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Five-membered heterocycles containing nitrogen, oxygen atoms, especially isoxazoles, are widely present in
many natural products and drugs and have relevant medical and pharmaceutical applications. Due to their rich
biological activity, the development of novel isoxazole derivatives has been the focus of researchers and sci-
entists. It is worth noting that a large number of isoxazoles have been used frequently as clinical drugs to treat

various diseases, showing great development value and wide medicinal potential. In this review, the research
progress of isoxazole natural products in anti-bacterial, anti-tuberculosis, anti-virus, anti-tumor, anti-
inflammation, anti-diabetes, anti-parasite, anti-psychosis and other biological activities was reviewed. Finally,
the research and development prospects of isoxazole natural products were prospected. This review will provide
reference for the design of natural isoxazole products with stronger activity and less toxicity.

1. Introduction

N-containing heterocyclic compounds are a class of important het-
erocyclic compounds, that are widely used in the search for new
bioactive compounds and play an important role in the fields of me-
dicinal chemistry and organic chemistry (Sysak and Obminska-
Mrukowicz, 2017). Azoles are a class of 5-membered nitrogen-
containing heterocyclic compounds with one or more heteroatoms,
such as nitrogen, oxygen, or sulfur (El-Garhy, 2015) (Fig. 1).

Isoxazole is a class of heterocyclic compounds widely used in drug
discovery research. The structural characteristics of isoxazole make it
possible for a variety of noncovalent interactions, especially hydrogen
bonds (hydrogen bond receptors N and O), n-n stack (unsaturated five-
membered ring), and hydrophilic interactions (cLogP = 0.334 at phys-
iological pH = 7.4) (Zhu et al., 2018). The introduction of isoxazole can
improve efficacy, reduce toxicity, and improve pharmacokinetic char-
acteristics (Sysak and Obminska-Mrukowicz, 2017; Anand and Singh,
2014; Barmade et al., 2016). Isoxazoles can interact with a wide range of
protein targets, so isoxazoles have a wide range of biological activities,
including anti-cancer, anti-bacterial, anti-fungal, anti-viral, anti-
microbial, anti-tuberculosis, anti-inflammatory, etc. (Zhu et al., 2018).
Currently, there are dozens of drugs available on the market that contain
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isoxazole fragments. These drugs can alleviate and eliminate the effects
of various diseases, thereby safeguarding human health. (Fig. 2 and
Table 1) (Thakur et al., 2022).

Natural products extracted from microorganisms, plants, and ani-
mals have significant structural diversity and biological properties, and
these natural products are an important source of drug discovery (Huang
et al., 2022; Chopra and Dhingra, 2021). However, most natural prod-
ucts have low pharmacological activity or too many adverse reactions to
be used directly in the clinical treatment of diseases (Wang et al., 2023).
Structural modification can improve the physical and chemical prop-
erties and biological activities of natural products, reduce adverse re-
actions, and improve selectivity. Furthermore, structural modifications
may also exhibit biological activities completely different from those of
their parent compounds (Yao et al., 2017). Isoxazole plays an important
role in natural products and has significant biological activity. More and
more studies have reported the modification of natural products with
isoxazole (Farooq and Ngaini, 2022).

Some reviews have been conducted on the research of some isoxazole
derivatives as drugs (Zhang et al., 2011; Ohnmacht and Neidle, 2014;
Defossa and Wagner, 2014), but there is no systematic report on the
development status of isoxazole in natural product derivatives. Given
this, the research progress of isoxazole derivatives in the field of natural
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Fig. 1. Various types of azoles.

product modification in anti-microbial, anti-fungal, anti-viral, anti-
tuberculosis, anti-cancer, anti-inflammatory, hypoglycemic, anti-
parasitic, anti-obesity, anti-psychosis, anti-oxidation and other aspects
was reviewed. The research direction of isoxazole-natural products in
medicinal chemistry was explored.

2. Hybridization of natural product and isoxazole

To facilitate the classification and management of the literature, all
relevant literature is divided into eleven categories according to the
introduction framework: cinnamamide and cinnamic acids, chalcones,
styrene and polyphenols, coumarins, lignin, quinones, flavonoids, ste-
roids, terpenes, alkaloids, carbohydrate, and other natural components.

2.1. Cinnamamide and cinnamic acid-isoxazole hybridization

Shultz et al. (Shultz et al., 2011) designed and synthesized N-hy-
droxy-(4-oxime)-cinnamide derivatives containing indole. Among them,
compound 1 containing isoxazole showed certain inhibitory activity
against HDAC-1 with an ICs¢ value of 17 nM. The synthesis route of
compound 1 is depicted in Fig. 3. Methyl 4-formylcinnamate was reac-
ted with (2-(3,5-dimethylisoxazol-4-yl)-1H-indol-3-yl)methanamine via
reductive amination to generate substituted methyl 4-aminomethyl
cinnamates, which were then converted to the corresponding hydrox-
amates using aqueous hydroxylamine in methanolic sodium methoxide.
Histone deacetylases (HDACs) are enzymes involved in chromatin
remodeling that play a key role in epigenetic regulation of gene
expression. HDAC catalyzes the removal of acetyl groups from core
histones and other lysine residues that control cell functions such as
proliferation, migration, differentiation, and cell death. Therefore, in-
hibition of HDAC is a practical treatment for the discovery of new tar-
geted anticancer drugs (Bolden et al., 2006). Giannini et al. (Giannini
et al., 2009) designed a series of compounds with a N-hydroxy-(4-
oxime)-cinnamide scaffold. The cytotoxic activity of the compounds
against the NB4, H460 and HCT116 cell lines and their inhibitory ac-
tivity against class I, II, and IV HDacs were evaluated. Compound 2,
which contains isoxazole, exhibited significant inhibitory activity

against HCT116 and NCI-H460 cell lines with ICs values of 7.0 and 4.0
uM, respectively. Compound 2 also demonstrated good inhibitory ac-
tivity against HDAC6 and HDAC8 with ICsq values of 0.175 and 0.127
pM, respectively.

