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Indole is a heterocyclic compound formed by the fusion of a benzene ring and pyrrole ring, which has rich
biological activity. Many indole-containing compounds have been sold on the market due to their excellent
pharmacological activity. For example, vincristine and reserpine have been widely used in clinical practice.
The diverse structures and biological activities of natural products provide abundant resources for the
development of new drugs. Therefore, this review classifies natural products by structure, and summarizes
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the research progress of indole-containing natural product derivatives, their biological activities, structure-
activity relationship and research mechanism which has been studied in the past 13 years, so as to provide
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1. Introduction

Heterocyclic structures are present in many agents owing to
their versatility and biodiversity." Among them, the indole
ring is one of the most prevalent heterocycles occurring
naturally and in synthetic bioactive compounds.** Indole is a
compound of pyrrole and benzene in parallel, also known as
benzopyrrole, and its chemical formula is CgH,;N. The lone
pair of electrons of the nitrogen atom in the indole ring can
form a conjugated system with the surrounding = electrons,
which enhances the stability and reactivity of the molecule.
Therefore, indole is widely used in organic synthesis and drug
research.? In addition, the N-H group in the indole ring can
also form hydrogen bonds with biological macromolecules
such as proteins and nucleic acids, thereby affecting
biological activity.” It is widely distributed in plants such as
Isatidis radix,® Euodia rutaecarpa,” Rauvolfia serpentina,® and
Catharanthus roseus.’ Indole derivatives have a variety of
pharmacological activities,'® including anti-tumor,">"* anti-
inflammatory,®™® anti-oxidant,"*™” anti-Alzheimer's,"® and
anti-diabetic'® activities; therefore, the indole ring plays an
important role in the development of new agents. In addition,
there are many agents containing indole structures, such as
osimertinib, vincristine (VCR), reserpine, tadalafil, fluvastatin,
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a basis for the development of new drug development.

indomethacin, zafirlukast and delavirdine which have been
used in clinical research (Fig. 1, Table 1).

Natural products have been used to treat various diseases
for thousands of years. In 1578, a large number of cases of
using plants to treat human diseases were recorded in the
Compendium of Materia Medica. For example, the fruit of
Eriobotrya japonica was used to relieve cough, Lonicera
Japonica was used to cure fever, and so on. Therefore,
medicinal natural products are the basis of many early
medicines. Natural products extracted and isolated from
living organisms play an important role in the discovery and
development of new agents and are also important sources of
drug candidates.” Natural products have great potential for
the research and development of new drugs owing to their
biodiversity and structural diversity. The use of natural
products as lead compounds, combined with structure-
bioactivity relationships and metabolic studies for further
structural modification and synthesis of derivatives, has
become a hot topic in the design and development of new
drugs, which often possess higher safety, more efficacy, and
cheaper preclinical evaluation.”® Many natural products are
used in their natural form as lead compounds for the
treatment of various diseases. Various natural products and
their derivatives being used in clinical application include
paclitaxel, VCR, morphine, indirubin, codeine, penicillin,
etc.*® An increasing number of indole-natural product
derivatives are being studied, based on the indole ring
exhibiting significant biological activity in pharmaceuticals,
which shows the importance of this field.”*>* Therefore, this
paper summarises the research reports on indole-natural
product derivatives that have been synthesized in the past 13
years. This review focuses on three aspects ie. biological
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3 Reserpine

6 Indomethacin

7 Zafirlukast

Fig. 1 FDA-approved drugs containing indole structures.

activity, structure-activity relationship, and mechanism of
action of promising leads.

2. Methods

In this paper, the keywords “indole”, “terpene-indole”,

“phenylpropanoid-indole”,  “flavonoid-indole”,  “alkaloid-
indole”, “steroid-indole”, “polyphenol-indole”, “quinone-
indole”,  “structural = modification”,  “pharmacological

properties”, etc. were extensively investigated in the databases

Table 1 FDA-approved drugs containing indole structures

8 Delavirdine

such as Pubmed, Web of Science and SciFinder. The research
progress of indole-containing natural product derivatives
from 2011 to 2023 was summarized in three aspects:
structural modification, pharmacological activities and
structure-activity relationships.

3. Terpene-indole derivatives

Terpenoids and their derivatives are compounds derived
from mevalonate and have isoprene units (C5 units) as the

Compd Names Activity Targets or mechanisms

1 Osimertinib Anti-tumor Mutant-selective EGFR inhibitor

2 VCR Anti-tumor Tubulin inhibitor

3 Reserpine Anti-hypertensive Blocking the transmission of sympathetic impulses
4 Tadalafil Anti-pulmonary hypertension Phosphodiesterase inhibitor

5 Fluvastatin Hypolipidemic Inhibition of endogenous cholesterol synthesis

6 Indomethacin Anti-inflammatory Cyclooxygenase inhibitor

7 Zafirlukast Anti-asthma Leukotriene receptor antagonist

8 Delavirdine Anti-HIV Reverse transcriptase inhibitor
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basic structural unit of the molecular backbone.? Terpenoids
are structurally complex and can be classified into eight
groups according to the number of isoprene units:
hemiterpenoids, monoterpenes, sesquiterpenes, diterpenes,
sesterterpenoids, triterpenes, tetraterpenes, and
polyterpenoids. Terpenoids are widely found in nature, with
a wide variety of species and skeletons, and they are the most
abundant compounds in natural products.*® More than
60000 terpenoids have been discovered to date, and these
compounds have a variety of biological activities, including
anti-tumor,?” anti-oxidant,*® anti-bacterial,*®
hypolipidaemic®® and other pharmacological activities.

Genipin is a natural product of iridoids, obtained by the
hydrolysis of gardenia glycosides by B-glucosidase, with
pharmacological activities such as anti-tumor activity.® Fang
et al synthesized 34 genipin-indole derivatives and
determined their cytotoxic activities against SW480, A-549,
HL60, SMMC-7721 and MCF-7 cancer cells. Derivatives 9
(Fig. 2, Table 2, IC5,: 0.9-3.64 uM) and 10 (Fig. 2, Table 2,
ICs0: 0.43-1.18 uM) showed strong anti-proliferative activity
against SW480, A549, HL60, SMMC-7721 and MCF-7 cancer
cells, with inhibition rates above 98%. Further experiments
showed that compound 10 induced apoptosis and arrested
the cell cycle.*?

Parthenolide is a natural product of sesquiterpene
lactones, which is derived from the flower buds of
Tanacetum balsamita and possesses anti-tumor activity.*
Bommagani et al. designed and synthesized a series of
parthenolide-indole derivatives, hoping to obtain promising
drugs against hematological tumors. Derivative 11 (Fig. 2,
Table 2, GIs: 0.26-0.28 pM) showed considerable growth
inhibitory activity against RPMI-8226 and CCRF-CEM cancer
cell lines and was 32 fold more potent than parthenolide
(GIsp: 8.20-9.16 uM). Further modification showed that the
introduction of a methoxy group as well as halogen groups
such as fluorine and chlorine on the benzene ring was not
conducive to anti-proliferative activity. Indole-3-carboxylate
(compound 12) (Fig. 2, Table 2, GIso: 0.04-0.05 pM)
displayed much lower growth inhibitory activity on RPMI-
8226 and CCRF-CEM, suggesting that the connection to the
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Table 2 Biological activity of monoterpenoid-indole derivatives 9-10 and
sesquiterpenoid-indole derivatives 11-16

Compd. Activity Ref.

9 HL-60 cells: IC5, = 0.9 uM 21
A549 cells: IC5, = 3.64 uM
SMMC-7721 cells: IC5q = 3.52 uM
MCEF-7 cells: IC5¢ = 3.10 uM
SW480 cells: IC5o = 2.53 pM
10 HL-60 cells: IC5o = 0.43 uM 21
A549 cells: IC5, = 1.18 pM
SMMC-7721 cells: IC5 = 0.69 uM
MCF-7 cells: IC5, = 0.58 pM
SW480 cells: IC5o = 0.89 pM

11 RPMI-8226 cells: GIso = 0.26 pM 23
CCRF-CEM cells: GIs, = 0.28 pM

12 RPMI-8226 cells: Gly, = 0.04 uM 23
CCRF-CEM cells: GIso = 0.05 pM

13 RPMI-8226 cells: GIs, = 0.03 pM 23

CCRF-CEM cells: GI5o = 0.07 uM

M9-ENL1 AML cells: ECs, = 0.72 uM

RPMI-8226 cells: GI5o = 8.20 uM 23
CCRF-CEM cells: G5, = 9.16 uM

MO9-ENL1 AML cells: ECso = 15 uM

Parthenolide

14 MCF-7 cells: IC5, = 5.25 pM 14, 26
A549 cells: IC5, = 6.17 uM
T. gondii-infected HeLa cells: IC5¢ = 85.3 uM

15 MCF-7 cells: ICs5, = 14.48 uM 26
A549 cells: ICs, = 13.39 uM

16 MCF-7 cells: IC5, = 6.78 pM 26

A549 cells: IC5 = 12.92 uM

indole C-3 position can improve the cells of the compound
toxicity. Furthermore, the introduction of Michael receptors
is beneficial for anti-proliferative activity. Compound 13
(Fig. 2, Table 2, GI5,: 0.03-0.07 uM), obtained by replacing
the carboxylic acid group with acrylic acid, exhibited
stronger anti-proliferative activity. The results of the M9-
ENL1 AML cell assay showed that compound 13 (ECso: 0.72
uM) exhibited the highest anti-proliferative activity against
M9-ENL1 AML cancer cells and was 20 fold more potent
than parthenolide (ECso: 15 uM).**

Artemisinin is a natural product of sesquiterpene lactones,
which is derived from the stems and leaves of Artemisia
carvifolia and possesses anti-tumor®® and anti-Toxoplasma

Fig. 2 Chemical structures of monoterpenoid-indole derivatives 9-10 and sesquiterpenoid-indole derivatives 11-16.
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gondii activities.>® Hu et al. designed and synthesized a series
of artemisinin-indole derivatives and evaluated their cytotoxic
activities against A549, MCF-7, HepG-2 and MDA-MB-231
cancer cells. Derivatives 14 (Fig. 2, Table 2, IC5y: 5.25-6.17
uM), 15 (Fig. 2, Table 2, IC5o: 13.39-14.48 uM) and 16 (Fig. 2,
Table 2, ICs5y: 6.78-12.92 uM) showed high activity against
MCF-7 and A549 cancer cell lines. Compound 14 with an
electron-withdrawing group was generally more potent than
compounds 15 and 16 against MCF-7 and A549 cells,
indicating that the electron-withdrawing group on the
benzene ring contributed more to the anti-proliferative
activity. Further studies illustrated that compound 14
(reversal fold (RF): 117) could reverse the multidrug
resistance of MCF-7/doxorubicin cells and induce G2/M cell
cycle arrest in MCF-7 cells. Therefore, compound 14 can serve
as a potential anticancer drug for reversing multidrug
resistance and is worthy of further study.’”” In addition,
Deng's study showed that compound 14 exhibited promising
anti-T. gondii activity with a selectivity of 1.58 and ICs, value
of 85.3 in T. gondii-infected HeLa cells, being more potent
than spiramycin with a selectivity of 0.72 and ICs, value of
262.2 in T. gondii-infected HeLa cells.>

Retinoic acid is a monocyclic diterpene natural product
metabolised from vitamin A, which possesses anti-tumor
activity.®® Gurkan-Alp et al. designed and synthesized five
retinoic acid-indole derivatives and determined their anti-
tumor activity in vitro. Derivative 17 (Fig. 3, Table 3, ICs:
<0.01-1.83 uM) exhibited low-concentration anti-proliferative
activity against Camal, MCF-7, MDA-MB-453, SK-BR-3, MDA-
MB-361 and MDA-MB-231 breast cancer cell lines as well as
being comparable to camptothecin (ICs: <0.01-0.17 uM). In
addition, compound 17 showed the strongest anti-
proliferative activity against Camal and MDA-MB-453 (ICs,
values below 0.01 uM), while the less toxic effect on normal

17

20: R=5-OCH3
21: R=6-Br
22: R=6-OCHj

Fig. 3 Chemical structures of diterpenoid-indole derivatives 17-22.
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Table 3 Biological activity of diterpenoid-indole derivatives 17-22

Compd. Activity Ref.

