity across multiple
cancer cell lines, including HepG2, HeLa, and MDA-MB-231, with IC50 values of 9.04, 3.75,
and 3.24 µM, respectively. Compound 50 demonstrated stronger Nur77-binding activity
(KD = 354 nM in SPR assay) than the reference compound celastrol (KD = 292 nM). Further
mechanistic studies revealed that 50 induces Nur77-dependent apoptosis by promoting its
translocation from the nucleus to mitochondria, triggering mitochondrial membrane poten-
tial loss, and enhancing PARP cleavage in HepG2 cells. In vivo, compound 50 significantly
inhibited tumor growth in a HepG2 xenograft model with a tumor growth inhibition rate
of 71.8% without causing significant toxicity to major organs.

Guidetti et al. synthesized a novel series of 1-(phenylsulfonyl)-1H-indole derivatives
targeting the EphA2 receptor, which plays a key role in glioblastoma progression [121].
Results showed that compound 51 (Figure 10) exhibited the most potent antiproliferative
activity, with an IC50 value of 2.6 µM against EphA2. Compound 51 effectively inhib-
ited the EphA2–ephrin-A1 interaction and suppressed EphA2 phosphorylation in U251
glioblastoma cells at concentrations of 30 µM. Additionally, 51 significantly reduced U251
cell proliferation in vitro, achieving complete inhibition of cell growth at 30 µM after 24 h
and inducing cell death after 48 h of treatment. Molecular docking studies confirmed that
51 binds to the EphA2 receptor’s ligand-binding domain (LBD) by occupying a hydrophobic
pocket, with the trifluoromethyl group displacing a key water molecule.

Ramle et al. synthesized and evaluated five novel benz[e]indole pyrazolyl-substituted
amides for their cytotoxicity against the HCT 116 colorectal carcinoma cell line [122].
Among these, compound 52 (Figure 10) demonstrated the most potent anticancer activity,
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with an IC50 value of 0.17 µg/mL, showing significantly higher efficacy compared to the
standard drug cisplatin (IC50 = 29.43 µg/mL). Notably, 52 exhibited selective cytotoxicity,
showing minimal toxicity toward normal colon fibroblast cells (CCD-18Co), highlight-
ing its potential for selective cancer targeting. Molecular docking studies indicated that
the mechanism of action for 52 involves binding to the DNA minor groove, where its
benz[e]indole scaffold fits into the groove, facilitating interaction with key nucleotides,
making it a potent and selective anticancer agent for colorectal cancer, warranting further
exploration in preclinical models.

Du et al. synthesized and optimized a series of fluoro-substituted indole-chalcone
derivatives, particularly targeting colorectal cancer (CRC) cells [123]. One standout deriva-
tive, compound 53 (Figure 10), featuring an amino-terminus on the 4-methoxyphenyl
group, exhibited potent in vitro activity against HCT-116 CRC cells with an IC50 in the
low nanomolar range. Compound 53 induces G2/M phase arrest through upregulation of
cyclin B1 and significantly increases reactive oxygen species (ROS) production, suggesting
its mechanism involves cell cycle disruption and oxidative stress. In vivo, 53 demonstrated
superior antitumor efficacy, reducing tumor growth by 65.3% and 73.4% at doses of 5 and
10 mg/kg/day, respectively, in an HCT-116 xenograft mouse model, outperforming taxol,
which showed a 54.1% inhibition at 7 mg/kg. Importantly, 53 exhibited improved safety
and tolerability, with no signs of major organ toxicity, particularly in the brain and colon,
which were problematic with previous derivatives. Overall, compound 53 emerges as a
promising candidate for CRC chemotherapy, offering superior efficacy and a more favorable
safety profile than standard treatments.

Veeranna et al. synthesized a series of 1,2,3-triazole tethered indole derivatives and
evaluated their anticancer activity against MCF-7 breast cancer and HepG2 hepatocellular
carcinoma cell lines using the MTT assay[124]. The derivative that demonstrated the highest
potency was compound 54 (Figure 10), featuring a 4-hydroxy group, with IC50 values of
53.17 µM against HepG2 and 72.8 µM against MCF-7 cells, outperforming the standard
drug doxorubicin. Molecular docking studies revealed that this compound demonstrated
strong binding affinities to Aurora kinase-1 and DNA topoisomerase-2 alpha, with a lower
binding energy than doxorubicin.

Gaur et al. synthesized a series of novel indole-based arylsulfonylhydrazides and
evaluated their anticancer activity against estrogen receptor-positive (MCF-7) and triple-
negative (MDA-MB-468) breast cancer cell lines [125]. Compound 55 (Figure 10), featuring a
4-chlorophenyl substituent, exhibited the most potent anticancer activity, with IC50 values of
13.2 µM against MCF-7 cells and 8.2 µM against MDA-MB-468 cells. Compound 55 showed
no significant toxicity toward noncancerous HEK-293 cells, suggesting selective cytotoxicity
toward cancer cells. The selectivity index (SI) values for compound 5f were 36.6 and
58.9 for MDA-MB-468 and MCF-7 cells, respectively, indicating their strong selectivity.
The structure–activity relationship (SAR) analysis revealed that the presence of the 4-
chlorophenyl group contributed to the compound’s enhanced activity. Overall, compound
55 shows great potential for further development as a selective breast cancer treatment.

2.2. Antimicrobial Activity
2.2.1. Antibacterial Activity

Tuberculosis (TB) continues to be a major global health concern, particularly due to the
rise in drug-resistant strains [126–128]. Developing new anti-tubercular agents is essential
to address these challenges and improve treatment efficacy [129]. Indole derivatives exhibit
significant potential as antibacterial agents owing to their ability to disrupt bacterial cell
walls and inhibit essential bacterial enzymes, which makes them particularly effective
against resistant strains (Figure 11).

Dewangan et al. synthesized a series of cell-penetrating peptide conjugates of indole-
3-acetic acid-based DNA primase and gyrase inhibitors to evaluate their anti-tubercular
potential [130]. These conjugates were tested against planktonic and biofilm cultures of
Mycobacterium smegmatis, a model organism for Mycobacterium tuberculosis. The conjugates
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significantly outperformed the free inhibitor molecules, demonstrating more than 50-fold
increased activity with minimal inhibitory concentration (MIC) values ranging from 1.9 to
3.9 µM, compared to the inhibitor alone (MIC = 250 µM). The most effective conjugates,
56 and 57 (Figure 12), also impaired biofilm formation, reducing it by more than 99% at MIC
levels, surpassing the activity of the standard drug isoniazid. Mechanistic studies showed
that these conjugates inhibited DNA primase and gyrase enzymes, with 57 inhibiting gyrase
activity at a concentration of 1.85 µM compared to 250 µM for the free inhibitor. These
results suggest that the conjugation of cell-penetrating peptides significantly enhances
the delivery and efficacy of DNA replication inhibitors, offering a promising therapeutic
approach for treating drug-resistant tuberculosis.

Figure 11. Indole derivatives as antibacterial agents.

Another study was conducted by Reddyrajula et al., where fifty novels 1,2,3-triazole-
incorporated indole-piperazine derivatives were evaluated as potential anti-tubercular
agents against Mycobacterium tuberculosis H37Rv [131]. Five compounds (58, 59, 60, 61, and
62) (Figure 12) exhibited significant anti-tubercular activity with an MIC of 1.6 µg/mL,
which is two-fold more potent than the standard drug pyrazinamide and equipotent to
isoniazid. The N-1,2,3-triazolyl indole-piperazine derivatives displayed superior activity
to simple and N-benzyl indole-piperazine analogs. Furthermore, the active compounds
demonstrated selective antibacterial activity, particularly against Staphylococcus aureus
and Escherichia coli, while being non-toxic to VERO cells (IC50 > 300 µg/mL). Molecular
docking studies revealed strong interactions with the M. tuberculosis InhA and CYP121
enzymes, confirming the compounds’ mechanism of action. Additionally, in silico ADME
analysis predicted good oral bioavailability, making these derivatives promising for further
development as anti-tubercular agents.

In addition to these efforts to combat tuberculosis, Bhakhar et al. synthesized 24 indole-
2-carboxamide derivatives as potential anti-tubercular agents and evaluated them against
Mycobacterium tuberculosis H37Rv [132]. Compounds 63, 64, and 65 (Figure 12) exhibited
the most promising anti-TB activity, with MIC values of 12.5 µg/mL for 63 and 64 and
3.125 µg/mL for 65. Compound 65 showed a 32% growth inhibition in RAW 264.7 cells in
cytotoxicity assays. Structure–activity relationship (SAR) analysis indicated that piperazine
substitutions enhanced anti-tubercular activity, with 4-methyl piperazine (in 65) demon-
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strating the highest potency. Molecular docking studies revealed that 65 binds effectively
to the mmpL3 protein in M. tuberculosis, forming key hydrogen and pi–sigma bonds, and
molecular dynamics simulations confirmed the stability of the ligand–protein complex.