Botulinum neurotoxin (BoNTs) is the most toxic protein known to
man, and exposure to it can cause flaccid paralysis. Because these pro-
teins are extremely potent, they have been studied as possible bioter-
rorism weapons. Smith et al. (Smith et al., 2012) reported a series of 2,4-
dichloro cinnamyl hydroxamate derivatives and tested their inhibition
of the BoNT/A light chain metalloprotease. Compound 3, which con-
tains isoxazole, exhibited a certain inhibitory effect on BONT/A with an
ICsp value of 1.16 pM.

EP3 antagonists have the potential to reduce the risk of atheroscle-
rotic thrombosis without increasing the risk of bleeding. Singh et al.
(Singh et al., 2010) reported on the pharmacological effects of a series of
EP3 receptor antagonists. In the absence of serum protein, compound 4
containing isoxazole showed some binding capacity to hEP3 with an
ICsq value of 14.5 pM.

Shultz et al. (Shultz et al., 2011) described the design, synthesis, and
biological evaluation of a novel isoindolyl hydroxate. Compound 5
containing isoxazole inhibited HDAC1 with an ICso of 0.17 pM. The
proliferation of HCT116 cells was inhibited with an ICsg of 2.2 pM. The
synthesis route of the compound is shown in Fig. 4. Starting with 5-Bro-
moisoindoline-1,3-dione as the starting material, it was converted to
tert-butyl carbamate through reduction and Boc protection. A subse-
quent Heck reaction with methyl acrylate was followed by removal of
the Boc protecting group. The isoxazole fragment was then introduced
through a nucleophilic substitution reaction. Finally, compound 5 was
obtained by treating the methyl esters with hydroxylamine in the
presence of sodium methoxide.

Sunduru et al. (Sunduru et al., 2015) designed and synthesized a
series of salicylhydrazide sulfonamides and investigated the in vitro
replication activity of these compounds against Chlamydia trachomatis
(C. trachomatis) and Chlamydia pneumoniae (C. pneumoniae) in HeLa
cells. Compound 6 showed an inhibitory effect on C. trachomatis at a
concentration of 50 pM with an inhibitory rate of 33.4 %. Compound 7
showed inhibitory effects on C. trachomatis and C. pneumoniae at a
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Fig. 2. Isoxazole-based commercially available drugs.

concentration of 50 pM, and inhibitory rates were 28.0 % and 22.4 %.
Furthermore, compound 7 inhibits T3S in Yersinia pseudotuberculosis
(Y. pseudotuberculosis) in a dose-dependent manner.

Marwaha et al. (Marwaha et al., 2014) found that acylated sulfon-
amides are novel growth inhibitors of the sexually transmitted pathogen
C. trachomatis. Compounds 8-12 showed significant inhibitory effects on

C. trachomatis with MIC values of 12 pM. These compounds showed
strong inhibitory effects on C. trachomatis and C. pneumoniae with an
ICso ranging from 4.2 to 7.7 pM. There was no significant toxicity to host
cells (HeLa: IC5p > 50 pM).

Caffeic acid sulfonamide derivatives were synthesized by coupling
sulfonamide compounds to the caffeic acid main chain. Free radical
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Table 1
Isoxazole-based commercially available drugs.
Drug Pharmacological Treatment/ Ref.
mechanism Purpose
Paliperidone Dopamine type 2 receptor Schizophrenia (Dolder
blockade et al., 2008)
Risperidone Serotonin 5-HT2 receptor Schizophrenia (Megens
blockade et al., 1994)
Danazol Gonadotropin inhibitor Endometriosis (Andrews
and Wentz,
1975)
Tivozanib VEGF-TKI with high Renal cell (Salgia et al.,
selectivity for VEGF carcinoma 2020)
receptors 1-3
Parecoxib COX-2 inhibitor Anti- (Urdaneta
inflammatory et al., 2009)
Isoxaflutole Hydroxyphenylpyruvate Herbicidal (Pallett
dioxygenase (HPPD) et al., 1997;
inhibitor Viviani
et al., 1998)
Leflunomide Interfere with the Rheumatoid (Greene
metabolism of pyrimidine arthritis et al., 1995)
nucleotides
Isocarboxazid The monoamine oxidase Treatment- (Larsen
inhibitor resistant et al., 2015)
depression
Zonisamide It is likely to involve Anti-epileptic (Mimaki,
blockade of both sodium 1998)
and T-type calcium
channels
Sitaxentan Highly selective Pulmonary (Scott, 2007)
endothelin (ET) A receptor  arterial
antagonist hypertension
Pleconaril Pleconaril integrates into Enterovirus (Rotbart
the capsid of infections et al., 2001)
picornaviruses, including
enteroviruses and
rhinoviruses, preventing
the virus from attaching to
cellular receptors and
uncoating to release RNA
into the cell
Muscimol GABAA-agonist Anticonvulsant (Allen et al.,
2008;
Collins,
1980)
Ibotenic acid Aspartic acid receptor Hallucinogens (Stebelska,
agonists 2013;
Krogsgaard-
Larsen et al.,
1980)
Flucloxacillin p-lactamase inhibitor Anti-bacterial (Lima et al.,
2020)
Dicloxacillin p-lactamase inhibitor Anti-bacterial (Lima et al.,
2020)
Oxacillin fB-lactamase inhibitor Anti-bacterial (Lima et al.,
2020)
Cloxacillin p-lactamase inhibitor Anti-bacterial (Lima et al.,
2020)
Sulfisoxazole Endothelin receptor Anti-bacterial (Syed et al.,
antagonist 2006;
Uchino
et al., 2008)
Sulfamethoxazole = Competitive antagonists of  Anti-bacterial (Yang et al.,
para-aminobenzoic acid 2017; Brain
(PABA) et al., 2008)
Valdecoxib COX-2 inhibitor Anti- (Talley et al.,
inflammatory 2000;
Nussmeier
et al., 2005)
Mofezolac COX-1 inhibitor Anti- (Pati et al.,
inflammatory 2019;
Cingolani
et al., 2017)
Micafungin Inhibiting the production Anti-fungal (Wasmann
of 1,3-p-D-glucan et al., 2018)
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scavenging ability was determined by the DPPH method. CASMZ (13)
has a certain ability to clear DPPH, and the ICs value is 42.2 pM, close to
the activity of caffeic acid (ICsy value 40.9 pM). The pretreatment of
cells with CASMZ (13) inhibited the viability of H2O5-induced cells,
decreased ROS and MDA production, increased antioxidant enzyme
activity, and further up-regulated the expression of Nrf2 and its target
genes (Peng et al., 2020) (Fig. 5).