17 Cama1 cells: IC5 < 0.01 uM 28

MCEF-7 cells: IC5¢ = 1.71 uM

MDA-MB-453 cells: IC5, < 0.01 uM

SK-BR-3 cells: IC5, = 1.29 uM

MDA-MB-361 cells: IC5 = 0.06 uM

MDA-MB-231 cells: IC5, = 1.83 uM

MCF-12A cells: IC5o = 3.92 uM

Cama1 cells: IC5, = 0.07 uM 28

MCEF-7 cells: IC5¢ < 0.01 uM

MDA-MB-453 cells: IC5, < 0.01 uM

SK-BR-3 cells: IC5, < 0.01 uM

MDA-MB-361 cells: IC5y = 0.17 uM

MDA-MB-231 cells: IC5, < 0.01 uM

18 MCF-7 cells: IC5, = 1.85 pM 30
HCT116 cells: ICso = 1.22 pM

19 SMMC-7721 cells: IC5, < 1.39 pM 32
HepG2 cells: IC5o = 0.51 uM
Hep3B cells: IC54 < 0.73 uM

20 HCT116 cells: IC5o = 0.81 uM 15
Bel7402 cells: IC5, = 0.83 uM
MCF-7 cells: ICs = 0.39 pM

21 HCT116 cells: IC5, = 0.68 UM 15
Bel7402 cells: IC5, = 1.73 uM
MCF-7 cells: IC5, = 0.83 pM

22 HCT116 cells: IC5, = 0.16 uM 15
Bel7402 cells: IC5, = 2.18 uM
MCF-7 cells: ICs, = 1.52 pM

Oridonin HCT116 cells: IC5, = 6.84 uM 15

5-Fu HCT116 cells: ICs5, = 24.8 uM 15

Camptothecin

epithelial breast cancer cell line MCF-12A was relatively small
with an ICs, value of 3.92 puM. Interestingly, compound 17
displayed potent anti-proliferative activity against MDA-MB-
231, a triple-negative breast cancer cell line, with an ICs,
value of 1.83 puM. Further studies indicated that compound
17 induced apoptosis in MDA-MB-231 cells, which may be
related to the inhibition of the RXRa receptors. Therefore,
compound 17 can be used as a candidate agent for the
treatment of triple-negative breast cancer, and is worthy of
further study.*

Andrographolide is a bicyclic diterpene lactone natural
product derived from Andrographis paniculata that possesses
anti-tumor activity.">"" Song et al synthesized a series of
novel indolo [3,2-b] andrographolide derivatives and
determined their cytotoxic activities against three human
cancer cell lines MCF7, HCT116 and DU145. Derivative 18
(Fig. 3, Table 3, ICs: 1.22-1.85 puM) showed considerable
anti-proliferative activity against MCF-7 and HCT116 cancer
cell lines. SAR analysis indicated that the anti-proliferative
activity of the bisesterified compounds of the C-14 and C-19
hydroxyl groups was stronger than that of the monoesterified
compounds, and the steric hindrance of the ester group also
affected the anti-proliferative activity of the compounds. A
smaller volume of acetyl groups exhibited stronger anti-
proliferative  activity than benzoyl groups. Further
experiments showed that compound 18 induced HCT116 cell
arrest in the S phase and induced apoptosis in a
concentration-dependent manner.*

This journal is © The Royal Society of Chemistry 2023
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Dehydroabietic acid is a tricyclic diterpenoid oxygenated
compound, which is widely present in all types of Pinaceae
plants and exhibits antitumour activity.** Chen et al
designed and synthesized a series of novel dehydroabietic
acid-indole derivatives, and evaluated their anticancer
activities against SMMC-7721, HepG2 and Hep3B cancer
cells. Derivative 19 (Fig. 3, Table 3, ICs,: 0.51-1.39 uM)
showed strong cytotoxic activities against SMMC-7721, HepG2
and Hep3B cancer cell lines. Mechanistic studies indicated
that compound 19 inhibited the MAPK signalling pathway,
increased ROS generation, arrested the cell cycle in the G2/M
phase, and damaged membrane integrity. Overall, compound
19 is a promising anticancer agent candidate.**

Oridonin is a tetracyclic diterpene natural product derived
from the whole plant of Isodon rubescens with anti-tumor
activity.*> Shen et al. designed and synthesized a series of
oridonin derivatives, and found that when bearing an indole
ring on the 14-OH position, the oridonin derivatives had the
best anti-tumour activity. Derivatives 20 (Fig. 3, Table 3, ICs:
0.39-0.83 uM), 21 (Fig. 3, Table 3, ICs,: 0.68-1.73 uM) and 22
(Fig. 3, Table 3, ICs: 0.16-2.18 uM) exhibited considerable
activities against HCT116, Bel7402 and MCF-7 cancer cells. In
particular, compound 22 showed extremely potent anti-

24

27: R=—N N—CHj3
—/

28: R=CHj 29
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proliferative activity against HCT116 cancer cells with an IC;,
value of 0.16 pM, and was 43 times higher than oridonin
(ICs0: 6.84 uM) as well as 155 times the positive control drug
5-fluorouracil (5-Fu) (ICso: 24.8 uM). The selectivity of
compound 22 for HCT116 cells (selection coefficient: 23.63)
was stronger than that for normal L02 cells, and the selection
effect was better than that of oridonin (selection coefficient:
1.02) and 5-Fu (selection coefficient: 0.65). SAR analysis
showed that the properties and positions of the substituents
on the indole ring were closely related to the anti-
proliferative activity of the compounds, and the activity
sequence was: 6-OCH; > 6-F > 6-Br > 5-OCH; > 6-Cl> 5-Cl
> 5-H. Furthermore, compound 22 inhibited colony
formation by HCT116 cells in a concentration-dependent
manner. Further experiments revealed that compound 22
may induce G2/M phase arrest and apoptosis in HCT116 cells
via the p53-MDM?2 pathway. In vivo experiments showed that
compared with the control group, the tumour volume and
weight after compound 22 treatment were significantly
decreased. Overall, compound 22 is a highly potential anti-
tumor drug that deserves further study.>*

Malabaricol is a tricyclic triterpenoid natural product
derived from the gum exudates of the trunk of Ailanthus

25: Ry=R3=F; Ry=R,=H
26: Ry=R3=H; Ry=R,=F

30

Iz

33: Ry=CONHCH,COOH; R=H
34: R4=COOH; Ry=H
36: Ry=CHg; Ry=I

31: Ry=CHg; Ry=H
32: Ry=Cl; R,=CHj

Fig. 4 Chemical structures of triterpenoid-indole derivatives 23-36.

This journal is © The Royal Society of Chemistry 2023
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triphysa and exhibits anti-tumour activity.”® Bommakanti
et al. synthesized a series of malabaricol derivatives and
determined their cytotoxic activity against A549 cancer cells.
Derivative 23 (Fig. 4, Table 4, ICsy: 13.40 uM) showed
promising activity against A549 cancer cells, being
comparable to malabaricol (ICso: 10.91 uM).*

Glycyrrhetinic acid is a natural product of pentacyclic
triterpenes, which is derived from the root of Glycyrrhiza
uralensis and possesses hypoglycaemic activity."” De-la-Cruz-
Martinez et al. designed and synthesized a series of
glycyrrhetinic acid derivatives, expecting to obtain potential
new hypoglycemic drugs. Derivative 24 (Fig. 4, Table 4, ICs,:
4.3 uM) showed considerable inhibitory activity against
PTP1B. The SAR illustrated that the introduction of
trifluoromethyl, methoxy, and fluorine atoms enhanced the
inhibitory activity, whereas the introduction of methyl and
chlorine atoms reduced the activity. Enzyme kinetics
experiments showed that compound 24 (Ki: 3.9 uM) is a non-
competitive inhibitor with stronger binding ability to the
enzyme than suramin (Ki: 7.1 pM).*®

Oleanolic acid is a pentacyclic triterpenoid natural
product derived from the fruit of Ligustrum lucidum and has
pharmacological  activities such as inhibition of
glucosidase,” anti-oxidant,” and anti-hyaluronidase.>
Therefore, researchers modified the C2 and C3 positions of
oleanolic acid to obtain compounds with better
pharmacological activity. Derivative 25 (Fig. 4, Table 4,
IC50:4.02 uM) showed considerable inhibitory activity against
o-glucosidase. The SAR results showed that the introduction
of an indole group at the C-3 position of oleanolic acid could

Table 4 Biological activity of triterpenoid-indole derivatives 23-36

Compd. Activity Ref.

23 A549 cells: ICso = 13.40 uM 13

24 Protein tyrosine phosphatase 1 B: IC50 =4.3 uM 36

25 o-Glucosidase: ICs = 4.02 pM 39

26 Hyaluronidase: IC5o = 9.97 pM 40

27 SMMC-7721 cells: IC5q = 0.56 UM 42
HepGz2 cells: IC5o = 0.91 uM

28 SMMC-7721 cells: IC5, = 1.08 uM 45
HepGz2 cells: IC5y = 1.26 uM

29 HepGz2 cells: IC5y = 3.12 uM 44
SGC7901 cells: IC50 = 10.22 uM

Paclitaxel HepGz2 cells: IC5y = 7.87 uM 44
SGC7901 cells: IC5o = 14.35 uM

Ursolic acid  HepG2 cells: IC50 > 20 uM 44
SGC7901 cells: ICso > 20 uM

31 Bel7402 cells: IC5, = 0.02 uM 47

32 H4 cells: ICs = 2.03 pM 47
Bel7402 cells: IC5o = 0.01 pM

Celastrol H4 cells: IC5y = 2.09 uM 47
Bel7402 cells: IC5, = 1.55 uM

33 o-Glucosidase: IC5, = 1.8 uM 50

34 o-Glucosidase: ICs, = 0.04 uM 51

Acarbose o-Glucosidase: 1C5o = 189.2 uM 51

35 HIV-1 cells: ICs = 0.05 uM 52

Bevirimat HIV-1 cells: IC50 = 0.065 uM 52

36 RAW 264.7 cells: ICsq = 22.6 uM 54

Lupeol RAW 264.7 cells: I1C5, = 37.3 uM 54
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enhance the biological activity of the compound, the carboxyl
group at the C-28 position was crucial to the activity of the
compound, and esterification of the carboxyl group greatly
reduced its activity. The results of enzyme kinetics analysis
revealed that compound 25 is a mixed type of a-glucosidase
inhibitor, and the mechanism of action is to inhibit the
formation of the o-glucosidase-p-NPG intermediate by
binding to o-glucosidase and to the substrate p-NPG of
a-glucosidase directly.>"

Derivative 26 (Fig. 4, Table 4, ICs,: 9.97 uM) exhibited high
inhibitory activity against hyaluronidase. Compared to
heterocycles such as quinoline and pyridine, the introduction
of an indole ring can improve the biological activity of the
compound. Further studies illustrated that compound 26 was
a mixed non-competitive enzyme inhibitor, which reduced
enzyme activity by binding to the aromatic amino acid side
chain of the hyaluronidase protein. Moreover, compound 26
exhibited skin permeability under weakly acidic conditions
(pH = 6.5). In vitro studies showed that, compared with
oleanolic acid, compound 26 significantly reduced ROS levels
in HaCAT cells and ameliorated H,O,-induced oxidative
stress. Overall, compound 26 is a potential agent with anti-
hyaluronidase activity, which has further research value.*

Ursolic acid is a pentacyclic triterpenoid natural product
derived from the fruit of Arctostaphylos wva-ursi with anti-
tumor activity.53 Therefore, researchers have modified the C2,
C3 positions and carboxyl group of ursolic acid, hoping to
obtain anti-tumor drugs with research prospects. Derivatives
27 (Fig. 4, Table 4, ICsq: 0.56-0.91 pM)** and 28 (Fig. 4,
Table 4, ICsy: 1.08-1.26 uM)>® showed strong inhibitory
activity against SMMC-7721 and HepG2. Among them,
compound 28 was comparable to doxorubicin (ICsy: 0.62-0.77
pM) and compound 27 was less toxic to human normal
hepatocytes L02 with an ICs, value of 10.58 uM. SAR analysis
of compound 27 indicated that when the number of carbon
atoms in the alkyl linker between the amide group and the
amino group was three, the best tumour inhibitory effect was
exhibited. The type of nitrogen-containing structure in the
side chain is also closely related to the anti-proliferative
activity of the compound. The introduction of
methylpiperazine, -NH,, -N(Me),, -N(Et),, and piperidine
increased the anti-proliferative activity of the compounds.
Among them, the effect of N-methylpiperazine was the most
obvious, whereas the anti-proliferative activity of compounds
containing morpholine structures was not obvious. The SAR
analysis of compound 28 indicated that the introduction of a
substituent at the C-5 position of the indole ring could
enhance anti-tumor activity, while the introduction of a
substituent at the C-7 position greatly reduced anti-
proliferative activity.

Further studies showed that compound 27 not only
inhibited the relaxation of supercoiled DNA by inhibiting the
activity of topoisomerase II but also induced the production
of ROS and decreased membrane potential in SMMC-7721
cells in a dose-dependent manner to induce apoptosis.
Compound 27 had a significant topoisomerase II inhibitory

This journal is © The Royal Society of Chemistry 2023
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effect, strong anti-cancer activity, and selectivity, and can be
used as an anti-cancer drug for further research.

Derivative 29 (Fig. 4, Table 4, ICsp: 3.12-10.22 pM)
exhibited promising activity against HepG2 and SGC7901
cancer cells, being more potent than ursolic acid (ICs5o: >20
uM) and paclitaxel (ICso: 7.87-14.35 uM). In addition, at a
concentration of 10 uM, compound 29 (48.96% and 54.6%
inhibition, respectively) inhibited the growth of HepG2 and
SGC7901 cells compared to paclitaxel (52.75% and 50.82%
inhibition, respectively), and was superior to ursolic acid
(12.62% and 13.34% inhibition, respectively). SAR results
showed that haloalkanes with branched chains were more
active than straight-chain haloalkanes; meanwhile, the anti-
tumor activity of haloalkanes increased with the growth of
their carbon chains.>®

Derivative 30 (Fig. 4) exhibited considerable anti-
proliferative activity against U251 and C6 glioma cells (the
proliferation rate was reduced to 17% and 21% at 10 uM,
respectively). Mechanistic studies revealed that compound 30
could downregulate cAMP levels and induce GO0/G1 phase
arrest and apoptosis in U251 glioma cells. Therefore,
compound 30 could be further studied as a potential
anticancer drug.””