Figure 12. Structures of compounds 56–67 as anti-tubercular agents.

Etchart et al. synthesized a series of novel 3-phenyl-1H-indole derivatives and eval-
uated their antimycobacterial activity against Mycobacterium tuberculosis, including drug-
resistant strains [133]. Of all the compounds tested, 66 (Figure 12) displayed the greatest
potency, with an MIC of 8.4 µM against the H37Rv strain, significantly outperforming
other derivatives. Compound 66 also maintained its activity against multidrug-resistant
Mtb strains (PT2, PT12, and PT20), with MIC values of 8.4 µM. Additionally, 66 exhibited
a time-dependent bactericidal effect in time-kill assays, reducing the bacterial count to
undetectable levels at 2x MIC (40 µM) after 21 days. Cytotoxicity studies revealed that
66 inhibited HepG2 and Vero cell viability at concentrations below 30 µM, indicating po-
tential toxicity. However, compound 67 (Figure 12), with an MIC of 19.4 µM, showed no
significant cytotoxicity or genotoxicity, making it a promising lead for further development
as an anti-tuberculosis agent.

Given the ongoing challenge of antimicrobial resistance, developing new antibiotics
targeting drug-resistant bacteria is crucial. Leena et al. developed a series of 24 spiro-
fused tryptanthrin-thiopyrano [2,3-b] indole hybrids using green synthetic methods [134],
evaluating their antibacterial activity against methicillin-resistant Staphylococcus aureus
(MRSA) and vancomycin-resistant S. aureus (VRSA). The nitro-substituted compound 68
(Figure 13) exhibited the most potent antibacterial activity, with an MIC of 0.25 µg/mL,
comparable to levofloxacin. Compound 68 demonstrated concentration-dependent bac-
tericidal activity, with a post-antibiotic effect (PAE) of 4 hours at 10x MIC, significantly
longer than vancomycin’s 2-hour PAE. Additionally, 68 synergized with linezolid com-
pared to individual treatments, reducing bacterial load by 2.1 log10 cfu/mL in combination.
Molecular docking studies identified the amino group in compound 68 as a critical binding
site. Compound 68 also exhibited good metabolic stability, with a half-life greater than
120 min in rat liver microsomes. It is a promising candidate for further development as an
anti-staphylococcal agent.
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Figure 13. Structures of compounds 68–72 as antibacterial agents.

Kuzovlev et al. synthesized a series of naphthyl-substituted indole and pyrrole
carboxylic acids. They evaluated their ability to inhibit bacterial cystathionine γ-lyase
(bCSE) [135], an enzyme present in bacterial defense mechanisms. The most potent com-
pound, 69 (Figure 13), exhibited strong inhibitory activity against bCSE with an IC50 value
significantly lower than the reference inhibitor NL2. Compound 69 showed a 3.6-fold
selectivity for bCSE over human CSE (hCSE). In combination with kanamycin, ampicillin,
and norfloxacin, 69 potentiated their effectiveness, reducing the MIC of these antibiotics
against Staphylococcus aureus (including methicillin-resistant S. aureus). Additionally, molec-
ular docking and molecular dynamics simulations revealed that 69 binds effectively at a
novel active site between bCSE monomers. ADMET studies indicated that 69 had favor-
able drug-like properties, including high plasma stability, moderate lipophilicity, and low
intrinsic clearance.

Zhang et al. synthesized three novel photoactivated indole-pyridine chemothera-
peutics designed to combat bacterial infections and biofilms, particularly those formed
by Staphylococcus aureus [136]. These compounds, 70, 71, and 72 (Figure 13), showed
potent antimicrobial and antibiofilm activity when activated by light. Under light ir-
radiation, 70 and 72 exhibited MIC90 of 0.78 µM against S. aureus, comparable to me-
thicillin (MIC90 = 1.56 µM), with no significant activity in the dark. These compounds
disrupted biofilm formation at concentrations as low as 12.5 µM, and 72 also demonstrated
a strong ability to destroy mature S. aureus biofilms. Mechanistic studies revealed that
72, in particular, generated both singlet oxygen and superoxide anions, leading to reac-
tive oxygen species (ROS) production and membrane damage. This dual photoactivated
mechanism—targeting both cellular components and biofilms—suggests these compounds
have strong potential as photodynamic antimicrobial agents.

Potapov et al. synthesized three indole-based inhibitors (73, 74, and 75) (Figure 14)
targeting bacterial cystathionine γ-lyase (bCSE)[137], an enzyme responsible for hydrogen
sulfide (H2S) production in pathogenic bacteria like Staphylococcus aureus and Pseudomonas
aeruginosa. These inhibitors enhance the efficacy of antibiotics by reducing bacterial resis-
tance. Among the inhibitors, 74 showed the most promise, inhibiting bCSE with an IC50
value of 0.7 µM, while 75 exhibited greater potency but slightly lower selectivity against
human CSE. These inhibitors were synthesized using a 6-bromoindole scaffold, with vari-
ous functional groups attached via Pd-catalyzed cross-coupling reactions. Compound 73,
the simplest series, was synthesized in gram quantities for biological testing. The inhibitors
effectively enhanced the antibiotic activity against resistant bacterial strains, positioning
them as potential adjuvants in antimicrobial therapies.
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Figure 14. Structures of compounds 74–81 as antibacterial and antifungal agents.

Li et al. synthesized 29 novel marine-indole derivatives and evaluated their antibac-
terial activity against Staphylococcus aureus, Candida albicans, Propionibacterium acnes, Pseu-
domonas aeruginosa, and Escherichia coli [138]. Interestingly, compounds 76 and 77 (Figure 14)
exhibited the highest efficacy against S. aureus, with MIC values of 0.021 mg/mL and 0.031
mg/mL, respectively. Compound 76 also demonstrated strong activity against C. albicans
(MIC = 2.806 mg/mL) and P. acnes (MIC = 0.030 mg/mL), outperforming standard antibi-
otics like penicillin G sodium and fluconazole. A 3D-QSAR analysis revealed that steric
structure, hydrophobic interactions, and hydrogen bonding were key factors contributing
to the antibacterial activity of these compounds. Molecular docking studies highlighted
that 76 formed stable complexes with bacterial proteins through hydrogen bonds and
hydrophobic interactions, inhibiting their function.

Kalatuwawege et al. synthesized a series of syn- and anti-isomers of N-substituted
indole-3-carbaldehyde oxime derivatives to evaluate their urease inhibitory activity against
Helicobacter pylori [139]. They discovered that compound 78 (Figure 14) demonstrated the
most potent inhibition with an IC50 of 0.0345 mM. At the same time, compound 79 (Figure 14)
also showed strong activity with an IC50 of 0.0516 mM, both outperforming the standard
thiourea (IC50 = 0.2387 mM). Molecular docking studies revealed that compounds 79 and
78 form strong metal–acceptor interactions with Ni2+ ions at the active site of urease. The
anti-isomer configuration of compound 78 exhibited more favorable interactions than the
syn-isomer of compound 79, correlating with its superior inhibitory activity. The study
indicates that N-substituted indole-3-carbaldehyde oximes, particularly compound 78, hold
great potential for the development of novel urease inhibitors.

2.2.2. Antifungal Activity

Fungal infections, particularly those caused by drug-resistant strains, pose a significant
threat to public health, necessitating the development of new antifungal agents. Indole
derivatives have emerged as valuable scaffolds in developing antifungal agents due to their
ability to interact with various biological targets in fungi (Figure 15).
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Figure 15. Indole derivatives as antifungal and antiviral agents.

Ma et al. synthesized a series of novel indole and indoline derivatives and evaluated
their antifungal activity against both fluconazole-sensitive and azole-resistant strains of
Candida albicans [140]. A particularly notable compound, derivative 80 (Figure 14), demon-
strated the most potent antifungal effect, with an IC50 of 21 µg/mL against the fluconazole-
resistant strain ATCC10231FR, while fluconazole showed no activity (IC50 > 200 µg/mL).
Compound 80 also exhibited strong antifungal activity against other strains, including the
fluconazole-sensitive strain SC5314 (IC50 = 22 µg/mL) and various clinical isolates, with
consistent inhibition of biofilm formation and hyphal growth. Mechanistic studies revealed
that 80 acts through the Ras-cAMP-PKA signaling pathway significantly downregulating
key virulence genes such as RAS1, CYR1, and EFG1, which are involved in the growth and
development of C. albicans hyphae and biofilms. In addition to its potent antifungal activity,
80 showed low cytotoxicity toward human epithelial cells (16HBE), with a CC50 greater
than 200 µg/mL, suggesting that it could serve as a promising candidate for the treatment
of drug-resistant fungal infections without significant toxicity to human cells.