Darwish et al. (Darwish et al., 2014) synthesized a variety of het-
erocyclic compounds containing sulfonamides and evaluated the anti-
bacterial and anti-fungal activities of the compounds newly synthesized
in vitro. Compounds 14 and 15 containing cinnamic acid showed sig-
nificant inhibitory activity against a variety of bacteria and fungi. The
diameters of the inhibited region of 14 and 15 on Bacillus subtilis (RCMB-
010067) are 18.20 cm and 18.30 cm. The diameters of the inhibition
zone of Geotricum candidum (RCMB-05097) are 18.30 and 19.00 cm.

Mohamed et al. (Mohamed et al., 2021) designed and synthesized a
series of heterocyclic cyanoacrylamide and tested the anti-tumor activ-
ity of these compounds against four cell lines (A549, MCF-7, HepG-2,
and Wi38). Compounds 16 and 17 containing isoxazole exhibited
varying degrees of inhibitory activity against A549, MCF-7, HepG-2, and
WI38 cell lines with an ICsg ranging from 187.1 to 1057 pg/mL. Com-
pound 16 had the most obvious inhibitory effect on A549 cells with an
ICsp value of 187.1 pg/mL. Compounds 16 and 17 increased the
expression of apoptotic genes (BAX and P53) and decreased the
expression of anti-apoptotic genes (Bcl2 and CDK4). Compounds 16 and
17 also increased caspase-3, -8, and -9 activity. Flow cytometry showed
that compound 6 induced cell cycle arrest in the S phase and compound
17 induced cell cycle arrest in the G2/M phase. Compounds 16 and 17
caused significant DNA breaks in HepG-2 cells compared to control cells.
Therefore, compounds 16 and 17 inhibit liver cancer growth by
inducing endogenous and exogenous pathways of the apoptosis process
(Fig. 6).

Kamal et al. (Kamal et al., 2015) synthesized isoxazole-linked aryl
cinnamic acid conjugates. Inhibition of these compounds on the growth
of multiple human cancer cell lines (HeLa, DU-145, A549, and MDA-
MB231) was evaluated. Among them, 18-20 showed good cytotoxicity
in HeLa and MD-MB231 cells, with ICs( values between 2.3 and 3.3 uM.
The preliminary structure-activity relationship indicated that the ac-
tivity could be enhanced by introducing electron-donating groups at
both the meta and para-positions of the phenyl group.

Kumar et al. (Kumar et al, 2017) synthesized a series of
arylisoxazole-oxyindole derivatives and evaluated the anti-proliferative
activity of these compounds against A549, HeLa, MCF-7, and DU-145
cell lines. Ethyl 2,4-dioxo-4-(substituted phenyl)butanoates were ob-
tained by reacting 1-(3,4,5-trimethoxyphenyl)ethan-1-one with diethyl
oxalate in the presence of sodium ethanolate in ethanol. Further cycli-
zation was achieved by NHoOHeHCI in ethanol to produce ethyl 3-
substituted phenylisoxazole-5-carboxylate. The carboxylates were then
reduced to (3-substituted phenylisoxazol-5-yl)methanol using LiAlH4.
The resulting compounds were selectively oxidized to 3-arylisoxazole-5-
carbaldehyde by IBX in DMSO. Finally, the target compounds were
synthesized through the Knoevenagel reaction between equimolar
mixtures of 3-arylisoxazole-5-carbaldehyde and oxindoles (Fig. 7).
Compounds 21-23 have excellent to moderate cytotoxicity, with ICsq
values ranging from 0.82 to 2.59 uM. Compounds 22 and 23 showed the
strongest inhibitory effects on A549 cells, with ICso values of 0.91 and
0.82 uM, respectively.

Cheng et al. (Cheng et al., 2006) reported the design and synthesis of
a series of Malonyl-Coa decarboxylase (MCD) inhibitors. Compound 24
contains a Cs-conjugated ethyl acrylate isoxazole fragment, showing
strong inhibitory activity against MCD with an ICs¢ value of 3.16 pM.