Celastrol is a pentacyclic triterpenoid natural product
derived from the whole plant or peeled xylem of Tripterygium
wilfordii, possessing anti-tumor activity.”® Tang et al
synthesized a series of C(6)-indole-substituted celastrol
derivatives and explored their antitumor activity against
Bel7402 cells. Derivatives 31 (Fig. 4, Table 4, ICs4: 0.02 puM)
and 32 (Fig. 4, Table 4, ICsy: 0.01 uM) showed considerable
anti-proliferative activity against human hepatocellular
carcinoma Bel7402. Although most compounds substituted
at the C-5 position of the indole ring are more cytotoxic than
those substituted at the C-6 position, the C-6 substituted
celastrol-indole derivative 31 is highly cytotoxic to human
hepatocellular carcinoma Bel7402 which showed excellent
anti-proliferative activity and was 77 fold more potent than
celastrol (ICso: 1.55 uM). In addition, the N-substituted indole
derivative 32 not only showed good anti-proliferative activity
against Bel7402 cancer cells but also exhibited similar anti-
proliferative activity to celastrol (ICso: 2.09 uM) against the
human glioblastoma cell line H4 (ICs: 2.03 uM).>”

Betulinic acid is a common pentacyclic triterpenoid
derived from Betula platyphylla, which has hypoglycaemic®
and antiviral activities.* Therefore, researchers have
designed and synthesized a series of betulinic acid-indole
derivatives, expecting to obtain new drugs with excellent
biological activity. The inhibitory activity of derivative 33
(Fig. 4, Table 4, ICso: 1.8 uM) against o-glucosidase being 10
fold more potent active than betulinic acid (ICso: 18.4 uM)
illustrated that the C-2 and C-3 positions of betulinic acid
fused into the indole ring can significantly increase the
activity.*> Further structural modifications revealed that
compound 34 (Fig. 4, Table 4, ICso: 0.04 pM), with the
replacement of the carboxyl group at C-28 with a
carboxamide group, was 4730 fold more potent active than
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acarbose (ICs0: 189.2 uM), probably because the carboxamide
group provided more hydrogen bonds than the carboxyl
group.®® In addition, derivative 35 (Fig. 4, Table 4, IC;,: 0.05
uM) exhibited considerable activity against HIV-1, being more
potent than bevirimat (ICs¢: 0.065 uM).**

Lupeol is a triterpenoid derived from the cuticle of lupin
seeds that exhibits anti-inflammatory pharmacological
activity.®®> Bhandari et al. synthesized a series of lupeol
indole derivatives, expecting to obtain new drugs with
excellent anti-inflammatory activity. Lupeol-indole derivative
36 (Fig. 4, Table 4, IC5q: 22.6 uM on RAW 264.7 cells) was
more active in inhibiting NO production than lupeol (ICsg:
37.3 uM on RAW 264.7 cells), and the SAR studies showed
that substituted electron donating groups on the indole
benzene ring promote the activity. Furthermore, at the
concentration of 20 ug mL ™", the TNF-a and IL-1B inhibitory
activities of compound 36 on RAW 264.7 cells were 42.3%
and 22.9%, respectively, while the inhibitory activities of
curcumin on TNF-a and IL-1f were 1.25% and 6.44%,
respectively.®®

Summary: there were many reports on the anti-tumor
activity of indole-modified terpenoid natural products.
Among them, oridonin-indole derivative 22 show 43 times
higher anti-HCT116 cancer cell activity than oridonin, and
the IC5, value was 0.16 uM. The activity of the substituent at
the C6 position was significantly stronger than that of C5,
and the electron-donating group improved the activity of the
compound. Therefore, compound 22 had further research
value.

4. Phenylpropanoid-indole derivatives

Phenylpropanoids are a class of compounds consisting of a
benzene ring linked to three straight-chain carbon atoms
(C6-C3 groups), including phenylpropylenes and their
derivatives with different degrees of oxidation, coumarins,
and lignans, which have pharmacological activities such as
anti-tumor,®” anti-bacterial,’® hypolipidaemic®® and anti-
oxidant.”®

Podophyllotoxin is an aryl tetrahydronaphtholide lignan
natural product, which is derived from the rhizome of
Podophyllum versipelle and possesses anti-tumor activity.”*
Therefore, researchers modified the C4 position of
podophyllotoxin in order to obtain antitumor drugs with
research value. Derivative 37 (Fig. 5, Table 5, ICs,: 0.07-0.1
uM) showed excellent anti-tumor activity against HepG2,
HeLa, A549 and MCF-7 cancer cell lines, and was 26-58 fold
more potent than podophyllotoxin (ICs¢: 2.4-6.9 uM) as well
as 24-86 fold more potent than colchicine (ICsy: 9.7-14.3
puM), respectively. Further studies illustrated that compound
37 induced G2/M phase arrest and inhibited tubulin
polymerisation. In vivo experiments showed that compound
29 significantly inhibited tumour growth. Therefore,
compound 37 has further research value as a potential
tubulin inhibitor.”
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Fig. 5 Chemical structures of podophyllotoxin-indole derivatives 37-43.

The anti-proliferative activity of derivative 38 (Fig. 5,

Table 5, ICSO:

1.93-2.2 upM) was stronger

than

Table 5 Biological activity of podophyllotoxin-indole derivatives 37-42

Compd.

Activity

Ref.

37

Podophyllotoxin

Colchicine

38
Podophyllotoxin

39

40
Podophyllotoxin
VP-16

41

42

VP-16

VCR

HepG2 cells: IC50 = 0. 1 uM
HeLa cells: IC5, = 0.08 uM
A549 cells: IC54 = 0.08 uM
MCF-7 cells: ICs, = 0.07 pM
HepG2 cells: IC5y = 2.4 uM
HeLa cells: IC5 = 6.9 uM
A549 cells: IC5, = 2.6 uM
MCEF-7 cells: IC5¢ = 2.4 pM
HepGz2 cells: IC5y = 5.8 uM
HelLa cells: IC5, = 10.2 pM
A549 cells: IC5 = 9.7 uM
MCF-7 cells: ICs, = 14.3 uM
HepGz2 cells: IC5y = 1.93 uM
HeLa cells: IC5, = 2.2 uM
HepG2 cells: IC5y = 6.21 uM
HeLa cells: IC5 = 9.32 uM
A549 cells: IC5, = 1.87 uM
A549 cells: IC5, = 2.24 uM
A549 cells: ICs, = 3.76 pM
A549 cells: IC5q = 2.27 uM
K562 cells: ICso = 0.1 uM
K562 cells: ICs, = 0.034 uM
K562 cells: ICso = 0.764 uM
K562 cells: ICs, = 0.178 uM
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podophyllotoxin (IC5y: 6.21-9.32 uM) against HepG2 and
HeLa cells; it was also less toxic against LO2 cells (ICso: 75.66
pM) and PBMC cells (ICso: 88.97 uM). Further experiments
showed that compound 38 induced cell arrest in the G2/M
phase and apoptosis through the mediation of Bel-2.”*

Derivatives 39 (Fig. 5, Table 5, ICs,: 1.87 uM) and 40
(Fig. 5, Table 5, ICse: 2.24 pM) showed strong anti-
proliferative activity against A549 cancer cells, being more
potent than podophyllotoxin (ICsy: 3.76 uM) and etoposide
(VP-16) (ICsp: 2.27 uM). Further studies illustrated that
compounds 39 and 40 induced cell G2/M phase arrest,
inhibited topoisomerase II activity, and bound to DNA.
Therefore, compounds 39 and 40 deserve further study as
potential topoisomerase II inhibitors.”*

Derivative 41 (Fig. 5, Table 5, ICsp: 0.1 uM) showed
promising anti-proliferative activity against K562 cancer
cells, which was comparable to podophyllotoxin (ICs0: 0.025
pM) and VCR (ICsp: 0.178 uM). In addition, compound 41
(resistance factor value: 2.27) also displayed a lower
resistance factor in K562/VCR cells, which was comparable
to podophyllotoxin (resistance factor value: 2.00) but much
lower than VP-16 (resistance factor value: 15.497) and VCR
(resistance factor value: 26.612).”> Derivative 42 (Fig. 5,
Table 5, ICso: 0.034 pM; the resistance factor values of
compound 42, podophyllotoxin, VP-16, and VCR were 2.23,
2.00, 15.49, and 26.61, respectively) showed a lower
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resistance factor against K562/VCR, and exhibited
promising anti-proliferative activity against K562 cancer
cells, being more potent than VP-16 (ICsy: 0.764 puM) and
VCR (ICs0: 0.178 pM), and comparable to podophyllotoxin
(ICs0: 0.025 pM).”® In addition, compound 41 induced
autophagy in K562/VCR cells by inhibiting the PI3K/AKT/
mTOR signalling pathway, while compound 42 induced
autophagy in K562/VCR cells by increasing the levels of
Beclinl and LC3-II.

Derivative 43 (Fig. 5) (resistance factor value: 3.5) showed
lower resistance against K562/ADR cancer cells than
podophyllotoxin (resistance factor value: 14.166) and VP-16
(resistance factor value: 4.903). Preliminary experiments
showed that compound 43 disrupted the tubulin structure,
induced cell G2 arrest and apoptosis, and reversed the drug
resistance of tumour cells by downregulating the expression
levels of P-gp and MRP1 proteins.””

Derivative 44 (Fig. 6, Table 6, ICs,: 5.87 uM) showed
considerable anti-proliferative activity against Bel-7402 cancer
cells, which was comparable to that of 5-Fu (ICso: 5.94 uM).
Moreover, compound 44 (resistance factor value: 0.36)
exhibited promising resistance to Bel-7402 cancer cells, lower
than podophyllotoxin (resistance factor value: 0.84) and 5-Fu
(resistance factor value: 16.83), which may be related to the

Cl
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Fig. 6 Chemical structures of podophyllotoxin-indole derivatives 44-49.

This journal is © The Royal Society of Chemistry 2023

Review

Table 6 Biological activity of podophyllotoxin-indole derivatives 44-49

Compd. Activity Ref.

a4 Bel-7402 cells: IC5q = 5.87 uM 66

45 HelLa cells: IC5o = 1.96 uM 67
MCF-7 cells: IC5, = 3.13 pM

VP-16 HelLa cells: IC5, = 2.56 uM 67
MCF-7 cells: ICs5, = 8.61 uM

46 K562 cells: IC5, = 1.72 uM 68
HelLa cells: IC5o = 3.92 uM

VP-16 K562 cells: IC5, = 6.26 uM 68
HelLa cells: IC5, = 5.74 uM

47 K562 cells: IC5o = 1.13 pM 69
HeLa cells: IC5, = 0.1 uM

VP-16 K562 cells: IC5, = 2.02 pM 69
HeLa cells: IC5, = 1.98 uM

48 HelLa cells: IC5o = 0.79 uM 70

VP-16 HelLa cells: IC5, = 21.44 uM 70

49 K562 cells: ICs, = 0.4 uM 71
HelLa cells: IC5, = 0.15 uM

VP-16 K562 cells: IC5, = 0.9 uM 71

HelLa cells: IC5,

2.11 uM

ability of compound 44 to inhibit ERK1/2 phosphorylation
levels.”®

Derivative 45 (Fig. 6, Table 6, IC5(: 1.96-3.13 uM) exhibited
broad-spectrum anti-tumor activity against HeLa and MCF-7
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cancer cells, being more potent than VP-16 (ICsy: 2.56-8.61
puM). Mechanistic experiments showed that compound 45
achieved anti-tumor activity by inhibiting topoisomerase II
and inducing apoptosis.”®

Derivative 46 (Fig. 6, Table 6, IC5y: 1.72-3.92 uM) showed
better anti-tumor activity against K562 and Hela, stronger
than VP-16 (IC5y: 5.74-6.26 puM). Although its anti-tumor
activity against K562 was not as good as that of the parent
podophyllotoxin (ICse: 0.008 uM), it showed higher resistance
to K562/A02 (resistance factor value: 0.73, resistance factor
value of podophyllotoxin: 35), which could be further studied
as a potential anti-tumor multidrug resistance drug.*

Derivative 47 (Fig. 6, Table 6, IC50: 0.1-1.13 uM) showed
considerable activity against HeLa and K562 cancer cells,
being more potent than VP-16 (ICsy: 1.98-2.02 uM). The
resistant factor of compound 47 (resistance factor value: 1.97)
was lower than VP-16 (resistance factor value: 11.29) and the
IC5, value of compound 47 (ICs,: 2.23 pM) against K562/A02
was lower than VP-16 (ICse: 22.81 pM), indicating that
compound 47 possessed weak multidrug resistance.®
Derivative 48 (Fig. 6, Table 6, ICsp: 0.79 uM) exhibited
promising activity against HeLa cancer cells, being 27 fold
more potent than VP-16 (ICse: 21.44 uM).** Derivative 49
(Fig. 6, Table 6, ICsy: 0.15-0.4 puM) showed good activity
against HeLa and K562 cancer cells, being more potent than
VP-16 (ICso: 0.9-2.11 uM).*® Further research illustrated that
the connection site of podophyllotoxin and the indole ring
had a certain influence on the degree of anti-proliferative
activity.