Wu et al. synthesized new indole derivatives and evaluated their antifungal properties
against Candida albicans, including fluconazole-resistant strains [141]. In particular, 3-
phenyl-5-methoxyindole (compound 81) (Figure 14) emerged as the most potent, with an
MIC80 value of 126.04 µg/mL against the fluconazole-resistant strain SC5314. Combined
with fluconazole, compound 81 displayed strong synergistic effects, reducing the MIC80
to 3.25 µg/mL and achieving a fractional inhibitory concentration index (FICI) of 0.03,
highlighting its potential to restore fluconazole sensitivity. Mechanistic studies indicated
that compound 81 inhibited the yeast-to-hyphae transition, suppressed biofilm formation,
and reduced the activity of efflux pumps in C. albicans. It also decreased intracellular ATP
levels and induced mitochondrial dysfunction by increasing reactive oxygen species (ROS)
production. In an in vivo model, compound 81 significantly enhanced the survival rate of
larvae infected with C. albicans, demonstrating both efficacy and safety.

2.2.3. Antiviral Activity

With the global urgency to find new antiviral therapies for SARS-CoV-2, researchers
have been exploring different chemical compounds to combat the virus [142]. Indole deriva-
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tives have shown promise due to their broad-spectrum antiviral properties, making them
candidates for further investigation (Figure 15) [143]. Verzola et al. synthesized indole-
based ferulic acid derivatives and evaluated their antiviral activity against SARS-CoV-2
in vitro [144]. It was found that compounds 82 and 83 (Figure 16) demonstrated promising
antiviral effects, reducing the number of SARS-CoV-2 genomic copies in a dose-dependent
manner, with IC50 values of 70.85 µM and 68.28 µM, respectively. These compounds
showed no significant cytotoxicity up to 100 µM in uninfected Vero cells, indicating a good
safety profile. Interestingly, the antiviral activity of these derivatives was not linked to
the inhibition of SARS-CoV-2 cysteine proteases (Mpro and PLpro) or the human cysteine
protease cathepsin L. Instead, their mechanism of action may be associated with their
antioxidant properties, particularly the phenolic hydroxyl group from the ferulic acid moi-
ety. This suggests that these indole-ferulic acid hybrids may have potential as therapeutic
agents against SARS-CoV-2, warranting further investigation into their mechanisms of
action and potential development as antiviral drugs.

Figure 16. Structures of compounds 82–90 as antiviral agents against SARS-CoV-2.

Soleymani et al. developed QSAR models and performed molecular docking studies
on 81 isatin and indole derivatives to evaluate their potential as inhibitors of the SARS-CoV
3CL protease (3CLpro) [145], a key enzyme in the viral replication cycle. The QSAR models
were generated using CORAL software and Monte Carlo optimization, leading to the iden-
tification of key molecular descriptors influencing inhibitory activity. Compounds 84 and
85 (Figure 16), both containing indole scaffolds, emerged as the most potent inhibitors, with
IC50 values of 0.043 µM and 0.025 µM, respectively. These compounds exhibited strong
binding affinity to the 3CLpro active site with binding energies of −9.6 and −9.7 kcal/mol.
Molecular docking confirmed the interactions between these compounds and the key
residues in the SARS-CoV 3CLpro active site, including HIS41, CYS145, and GLU166.
ADMET analysis further supported their drug-like properties, indicating good human in-
testinal absorption and low toxicity, making them promising leads for further development
as anti-SARS-CoV inhibitors.

Jayabal et al. developed a green and regioselective one-pot method to synthesize
3-substituted indole and 2-substituted pyrrole-based 1,2-dihydropyridine and azaxanthone
derivatives [146], aiming to explore their antiviral potential against SARS-CoV-2 and
the Delta Plus K417N variant. Molecular docking studies revealed that five synthesized
compounds exhibited higher binding affinity for the SARS-CoV-2 main protease (Mpro)
than the reference drug remdesivir. Among these, compound 86 (Figure 16) demonstrated
the most potent inhibitory effect, with a docking score of −8.6 kcal/mol, indicating a
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strong interaction with the viral protease. Compounds 87, 88, and 89 (Figure 16) showed
promising binding affinities for the spike glycoprotein of the Delta Plus variant, with
docking scores that surpassed remdesivir’s binding performance.

Geedkar et al. synthesized a series of azo-anchored 3,4-dihydroimidazo [4,5-b]indole
derivatives using an ultrasonic-assisted method. They evaluated their potential inhibitory
activity against the main protease (Mpro) of SARS-CoV-2 [147] through molecular docking
studies. From the synthesized series, compound 90 (Figure 16) demonstrated the highest
binding affinity to Mpro, with a MolDock score of −168.76, outperforming standard drugs
like remdesivir (MolDock score: −168.56) and Paxlovid (MolDock score: −158.51). The
binding interactions of compound 90 with the active site involved hydrogen bonds with
key residues, including CYS145 and HIS164, which play a critical role in the protease’s
catalytic function. Cytotoxicity tests on HEK293 cells revealed that 90 had minimal tox-
icity, with cell survival rates exceeding 89% at concentrations up to 100 µM. The study
outcomes highlight that compound 90, along with other synthesized derivatives, has strong
potential as a therapeutic candidate for COVID-19, paving the way for further in vitro and
in vivo evaluations.

Continuing the exploration of indole-based compounds as antiviral agents, Zhang
et al. designed and synthesized a series of indole-2-carboxylic acid derivatives as novel
HIV-1 integrase strand transfer inhibitors (INSTIs) [148]. Through structural optimization,
compound 91 (Figure 17) emerged as the most potent inhibitor, displaying an IC50 value of
3.11 µM, significantly improving over the parent compound’s IC50 of 32.37 µM. Compound
91 achieved its high potency by forming strong metal–chelation interactions with two
Mg2+ ions in the integrase active site and establishing π–π stacking interactions with viral
DNA, crucial for inhibiting the integrase strand transfer process. Other derivatives, such as
92 and 93 (Figure 17), also demonstrated improved inhibitory activities, with IC50 values
around 10 µM. These compounds showed low cytotoxicity in human cells (CC50 > 80 µM),
indicating a favorable safety profile. Molecular docking studies further confirmed the
strong binding affinities of these compounds to the integrase active site, making them
promising candidates for developing new HIV-1 integrase inhibitors with the potential to
combat drug-resistant strains.

Figure 17. Structures of compounds 91–100 as antiviral agents.



Molecules 2024, 29, 4770 28 of 49

Similarly, in a focused effort to develop more potent HIV-1 integrase inhibitors, Wang
and coworkers synthesized a series of indole-2-carboxylic acid derivatives as novel HIV-1
INSTIs [149] through virtual screening and structural optimization. Of particular interest,
compound 94 (Figure 17) exhibited the most potent inhibitory activity with an IC50 value
of 0.13 µM, significantly outperforming the parent compound (IC50 = 12.41 µM) and
approaching the potency of the positive control raltegravir (IC50 = 0.06 µM). Compound
94 demonstrated strong chelation with two Mg2+ ions at the integrase active site and
formed key π–π stacking interactions with viral DNA. Other derivatives, such as 95 and
96 (Figure 17), also displayed improved activity, with IC50 values of 0.39 µM and 0.64 µM,
respectively. These compounds exhibited low cytotoxicity toward human MT-4 cells
(CC50 > 80 µM), indicating a favorable therapeutic index.

Extending the search for novel antiviral agents beyond coronaviruses and HIV, Ji
et al. synthesized novel indole-containing triazole derivatives and evaluated their antiviral
activity against influenza A virus (IAV) [150]. In this investigation, compound 97 (Figure 17)
stood out as the most potent compound exhibiting anti-IAV activity, with an IC50 value of
1.34 µM, outperforming the control drug ribavirin (IC50 = 27.76 µM). Compound 97 also
demonstrated low cytotoxicity (CC50 > 100 µM) and a high selectivity index (SI > 74.63),
indicating a favorable safety profile. Other derivatives, such as 98 and 99 (Figure 17), also
showed significant antiviral activity, with IC50 values of 1.41 µM and 2.14 µM, respectively.
Structural variations, such as different benzyl substituents, were found to influence antiviral
potency. Compound 100 (Figure 17), an intermediate without aromatic substitution, also
displayed strong anti-IAV activity (IC50 = 1.48 µM), suggesting that simple aliphatic chain
substitutions on the sulfur atom are promising for further optimization.