To obtain new PDHK inhibitors, Meng et al. (Meng et al., 2014)
designed and synthesized a series of diarylisoxazole HSP90 inhibitors
using the homology of the ATP binding bag between HSP90 and PDHK.
The starting material was reduced using LiAlH4 conditions to obtain the
corresponding alcohol, which was subsequently oxidized with activated
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MnO; to yield the aldehyde. Following this, the Horner-Wadsworth-
Emmons reaction was employed to generate an a,p-unsaturated ester.
Hydrolysis of this ester with aqueous sodium hydroxide resulted in the
formation of an acid. Subsequent amidation with various substituted
piperazines and debenzylation using boron trichloride provided com-
pounds 25-28. These compounds were further demethylated utilizing
boron tribromide to produce phenolic compounds 29-31 (Fig. 8). The 3-
linked acrylamide compounds 25, 26, and 29 of isoxazole showed sig-
nificant inhibitory activity against PDHK1, with ICsy values ranging

from 0.491 to 0.604 uM. Compounds 27, 28, 30, and 31 showed sig-
nificant inhibitory activity against HSP90 with ICsg values ranging from
0.491 to 0.604 pM. Furthermore, compound 29 has greater cellular
activity and can effectively regulate the metabolic profile of cancer cells
and inhibit cancer cell proliferation, which can be demonstrated by
increasing oxidative phosphorylation, reducing glycolysis, and related
oxidative stress. The preliminary structure-activity relationship sug-
gests that, for PDHK1, the introduction of substituting phenyl groups on
piperazine demonstrates superior inhibitory activity compared to
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heterocyclic groups. Conversely, for HSP90, the introduction of het-
erocyclic groups on piperazine exhibits enhanced inhibitory activity
relative to substituting phenyl groups.

Pfizer (formerly Agouron) has developed AG-7088, a peptide-
aldehyde that targets the 3C protease of human rhinovirus (HRV) with
the potential to treat the common cold (Witherell, 2000; McKinlay,

2001). Studies have shown that AG7088 is effective against EV6 and
EV9, with ECs¢ of 43 nM and 15 nM, respectively (Binford et al., 2005).
Based on the crystal structure of the RV 3C protease complex with
AG7088, Kuo et al. (Kuo et al., 2008) designed and synthesized a series
of AG7088 analogs and further tested their antiviral activity. The
starting material was condensed with benzyloxycarbonyl (Cbz)-
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33-37 5 37, R=4-CI-3-F 36 13
37 8.1
8-methoxypsoralen 14.8
o]
50 uM
= Comp. - — -
Tyrosinase activity Melanin content
Mo 38 135.7% 199.8%
\ 10 8-methoxypsoralen 120.1% 127.9%

Fig. 10. Chalcone-isoxazole derivatives 33-38.

protected Phe to form the corresponding amide intermediate. Subse-
quently, derivative 32 was synthesized through the addition of 3-(5-
methylisoxazol-3-yl)acryloyl chloride, followed by reduction and
oxidation. The derivative 32 containing isoxazole showed a certain
inhibitory effect on EV71 3C protease, with ECsy of 0.98 uM and no
obvious toxicity (CCsp > 25 pM) (Fig. 9).

Summary: Cinnamamide and cinnamic acid-isoxazole hybridization
natural products mainly have anti-tumor, anti-pathogen, and antioxi-
dant activities. Among the anti-tumor activities, compound 1 showed
the strongest inhibitory effect on the HCT116 cell line with an ICsg value
of 0.35 pM, and compound 23 showed the strongest inhibitory effects on
A549 and HelLa cells, with ICs values of 0.82 and 0.91 uM, respectively.
Therefore, the cinnamamide-linked isoxazole derivatives have the value
of further research in the field of anti-tumor. Cinnamamide-isoxazole
hybrid sulfonamide structure (compounds 8-12) has the best anti-

chlamydia activity, and preliminary structure-activity relationship
showed that introducing the electron-donating group was superior to the
electron-withdrawing group in the para-position of the phenyl group of
cinnamamide.

2.2. Chalcone-isoxazole hybridization

Niu et al. (Niu et al., 2016) designed and synthesized a series of
chalcone derivatives containing isoxazole groups and evaluated their
activity on melanin synthesis in mushroom tyrosinase and mouse B16
cells. 33-37 activity was stronger and ECsy was between 1.3-8.1 uM,
which was significantly better than 8-methoxypsoralan (ECsy = 14.8
uM). The activity of these compounds with different substitutions on the
benzene ring was found to be in the following order: 4-Cl > 3,4-F > 3,4-
Cl > 4-F > 4-Cl, 3-F. In B16 cells, all compounds exhibited higher
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COOH
+ O EDCI, DMAP
= —_—
HoN / __ DMF
O-N (@]
Mtb H37Rv

Com

P MIC pg/mL CCsp ng/mL  SI
39 0.12 >50 >416
40 0.12 >10 >84
41 0.12 >40 >320
42 0.12 >40 >333
Isoniazid 0.03 - -
Rifampicin 0.03 - -
Streptomycin 0.5 - -
Ethambutol 1 - -

Fig. 11. Chalcone-isoxazole derivatives 39-42.

melanin-producing activity compared to 8-methoxypsoralan, with
compound 34 (463 %) being three times more potent than the control 8-
methoxypsoralan (115 %) (Fig. 10).

Li et al. (Yin et al., 2017) reported a new isoxazole chalcone deriv-
ative 38. Pharmacological experiments showed that compound 38 (50
uM, 135.7 %) had a stronger inhibitory effect on tyrosinase in mouse
B16 melanoma cells than 8-methoxy psoralen (50 pM, 120.1 %). Com-
pound 38 can promote melanin synthesis in B16 cells and its activity (50
pM, 199.8 %) is better than that of 8-methoxypsoralen (50 pM, 127.9 %).
Western blot experiments have shown that compound 38 promotes
melanin production through Akt and GSK3p signaling pathways and has
the potential to be developed as a drug for the treatment of vitiligo.