Coumarin is a lactone compound with a basic skeleton of
the parent nucleus of benzo-alpha-pyrone, mainly distributed
in Apiaceae, Fabaceae, Asteraceae, and Ruta graveolens, with

anti-tumor,®*®> anti-bacterial,®® anti-leishmaniasis,®” anti-
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Fig. 7 Chemical structures of coumarin-indole derivatives 50-55.
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Table 7 Biological activity of coumarin-indole derivatives 50-55

Compd. Activity Ref.
50 MCF-7 cells: IC5o = 7.4 uM 79
51 MCF-7 cells: IC5, = 8.01 pM 80
52 MCF-7 cells: IC5o = 17.5 pM 81
53 HOP-92 cells: GI5, = 0.95 uM 82
54 MRSA: MIC = 0.25 ug mL™" 83

E. faecalis: MIC = 0.25 ug mL™"

S. aureus ATCC 25922: MIC = 0.25 pug mL ™"

S. aureus ATCC 29213: MIC = 0.25 ug mL™"

E. coli: MIC = 0.25 pg mL™"

A. baumannii: MIC = 0.25 pg mL™"
Norfloxacin MRSA: MIC = 4 pg mL™" 83

E. faecalis: MIC = 4 pg mL™"

S. aureus ATCC 25922: MIC = 4 pg mL™"

S. aureus ATCC 29213: MIC = 2 pug mL™"

E. coli: MIC = 2 ug mL™"

A. baumannii: MIC = 4 pg mL™"
55 M. tuberculosis H37Rv strain: MIC = 2.02 uM 84
oxidant,*®  hypoglycaemic,®® anti-hyperlipidemia,”® anti-

Alzheimer's disease®’ and other pharmacological activities.
Therefore, researchers modified the structure of coumarin,
hoping to obtain new drugs with better biological activity.
Derivative 50 (Fig. 7, Table 7, ICso: 7.4 uM) exhibited
significant anti-cancer activity against MCF-7 cancer cells as
well as was lower cytotoxicity to VERO cells with an IC5, value
>100 pM. SAR studies suggested that the introduction of
aldehyde or carboxyl groups into the indole nucleus could
enhance the anti-proliferative activity of compounds. Among
them, compounds with halogen substitution in the coumarin
ring exhibited better anticancer activity than the
unsubstituted or hydroxy-substituted compounds, which may
be due to the enhanced lipophilicity of the compounds by

55
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the halogen atoms. The presence of bromine atoms increased
the anti-proliferative activity more than substitution with
fluorine or chlorine atoms.**

Derivative 51 (Fig. 7, Table 7, ICs,: 8.01 uM) showed good
anti-proliferative activity against MCF-7 cancer cells. The
highest anti-proliferative activity was observed when the alkyl
carbon chain length between the indole and thiazole rings
was 3. The wound healing experiment showed that the
migration ability of MCF-7 cells treated with compound 51
was significantly decreased, indicating that compound 51 can
resist the metastasis of MCF-7 cancer cells.”®> Compound 52
(Fig. 7, Table 7, IC50: 17.5 uM) showed considerable anti-
proliferative activity to MCF-7 cancer cells, and the western
blotting experiments showed that the expression level of
CDK2 protein in cells was significantly decreased after
compound 52 treatment.”® Derivative 53 (Fig. 7, Table 7)
exhibited good antimitotic activity, with a GIs, value of 0.95
p.M.95

Derivative 54 (Fig. 7, Table 7) showed a broad anti-
bacterial spectrum against methicillin-resistant
Staphylococcus aureus, Enterococcus faecalis, Staphylococcus
aureus ATCC 25922, Staphylococcus aureus ATCC 29213,
Escherichia coli and Acinetobacter baumannii with a minimum
inhibitory concentration (MIC) value of 0.25 ug mL™', and
was potent more than norfloxacin (MIC: 2-4 pg mL™"). SAR
analysis showed that the introduction of the indole ring
could greatly enhance the antibacterial activity of the
compound, and the presence of the NH group of the indole
ring was crucial for the antibacterial activity of the
compound. Further studies showed that compound 54
caused the leakage of proteins, nucleic acids, and other
substances by damaging the cell membrane of bacteria,
thereby affecting their metabolism. Furthermore, compound
54 promotes excessive accumulation of intracellular ROS and
induces lipid peroxidation to inhibit bacterial growth.’®

The absence of substituents on the indole benzene ring
or introduction of electron-withdrawing substituents can
enhance the activity of the compounds. Derivative 55
(Fig. 7, Table 7, MIC: 12.5 ug mL™") showed good anti-
tuberculosis activity to the Mycobacterium tuberculosis
H37Rv strain (M. tuberculosis H37Rv strain);’’ derivatives 56
(Fig. 8, Table 8, IC5: 95.5 pg mL™") and 57 (Fig. 8, Table 8,
ICs0: 95 pg mL™') exhibited good anti-Leishmania activity.
Furthermore, compound 56 and 57 also showed good anti-
oxidant activity, and the ICs, values for anti-oxidant activity
of compounds 56 and 57 were 12.4 ug mL™" and 13.49 pg
mL™", respectively. Their anti-Leishmania activity was
approximately 5 fold more potent than that of sodium
stibogluconate (ICso: 490 pug mL™'), and the anti-oxidant
activity was comparable to that of sodium ascorbate (ICso:
12.8 pug mL™).%®

Derivative 58 (Fig. 8, Table 8, ICs5,: 85 uM) displayed good
inhibitory activity against a-glucosidase and was more potent
than acarbose (ICso: 750 puM). Enzyme kinetic experiments
have shown that compound 58 inhibits o-glucosidase in a
competitive manner.”’
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Fig. 8 Chemical structures of coumarin-indole derivatives 56-61.

At a concentration of 10 uM, the inhibitory activity of
derivative 59 (Fig. 8, Table 8, inhibition rate: 56%) against
HMG-CoA reductase was comparable to that of atorvastatin
(inhibition rate: 60%). In vivo experiments showed that
compound 59 reduced the body weight of rats, reversed the
levels of TC and TG in VLDL and LDL in hyperlipidaemic
rats, and increased LCAT activity, LPL lipolytic activity, and
receptor-mediated LDL catabolism to balance lipid
metabolism.’® In addition, the inhibitory activity SAR of
derivative 60 (Fig. 8, Table 8, ICsy: 0.16 puM) against
acetylcholinesterase illustrated that the benzyloxy group at

Table 8 Biological activity of coumarin-indole derivatives 56-60

Compd. Activity Ref.

56 Anti-Leishmania activity: ICso = 95.5 ug mL™" 85
DPPH: IC, = 12.4 pM

57 Anti-Leishmania activity: ICso = 95 uig mL™ 85

DPPH: ICs, = 13.49 uM
Sodium stibogluconate ~ Anti-Leishmania activity: 1Cso = 490 ug mL™ 85

Sodium ascorbate DPPH: ICs, = 12.8 uM 85
58 a-Glucosidase: IC5, = 85 M 86
Acarbose o-Glucosidase: IC5 = 750 uM 86
59 HMG-CoA reductase: inhibition rate = 56% 87
60 Acetylcholinesterase: ICso = 0.16 uM 88
61 HepGz2 cells: IC50 = 4.63 uM 89

SMMC-7721 cells: IC50 = 3.11 pM
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the C-7 position of coumarin is critical for activity.'"!
Derivative 61 (Fig. 8, Table 8, ICso: 3.11-4.63 uM) showed
significant anti-proliferative activity against HepG-2 and
SMMC-7721 cells. Further experiments showed that
compound 8f induced apoptosis in a concentration-
dependent manner and down-regulated the expression of
PKM2, PFKM, HK2 and tumor angiogenesis-related vascular
endothelial growth factor."

Cinnamic acid is an organic acid isolated from
Cinnamomum verum bark that possesses anti-tumor,'*® anti-
oxidant,'®* tyrosinase inhibitory'®> anti-bacterial'®® and other
bioactivities. Pharmacochemistry researchers have modified
the structure of cinnamic acid, hoping to obtain new drugs
with research value such as anti-tumor, anti-oxidation and
anti-bacterial activities. Derivative 62 (Fig. 9, Table 9, IC5,: 8.1
nM) exhibited comparable inhibitory activity against histone
deacetylase enzyme and was potent more than vorinostat
which served as the positive control (ICs,: 160.8 nM). The
in vitro experiments showed that compound 62 (ICso: 0.04-
1.09 uM) exhibited good anti-proliferative activity on MOLT-4,
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HEL, K562, HeLa, and PC-3 cancer cells, being potent more
than vorinostat (ICsq: 0.21-16.28 uM)."*”

Compared with the positive control, ferulic acid (ORAC
value: 3.74), derivatives 63 (Fig. 9, Table 9, ORAC value:
8.71)'°% and 64 (Fig. 9, Table 9, ORAC value: 7.32)'*° showed
higher stronger anti-oxidant activity and were 2.99 fold more
potent than melatonin (ORAC value: 2.45), respectively.
Derivative 65 (Fig. 9, Table 9) showed considerable DPPH
radical scavenging activity with an ECs, value of 8.1 uM,
which is more potent than ascorbic acid (ECse: 23 uM).'*°
Derivative 66 (Fig. 9, Table 9) exhibited good inhibitory
against the M. bovis strain with 100 inhibition in 10 ug mL™.
At a concentration of 30 pg mL™, derivative 67 (Fig. 9,
Table 9) showed 90.4% inhibition against the M. tuberculosis
strain, and rifampin was 99.5%.'"" Derivative 68 (Fig. 9,
Table 9, ICso: 50.98 uM) showed excellent DPPH radical
scavenging activity, and was found to have a higher ability to
neutralize free radical cation ABTS™" than Trolox with an ICs,
value of 19.49 pM, while the IC5, value of Trolox was
29.62 uM.'"?
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Fig. 9 Chemical structures of cinnamic-indole derivatives 62-68 and arctigenin-indole derivatives 69-70.
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Table 9 Biological activity of cinnamic-indole derivatives 62-68 and
arctigenin-indole derivatives 69-70

Compd. Activity Ref.
62 HeLa extract: IC5, = 8.1 nM 94

MOLT-4 cells: IC5, = 0.04 pM

HEL cells: IC5, = 0.15 uM

K562 cells: IC5o = 0.32 uM

HELA cells: ICs = 0.31 pM

PC-3 cells: IC5 = 1.09 uM
Vorinostat HelLa extract: IC5, = 160 nM 94

MOLT-4 cells: ICs, = 0.33 uM

HEL cells: IC5, = 0.21 uM

K562 cells: ICs, = 1.49 pM

HELA cells: IC5¢ = 1.72 uM

PC-3 cells: ICs, = 16.28 pM
63 ORAC value = 8.71 95
64 ORAC value = 7.32 96
Melatonin ORAC value = 2.45 96
65 DPPH: ECs, = 8.1 pM 97
Ascorbic acid  DPPH: EC5, = 23 uM 97
66 M. bovis strain: inhibition rate = 100% 98
67 M. tuberculosis strain: inhibition rate = 90.4% 98

Rifampin: inhibition rate = 99.5%
68 DPPH: IC5, = 50.98 uM 99
70 T. gondii-infected HeLa cells: IC5, = 187.2 uM 103
Arctigenin T. gondii-infected HeLa cells: IC;5, = 586.4 uM 103
Spiramycin T. gondii-infected HeLa cells: IC5o = 262.2 uM 103

Arctigenin is a natural lignan product derived from the
dried and ripe fruit of Arctium lappa and possesses anti-
tumor'"® and anti-T. gondii activities."'* Pharmacochemistry
researchers have synthesized a series of arctigenin indole
derivatives, expecting to obtain new drugs with research
value such as anti-tumor and anti-Toxoplasma activities. In
the H22 xenograft mouse model, derivative 69 (Fig. 9)
showed significantly stronger inhibitory activity against
tumour growth, and the tumour growth inhibitory rate was
45.04% at a dose of 40 mg kg™', which was more potent
than arctigenin, with a tumour growth inhibitory rate of
27.86%. Serological data exhibited that compared with
arctigenin (IL-2: 27.49 pg mL™"; IL-6: 71.17 pg mL™"; TNF-a:
59.86 pg mL'; IFN-y: 40.07 pg mL™), the levels of IL-2, IL-
6, TNF-o. and IFN-y in the serum of tumor-bearing mice
treated with compound 69 (IL-2: 39.87 pg mL™'; IL-6: 82.62
pg mL™'; TNF-a: 70.65 pg mL™'; IFN-y: 45.17 pg mL ") were
significantly increased at a dose of 40 mg kg ". In addition,
at a dose of 40 mg kg’l, the values of ALT, AST, BUN, and
Cre in mice were comparable to those in the blank group,
indicating that the high dose of compound 69 had little
toxicity to the main functions of the liver and kidney in
mice. Further study showed that compound 69 induced
apoptosis, which may be related to the upregulation of BAX
and Caspase-3 expression and the downregulation of Bcl-2
and VEGF expression.'"®

Derivative 70 (Fig. 9, Table 9, ICs,: 187.2 uM) exhibited
promising anti-7. gondii activity and was potent more than
arctigenin (ICso: 586.4 uM) as well as spiramycin (ICsy: 262.2
uM). In addition, the selection index (SI) of compound 70 (SI:
3.2) was higher than that of arctigenin (SL: 0.98) and
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spiramycin (SI: 0.72), indicating that the introduction of the
indole group enhanced the anti-T. gondii activity of
arctigenin.'*®

Summary: indole-modified phenylpropanoid derivatives
have been widely reported in podophyllotoxin, coumarin and
cinnamic acid. The activity of podophyllotoxin-indole
derivative 37 against HepG2, HeLa, A549 and MCF-7 tumor
cells was more potent than podophyllotoxin as well as
colchicine. When podophyllotoxin was attached to the C-4
position of the indole ring, toxicity was moderate. When it
was attached to C-5 or C-6, the anti-proliferative activity of
the compound was enhanced, whereas when it was attached
to C-7 or C-2, the toxicity sharply decreased. Furthermore, the
longer the alkyl chain attached to the indole, the less toxic
the compound.