2.3. Anti-Inflammatory Activity

Indole derivatives have shown considerable potential as anti-inflammatory agents due
to their ability to modulate various inflammatory pathways. These compounds have been
extensively explored for their therapeutic potential in treating inflammatory diseases by
inhibiting key enzymes and signaling molecules involved in inflammation (Figure 18) [151].

Figure 18. Different mechanisms of indole derivatives with anti-inflammatory activities.

In one such study, Akhtar et al. synthesized a series of indole-derived γ-hydroxy
propiolate esters and evaluated their anti-inflammatory activity in vitro and in vivo [152].
Showing the highest inhibition of nitric oxide (NO) production, compound 101 (Figure 19)
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achieved a remarkable inhibition rate of 101.2% in LPS-stimulated RAW 264.7 cells at a
concentration of 10 µM. Additionally, 101 showed significant PGE2 inhibition, reducing
its production by 94.52% at 5 µM. In vivo, L-37 demonstrated a dose-dependent anti-
inflammatory effect in a xylene-induced ear edema model, achieving an inhibition rate of
85.43% at 100 mg/kg, comparable to the standard drug celecoxib (93.23%). Furthermore,
compounds 101 and 102 (Figure 19) significantly downregulated COX-2 expression, with
inhibition rates of 38.79% and 42.58%, respectively, and L-39 also inhibited 5-LOX enzyme
expression by 71.19% at 5 µM.

Figure 19. Structures of compounds 101–120 as anti-inflammatory agents.

Building upon these findings, Kumar et al. synthesized a series of indole-functionalized
pyrazoles and oxadiazoles. They evaluated their anti-inflammatory and analgesic prop-
erties in vivo [126] as well as their antioxidant potential. In the carrageenan-induced rat
paw edema model, compound 103 (Figure 19) exhibited the most potent anti-inflammatory
activity, with a 74.07% edema reduction, close to that of indomethacin (92.59%). Analgesic
activity was evaluated using the tail-flick method, and compound 103 also demonstrated
significant analgesic effects, increasing the reaction time in rats. Compound 104 (Figure 19)
showed potent inhibition of COX-2 (63.23%) and moderate selectivity for COX-2 over COX-1
(a selectivity index of 1.49). Antioxidant assays revealed that compounds 104, 105 (Figure 19),
and 103 were the most effective, with IC50 values of 1.55, 2.48, and 2.51 µg/mL, respectively,
comparable to ascorbic acid (1.18 µg/mL). Molecular docking studies supported the strong
binding of these compounds to the COX-2 enzyme.

Similarly, Bhatia et al. synthesized 15 indole-3-substituted isoxazole derivatives and
evaluated their anti-inflammatory and analgesic activities [153]. With the strongest anti-
inflammatory activity, compounds 106, 107, and 108 (Figure 19) reduced carrageenan-
induced paw edema by 77.42%, 67.74%, and 61.29%, respectively, comparable to the
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reference drug indomethacin (83.87%). COX inhibition studies revealed that these com-
pounds displayed 2–3-fold selectivity for COX-2 over COX-1. Compound 106, in particular,
showed the highest COX-2 inhibition (57.45%) and was identified as the lead compound
due to its balanced anti-inflammatory, analgesic, and COX selectivity profile. Molecular
docking studies confirmed strong binding interactions of the active compounds with the
COX-2 catalytic site. Additionally, in vitro antioxidant assays demonstrated that several
compounds, including 106 and 109 (Figure 19), exhibited potent free radical scavenging
activity, further highlighting their therapeutic potential as anti-inflammatory agents.

In a related study, Faura et al. synthesized indole-based derivatives with tunable
functionalities and evaluated their potential as cyclooxygenase-1 (COX-1) inhibitors and
anticancer agents [154]. Compounds 110 and 112 (Figure 19) exhibited the most potent
COX-1 inhibition, with IC50 values of 12.6 µM and 5.6 µM, respectively, while showing high
selectivity over COX-2 (selectivity indices >30). In anticancer activity assays, compound
113 (Figure 19) demonstrated the strongest cytotoxic effects, particularly against Hep-G2
liver cancer cells, with an IC50 of 7.63 µM, and also showed activity against MCF-7 and
LnCaP cells. Molecular docking studies revealed that compounds 110, 111 (Figure 19), and
112 fit well within the COX-1 binding pocket, forming crucial hydrogen bonds with active
site residues such as Tyr-355 and Arg-120. In contrast, 113 and 114 (Figure 19), which were
more active against COX-2, showed strong interactions with key residues in the COX-2
binding site. Additionally, compounds like 113 induced cell cycle arrest at the G1/G0
stage and promoted apoptosis through caspase-3 activation, downregulation of Bcl-2, and
upregulation of Bax, suggesting a dual role of these compounds in both COX inhibition
and cancer cell apoptosis.

Furthering the exploration of indole derivatives, Wang et al. synthesized a series of
novel indole and indazole-piperazine pyrimidine derivatives. They evaluated their anti-
inflammatory and neuroprotective activities for potential ischemic stroke treatment [155].
Impressively, compound 115 (Figure 19) demonstrated the most potent cytoprotective
effects against oxygen-glucose deprivation/reoxygenation (OGD/R)-induced damage in
BV2 cells, with cell viability of 72.17%, 83.78%, and 89.74% at concentrations of 0.1, 1, and
10 µM, respectively, outperforming the control edaravone. Additionally, 115 significantly
reduced the release of inflammatory mediators, including TNF-α, IL-1β, IL-6, nitric oxide
(NO), and prostaglandin E2 (PGE2) from lipopolysaccharide (LPS)-induced BV2 cells.
It also exhibited dual inhibition of cyclooxygenase-2 (COX-2, IC50 = 92.54 nM) and 5-
lipoxygenase (5-LOX, IC50 = 41.86 nM), making it a strong anti-inflammatory agent. In
a middle cerebral artery occlusion (MCAO) rat model, 115 reduced infarct volumes and
improved neurological deficit scores, suggesting significant neuroprotective effects.

Targeting acute lung injury (ALI), Zheng et al. designed and synthesized 40 diimide-
indole derivatives and evaluated their potential for treating ALI by targeting the NF-κB
signaling pathway [156]. With its significant anti-inflammatory properties, compound
116 (Figure 19) achieved an IC50 value of 1.05 µM for inhibiting IL-6 production in LPS-
stimulated J774A.1 macrophages. In vivo studies showed that compound 116 significantly
reduced lung inflammation, decreasing neutrophil infiltration and the wet/dry lung weight
ratio in a mouse model of LPS-induced ALI. Mechanistic studies revealed that 116 inhib-
ited NF-κB signaling by blocking the phosphorylation of P65 and preventing its nuclear
translocation, thus reducing the expression of inflammatory cytokines such as IL-6 and
TNF-α. Additionally, 116 displayed no significant toxicity in mice in acute toxicity tests at
1000 mg/kg doses.

In another investigation, Chen et al. designed and synthesized a series of 4-indole-2-
arylaminopyrimidine derivatives and evaluated their anti-inflammatory activity, focusing
on ALI [157]. The most potent anti-inflammatory response was observed with compound
117 (Figure 19), which inhibited IL-6 and IL-8 release by 62% and 72%, respectively, in
LPS-induced HBE cells. Additionally, compound 117 reduced inflammatory cell infiltration
in the lung tissues of mice with LPS-induced ALI and significantly decreased the lung
wet/dry ratio, indicating a reduction in pulmonary edema. In vivo, 117 inhibited the release
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of key inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, and reduced inducible
nitric oxide synthase (iNOS) expression. Mechanistic studies revealed that 117 exerts
its anti-inflammatory effects by inhibiting the phosphorylation of p38 and ERK in the
MAPK signaling pathway, making it a promising candidate for treating ALI and related
inflammatory diseases.

Baramaki et al. developed a series of indole-chalcone hybrids and evaluated their
analgesic and anti-inflammatory activities in vivo [158]. The chalcones were tested for their
antinociceptive effects in hot-plate, tail immersion, and acetic-acid-induced writhing tests at
10 mg/kg. All compounds extended the response latency to thermal stimuli, with most com-
pounds showing significant effects in the tail immersion test. Compound 118 (Figure 19),
1-(1,3-benzodioxol-5-yl)-3-(1-methyl-1H-indol-2-yl)prop-2-en-1-one, stood out for provid-
ing the highest efficacy in both analgesia and inflammation models, reducing writhing
by 61.74%, which exceeded the standard drug, diclofenac potassium (54.98%). Anti-
inflammatory activity was assessed using the carrageenan-induced mouse paw edema
model, where compound 118 exhibited significant inhibition of edema. In silico ADME
analysis predicted that compound 118 possessed favorable oral bioavailability and drug-
like properties, making it a promising candidate for further development as a pain and
inflammation treatment.