Sahoo et al. (Sahoo et al., 2021) designed and synthesized a series of
5-phenyl-3-isoxazolecarboxylic acid methyl ester-chalcone hybrids and
evaluated their antimicrobial activity. As shown in Fig. 11, a series of
chalcone acids were synthesized through aldol condensation of 4-formyl
benzoic acid and various substituted acetophenones in the presence of
potassium hydroxide as a base in methanol. The synthesized chalcone
acids were then reacted with methyl 5-(3-aminophenyl)isoxazole-3-
carboxylate using DMAP as a base and EDCI to form the target hybrid
products, which are isoxazole methyl ester-chalcone derivatives. Com-
pounds 39-42 showed strong in vitro activity against Mycobacterium
tuberculosis H37Rv (Mtb H37Rv) with a MIC of 0.12 pg/mL. Cell viability
tests in Vero cells did not show cytotoxicity of these compounds (CCso >
10 pg/mL, SI > 320). Compound 41 has the strongest anti-drug activity
against drug-resistant Mtb H37Rv with a MIC of 0.03-0.5 pg/mL.

Sunitha et al. (Sunitha et al.,, 2018) synthesized a series of
diisooxazol-like chalcones and tested their anti-bacterial and anti-fungal
activities. Compounds 43-46 were highly active at concentrations of 75
and 100 pg/mL against eight bacteria [Micrococcus luteus (M. luteus),
Methicillin-resistant Staphylococcus aureus (S. aureus), Bacillus subtilis
(B. subtilis), Bacillus cereus (B. cereus), Pseudomonas aeruginosa
(P. aeruginosa), Klebsiella pneumoniae (K. pneumoniae), Escherichia coli
(E. coli), Proteus vulgaris (P. vulgaris], three fungi (Microsporum canis,
Microsporum gypseum, Epidermophyton floccosum) (Fig. 12). The struc-
ture-activity relationship demonstrates that R; is the electron-
withdrawing group, while Rj is the electron-donating group, which is
beneficial to the activity..

Sunitha et al. (Sunitha et al.,, 2018) synthesized a series of
monoisooxazol-like chalcones and tested their antibacterial activities.
Compounds 47-50 were highly active at concentrations of 75 and 100
pg/mL against M.s luteus; S. aureus, B. subtilis, B. cereus, P. aeruginosa,
K. pneumoniae, E. coli, and P. vulgaris (Fig. 13). The structure-activity
relationship demonstrates that compounds with strong electron-
withdrawing substituents on the phenyl ring attached to isoxazole
enhance the antibacterial activity of the compounds.

Wan et al. (Wan et al., 2014) synthesized a series of isoxazoly-
chalcone and evaluated the anti-tumor activity of H1792, H157,
A549, and Calu-1 cancer cells in vitro. The ICs values of compounds 51
and 52 against H1792, H157, A549, and Calu-1 cells were 1.35-19.63

puM. Among them, compounds 51 and 52 induce apoptosis of A549 cells
through an exogenous pathway mediated by the death receptor 5 (DR5).

Shaik et al. (Shaik et al., 2020) designed and synthesized chalcone
containing an isoxazole ring and determined its anti-bacterial, anti-
oxidant, and anti-cancer activities. Compounds 53-55 exhibited potent
antibacterial activity with MIC values ranging from 1 to 16 pg/mL, and
the introduction of more electron-donating groups onto the phenyl
moiety was found to enhance their activity. The compounds 56-58 and
54 exhibited potent antioxidant activity, with ICs values ranging from 5
to 8 pg/mL. Compounds 55 and 59-60 demonstrated potent anti-tumor
activity against DU-145 cells, with an ICso range of 5-8 pg/mL (Fig. 14).

Summary: Chalcone-isoxazole hybridization natural products mainly
have anti-pathogen and anti-tumor activities. Compounds 39-42 have
strong anti-tuberculosis activity and low toxicity in vitro. The structur-
e-activity relationship demonstrates that nonpolar groups, such as hal-
ogens and alkyls, exhibit potent inhibitory capacity. Among them,
compound 41 is valuable for further research in the development of anti-
tuberculosis drugs. In terms of anti-tumor activity, these compounds did
not reach the nanomolar level of ICs, values for cancer cells.

2.3. Styrene and polyphenols-isoxazole hybridization

Rodrigues et al. (Rodrigues et al., 2021) synthesized a derivative 61
containing isoxazole using curcumin as the skeleton (Fig. 15). Com-
pound 61 showed strong inhibitory activity against the MCF-7 cell line,
with ICsg = 3.97 pM, exceeding that of curcumin (ICs9 = 21.89 pM).
Compound 61 also showed significant inhibitory activity against the
SKBR3 cell line with an ICsy value of 4.00 pM. However, it did not
exceed curcumin (ICsp = 2.11 pM) (Amolins et al., 2009).

According to another study, compound 61 showed strong inhibitory
effects on HA22T/VGH, MCF-7, and MCF-7R cell lines with ICsq values
of 12.8, 13.1, and 12.0 uM, respectively, surpassing the activity of cur-
cumin (HA22T/VGH: ICsg = 17.4 pM; MCF-7: ICs = 29.3 pM; MCF-7R:
ICs0 = 26.2 pM) (Simoni et al., 2008).