A variety of biological activities have been reported on
indole-modified coumarin derivatives. The introduction of an
aldehyde or carboxyl group in the indole nucleus can
enhance the anti-proliferative activity of the compound, such
as the ICs, of compound 50 was 7.4 uM, and the introduction
of a benzyloxy group at the C7 position of the coumarin
could increase the inhibitory activity of the compound
against acetylcholinesterase, such as compound 60. The
nature of the linker between natural products and cinnamic
acid also affects the activity of the compound. When the
linker was benzamide, the activity was the strongest, and the
substituent on the benzamide was an electron-donating
group, which enhanced the activity of the compound more
than the electron-withdrawing group. For example, cinnamic
acid-indole derivative 62 showed nanomolar activity against
histone deacetylase enzyme with an ICs, value of 8.1 nM.

5. Flavonoid-indole derivatives

Flavonoids are a series of compounds consisting of two
phenolic hydroxyl groups interconnected by a central triple
carbon atom, that is, compounds composed of C6-C3-C6
units, which have anti-tumor,""” anti-inflammatory"*®* and
anti-bacterial activities.""’

Chalcone is a flavonoid widely found in Asteraceae,
Fabaceae and other plants, and possesses anti-tumor'*° and
anti-bacterial activities."* Pharmacochemistry researchers
worked on synthesizing chalcone linked indole derivatives in
the hope to obtain promising anti-tumor and anti-bacterial
drugs. Derivative 71 (Fig. 10, Table 10, ICs,: 0.84 uM) with an
N1-methyl-substituted indole ring displayed considerable
anti-proliferative activity against HepG2 cancer cells. In
addition, the introduction of ester, alkoxy, and sulfonate
groups also enhanced the anti-cancer activity. In particular,
derivative 72 (Fig. 10, Table 10, ICs,: 0.22 uM) showed high
anti-proliferative activity against HepG2 cancer cells, and low
anti-proliferative activity against human normal cell line LO2
(ICso: >10 pM). Mechanistic studies illustrated that
compound 72 induced cancer cell arrest in the G2/M phase
and apoptosis, and inhibited tubulin polymerisation. In vivo
experiments showed that compound 72 showed significant
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Fig. 10 Chemical structures of chalcone-indole derivatives 71-85.

anti-tumor activity and had little effect on the growth of
animals.'**

Derivatives 73 (Fig. 10, Table 10, ICso: 0.59-2.4 uM), 74
(Fig. 10, Table 10, ICsy: 0.33-0.46 uM), 75 (Fig. 10,
Table 10, ICso: 0.16-0.37 uM) and 76 (Fig. 10, Table 10,
IC50: 0.13-0.84 pM) exhibited promising anti-proliferative
activity against HeLa, HT29 and MCF-7 cancer cell lines.
The SAR showed that the position of the methoxy group
introduced on the phenyl ring of the indole moiety had an
important effect on anti-cancer activity. The anti-tumor
activity of 5-methoxy-substituted compounds 73 and 74 and
6-methoxy-substituted compounds 75 and 76 was
significantly stronger than compounds 77 (Fig. 10,
Table 10, ICsy: 1.1-7.3 uM) and 78 (Fig. 10, Table 10, ICsq:
0.44-2.1 pM) without substituents on the benzene ring and
the biological activity of 6-methoxy-substituted compounds
was better than 5-methoxy-substituted compounds.
Compound 74 exhibited stronger inhibitory activity against
HeLa, HT29, and MCF-7 cancer cells than compound 73,
indicating that the introduction of ethoxycarbonyl at the
C-2 position of indole had a more pronounced effect on
promoting the anticancer activity of the compound. As
mentioned above, the steric effect of the N1 position of the
indole ring had a significant influence on biological
activity. The introduction of alkyl, benzyl, and other
substituents at the N1 position of the indole ring would
reduce or even eliminate anti-cancer activity. Mechanistic
studies showed that compounds 75 and 76 bound to the
colchicine-binding domain to inhibit tubulin aggregation.
Further experiments showed that compounds 74, 75, and
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76 arrested the cell cycle in the G2/M phase and promoted
apoptosis by inhibiting the JNK/SAPK pathway."**

Derivative 79 (Fig. 10, Table 10, ICso: 0.023-0.059 pM)
exhibited promising activity against HepG2, A549, and HeLa
cancer cells."** Derivative 80 (Fig. 10, Table 10, ICso: 4.3 ug
mL™") showed promising activity against A549 cancer cells as
well as being more potent than VP-16 (ICso: 9.9 ug mL™).
Further studies have shown that compound 80 may induce
cell death by inhibiting the aggregation of tubulin, reducing
mitochondrial thiol content, and inducing mitochondrial
apoptosis.'*

The SAR study showed that 4-methoxy-substituted
chalcone-indole derivatives 81 (Fig. 10, Table 10, MIC: 4-8 ng
mL™) and 82 (Fig. 10, Table 10, MIC: 1-8 ug mL™") had better
inhibitory  effects on  Trichophyton = mentagrophytes,
Microsporum fulvum, and Arthroderma benhamiae. However,
the antibacterial activity of the trimethoxy-substituted
compounds did not improve, and indole N-methylation and
N-ethylation did not improve the biological activity of the
compounds. Interestingly, the antifungal activity of
compounds substituted with bromine at the 3-position was
generally better than that of trimethoxy-substituted
compounds. The type of alkoxy group substituted on the
benzene ring also affected the antibacterial activity of
Trichophyton verrucosum, T. mentagrophytes, and M. fulvum.
The antibacterial activity of compound 83 (Fig. 10, Table 10,
MIC: 0.25-4 pg mL™") substituted by 4-ethoxy was 4-16 fold
more potent than that of compound 84 (Fig. 10, Table 10,
MIC: 1-32 upg mL') obtained by 4-methoxy base-
substitution.'*® Derivative 85 (Fig. 10, Table 10, ICsq: 3.2 nM)
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Table 10 Biological activity of chalcone-indole derivatives 71-85

Compd. Activity Ref.
71 HepGz2 cells: IC5, = 0.82 uM 109
72 HepG2 cells: IC5y = 0.22 uM 109
73 HeLa cells: IC5, = 2.4 uM 110

HT29 cells: IC50 = 1 uM
MCF-7 cells: IC5 = 0.59 uM

74 HeLa cells: ICs, = 0.33 pM 110
HT29 cells: IC50 = 0.39 uM
MCF-7 cells: ICs, = 0.46 pM

75 HeLa cells: IC5, = 0.37 uM 110
HT29 cells: IC5o = 0.16 uM
MCF-7 cells: ICs, = 0.17 pM

76 HelLa cells: IC5 = 0.84 uM 110
HT29 cells: IC5, = 0.13 uM
MCEF-7 cells: ICs5 = 0.24 uM

77 HeLa cells: IC5, = 2 uM 110
HT29 cells: IC5, = 7.3 uM
MCF-7 cells: IC5¢ = 1.1 uM

78 HeLa cells: IC5, = 2.1 uM 110
HT29 cells: IC5, = 0.44 pM
MCF-7 cells: IC5, = 1.8 uM

79 HepG2 cells: IC5y = 0.023 pM 111
A549 cells: IC5, = 0.029 uM
HelLa cells: IC5, = 0.059 uM

80 A549 cells: IC50 = 4.3 ug mL™" 112
VP-16 A549 cells: IC50 = 9.9 pg mL™* 112
81 T. mentagrophytes: MIC = 8 ug mL™" 113

M. fulvum: MIC = 4 ug mL™"
A. benhamiae: MIC = 8 ug mL™"

82 T. mentagrophytes: MIC = 8 g mL™" 113
M. fulvum: MIC =1 ug mL™"
A. benhamiae: MIC = 4 pug mL™

83 T. verucco: MIC = 2 ug mL™" 113
T. mentagrophytes: MIC = 4 ug mL™"
M. fulvum: MIC = 0.25 pg mL™"

84 T. verucco: MIC = 32 pg mL™" 113
T. mentagrophytes: MIC = 16 pug mL ™"
M. fulvum: MIC =1 ug mL™"

85 HCT-116: ICsq: 3.2 nM 114

showed significant anti-proliferative activity against HCT-116
cells. In vitro experiments showed that compound 85 induced
G2/M phase arrest by regulating the expression of cyclin B1,
produced ROS, and targeted tubulin in HCT-116 cells. In vivo
experiments showed that compound 85 could significantly
inhibit tumor growth, which was higher than that of
paclitaxel.””

Chrysin is a natural flavonoid present in the seeds and
stem bark of Oroxylum indicum and has pharmacological
activities such as anti-inflaimmatory and analgesic
activities."*® Researchers synthesized chrysin linked indole
derivatives in the hope to obtain promising anti-
inflammatory and analgesic drugs. Derivatives 86 (Fig. 11,
Table 11, IC5y: 0.001-7 uM), 87 (Fig. 11, Table 11, ICs,: 0.007-
60 uM) and 88 (Fig. 11, Table 11, ICs,: 0.07 uM) showed
promising inhibitory activity against COX-2, being more
potent than indomethacin (IC5p: 0.96 uM), and was
comparable to bischlorothiophene (ICs0: 0.02 uM) as well as
celecoxib (ICse: 0.04 pM). Compared with COX-1, the
inhibitory activities of compounds 86 and 87 against COX-2
were more obvious and exhibited certain selectivity. In
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particular, (rac) 86 (SI: 250) and (S) 86 (SI: 340) showed
excellent COX-2 selectivity, with selectivity coefficients
comparable to those of celecoxib (SI: 375). The SAR showed
that the stereochemistry on the asymmetric carbon exhibited
greater effect on the inhibition of COX-2 activity, and the
compound with S configuration had more obvious anti-
inflammatory activity, (R) 86 (ICso: 7 uM) showed far less
inhibitory effect against COX-2 than (rac) 86 (ICsy: 0.002 uM)
and (S) 86 (ICsp: 0.001 uM), and (R) 87 (ICso: 60 uM) exhibited
lower anti-inflammatory activity than (rac) 87 (ICse: 0.01 uM)
and (S) 87 (ICs: 0.007 uM) in the 87 series. The type of linker
between indole and chrysin also affects the activity;
compound (S) 87 with a linker of 2-propanol inhibited COX-2
10 times more than compound 88 (ICs,: 0.07 uM) with an
alkyl chain as a linker. Further studies showed that
compound (S) 86 might exert its anti-inflammatory effect by
inhibiting the cyclooxygenase and lipoxygenase pathways.">’

Derivative 89 (Fig. 11, Table 11, ICso: 0.7 uM) showed
promising inhibitory activity on COX-2, which was 36 fold
more potent than chrysin (ICsy: 25.5 uM), and injection of 10
mg kg™ of compound 89 into capsaicin-treated mice
produced the same analgesic effect as 25 mg kg ' of
diclofenac. Hence, compound 89 has anti-inflammatory and
analgesic potential, and merits further study.'*°

Xanthone is a benzochromone natural product, which
mainly exists in microorganisms and has pharmacological
activities such as antibacterial®' and anti-inflammatory."*
Chen et al. synthesized 23 xanthone derivatives and evaluated
their antibacterial and anti-inflammatory activities. Derivative
90 (Fig. 11, Table 11, MIC: 15-22 ug mL™') showed good
antibacterial activity against Staphylococcus aureus (S. aureus),
Bacillus subtilis (B. subtilis), E. coli and Klebsiella pneumonia
(K. pneumonia), being more potent than gentamicin (MIC:
26-28 ug mL™'), and exhibited good antifungal activity
against Aspergillus niger (A. niger), Candida albicans (C.
albicans) and Fusarium oxysporum (F. oxysporum) (MIC: 20-21
ug mL™'), being more potent than bavistin (MIC: 27-28 ug
mL™). In addition, compound 90 (ICs,: 26 ug mL ™) exhibited
strong anti-inflammatory activity. Therefore, compound 90
has potential antibacterial and anti-inflammatory activities
and deserves further investigation.'*?