Jin et al. synthesized a series of oleanolic acid (OA) derivatives containing indole
moieties and evaluated their anti-inflammatory activity through in vitro and in vivo stud-
ies [159]. Compounds 119 and 120 (Figure 19) demonstrated superior anti-inflammatory
activity, showing significantly higher inhibition of nitric oxide (NO) production in LPS-
stimulated BV2 cells than OA, with inhibition rates of 43.8% and 54.8% at 8 µM, respectively,
compared to OA’s 22.7%. These compounds also exhibited low cytotoxicity, with MTT
assays confirming their safety at 16 µM. They also significantly reduced ear swelling in
a TPA-induced ear edema model, outperforming both OA and dexamethasone (DXM).
Mechanistic studies revealed that compounds 119 and 120 inhibited the expression of
pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) and upregulated anti-inflammatory
cytokine IL-10, likely through the inhibition of the NF-κB, MAPK, and PI3K/Akt signaling
pathways, while activating the Nrf2/HO-1 pathway.

2.4. Antidiabetic Activity

Indole derivatives have demonstrated significant potential as antidiabetic agents,
particularly due to their ability to inhibit key enzymes and regulate pathways involved
in glucose metabolism. These compounds are being explored for their effectiveness in
managing diabetes mellitus by targeting α-glucosidase, α-amylase, and other metabolic
enzymes, which are crucial for controlling blood glucose levels (Figure 20) [160].

Ritu et al. synthesized triazole-clubbed indole derivatives and evaluated their an-
tidiabetic potential as α-glucosidase inhibitors [161]. The highest inhibitory activity was
observed with compound 121 (Figure 21), which demonstrated an IC50 value of 10.1 µM,
compared to acarbose’s IC50 of 13.5 µM. Compounds 122 and 123 (Figure 21) also showed
significant inhibitory activity with IC50 values of 12.95 µM and 11.35 µM, respectively.
In vivo, studies revealed that these compounds improved body weight and reduced blood
glucose levels in diabetic mice. Additionally, the lipid profiles of treated mice showed
reduced levels of total cholesterol, triglycerides, and LDL, along with an increase in HDL
levels, when compared to the standard drug. Molecular docking studies further supported
these results, with 121 showing the highest docking score (−6.73 kcal/mol), indicating
strong binding interactions with α-glucosidase’s active site residues, such as PHE166 and
GLU271. This suggests that compound 121 holds promise as a potent antidiabetic agent
targeting the α-glucosidase enzyme.

Sayahi et al. synthesized a novel series of N-phenylacetamido-1,2,3-triazolyl-indole-2-
carboxamide derivatives and evaluated their inhibitory activity against α-glucosidase [162].
Compound 124 (Figure 21) demonstrated superior inhibitory activity, recording an IC50
value of 26.8 µM, a 28-fold improvement over acarbose (IC50 = 752.0 µM). Compound
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125 (Figure 21) was the second most potent, with an IC50 of 39.6 µM. Structure–activity
relationship (SAR) studies indicated that halogen substitutions, especially the 4-bromo
group in 124, significantly enhanced inhibitory effects, while 3-chloro derivatives like
126 (Figure 21) showed the weakest activity with an IC50 of 311.3 µM. Kinetic analysis
revealed that 124 acted as a competitive inhibitor, with a Ki value of 26.0 µM. Molecular
docking confirmed the strong binding of 124 to the active site of α-glucosidase, with
interactions involving key residues such as Thr301 and His279.

Figure 20. Different mechanisms of indole derivatives with antidiabetic activity.

Similarly, Niri et al. synthesized a series of coumarin-indole hybrids and evaluated
their potential as α-glucosidase inhibitors for treating type 2 diabetes [163]. Astonishingly,
compound 127 (Figure 21), a 3-phenoxyphenyl derivative, exhibited the most potent
inhibitory activity with an IC50 value of 116.0 µM, significantly outperforming the standard
drug acarbose (IC50 = 750.0 µM). Other notable compounds included 128 (IC50 = 118.0 µM),
129 (IC50 = 167.5 µM), and 130 (IC50 = 180.5 µM) (Figure 21). Structure–activity relationship
(SAR) studies revealed that phenoxy substitution at the 3-position of the phenyl ring
contributed to enhanced inhibitory activity. In contrast, hydroxyl substitution at the same
position, as seen in compounds 131 and 132 (Figure 21), resulted in a loss of activity.
Kinetic studies showed that 127 is a competitive inhibitor of α-glucosidase with a Ki
value of 148 µM. Docking studies confirmed strong binding interactions between 127 and
key residues in the α-glucosidase active site, further supporting its potential as a lead
compound for developing new antidiabetic agents.

Taha et al. synthesized indole sulfonamide derivatives and evaluated them as α-
glucosidase inhibitors [164]. The most potent compound, 133 (Figure 21), exhibited an IC50
value of 1.60 µM, showing significantly better inhibitory activity than the standard drug
acarbose (IC50 = 42.45 µM). Compound 133 was further tested for antidiabetic activity in
streptozotocin (STZ)-induced diabetic rats. At a dose of 50 mg/kg, compound 133 reduced
blood glucose levels by 24% within 4 h. Long-term studies revealed a 53% reduction in
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fasting blood glucose levels over 28 days, significantly outperforming the standard drug
glibenclamide, which achieved a 41% reduction. Molecular docking studies confirmed
compound 133 exhibited strong interactions with key residues of the α-glucosidase active
site, such as Arg312 and Asn241, through hydrophobic interactions and hydrogen bond-
ing. These data indicate that indole sulfonamide derivatives have potential as effective
antidiabetic agents.

Figure 21. Structures of compounds 121–141 as antidiabetic agents.

Solangi et al. synthesized indole acrylonitrile derivatives and evaluated them as poten-
tial α-glucosidase inhibitors for treating diabetes mellitus [165]. Compound 134 (Figure 21)
exhibited the highest inhibitory activity, with an IC50 value of 0.53 µM, significantly outper-
forming the standard drug acarbose (IC50 = 2.91 µM). Other active compounds, such as
135, 136, 137, and 138 (Figure 21), also demonstrated strong inhibitory effects, with IC50
values ranging from 0.88 to 1.36 µM. Molecular docking studies revealed that compound
134 formed strong hydrophobic interactions and π–π stacking with key residues in the
α-glucosidase active site, including Phe157, Phe177, and Phe300, further explaining its
potent inhibitory activity.

Wu et al. synthesized a series of oleanolic acid (OA) derivatives infused with indole
moieties and evaluated their potential as α-glucosidase inhibitors [166]. The indole-OA
derivatives exhibited superior α-glucosidase inhibitory activity compared to OA and OA
methyl ester derivatives, with IC50 values ranging from 4.02 to 5.30 µM, significantly
better than OA itself (IC50 = 5.52 µM). Compounds 139 and 140 (Figure 21) were identified
as the most potent inhibitors. Mechanistic studies revealed that these compounds act
as mixed-type α-glucosidase inhibitors by forming a stable ligand–enzyme complex, as
demonstrated through biochemical assays, circular dichroism, and molecular docking
studies. This highlights the promising nature of indole-OA derivatives as candidates for
managing type 2 diabetes mellitus due to their potent inhibitory activity and ability to
interfere with glucose metabolism pathways.

Hu et al. synthesized indole derivatives containing thiazolidine-2,4-dione and evalu-
ated their potential as α-glucosidase inhibitors with antidiabetic activity [167]. The most
potent inhibitor, compound 141 (Figure 21), recorded an IC50 value of 2.35 µM, far more
effective than acarbose (IC50 = 575.02 µM). Kinetic studies revealed that 141 acts as a
mixed-type inhibitor, binding to the enzyme and the enzyme–substrate complex. In vivo
antidiabetic studies in diabetic mice showed that oral administration of 141 (50 mg/kg
and 100 mg/kg) significantly reduced fasting blood glucose levels and improved glucose
tolerance; additionally, 141 ameliorated dyslipidemia by reducing serum cholesterol (TC)
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and triglycerides (TG) levels. Molecular docking studies indicated that 141 formed strong
hydrogen bonds with key residues such as Arg312 and Glu350 in the α-glucosidase active
site, contributing to its potent inhibitory effect.