Actin and tubulin are contractile proteins and established targets for
the development of anticancer drugs. Replacing the diketone portion of
curcumin with isoxazole increased the stability of curcumin. Compound
61 retained actin polymerization inhibitory activity similar to that of
curcumin. Additionally, compound 61 exhibited significant antioxidant
activity, demonstrating a notable inhibition rate on DPPH with an ECsg
value of 8 uM, which was higher than that of curcumin (ECso = 40 pM)
(Dhar et al., 2015; Chakraborti et al., 2013; Sherin and Rajasekharan,
2015). Kumboonma et al. (Kumboonma et al., 2019) found that com-
pound 61 showed some inhibition activity of HDAC, with an inhibition
rate of 54 % at 100 pM, which was lower than curcumin (62 %).

Curcumin binds to amyloid p peptide (Ap) and inhibits or regulates
the metabolism of amyloid precursor protein (APP). Compound 61
showed inhibitory activity on Af secretion, reducing the cleavage of
Ap38, AB40 and Ap42 sites to varying degrees, with ICsq values of 6.1,
7.4 and 6.8 pM, respectively. It is a potent gamma-secretase inhibitor
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/N
/\R1
\
[ N
(0]
0]
N lI R2
43-46
43, R1= 4-C|, R2= 4-OCH3
44, R»]: 4-Br, R2= 4-OCH3
45, R4= 4-NO,, Ry=4-H
46, R4= 4-NO,, Ry= 4-OCHj3
Concentration Zone of inhibition, mm
c (ng/mL) Gram positive bacteria
omp. Micrococcus Methicillin-resistant Bacillus  Bacillus
luteus Staphylococcus aureus  subtilis  cereus
43 75 36 35 36 31
100 40 49 49 34
44 75 33 30 28 29
100 36 33 31 32
45 75 25 27 27 28
100 28 31 30 31
46 75 32 28 26 27
100 35 32 28 30
Nystatin 75 27 31 30 31
100 30 33 33 34
Gram negative bacteria
Pseudomonas Klebsiella Escherichia Proteus
aeruginosa pneumoniae  coll vulgaris
43 75 31 33 30 28
100 33 36 33 31
44 75 29 30 31 30
100 31 33 34 33
45 75 26 24 26 25
100 29 26 30 28
46 75 26 26 28 27
100 29 29 31 30
100 31 30 33 31
Fungus
Microsporum  Microsporum  Epidermophytnn
canis gypseum floccosum
43 75 25 22 22
100 28 26 24
44 75 24 19 18
100 27 22 21
45 75 19 17 16
100 22 20 19
46 75 21 17 16
100 24 20 18
Nystatin 75 25 20 10
100 28 24 23

Fig. 12. Chalcone-isoxazole derivatives 43-46.
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/ ‘\ >
47-51
47, R= 3-NO,
48, R=4-NO,
49, R=4-OCH3
50, R= 3,4-OCH5
51, R= 3-OCHj3
Concentration Zone of inhibition, mm
Comp (nug/mL) Gram positive bacteria
Micrococcus Staphylococcus Bacillus  Bacillus
Juteus aureus subtilis  cereus
47 75 31 28 26 27
100 33 31 29 30
48 75 32 28 26 27
100 35 32 28 30
48 75 26 28 27 28
100 29 31 30 31
49 75 28 29 26 28
100 31 32 29 31
50 75 22 26 24 27
100 25 29 27 30
Nystatin 75 27 31 30 31
100 30 33 33 34
Gram negative bacteria
Pseudomonas Kiebsiella Escherichia Proteus
aeruginosa pneumoniae  coll vulgaris
a7 75 26 27 29 28
100 29 31 33 31
48 75 26 26 28 27
100 29 29 31 30
48 75 26 24 24 26
100 29 28 27 29
49 75 27 28 30 29
100 30 31 33 32
50 75 23 20 26 23
100 26 23 29 26
Nystatin 75 28 27 31 29
100 31 30 33 31
Fig. 13. Chalcone-isoxazole derivatives 47-50.
O,N
51, R=-Cl

53-60

53, R= 2,4-OCHj
54, R=2,4,6-OCHs

55, R= 2-Cl, 4,6-OCH,

56, R= 2,3,4-OCHs
57, R= 2,4,5-OCHs
58, R= 3,4,5-OCHs
59, R= 3,4-OCHj

60, R= 2-F, 3,4-OCHj

: O 52, R=-Br
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with an affinity for AB42 aggregates (ICso = 138 nM), but with no sig-
nificant activity against tau aggregates (Narlawar et al., 2008).

The curcumin ICsg on chloroquine-sensitive (CQ-S) and chloroquine-
resistant (CQ-R) Plasmodium falciparum (P. falciparum) growth was 3.25
M (MIC = 13.2 uM) and 4.21 pM (MIC = 14.4 pM). Mishra et al. (Mishra
et al., 2008) synthesized a series of curcumin derivatives and evaluated
their ability to inhibit the growth of P. falciparum. The ICsy of CQ-S
P. falciparum and CQ-R P. falciparum were 8.44 and 7.92 uM, respec-
tively, and the activity of derivative 61 was weaker than that of
curcumin.

Mechanisms by which calcium/calmodulin-dependent protein ki-
nase II (CaMKII) is involved in higher-order brain functions, such as
learning and memory. Mayadevi et al. (Mayadevi et al., 2012) found that
curcumin and its analogues inhibit Ca2+—dependent and independent
kinase activity of CaMKIL The Ca2"-dependent activity of CaMKII was
inhibited by compound 61 with an ICsp value of 11.37 pM. In auto-
phosphorylation, CaMKII autophosphorylation, Ca?* dependent, and
Ca?* independent activities were inhibited by compound 61 with ICso
values of 24.44 and 0.68 pM, respectively. Compound 61 inhibited the
autophosphorylation of CaMKII in PSD and cytoplasm (ICsy = 22.79
pM), as well as Ca*t dependent (ICso = 22.87 pM) and Ca2 + inde-
pendent activity (ICso = 18.88 pM). Therefore, compound 61 is a potent
CaMKII inhibitor.