Aurone is a natural product of flavonoids that contain a
benzofuranone structure. It is a secondary product of plant
metabolism, existing in Scrophulariaceae, Asteraceae and
other plants, and has antiviral and other pharmacological
activities."** Meguellati et al. modified the structure of the
B-ring moiety of aurone. They designed and synthesized 37
new aurone derivatives in order to obtain drugs with better
inhibitory effect on NS5B protein polymerase. Derivative 91
(Fig. 11, Table 11, ICss: 2.4 uM) exhibited considerable
inhibitory activity against NS5B protein polymerase, which
was more potent than aurone (ICsy: 5.4 pM). Analysis of the
SAR results showed that the indole group containing an
unsubstituted benzene ring was very important for the
enhancement of the anti-viral activity of aurone-indole
derivatives. In addition, the introduction of benzyl and alkyl
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Fig. 11 Chemical structures of chrysin-indole derivatives 86-89, xanthone-indole derivative 90, aurone-indole derivative 91 and morphine-indole

derivative 92.

groups at the N1 position of the indole can enhance
activity."*?

Morphine, derived from the capsules of Papaveraceae, is
a powerful opioid receptor regulator."*® Obeng et al.
synthesized 18 morphine indole derivatives, expecting to
obtain new drugs with stronger binding ability to opioid
receptors. Derivative 92 (Fig. 11) showed promising affinity
for the mu opioid receptor, with an EC;, value of 0.21
nM. A warm water immersion assay showed that
compound 92 was the opioid agonist with the highest
antinociception."”

Summary: chalcone and chrysin-indole derivatives have
good biological activities. Among them, chalcone-indole
derivative 79 has strong anti-proliferative activity against
HepG2, A549 and HeLa with ICs, values of 0.023 uM, 0.029
uM and 0.059 pM, respectively. The attachment site of
chalcone to the indole ring was closely related to its
anticancer activity. When chalcone was connected to the
indole ring C-3 or C-5, the activity was the best; when it was
connected to C-4 or C-6, the activity was moderate; and when
it was connected to C-7, the activity decreased sharply. The
steric effect of the N1 position of the indole ring is crucial for
the anti-cancer activity; the larger the volume of the
substituent on N1, the lower the anti-tumor activity. Chrysin-
indole derivative (S) 87 has good anti-inflammatory activity
with an ICs, of 0.007 uM. When the linker between indole
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and chrysin is isopropanol, the activity is stronger than that
of alkyl.

6. Alkaloid-indole derivatives

Alkaloids are cyclic compounds containing nitrogen atoms in
the negative oxidation state and are present in biological
organisms. They are mainly classified into pyridine alkaloids,
scopolamine alkaloids, isoquinoline alkaloids, indole
alkaloids, and organic amine alkaloids, which have
pharmacological activities such as anti-tumor activity."**
Sophoridine is a double-condensed piperidine alkaloid
that exists in Sophora alopecuroides and has anti-tumor
activity."** Researchers have designed and synthesized a
series of sophoridine derivatives, hoping to obtain new drugs
with excellent anti-tumor activity. Most sophoridine-indole
derivatives showed considerable cytotoxic activity against
HepG2 cancer cells, and the anti-proliferative activity of
sophoridine derivatives modified with an indole group was
much higher than that of sophoridine, indicating that the
introduction of an indole group enhanced the anti-
proliferative activity of sophoridine derivatives. Among them,
derivative 93 (Fig. 12, Table 12, ICsy: 3.1 uM) showed
considerable anti-proliferative activity against HepG2 cancer
cells, which was potent more than the control drug
camptothecin  (IC5o: 13.2 uM) and lead compound
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Table 11 Biological activity of chrysin-indole derivatives 86-89,
xanthone-indole derivative 90, aurone-indole derivative 91 and
morphine-indole derivative 92

Compd. Activity Ref.
(rac) 86 COX-2: IC5¢ = 0.002 uM 116
(S) 86 COX-2: IG5, = 0.001 uM 116
(R) 86 COX-2: IC59 = 7 uM 116
(rac) 87 COX-2: IG5y = 0.01 uM 116
(S) 87 COX-2: IG5 = 0.007 uM 116
(R) 87 COX-2: IC5¢ = 60 pM 116
88 COX-2: IC5 = 0.07 uM 116
89 COX-2: IC5o = 0.7 uM 117
90 S. aureus: MIC = 16 pg mL ™" 120

B. subtilis: MIC = 16 pg mL ™"

E. coli: MIC = 15 pg mL ™

K. pneumonia: MIC = 22 g mL™"

A. niger: MIC = 21 ug mL ™

C. albicans: MIC = 20 pg mL ™"

F. oxysporum: MIC = 20 pg mL™"

Anti-inflammatory activity: IC5, = 26 pug mL™"
Gentamicin S. aureus: MIC = 26 pg mL ™" 120

B. subtilis: MIC = 28 pg mL™"

E. coli: MIC = 26 pg mL ™"

K. pneumonia: MIC = 26 ug mL™"
Bavistin A. niger: MIC = 27 pg mL™" 120

C. albicans: MIC = 28 pg mL™"

F. oxysporum: MIC = 27 pg mL ™"
91 NS5B protein polymerase: ICsy = 2.4 uM 122
Aurone NS5B protein polymerase: IC5o = 5.4 uM 122
92 Mu opioid receptor: ECs, = 0.21 nM 124

sophoridine (ICso: 4670 uM). The SAR analysis showed that
the presence of an NH bond on indole N1 was not conducive

Alcohol hydroxyl group contributes
more to activity than ester group

G
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H | i

N
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Fig. 12 Chemical structures of alkaloid-indole derivatives 93-98.
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to the anti-tumor activity, and substitution of benzyl and
alkyl groups greatly enhanced the anti-tumor activity. When
the ester group was substituted by an alcoholic hydroxyl
group with better water solubility, the anti-tumor activity was
stronger. Further experiments showed that compound 93
induced cell G1 arrest and inhibited topoisomerase I in the
human hepatocellular carcinoma xenograft mouse model;
treatment with compound 93 at 40 mg kg™' resulted in a
significant inhibition of tumour growth with a 7/C value of
55.99% without loss of body weight, while the sophoridine
group induced 93.38%. Therefore, compound 93 deserves
further study as a potential anti-tumor drug agent."*°

Derivative 94 (Fig. 12, Table 12, ICs,: 0.93-1.44 uM)
exhibited promising anti-tumor activity against HepG2,
SMMC-7721, HeLa and MCF-7 cancer cell lines. The anti-
proliferative activity of HpeG2 cells was stronger than that of
camptothecin (ICsq: 1.36 uM). The results of the SAR analysis
indicated that the o,-unsaturated ketone structure in
sophoridine derivatives was important for cytotoxic activity.
When the C-5 or C-6 position of the indole ring was replaced
by -Me, -Cl, and -Br, the cytotoxic activity decreased, and
when the C-5 position of the indole ring was replaced by
-OCHg3;, the cytotoxic activity was enhanced. The results of
the enzymatic assay showed that compound 94 inhibited
topoisomerase I activity. In addition, activation of caspase-3
and reduction of the Bcl-2/Bax ratio suggest that this
compound may be a potential anticancer agent."**

Matrine is a double-condensed piperidine alkaloid derived
from the dried root of Sophora flavescens and has anti-tumor

o)

Q

Cl

95

94

Br

97 98
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Table 12 Biological activity of alkaloid-indole derivatives 93-98

Compd. Activity Ref.
93 HepG2 cells: IC5o = 3.1 uM 127
Camptothecin HepG2 cells: IC5, = 13.2 uM 127
Sophoridine HepG2 cells: IC5y = 4670 uM 127
94 HepG2 cells: IC5, = 0.93 uM 128
SMMC-7721 cells: ICso = 1.32 uM
HeLa cells: ICs5q = 1.44 uM
MCF-7 cells: ICs, = 0.94 pM
Camptothecin HepG2 cells: IC5, = 1.36 uM 128
95 SMMC-7721 cells: IC50 = 3.95 uM 130
A549 cells: ICs5, = 4.96 uM
Matrine SMMC-7721 cells: IC5y = 6591 uM 130
A549 cells: IC5o = 5725 uM
Cisplatin SMMC-7721 cells: IC5, = 6.08 uM 130
A549 cells: ICs, = 8.56 UM
96 HeLa cells: IC5, = 0.9 uM 131
MCF-7 cells: IC50 = 1.2 uM
SGC-7901 cells: IC5o = 1.1 pM
HepG2 cells: IC5, = 1.2 uM
97 DPPH: ICs = 17.09 pug mL™" 133
Berberine DPPH: ICs, = 41.87 ug mL™" 133
98 S. aureus: MIC = 3.125 ug mL™" 135

MRSA: MIC = 3.125 pug mL™"

B. cereus: MIC = 3.125 pug mL™"

R. solanacearum: MIC = 1.5625 pug mL™"

S. aureus: MIC = 100 pg mL™" 135
MRSA: MIC = 50 pg mL™"

B. cereus: MIC = 25 pg mL™"

R. solanacearum: MIC = 50 ug mL™"

Fosfomycin sodium

activity."** Researchers designed and synthesized a series of
matrine derivatives and evaluated the anti-tumor activity of
these compounds. Derivative 95 (Fig. 12, Table 12, IC5,: 3.95-
4.96 uM) showed considerable anti-proliferative activity
against SMMC-7721 and A549 cancer cells, being more potent
than matrine (ICso: 5725-6591 uM) and cisplatin (ICsq: 6.08-
8.56 uM). Further studies showed that compound 95 induced
apoptosis of CNE2 and SMMC-7721 cells in a dose-dependent
manner. Therefore, compound 95 is worthy of further
exploration as a potential anti-tumor drug.'** Derivative 96
(Fig. 12, Table 12, ICs,: 0.9-1.2 puM) showed strong anti-
proliferative activity against HeLa, MCF-7, SGC-7901, HepG2
cancer cell lines and was 3 orders of magnitude stronger than
matrine. Further studies demonstrated that compound 96
strongly induced mitochondrial stress, manifested as
impaired energy metabolism, mitochondrial membrane
potential depolarization, mitochondrial calcium overload and
increased ROS production. SAR analysis showed that the
properties of the substituents on the indole ring had a great
influence on the antiproliferative activity of the compounds,
and the activity sequence was: 6-Cl > 6-Br > 6-Me > 6-F >
6-OCH,.'**

Berberine is a quaternary ammonium alkaloid derived
from the rhizome of Coptis chinensis that has anti-oxidant
activity."*> Mistry et al. combined a variety of heterocyclic
nitrogen nuclei in the form of indole structural units with
berberine to obtain new drugs with better antioxidant
activity. They synthesized 10 different types of berberine-
indole derivatives. The anti-oxidant activity of derivative 97
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(Fig. 12, Table 12, ICs0: 17.09 pug mL™") was comparable to
that of ascorbic acid (ICse: 15.59 pug mL ™), and was stronger
than berberine (ICs: 41.87 ug mL™). Therefore, compound
97 could be further studied as a novel anti-oxidant."*®

Carboline is an alkaloid with a tricyclic structure, formed
by the fusion of a pyridine ring with the pyrrole ring of an
indole. Dai et al. designed and synthesized 32 carboline-
indole derivatives with different substituents, expecting to
obtain new drugs with good antibacterial activity. It was first
discovered in the seeds of Peganum harmala and exhibited
good antibacterial activity.'"*” Derivative 98 (Fig. 12, Table 12,
MIC: 3.125-1.56 umol L™') was more potent than fosfomycin
sodium (MIC: 25-100 pmol L™') against S. aureus, MRSA,
Bacillus cereus (B. cereus) and Ralstonia solanacearum (R.
solanacearum). Further studies implied that compound 98
damages the cell membrane and increases
permeabilization.*®

Summary: sophoridine, matrine, and berberine indole
derivatives all showed stronger biological activity than their
parent compounds, among which are derivatives 93, 95, 96.
The anti-tumor activity of these derivatives was stronger than
that of the parent by three orders of magnitude. Therefore,
compounds 93, 95, 96 were worthy of further study.

7. Steroid-indole derivatives

Steroids are a class of naturally widespread chemical
components, a class of compounds containing cyclopentano-
perhydrophenanthrene, including phytosterols, bile acids,

C21 steroids, steroid saponins, etc., which have
pharmacological activities such as anti-tumor,"* anti-
Alzheimer's  disease,”®® and  a-glucosidase  activity
inhibition.""