Taha et al. synthesized indole derivatives and evaluated their potential as inhibitors
of α-glucosidase and α-amylase enzymes for managing type 2 diabetes [168]. Achieving
the strongest inhibitory effect, compound 142 (Figure 22) exhibited IC50 values of 3.80 µM
for α-amylase and 3.20 µM for α-glucosidase, outperforming the standard drug acarbose,
which showed IC50 values of 12.20 µM and 11.20 µM, respectively. Kinetic studies revealed
compound 142 acted as a competitive inhibitor of α-amylase and a non-competitive in-
hibitor of α-glucosidase. Molecular docking studies confirmed strong interactions between
compound 142 and key residues in the active sites of both enzymes. The study also demon-
strated that compound 142 remained stable in the enzyme binding sites during molecular
dynamics simulations, supporting its potential as a therapeutic agent for diabetes.

Figure 22. Structures of compounds 142–148 as antidiabetic agents.

Khan et al. synthesized thiazolidinone-based indole derivatives and evaluated their
inhibitory activities against α-amylase and α-glucosidase enzymes [143]. The most potent
compounds, 143 and 144 (Figure 22), exhibited IC50 values of 1.80 µM and 1.50 µM for
α-amylase, and 2.70 µM and 2.40 µM for α-glucosidase, respectively, significantly outper-
forming the standard drug acarbose. Structure–activity relationship (SAR) analysis revealed
that fluoro substituents on the phenyl ring contributed to enhanced activity, particularly
when positioned at the ortho- or meta-positions. Molecular docking studies supported
these results, showing strong interactions between the active compounds and the enzyme
binding sites, including key residues like Arg312 and Glu350 in α-glucosidase. These
findings highlight the promising potential of thiazolidinone-based indole derivatives, espe-
cially compounds 143 and 144, encouraging the audience about the progress in antidiabetic
drug development.

Jagadeesan et al. synthesized indole-3-heterocyclic derivatives and evaluated their
antidiabetic and antioxidant activities [169]. Compound 145 (Figure 22) showed the most
potent α-amylase inhibitory activity with an IC50 value of 6.44 µg/mL, compared to
the standard drug acarbose (IC50 = 5.7 µg/mL). Additionally, compound 145 demon-
strated significant antioxidant activity in both DPPH and ABTS assays, with IC50 values of
15.62 µg/mL and 12.00 µg/mL, respectively. Molecular docking studies confirmed strong
binding interactions between compound 145 and the active site of the α-amylase enzyme,
particularly with key residues such as Glu233 and Tyr62.

Exploring alternative mechanisms for diabetes treatment, Tamura et al. synthesized a
series of novel indole derivatives. They evaluated them as potent AMP-activated protein
kinase (AMPK) activators for treating type 2 diabetes [170]. With the most potent activity,
compound 146 (Figure 22) achieved an EC50 value in the single-digit nanomolar range for
β2-AMPK isoform activation. In vivo studies in diabetic KKAy mice showed that com-
pound 146 led to a dose-dependent improvement in glycemic control, significantly reducing
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blood glucose and HbA1c levels and decreasing hepatic lipid accumulation. Compound
146 demonstrated strong AMPK activation in skeletal muscle and the liver, significantly
enhancing insulin sensitivity. With favorable pharmacokinetic properties, including low
clearance, good metabolic stability, and no inhibition of major CYP450 enzymes, compound
146 offers a promising approach for managing metabolic disorders such as type 2 diabetes
by targeting AMPK activation, effectively improving glycemic control.

Investigating G-protein-coupled receptor 40 (GPR40) as a novel therapeutic target
for type 2 diabetes, Zhao et al. synthesized a series of 2-(disubstituted phenyl)-indole-5-
propanoic acid derivatives. They evaluated their potential as full agonists of GPR40 [171].
Compounds 147 and 148 (Figure 22) were identified as the most potent, with EC50 values
of 40 nM and 417 nM, respectively, demonstrating robust activation of both Gq and Gs
signaling pathways. In vitro assays revealed that these compounds significantly enhanced
glucose-stimulated insulin secretion (GSIS) and stimulated glucagon-like peptide-1 (GLP-1)
release from pancreatic β-cells and enteroendocrine cells, crucial for maintaining glucose
homeostasis. In vivo studies further confirmed their efficacy, with compound 148 showing
notable glucose-lowering effects in C57BL/6J and db/db mouse models, effectively reduc-
ing blood glucose levels and increasing plasma-active GLP-1. Compound 148 exhibited
favorable pharmacokinetic properties and improved glycemic control, positioning it as a
strong therapeutic candidate for type 2 diabetes by leveraging insulinotropic and incretin-
based mechanisms.

2.5. In the Management of Neurodegenerative Diseases
2.5.1. Cholinesterase Inhibitors

Indole derivatives have shown significant potential as cholinesterase inhibitors, mak-
ing them promising candidates for the treatment of neurodegenerative diseases such as
Alzheimer’s disease. These compounds target key enzymes such as acetylcholinesterase
(AChE) and butyrylcholinesterase (BuChE), which play crucial roles in the pathogenesis of
neurodegenerative disorders. Researchers have explored various structural modifications
of indole derivatives to develop potent inhibitors with favorable drug-like properties.

For instance, Coşar et al. synthesized novel indole-based hydrazide-hydrazone deriva-
tives. They evaluated them for their AChE and BuChE inhibitory activities, targeting
potential treatments for Alzheimer’s disease [172]. Compounds 149 and 150 (Figure 23)
showed the highest AChE inhibitory activities, with IC50 values of 11.33 µM and 26.22 µM,
respectively. At the same time, 150 exhibited strong BuChE inhibition with an IC50
value of 4.33 µM, closely comparable to the reference drug Galantamine (IC50 = 1.26 µM).
Molecular docking studies revealed that these compounds formed significant interactions
with key residues in the active sites of both enzymes, particularly involving hydrogen
bonds and hydrophobic interactions. In silico ADME studies confirmed the drug-likeness
of these compounds, making them promising candidates for further development as
anticholinesterase agents.

Alım et al. investigated the potential of indole derivatives as dual inhibitors of AChE
and BChE [173]. The study revealed compound 151 (Figure 23) was the most potent
inhibitor, with IC50 values of 0.340 µM for AChE and 1.940 µM for BChE. The reference
compound tacrine, a known cholinesterase inhibitor, exhibited IC50 values of 57.9 nM for
AChE and 3.19 nM for BChE. Molecular docking and dynamics simulations supported these
findings, with compound 151 displaying strong binding affinities to both enzymes, with
docking scores of −12.240 kcal/mol for AChE and −12.925 kcal/mol for BChE. Compound
151 also formed key interactions with amino acids in the active sites of both enzymes,
such as hydrogen bonding with ASP72 and TYR121 in AChE and GLY116 and HIS438 in
BChE. This compound demonstrates considerable potential as a therapeutic candidate for
Alzheimer’s disease, based on its dual inhibition of both enzymes.
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Figure 23. Structures of compounds 149–157 as cholinesterase inhibitors.

Nerella et al. designed and synthesized a series of deoxyvasicinone-indole hybrids
as multifunctional agents targeting Alzheimer’s disease [174]. These compounds were
evaluated for their inhibitory effects on AChE and BuChE and their ability to inhibit
amyloid-beta (Aβ1-42) aggregation, a hallmark of Alzheimer’s pathology. Compound
152 (Figure 23), in particular, was the most potent inhibitor, with IC50 values of 0.12 µM
for AChE and 0.15 µM for BuChE. Furthermore, 152 demonstrated significant inhibition
of self-induced Aβ1-42 aggregation with an IC50 value of 1.21 µM and inhibited AChE-
induced Aβ1-42 aggregation by 80.05%. Kinetic analysis revealed compound 152 acts as
a mixed-type inhibitor for both enzymes, while molecular docking studies confirmed its
strong interaction with the enzyme’s active sites. Given its potent dual inhibitory activity
and ability to disrupt amyloid aggregation, compound 152 represents a strong candidate
for further development in Alzheimer’s disease therapy.