Ahmed et al. (Ahmed et al., 2018) synthesized curcumin derivatives

| o o | | N-Q \o
o ~ = O HONHpHCI o A
—_—
o O O on HAc O O OH
Curcumin Ho 61
Cytotoxicity Cytotoxicity
Comp. ICs0 (uM) Ref Comp. 1Cs0 (uM)
MCF-7 i MCF7 SKBR3  RoF
Curcumin 21.89 Curcumin 5.58 2.1 [68]
61 3.97 1671 61 176 4.00
Doxorubicin  0.0652
Cytotoxicity
Comp. HA22T/VGH MCF-7 MCF-7R et
ICs (1M) IC70 (WM) ICs (M) IC70 (HM) ICs (M) IC7g (uM) "o
Curcumin 174  24.6 293 517 262 462 o
61 128 183 131 232 120 247 [

Fig. 15. Styrene and polyphenol-isoxazole derivative 61.

Comp.

ICs0 (uM)
H1792 H157 A549 Calu-1

51 19.30 135 148 207
52 19.63 7.27 11.07 8.98

Antibacterial and antifungal activities

MIC (ng/mL
Comp. (ng/mL)
S. aureus P. aeruginosa A. niger C. tropicalis
53 2 4 8 16
54 1 1 2 2
55 2 2 4 4
Ciprofloxacin 2 2 - -
Fluconazole - - 1 1
DPPH assay Cytotoxicity
Comp.  ICsq (ug/mL) Comp. _ I1Csq (ng/mL)
56 6 DU-145 LO02
57 7 59 6 >40
54 5 55 8 >40
55 8 60 5 >40
Gallicacid 5 Docetaxel 5 -

Fig. 14. Chalcone-isoxazole derivatives 51-60.
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HDAC inhibitory activity and in vitro antioxidant activities

Comp. Inhibition of DPPH Ref Comp. %HDAC inhibition DPPH RP TA Ref
ICs0 (M) ° (100 M) ICso (1M) ECs (uM) ECso (uM) "~

Curcumin 40 Curcumin 62 6 11 43

61 8 21 g 54 7 22 51 [73]

Inhibition of activity of CaMKII by 61

Activity of curcumin and 61 on the secretion of A4, and AR

— - Comp. ICs0 (LM)  Ref.
Comp. Ay affinity AP secretion ICso (WM) 522+ jependent activity of CaMKIl 11.37
- assay ICeo (M) _ APss Abao A2 Ca?*-dependent activity of autophosphorylated CaMKIl 24.44
grrcumln 1% 2210 ;240 2280 [74]  Ca?*-independent activity of autophosphorylated CaMKII 0.68
Plasmodium falciparum - CaMKIl autophosphorylation 18.01
Cytosol CaMKII Ca®*-dependent activity 28.9

Comp. CQ-S CQ-R Cytosol CaMKII Ca?*-independent activity 13.68 [76]
ICs0 (uM) MIC (uM) 1Csq (uM) MIC (uM) Cytosol CaMKIl autophosphorylation 17.10
Curcumin  3.25 13.2 4.21 14.4 [75] PSD CaMKIl Ca?*-dependent activity 22.87
61 844 273 792 253 PSD CaMKIl Ca2*-independent activity 18.88
PSD CaMKIl autophosphorylation 22.79

Anti-inflammatory activity and antinociceptive activity, COX-2 inhibitory

Comp. Anti-inflammatory activity Antinociceptive activity Comp. % inhibition of
Paw edema in mm (% inhibition) Total writhing count (% inhibition) COX-2at 10 uM  Ref.
0h 1h 2h 3h
61 1.93 (-) 2.89(7.7) 2.83(35.7) 2.80 (66.1) 22.4 (61.0) 61 49.3
Curcumin 1.99 (-) 2.80(22.1) 2.75 (45.7) 2.72 (71.6) 24.1 (58.1) Curcumin 19.1
Indomethacin 1.94 (-) 2.85 (12.5) 2.63 (50.7) 2.34 (84.4) ; Celecoxib 76.5 (7]
Diclofenac sodium - 18.9 (67.1) Diclofenac sodium -

Control 195(-) 299 () 335 O 452()

Anti-oxidant, COX-1, COX-2 inhibitory and anti-inflammatory activities

Comp.  Anti-oxidant activity % Inhibition (100 uM) - Anti-inflammatory activity
ICs0 (uM) ARP (1/EDs5g) COX-1 COX-2 % Inhibition at 75 mg/kg ef.
Curcumin  11.06 5.4 80.5 35.0 61.4
61 10.71 5.6 80.8 58.1 60.3
Trolox 13.1 45 - - - [78]
Celecoxib - - 77.6 2.05 71.9
Ibuprofen - - 14.4 265.5 54.5

Fig. 16. Multiple pharmacological activities of derivative 61.

containing isoxazole and evaluated their anti-inflammatory and anti-
nociceptive activities in experimental animal models. In vivo anti-
inflammatory studies showed that the inhibition rate of compound 61
in induced edema was 66.1 %, which was lower than curcumin (71.6 %
inhibition) and diclofenac sodium (84.4 % inhibition). Compound 61
has a relatively strong preventive effect on the onset of the torsional
body, and its anti-nociceptive activity is 61 %. This was better than
curcumin (58.1 % inhibition) but less than diclofenac sodium (67.1 %
inhibition). The results of the in vitro COX-2 inhibition experiments
showed that the inhibitory effect of compound 61 was stronger (49.3 %
inhibition) than that of curcumin (19.1 % inhibition).