Lithocholic acid is a secondary bile acid, also known as
cholelithic acid, which is produced by the bacterial
metabolism of chenodeoxycholic acid in the intestine and
has anti-tumor activity.">> Most researchers have modified
the carboxyl group of lithocholic acid, and they have
synthesized many lithocholic acid-indole derivatives, hoping
to obtain antitumor drugs with research prospects. Derivative
99 (Fig. 13, Table 13, ICs,: 0.8 uM) showed significant
inhibitory activity against the EphA2 receptor, which was
about 98 fold more potent than lithocholic acid (ICsy: 79
puM). SAR analysis revealed that free carboxyl groups are
critical for the ability of the compound to inhibit EphA2-
ephrin-A1 binding. The introduction of a single aryl group to
the compound did not improve its inhibitory activity. In
contrast, the introduction of heterocycles, such as
naphthalene rings, indole rings, and benzothiophenes,
improved the inhibitory activity. Since the NH group on the
indole ring can form weak hydrogen bonds with the EphA2
receptor, the compounds with the indole ring showed a
strong ability to inhibit the binding of EphA2-ephrin-A1l
among the tested compounds. In a pharmacokinetic study,
compound 99 not only had good solubility and plasma
stability, but also had high metabolic stability, which may be
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Fig. 13 Chemical structures of steroid-indole derivatives 99-107.

related to the fact that the acyloxy group at the C-3 position
of compound 99 is not easily oxidised.">*

Derivative 100 (Fig. 13, Table 13, ICs,: 8.8 uM) showed
considerable anti-proliferative activity against MCF-7 cells,
which was comparable to that of the positive control drug
tamoxifen (ICsy: 7.05 uM), and was more potent than the
parent lithocholic acid (ICsy: 150.3 uM). Compound 100
(IC50: 4.28 puM) was also able to reverse the multidrug
resistance of MCF-7/ADR cells. In addition, the presence of
the alkenyl group at the C-11 position can significantly
improve anti-tumor activity.">*

Ergosterol is a plant sterol compound widely distributed
in fungi, with anti-tumor activity.">® Researchers have
devoted themselves to the synthesis of indole derivatives
linked to ergosterol and evaluated the anti-tumor activity of
these derivatives. The SAR showed that derivative 101 (Fig. 13
, Table 13, ICsy: 9.38-15.78 uM) containing an indole
structure exhibited promising anti-proliferative activity
against HepG2, SK-Hep1, MCF-7 and MDA-MB-321 cancer cell
lines, being more potent than parental ergosterol (ICs,: 16.8-
23.31 uM)."*® Derivative 102 (Fig. 13, Table 13, ICso: 5.69-9.05
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puM) displayed considerable anti-proliferative activity against
HepG2, MCF-7 and HeLa cancer cell lines, being more potent
than ergosterol (ICso: 18.00-23.35 uM). In addition, the
presence of electron-withdrawing groups on the indole ring
contributed more to the anti-tumor activity than the electron-
withdrawing groups. Further experiments showed that
compound 102 induced G1 phase arrest and inhibited colony
growth in HepGz2 cells. Therefore, compound 102 can be used
as a lead compound for anti-tumor agents, which is worthy
of further study."®’

Arenobufagin is a cardiac glycoside steroid derived from
the dry secretions of Bufo gargarizans and has anti-tumor
activity.'”® Researchers have designed and synthesized a
series of arenobufagin-indole derivatives, hoping to obtain
new drugs with good anti-tumor activity. Derivative 103
(Fig. 13, Table 13, Vyay 0.682 pmol min™" mg™, $50: 10.36
umol L™, CL int: 65.89 mL min" mg™") is a prodrug activated
by the FAPa enzyme which is only expressed in tumour
tissues. Further study revealed that compound 103 could be
cleaved by hFAPo with the highest enzymatic hydrolysis
efficiency among arenobufagin-indole derivatives.
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Table 13 Biological activity of steroid-indole derivatives 99-107

Compd. Activity Ref.

99 EphA2 receptor: IC5o = 0.8 uM 140

Lithocholic acid EphA2 receptor: IC5o = 79 uM 140

100 MCF-7 cells: ICs5, = 8.8 uM 141
MCF-7/ADR cells: ICs5, = 4.28 uM

Lithocholic acid MCF-7 cells: IC5, = 150.03 pM 141

101 HepG2 cells: IC50 = 10.63 M 143

SK-Hep1 cells: IC5 = 9.38 uM
MCF-7 cells: IC5, = 15.78 pM
MDA-MB-231 cells: IC5, = 10.66 uM
HepG2 cells: IC5, = 16.8 uM 143
SK-Hep1 cells: IC5 = 17.25 uM
MCF-7 cells: ICs5, = 23.31 uM
MDA-MB-231 cells: IC5, = 19.17 uM
102 HepG2 cells: IC5y = 7.97 uM 144
MCF-7 cells: IC5, = 9.05 pM
HeLa cells: IC5y = 5.69 uM
HepG2 cells: IC50 = 23.35 uM 144
MCF-7 cells: ICs5, = 18.00 uM
HelLa cells: IC50 = 19.54 uM
104 MDA-MB-453 cells: IC5, = 10.64 nM 146
MCEF-7 cells: IC5o = 11.6 nM
MDA-MB-231 cells: IC5, = 27.00 nM
105 MDA-MB-453 cells: IC5, = 10.01 nM 146
MCEF-7 cells: IC50 = 1.06 nM
MDA-MB-231 cells: IC5, = 4.81 nM

Ergosterol

Ergosterol peroxide

106 HelLa cells: IC50 < 5 uM 148
Cisplatin HeLa cells: IC5y = 10 uM 148
107 a-Glucosidase: I1C5y = 115.2 pM 151
Cyclomusalenone o-Glucosidase: IC5y = 603.8 pM 151
Acarbose a-Glucosidase: I1C5, = 420.2 pM 151

Furthermore, compound 103 (ICs,: 10.64-27.00 nM) exhibited
considerable activity comparable to that of the lead product
arenobufagin (ICs,: 8.88-22.45 nM) against MDA-MB-435,
MCF-7, and MDA-MB-231 cancer cell lines and displayed
significantly reduced cardiotoxicity. More importantly, the
active form of compound 104 (Fig. 13, Table 13, IC5y: 1.06—
10.01 nM) showed strong activity against MDA-MB-435, MCF-
7, and MDA-MB-231 cells. In the MDA-MB-231 xenografted
mouse model, compound 103 exhibited a tumor regression
effect at a dose of 12 umol kg™ with tumors weighing 0.43 +
0.18 g, while the control group was 0.67 + 0.14 g. Hence,
compound 103 provides a new candidate drug for alleviating
cardiotoxicity of clinical anti-cancer drugs."’

Dehydroepiandrosterone is a C,; steroid, an intermediate
in testosterone biosynthesis, with anti-tumor activity."®* Cui
et al. synthesized a series of dehydroepiandrosterone
derivatives with different aromatic heterocyclic structures at
the 17-position side chain of the steroid nucleus and
evaluated their anti-tumor activity. Derivative 105 (Fig. 13,
Table 13, IC50: <5 uM) showed good anti-proliferative activity
against HeLa cells and was stronger than cisplatin (IC5y: 10
HM)‘161

Diosgenin is a steroidal saponin, which is widely present
in the tubers of Dioscoreaceae plants, such as Discorea
nipponica  and  Dioscorea  zingiberensis, = possessing
neuroprotective activity.'®> Zhou et al designed and
synthesized 10 diosgenin derivatives linked to indole groups,
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expecting to obtain new drugs for multi-target anti-
Alzheimer's disease. At a concentration of 10 uM, derivative
106 (Fig. 13, Table 13, cell viability: 52.9-54.4%) exhibited
considerable neuroprotective activity against H,O, and AB
injury. The SAR results showed that the properties of the
benzene ring substituents were closely related to the
enhanced anti-oxidant activities of the compounds. The
active sequence of substituents on the benzene ring was as
follows: 5-OCH; > 5-CH; > 5-F > 5-Cl > 5-Br > 5-H. The
introduction of a methoxy group has a stronger effect on
activity enhancement than the introduction of a methyl
group, which may be caused by the conjugation of the
methoxy group and indole ring. Substitution of C-5 of the
indole ring is beneficial for enhancing neuroprotective
activity. In addition, carbamates are significantly more
effective than esters as linkers between indole and diosgenin.
In vivo studies showed that compound 106 improved spatial
memory and learning impairment in mice injected with A.
Overall, compound 106 is a potential anti-Alzheimer's agent
with neuroprotective activity that deserves further study.'®
Cyclomusalenone is found in the peel of Musa balbisiana
and has hypoglycaemic activity. Smirnova et al. designed and
synthesized a series of cyclomusalenone derivatives,
expecting to obtain hypoglycemic drugs with research value.
Derivative 107 (Fig. 13, Table 13, ICso: 115.2 puM) was an
effective inhibitor of a-glucosidase being 5.2-and-3.6 fold
more active than cyclomusalenone and acarbose.'®*
Summary: compounds 99 and 100 showed strong anti-
tumor activity with ICs, values of 0.8 uM and 8.8 uM,
respectively, which were 98 and 17 times stronger than the
parent. The carboxyl group on the linker between lithocholic
acid and indole enhanced the activity of compound 100,

108 109

\
N ZT

110 111

113

112

Fig. 14 Chemical structures of curcumin-indole derivatives 108-113.
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Table 14 Biological activity of curcumin-indole derivatives 108-113

Compd. Activity Ref.

108 PC-3 cells: IC5, = 3.15 uM 158
HeLa cells: IC5, = 3.31 uM

Curcumin PC-3 cells: ICs5, = 12.22 uM 158
HeLa cells: ICs, = 25.41 uM

109 Caco-2 cells: IC5y = 3.3 uM 159
CHO-K1 cells: IC5, = 7.9 uM

Curcumin Caco-2 cells: IC5, = 28 uM 159
CHO-K1 cells: IC5 = 21.3 uM

110 Caco-2 cells: IC5o = 8 uM 160

Curcumin Caco-2 cells: IC5y = 47.6 uM 160

111 AB: ICsq = 0.42 uM 161
Tau: IC5o = 0.44 pM

Curcumin AB: IC5 = 5.4 uM 161
Tau: IC59 = 3 uM

112 Hep 3B: IC5, = 14 uM 162

113 IL-6: 1.06 pM 163

while compounds 103 and 104 showed nanomolar anti-
proliferative activity against MDA-MB-435, MCF-7, and MDA-
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Fig. 15 Chemical structures of resveratrol-indole derivatives 114-121.
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MB-231, so compounds 99, 100, 103 and 104 were valuable
compounds for research.

8. Polyphenol-indole derivatives

Polyphenols are a collective name for a group of chemicals in
plants, named for having multiple phenolic groups, with
pharmacological activities, such as anti-tumor,'® anti-
Alzheimer's disease'®® and anti-inflammatory.'®”

Curcumin is a polyphenolic compound extracted from the
rhizome of Curcuma longa and has anti-tumor,'®® anti-
Alzheimer's disease'®® and anti-inflammatory activities."”®
Researchers have designed and synthesized many curcumin-
indole derivatives, expecting to obtain anti-tumor, anti-
Alzheimer's disease and anti-inflammatory drugs with good
biological activity. Derivative 108 (Fig. 14, Table 14, ICs:
3.15-3.31 uM) showed strong anti-tumor activity against PC-3
and HeLa cancer cell lines, being more potent than curcumin
(ICs0: 12.22-25.41 pM). Further research revealed that

116
N\
0
O\ o\
S
0
o] O \ /
N
o] H
119

121
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compound 108 significantly inhibited tubulin polymerisation,
reduced the mitochondrial inner membrane, induced cell
G2/M cycle arrest and apoptosis. In addition, the presence of
electron-donating groups on the benzene ring is important
for anti-tumor activity.'”*

Derivative 109 (Fig. 14, Table 14, ICs,: 3.3-7.9 uM) showed
promising broad-spectrum anti-tumor activity against Caco-2
and CHO-K1 cancer cell lines, being more potent than
curcumin (ICso: 21.3-28 uM). Further experiments indicated
that compound 109 might induce apoptosis through the
accumulation of ROS in tumour cells.'”?

Replacing the phenyl moiety of curcumin with an indole
group is important for enhancing the Caco-2 inhibitory
activity of curcumin and the pharmacological activity of

Table 15 Biological activity of resveratrol-indole derivatives 114-121

Compd. Activity Ref.

114 A549 cells: IC5, = 0.022 uM 165
HeLa cells: IC5, = 0.056 uM
PC-3 cells: IC5, = 0.047 pM
Bel-7402 cells: IC5, = 0.039 uM
Lovo cells: IC5, = 0.049 uM
A2780 cells: IC5, = 0.037 pM
MCF-7 cells: IC5, = 0.051 uM
115 MV4-11 cells: IC50 = 6 nM 166
THP-1 cells: IC5, = 2 nM
A549 cells: IC5 = 2 nM
PC-3 cells: IC5, = 3.5 nM

116 HeLa cells: IC5o = 0.07 uM 167

CA-4 HeLa cells: IC5o = 0.21 uM 167

117 HT-29 cells: IC5, = 0.03 uM 168
A549 cells: ICs, = 0.02 pM

CA-4 HT-29 cells: ICso = 0.13 uM 168
A549 cells: IC50 > 10 uM

118 MDA-MB-468 cells: IC5, = 37 nM 169

MDA-MB-436 cells: IC5, = 62 nM
MDA-MB-23 cells: ICs, = 39 nM
PC-3 cells: IC5, = 0.3 nM
RD cells: IC5, = 0.2 nM
HepG2 cells: IC5, = 0.1 nM

119 MDA-MB-468 cells: IC5, = 33 nM 169
MDA-MB-436 cells: IC5, = 75 nM
MDA-MB-23 cells: IC5o = 47 nM
PC-3 cells: IC50 = 19 nM
RD cells: IC5, = 16 nM
HepG2 cells: IC5, = 62 nM

Vinblastine PC-3 cells: IC5, = 766 nM 169
RD cells: IC5 = 53 nM
HepG2 cells: IC5, = 81 nM

Paclitaxel PC-3 cells: IC5, = 4900 nM 169

RD cells: IC5, > 10000 nM
HepGz2 cells: IC5, = 2600 nM
120 HepGz2 cells: IC5o = 0.63 uM 170
HeLa cells: IC5, = 5.89 uM
MCF-7 cells: ICs, = 0.64 pM
A549 cells: ICs, = 0.08 pM
121 A549 cells: IC5, = 0.015 uM 171
HeLa cells: IC5, = 0.053 uM
MCF-7 cells: IC5, = 0.031 uM
HCT116 cells: IC5o = 0.033 uM
A549 cells: ICs, = 0.031 uM 171
HeLa cells: IC5, = 0.058 uM
MCF-7 cells: IC5, = 0.058 uM
HCT116 cells: ICs, = 0.398 uM