Nadeem et al. synthesized and evaluated indole core-containing 2-arylidine deriva-
tives of thiazolopyrimidine as multitarget inhibitors for cholinesterases AChE and BChE
as well as monoamine oxidase isoforms (MAO-A and MAO-B) [175], aiming to treat
Alzheimer’s disease. Compound 153 (Figure 23) showed the highest potency against AChE
with an IC50 value of 0.042 µM and inhibited BChE with an IC50 of 0.63 µM. In addition,
compounds 154, 155, and 156 (Figure 23) emerged as the most potent MAO-B inhibitors
with IC50 values of 0.13 µM, 0.10 µM, and 0.14 µM, respectively. Kinetic studies showed
compound 153 acts as a mixed-type inhibitor, confirmed by a Ki value of 12 nM. The com-
pounds were shown to be non-neurotoxic in MTT assays and could cross the blood–brain
barrier, as confirmed by PAMPA-BBB assays. Docking studies supported the experimental
data, showing strong interactions with the active sites of the target enzymes, including π–π
stacking and hydrogen-bonding interactions with key amino acids.

Banoo et al. designed and synthesized a series of indole-piperidine amides as dual
inhibitors targeting cholinesterases (AChE and BChE) and β-secretase (BACE-1) [176],
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addressing the multifactorial pathology of Alzheimer’s disease. The lead compound,
157 (Figure 23), displayed potent inhibition, with IC50 values of 0.32 µM for human AChE
and 0.39 µM for human BACE-1, making it the most effective among the series. Kinetic
analysis revealed that 157 functions as a mixed-type inhibitor for both enzymes, with Ki
values of 0.26 µM for AChE and 0.46 µM for BACE-1, indicating strong binding affinity.
Additionally, compound 157 demonstrated significant central nervous system permeability,
as evidenced by the PAMPA-BBB assay, making it a promising candidate for further
investigation. Molecular docking studies provided insights into the binding mechanisms,
showing key interactions between 157 and critical residues in the active sites of AChE
and BACE-1, including hydrogen bonding with Asp 32 and π–π stacking with Trp 286.
Given the aforementioned promising results, compound 157 could serve as a potential
multi-target therapeutic agent for Alzheimer’s disease.

Wichur et al. designed a series of 1-(phenylsulfonyl)-1H-indole-based multifunctional
ligands targeting cholinesterases and 5-HT6 receptors with anti-aggregation properties
against amyloid-beta (Aβ) and tau [177], both of which are critical in Alzheimer’s disease
progression. Impressively, compound 158 (Figure 24), a tacrine derivative, was found to be
a reversible inhibitor of AChE and BChE, with IC50 values of 8 nM and 24 nM, respectively,
and a Ki value of 13 nM for the 5-HT6 receptor. Additionally, compound 159 (Figure 24),
containing a rivastigmine-derived phenyl N-ethyl-N-methylcarbamate fragment, showed
selective inhibition of BChE (IC50 = 455 nM) and potent anti-tau-aggregation effects, in-
hibiting tau aggregation by 79%. Both compounds also inhibited amyloid-beta aggregation
in vitro (75% for compound 158 and 68% for compound 159 at 10 µM). These compounds
exhibited favorable ADMET profiles, with acceptable metabolic stability and no signif-
icant cytotoxicity, making them strong candidates for further optimization as potential
treatments for Alzheimer’s disease.

Figure 24. Structures of compounds 158–165 as cholinesterase inhibitors.

Neshat et al. synthesized and evaluated a series of indole-based heterocyclic conju-
gates as cholinesterase inhibitors for potential Alzheimer’s disease treatment [178]. The
study identified compound 160 (Figure 24) (containing a 4-trifluorocoumarin moiety) as
the most potent, displaying IC50 values of 0.30 µM against AChE and 10.16 µM against
BuChE. Another promising compound, 161 (Figure 24) (containing a 9-fluorenone moiety),
exhibited IC50 values of 0.58 µM for AChE and 15.13 µM for BuChE. Molecular docking
studies revealed that 160 and 161 had better binding affinities for AChE (docking scores
of −9.06 kcal/mol and −9.03 kcal/mol, respectively) compared to the reference drug
donepezil (−8.52 kcal/mol). Additionally, molecular dynamics simulations confirmed
stable binding interactions for both compounds, with MMGBSA binding free energy values
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of −33.10 kcal/mol for 14c and −36.64 kcal/mol for 14h. Both compounds also demon-
strated good ADME properties and showed no cytotoxicity against HEK-293 and SH-SY5Y
cell lines.

Cetin et al. synthesized and evaluated a series of 3-substituted 2-methyl indole analogs
as potential inhibitors of AChE and glutathione S-transferase (GST), which are enzymes
linked to Alzheimer’s disease and detoxification processes [179]. Compound 162 (Figure 24)
was discovered as the most potent inhibitor, exhibiting IC50 values of 0.55 µM for AChE
and 1.58 µM for GST. Another potent compound, 163 (Figure 24), showed IC50 values of
0.63 µM for AChE and 0.60 µM for GST. The Ki values for these compounds ranged from
0.75 µM to 1.18 µM for AChE and from 0.79 µM to 1.48 µM for GST, indicating strong
binding affinity. Molecular docking studies confirmed the strong interactions of these
analogs with key residues in the active sites of both AChE and GST, with binding energies
ranging from −9.3 to −6.0 kcal/mol for AChE and from −11.1 to −7.5 kcal/mol for GST.
These indole derivatives, particularly 162 and 163, offer potential as multifunctional agents
for treating Alzheimer’s disease and other related conditions.

Khan et al. synthesized a series of indole-based thiadiazole derivatives and evalu-
ated them as dual inhibitors of AChE and BuChE for potentially treating Alzheimer’s
disease [180]. One particular derivative, compound 164 (Figure 24), demonstrated the most
potent inhibitory activity, with IC50 values of 0.15 µM for AChE and 0.20 µM for BuChE.
Additionally, compound 165 (Figure 24) also showed significant activity with IC50 values of
0.35 µM for AChE and 0.50 µM for BuChE. These compounds outperformed the reference
drug Donepezil, which had IC50 values of 0.21 µM for AChE and 0.30 µM for BuChE.
Molecular docking studies confirmed the binding interactions of these compounds with the
active sites of AChE and BuChE, including key hydrogen bonding and π–π stacking interac-
tions, particularly involving fluorine-substituted analogs, which enhanced their inhibitory
profiles. With their superior activity compared to Donepezil, compounds 164 and 165 show
great potential as candidates for further development in Alzheimer’s disease therapies.

2.5.2. Other Mechanisms

Zhou et al. synthesized diosgenin-indole derivatives as dual-functional agents for
Alzheimer’s disease treatment [181]. Of these, compound 166 (Figure 25) emerged as the
most potent, displaying neuroprotective activities against oxidative stress and neurotoxicity
induced by H2O2 (52.9%), 6-OHDA (38.4%), and beta-amyloid (Aβ1-42) (54.4%). Molecular
docking studies confirmed a strong binding affinity of 166 to Aβ1-42, with a binding energy
of −40.59 kcal/mol. Compound 166 exhibited favorable blood–brain barrier permeability,
with a predicted brain/blood partition coefficient (QPlogBB) of −0.733 and a polar surface
area of 85.118 Å², indicating its potential for central nervous system absorption. In vivo,
compound 166 significantly improved memory and learning impairments in Aβ-injected
mice, making it a promising candidate for Alzheimer’s therapy.

Chiu et al. explored the therapeutic effects of indole derivatives, particularly 167 (Figure 25),
in reducing inflammation and oxidative stress in neurotoxin-induced cell and mouse mod-
els of Parkinson’s disease [182]. In vitro, 167 alleviated MPP+-induced cytotoxicity in hu-
man microglial HMC3 cells and significantly reduced the production of nitric oxide (NO),
IL-1β, IL-6, and TNF-α, key markers of inflammation. Furthermore, 167 downregulated
the activation of the NLRP3 inflammasome pathway, contributing to its anti-inflammatory
properties. In vivo, 167 improved motor functions in MPTP-induced Parkinson’s mice,
restored dopamine levels in the striatum, and decreased oxidative stress and neuroinflam-
mation by reducing the activation of microglia and astrocytes. The neuroprotective effects
were achieved by upregulating antioxidative enzymes such as SOD2, NRF2, and NQO1,
highlighting the potential of 167 as a therapeutic agent for Parkinson’s disease.

Liang et al. synthesized a series of indole-piperazine derivatives as selective his-
tone deacetylase 6 (HDAC6) inhibitors, aiming to treat neurodegenerative diseases like
Alzheimer’s disease [183]. Interestingly, compound 168 (Figure 25) emerged as the most
potent, exhibiting an IC50 of 13.6 nM against HDAC6, with 102-fold selectivity over HDAC1
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(IC50 = 1390 nM). In vitro, 168 promoted neurite outgrowth in PC12 cells—increasing the
percentage of neurite-bearing cells by 34.7% at 3 µM concentration—and demonstrated
neuroprotective activity against HH2O2-induced oxidative damage. Compound 168 im-
proved PC12 cell viability up to 78.5% at 10 µM in oxidative stress models. Molecular
docking studies revealed that 168 forms stable interactions with the HDAC6 active site,
involving π–π stacking with Phe620 and Phe680 and hydrogen bonding with His499.