CA-4
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curcumin against Alzheimer's disease. Derivative 110 (Fig. 14,
Table 14, ICsy: 8 uM) showed promising anti-tumor activity
against Caco-2 cancer cells, being 6 fold more potent than
curcumin (ICso: 47.6 uM)."”® Derivative 111 (Fig. 14, Table 14,
ICs0: 0.42-0.44 puM) exhibited considerable inhibitory activity
against AP and tau protein aggregation, being 8-10 fold more
potent than curcumin (ICse: 3.0-5.4 uM).'”* Derivative 112
(Fig. 14, Table 14, ICso: 14 uM) showed strong anti-
proliferative activity against Hep3B cancer cells, inhibiting
cell migration in a time- and dose-dependent manner and
decreasing MMP-9 activity.'’> Derivative 113 (Fig. 14,
Table 14, ICsy: 1.05 pM) showed strong inhibitory activity
against IL-6, which was superior to curcumin and
indomethacin and had no obvious cytotoxic side effects.
Further experiments showed that compound 113 significantly
inhibited LPS-induced inflammatory response, reduced the
number of neutrophils and lung wet-to-dry weight ratio.
Therefore, compound 11 is a promising anti-inflammatory
drug.'”®

Resveratrol, a polyphenolic natural product, was first
isolated from the roots of Veratrum grandiflorum in 1940 and
has anti-tumor pharmacological activity.'”” Many resveratrol-
indole derivatives have been synthesized by researchers, who
expect to obtain anti-tumor drugs with good biological
activity. The anti-proliferative activity of derivative 114
(Fig. 15, Table 15, ICs50: 0.022-0.056 uM) against A549, HeLa,
PC-3, Bel-7402, Lovo, A2780, and MCF-7 cancer cell lines
illustrated that N-methylation significantly enhanced the
anti-proliferative activity. A mechanistic study illustrated that
compound 114 inhibited tubulin polymerisation, disrupted
microtubule organisation, and induced G2/M cell cycle arrest
and apoptosis in A549 cells. Hence, compound 114 might
potentially be a new tubulin-targeting agent that merits
further study."”®

The SAR revealed that the introduction of a heterocyclic
ring at the C-6 position of indole was favourable for anti-
proliferative activity, and derivative 115 (Fig. 15, Table 15,
IC50: 2-6 nM) showed excellent anti-proliferative activity
against PC-3, A-549, THP-1, and MV4-11 cancer cell lines.
Further study revealed that compound 115 arrested the cell
cycle at the G2/M phase and fully inhibited tubulin
polymerisation at 50 nM. Overall, compound 109 may
potentially be used as a lead agent for the development of
novel tubulin inhibitors."”

Derivative 116 (Fig. 15, Table 15, ICs,: 0.07 uM) was 3 fold
more potent than combretastatin A-4 (CA-4) (ICsp: 0.21 uM)
against HeLa cancer cells, and further study revealed that
compound 116 greatly disrupted microtubule maturation in a
concentration-dependent manner, induced G2/M cell cycle
arrest, increased the ROS level and induced apoptosis in
HeLa cells, which was associated with dissipation of
mitochondrial membrane potential. Furthermore, compound
116 inhibited the migration of cancer cells, and in a HeLa
xenograft mouse model, treatment with compound 116
significantly decreased tumour volume and inhibited tumour
growth by 65.76% at a dose of 30 mg kg™* without any weight
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loss. Consequently, compound 116 can act as a novel tubulin
inhibitor for cancer therapy."®®

Derivative 117 (Fig. 15, Table 15, IC54: 0.02-0.03 pM) was
more potent than CA-4 (IC5y: 0.13 > 10 uM) against HT-29
and A549 cancer lines, comparable to vinblastine (ICs,: 0.02—-
0.03 uM). Further experiments showed that compound 117
induced intracellular ROS generation and arrested HeLa cells
in the G2/M phase by inducing apoptosis, which was
associated with the loss of mitochondrial potential.
Moreover, the compound exhibited high metabolic stability,
with 48.6% remaining in human liver microsomes after 30
min, and possessed promising aqueous solubility with a
solubility of 64.5 uM.*®*

Derivative 118 (Fig. 15, Table 15, IC5y: 37-62 nM) and
derivative 119 (Fig. 15, Table 15, IC5y: 33-75 nM) inhibited
the growth of MDA-MB-468, MDA-MB-23, and MDA-MB-436
cancer cell lines in a dose- and time-dependent manner. In
addition, compounds 118 (ICs: 0.1-0.3 nM) and 119 (ICso:
16-62 nM) were generally more potent than vinblastine (ICs:
53-766 nM) and paclitaxel (ICso: 4900 to >10 000 nM) against
PC-3, RD, and HeLa cancer cell lines, especially compound
118 at the micromolar level. Further studies showed that
compounds 118 and 119 inhibited the Hh signalling pathway
and tubulin polymerisation."®>

Derivative 120 (Fig. 15, Table 15, ICso: 0.08-5.89 uM)
possessed excellent activity against HepG2, MCF-7, HeLa and
A549 cancer cell lines, comparable to CA-4 (ICsq: 0.13-5.52
uM). SAR studies illustrated that the acylhydrazone group is
essential for anti-proliferative activity. Mechanistic studies
demonstrated that compound 120 induced significant ROS
generation, mitochondrial depolarisation, G2/M cell cycle
arrest, and apoptosis in A549 cancer cells. Western blot
studies illustrated that compound 120 upregulated the levels
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Fig. 16 Chemical structures of quinone-indole derivatives 122-126.
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of Bax, cleaved caspase-3 and PARP, and downregulated the
levels of Bcl-2 and Belxl. In the A549 xenografted mouse
model, compound 120 strongly suppressed tumour growth by
70% at a dose of 30 mg kg™', and the weight showed no
significant changes during the whole treatment period.
Overall, compound 120 underwent further preclinical
evaluation.'®

Derivative 121 (Fig. 15, Table 15, IC54: 0.015-0.053 puM)
was more potent than CA-4 (ICse: 0.031-0.058 puM) against
the A549, HCT116, HeLa, and MCF-7 cancer cell lines.
Further studies illustrated that compound 121 arrested the
cell cycle in the G2/M phase, inhibited tubulin
polymerisation, and bound to the colchicine-binding site of
the tubulin polymer.'®*

Summary: curcumin and resveratrol-indole derivatives
showed strong anti-tumor and anti-Alzheimer's disease
activities. Among them, compound 108 had good antitumor
activity against PC3, ICse: 3.15-3.31 uM; derivative 111
showed 8-10 times higher inhibitory activity against A and
tau protein aggregation than curcumin, and derivative 115
showed nanomolar-level antitumor activity against PC-3, A-
549, THP-1, and MV4-11. Therefore, compounds 108, 111 and
115 are worthy of further study.

9. Quinone-indole derivatives

Quinones are relatively important active ingredients in
natural products, which are natural products with an
unsaturated cyclic diketone structure within the molecule or
easily transformed into this quinone structure, including
benzoquinone, naphthoquinone, and anthraquinone.
Naphthoquinone is widely distributed in many kinds of
higher plants, among which the high content includes
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Table 16 Biological activity of quinone-indole derivatives 122-124

Compd. Activity Ref.
122 SilHa cells: ICs, = 3.2 pM 177
CalLo cells: IC5¢ = 2.69 uM
C33-A cells: IC5, = 0.0034 pM
123 A578 cells: ICs, = 5 nM 178
Shikonin A578 cells: IC5o = 0.46 uM 178
124 MCF-7 cells: ICs5, = 11.33 uM 181
HepG2 cells: IC5, = 10.14 pM
MG-63 cells: IC5, = 13.85 pM
Naphthoquinone MCF-7 cells: ICs, = 16.92 uM 181

HepG2 cells: IC50 = 15.89 uM
MG-63 cells: IC5y > 25 pM

Asteraceae, Lamiaceae, Ebenaceae, etc. Naphthoquinones are
structurally divided into 1,4-naphthoquinone,
1,2-naphthoquinone, and 2,6-naphthoquinone.

1,4-Naphthoquinone is found in a variety of natural
products and has various biological activities. It is considered
a pharmacophore of bioactive compounds because of its
various properties such as redox,'®  nucleophilic
acceptance'®®  and  DNA intercalation."””  Many
1,4-naphthoquinone derivatives have been synthesised and
exhibit pharmacological activities, such as anti-tumor'®® and
anti-viral activities.'®® Coérdova-Rivas et al. designed and
synthesized six 1,4-naphthoquinone derivatives with different
substituents and determined their antitumor activities.
Derivative 122 (Fig. 16, Table 16, ICs,: 0.0034-3.20 uM)
exhibited promising activity against SilHa, CaLo, and C33-A
cancer cells. Further studies have shown that hydrophobic
and aromatic amino acids have better inhibitory effects on
cell proliferation."®°

Shikonin is a natural product of 1,4-naphthoquinones,
derived from the roots of Lithospermum species and has anti-
191 and anti-viral activities."”® Researchers designed
and synthesized a series of shikonin derivatives, and
evaluated the antitumor activity and antiviral activity of these
derivatives. Derivative 123 (Fig. 16, Table 16, IC5,: 5 nM) was
92 fold more potent than shikonin (ICsy: 0.46 uM) against
A578 cancer cells and induced G2/M cell cycle arrest.'®?
Furthermore, shikonin-indole derivative 123 (ICs5y: 0.011-
0.052 pM) exhibited considerable activity against EV71,
inhibited the expression levels of VP1 protein and phospho-
p65 protein, and reduced the expression of mRNA in RD
cells.”*

1,2-Naphthoquinone, also known as -naphthoquinone, is
a nucleophilic receptor with anti-tumor and other
pharmacological activities."®> Shukla et al designed and
synthesized 18 1,2-naphthoquinone derivatives, expecting to
obtain drugs with high anti-tumor activity. Derivative 124
(Fig. 16, Table 16, ICs(: 10.14-13.85 uM) exhibited comparable
activity against MCF-7, HepG2 and MG-63 cancer cells, and
was more potent than 1,2-naphthoquinone (ICso: >15.89 uM).
SAR analysis showed that the electron-absorbing substituents
on the benzene ring contributed more to the anti-tumor
activity than the electron-donating substituents.'*®

tumor
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Anthraquinone derivatives are widely found in plants and
have various pharmacological activities, including anti-
dyslipidaemic effects."®” Shattat et al designed and
synthesized seven different types of anthraquinone-indole
derivatives, expecting to obtain hypolipidemic drugs with
good biological activity. Because the whole molecule forms a
conjugated system and C9 and C10 are at the highest oxygen
level, natural anthraquinones are most commonly known as
9,10-anthraquinones. At a dose of 15 mg kg, derivatives 125
(Fig. 16) and 126 (Fig. 16) significantly reduced plasma total
cholesterol levels (p < 0.0001) and plasma triglyceride levels
(p < 0.0001) and significantly increased HDL cholesterol
levels after 12 and 24 h compared to hyperlipidaemic
controls. Therefore, compounds 125 and 126 deserve further
investigation as potential antihyperlipidaemic drugs.*®

Summary: when the substituent on the benzene ring was
an electron-withdrawing group, the activity was better. For
example, compound 124 showed good activity against MCF-7,
HepG2 and MG-63 cancer cells with IC5, values of 10.14-
13.85 puM. Shikonin-indole derivative 123 had strong anti-
tumor activity with an ICs, value of 5 nM, which was 92 fold
that of shikonin. Therefore, compound 123 had further
research value.

10. Conclusion

In this review, indole scaffolds have shown strong biological
activities in anti-tumor, anti-inflammatory, anti-oxidation,
anti-bacterial, hypolipidemic, anti-diabetic, anti-viral, anti-
Alzheimer's disease, and anti-parasitic studies, among which
anti-tumor is the most popular research field. Observing
indole as a basic anti-tumor derivative, it can be found that
most of the compounds with good biological activity have
certain similarities with the connection sites, methods,
properties and volume of substituents of indole. For example,
podophyllotoxin and chalcone have the best anti-tumor
activity when they are connected to the C5 position of indole.
In addition, some indole derivatives with better
pharmacological activity than lead compounds are also
introduced in this paper. For example, compounds 103, 104,
118, 119, and 123 possessed high anti-proliferative activity
against the tested cancer cells with ICs, values at nanomolar
levels; compounds 83 and 90 showed broad-spectrum
antifungal and antibacterial activities, respectively; and
compounds 22, 37, 59, 69, 72, 89, 93, 103 and 106 exhibited
good in vivo efficacy; thus, these indole-modified natural
product derivatives deserve further investigation. In
summary, the indole structure will continue to be an
important scaffold for the development of new highly
bioactive drugs in future medicinal chemistry research,
especially in the field of anti-tumor research. This review
provides a comprehensive data resource of indole-natural
product derivatives for researchers engaged in drug design
and research, and helps medicinal chemistry researchers to
design and develop new, efficient and low-toxic indole
derivatives more rationally.
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