Figure 25. Structures of compounds 166–172 targeting neurodegenerative diseases.

Nishikawa-Shimono et al. designed and synthesized novel indole derivatives as potent
and selective inhibitors of proMMP-9 activation, targeting neurodegenerative diseases such
as fragile X syndrome [184]. Utilizing high-throughput screening and structure-based
drug design, compound 169 (Figure 25) emerged as the most potent inhibitor, with an
IC50 value of 44 nM for proMMP-9, showing significant selectivity over proMMP-2 and
proMMP-13 (IC50 > 30,000 nM for both). Compound 169 also demonstrated high aqueous
solubility (>38 µg/mL) and acceptable brain penetration. X-ray crystallography revealed
that compound 169 forms hydrogen bonds with Arg106 at the proMMP-9 activation site,
contributing to its high inhibitory potency. With its potent inhibitory activity and favorable
drug-like properties, compound 169 represents a strong candidate for treating diseases
linked to aberrant MMP-9 activity.

Pasha et al. synthesized a series of indole-based thiosemicarbazones and evaluated
them as prolyl oligopeptidase (POP) inhibitors for treating neurodegenerative diseases such
as Alzheimer’s and Parkinson’s disease [185]. It was found that compound 170 (Figure 25),
featuring a 4-fluorophenyl moiety, exhibited the highest inhibitory activity with an IC50
value of 5.74 µM. Kinetic studies of 170 revealed concentration-dependent inhibition
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with a Ki value of 4.31 µM. Molecular docking analysis demonstrated that 170 forms key
hydrogen bonds with the active site residues of POP, including Ser554 and Trp595, alongside
hydrophobic interactions with Phe173 and Tyr473, contributing to its strong inhibitory
activity. The combination of potent inhibition and favorable molecular interactions suggests
that compound 170 holds considerable potential as a basis for developing POP inhibitors
for neurodegenerative disease therapies.

Yi et al. designed and synthesized a series of novel difluoromethyl-containing 1-((4-
methoxy-3-(piperazin-1-yl)phenyl)sulfonyl)-1H-indole derivatives, targeting 5-HT6 recep-
tors for the treatment of Alzheimer’s disease [186]. These compounds were developed by
hybridizing two well-known 5-HT6R antagonists, idalopirdine and SB-271046, to improve
potency and pharmacokinetic properties. The most potent compound, 171 (Figure 25),
exhibited a Ki value of 0.085 nM for 5-HT6R, representing a 10-fold improvement over
idalopirdine (Ki = 0.83 nM). In vivo, 171 significantly reversed scopolamine-induced mem-
ory deficits in the novel object recognition test, demonstrating its potential as a cognition-
enhancing agent. Additionally, 171 showed favorable pharmacokinetic characteristics,
including high oral bioavailability (60.9%) and stability in human liver microsomes, which
are crucial for its potential as an orally administered drug. The strong receptor affinity
and pharmacokinetic properties suggest that 171 is a promising candidate for further
development in treating Alzheimer’s disease.

In continuation of their research, Yi et al. further developed a series of difluoromethy-
lated 1-(phenylsulfonyl)-4-(piperazin-1-yl)-1H-indole derivatives [187], focusing on im-
proving the pharmacokinetic and ADME properties of these 5-HT6 receptor antagonists.
Among the newly synthesized compounds, 172 (Figure 25) was the most promising, with a
Ki value of 0.52 nM for 5-HT6R. Within in vivo cognition-enhancing studies, 172 effectively
reversed scopolamine-induced memory deficits in rats, further showing synergistic effects
when combined with donepezil, a common Alzheimer’s treatment, by significantly increas-
ing acetylcholine levels in the hippocampus. In addition to its efficacy, 172 demonstrated
excellent blood–brain barrier penetration and favorable oral bioavailability, indicating
its potential for clinical use as an orally administered drug. Taken together, these data
highlight 172 as a potent and selective 5-HT6R antagonist with significant therapeutic
potential for Alzheimer’s disease, warranting further investigation.

2.6. Antihypertensive Activity

Danilenko et al. synthesized and evaluated novel indole-3-carboxylic acid derivatives
as potential antihypertensive agents, specifically targeting the angiotensin II receptor
(AT1R) [188]. These compounds were designed to improve upon known angiotensin II
receptor blockers (ARBs) like losartan. Compounds 173 and 174 (Figure 26) were found to
exhibit the highest affinity for AT1R, with IC50 values of 11.3 nM and 12.3 nM, respectively,
comparable to losartan’s IC50 of 14.6 nM. In vivo, studies in spontaneously hypertensive
rats (SHRs) revealed that 173 and 174 significantly reduced blood pressure, with a maximum
decrease of 46.3 mmHg and 48.6 mmHg, respectively, outperforming losartan (42.5 mmHg).
The antihypertensive effects of these compounds were sustained for 24 h. Pharmacokinetic
studies of compound 174 demonstrated favorable properties, including a half-life of 19.9 h
and significant plasma concentration levels, making it a strong candidate for further
development as an antihypertensive drug.

Figure 26. Structures of compounds 173–175 with antihypertensive properties.
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Baranwal et al. investigated the effects of indole propionic acid (175) (Figure 26) on
immune modulation and blood pressure regulation in mice with salt-sensitive hypertension
(LSHTN) [189]. The study revealed that mice with LSHTN exhibited decreased serum and
fecal IPA levels, increased renal pro-inflammatory T helper 17 (Th17) cells, and decreased
anti-inflammatory T regulatory (Treg) cells. Dietary supplementation with IPA significantly
lowered systolic blood pressure (SBP) in LSHTN mice, improved sodium handling, and
decreased renal Th17 cells while increasing Treg cells. In vitro, IPA directly reduced Th17
cell polarization and increased Treg cell polarization, demonstrating its role in attenuating
inflammation and improving blood pressure regulation.

3. Future Perspectives

The future of indole derivatives in drug discovery is poised to advance significantly by
integrating cutting-edge synthetic methodologies and a deeper understanding of molecular
mechanisms. Developing novel indole-based compounds should prioritize the design
of multi-targeted agents capable of simultaneously modulating several key biological
pathways, a particularly relevant strategy in treating complex diseases such as cancer
and neurodegenerative disorders. Leveraging structure-based drug design (SBDD) and
quantitative structure–activity relationship (QSAR) models will guide the rational design of
indole derivatives with enhanced specificity, reduced toxicity, and optimal pharmacokinetic
properties. Furthermore, exploring indole derivatives as epigenetic modulators, kinase
inhibitors, and immune checkpoint regulators represents a promising frontier in oncology,
where resistance to current therapies remains a significant challenge. The application
of advanced drug delivery systems, including nanoparticle-based formulations, could
also improve indole-based drugs’ bioavailability and therapeutic index, making them
more effective in clinical settings. Collaborative efforts combining medicinal chemistry,
computational biology, and clinical research will be critical in translating the potential of
indole derivatives into tangible therapeutic benefits.

4. Conclusions

Thanks to their wide range of biological activities and significant therapeutic potential,
indole derivatives have become a cornerstone in medicinal chemistry. Recent advance-
ments in understanding how these compounds work have highlighted their promise in
tackling pressing medical challenges, particularly in areas like cancer, infectious diseases,
and inflammatory disorders. For instance, indole hybrids containing a trimethoxy phenyl
moiety—resembling colchicine and combretastatin A4—show anticancer activity by in-
hibiting tubulin polymerization, while indoles with a sulfonamide group inhibit carbonic
anhydrase isoform IX, also contributing to anticancer effects. In antimicrobial research,
conjugating indoles with cell-penetrating peptides enhances delivery and bioavailability,
providing a novel strategy to combat bacterial infections. Hybridization with oleanolic
acid has yielded indole derivatives exhibiting both antidiabetic and anti-inflammatory
activities, while benzyl indoles linked to coumarin and fluorenone resemble donepezil
and inhibit cholinesterase, offering potential for treating neurodegenerative diseases. The
inherent flexibility of the indole structure, along with its ability to target multiple biological
pathways, continues to inspire new drug designs, paving the way for next-generation
treatments. The successful development of these compounds into clinical candidates will
require a careful balance of optimizing their effectiveness, safety, and pharmacokinetics.
As research in this area progresses, indole derivatives are likely to play an increasingly
important role in advancing therapeutic strategies, impacting the future of drug discovery.
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