The ketoenol of curcumin is replaced by isoxazole to give compound
61. Compound 61 showed a strong scavenging ability for DPPH free
radicals with an ICsg value of 10.71 pM. The activity was slightly higher
than that of curcumin (ICsp = 11.06 pM). The inhibitory activities of the
compounds in COX-1 and COX-2 were tested at 100 pM, and the com-
pounds 61 and curcumin were equivalent to the COX-1 enzyme (com-
pound 61: 80.8 %; curcumin: 80.5 %). The inhibitory activity of
compound 61 on the COX-2 enzyme was significantly increased (com-
pound 61: 58.1 %; curcumin: 35.0 %) and the COX-2/COX-1 ratio (0.72)
was significantly increased (Selvam et al., 2005) (Fig. 16).

The ICs of derivative 62 against the MCF-7 and MCF-7R cell lines
was 13.1 and 12.0 pM, respectively, surpassing the activity of curcumin
(MCF-7: ICs9 = 29.3 pM; MCF-7R: IC59 = 26.2 pM). The derivative 62 is
similar to curcumin and is not cleared from cells by the P-gp protein
(Poma et al., 2007).

12

Changtam et al. (Changtam et al., 2010) synthesized a series of
curcumin derivatives and evaluated their activity against Mtb H37Rv.
The synthesis method is similar to compound 61, and among them,
compound 64 exhibits the highest activity with an MIC of 0.09 pg/mL. It
is 1131 times more active than curcumin and about 18 times more active
than the standard drugs kanamycin and isoniazid, respectively. The
compound 64 also has strong activity against multidrug-resistant (MDR)
M. tuberculosis isolated from patients (MIC = 0.195-3.125 pg/mL).
Compounds 63, 65, and 66 also exhibited significant inhibitory activity
against M. tuberculosis H37Ra, with a MIC of 0.39, 0.78, and 0.39 pg/mL,
respectively. Compounds 63, 65, and 66 also showed high activity
against clinical isolates of MDR-TB with a MIC ranging from 0.39 to
12.5 pg/mL.

The protein kinase C (PKC) family of serine/threonine kinases is an
attractive drug target because it is involved in the regulation of various
cellular functions, including cell growth, differentiation, metabolism,
and apoptosis. To develop curcumin derivatives as effective PKC mod-
ulators, Das et al. (Das et al., 2011) found that the ECsy of curcumin
derivatives 61 and 67 for protein fluorescence quenching varied in the
range of 3.16-25.23 pM. These derivatives bind to PKChC1B to a higher
degree than PKCAC1B and PKCeC1B.

Taka et al. (Taka et al., 2014) reported that a series of curcumin
derivatives improved telomerase activity in vitro TRAP assays. Com-
pound 68 increased telomerase activity by about 3 times at 60 pM
(Fig. 17).

Compound 69 showed the highest anti-fungal activity against
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Cytotoxicity
‘ y\f/O OH Comp. 1Cs0 (M)
o) N 7\ MCF-7 MCF-7R
O O O/ Curcumin 29.3 26.2
HO 62 62 131 120

_0 \
\ N 0 Cod MIC (ug/mL
0. A Ly \ ode Isolate resistant profile (ng/mt)
O O or 63 64 65
R.O 63-66 2 H37Ra Pan sensitive 039 009 078
1 M3 INH, RIF, SM 039 0.195 0.78
63, Ry=-CHCH,CH,CH,CHg, Ry= -H M4 INH, RIF, EMB, SM 156 156 6.25
64, Ry= -CH3, Ry= -H M5 INH, RIF, SM 156 3125 125
65, Ry=-H, Ry= -CH3 M6 INH, RIF 078 039 1.56
66, Ry= -CH3, Ry= -CH3 VE] INH, RIF, EMB, SM 3125 3.125 125
- - M11  INH, RIF 3125 3125 125
Comp. M t”bizclglos’s/'*ﬁmas"a'" M16  INH, RIF, EMB 125 156 125
(ng/mL) M21  INH, RIF, EMB, SM 3125 3125 125
Curcumin 100 M22  INH, RIF 078 0.39 1.56
63 0.39 M27  INH, RIF 039 0.195 0.78
64 0.09 M46  INH, RIF, EMB, SM, OFX,CIP 156 1.56 6.25
65 0.78 M48  INH, RIF, EMB, SM, OFX,CIP 3125 156 125
66 0.39 M53 _ INH, RIF, EMB, SM, OFX,CIP__ 3125 3.125 125
_ \
| N Q o) Com 3C1B £C1B 6C1B
o ) R\ P ECsy n ECyg n ECyq n
OR  Curcumin 10.67 1.00 8.81 1.00 11.08 1.00
RO 61,67 61 1155 1.03 11.81 1.14 3.16 1.46
61, R= -H 67 2523 0.89 23.38 0.76 7.14 0.51
67, R= -CH,CH,CH,CH,
_ \
N-O _
| | 0 Br
o) Z N\
N+
O O O\\/J \ /
o} _
WBI’
NT
" | es8
Fig. 17. Styrene and polyphenols-isoxazole derivatives 62-68.
-0
N OH
HO e N\
® $on
HO 69
MICgp (ng/mL)
Comp. Candida albicans 103 Candida tropicalis 087 Candida kruseii 2159
With FLC FICI Mode With FLC FICI Mode With FLC FICI Mode
69 1 0.094 Synergy 1 0.07 Synergy 0.5 0.563 Independent
Curcumin 8 0.125 Synergy 8 0.125 Synergy 8 0.125 Synergy

Fig. 18. Styrene and polyphenol-isoxazole derivative 69.

C. albicans (MICg (alone) = 32 pg/mL, MICgg (in combination) = 1 pg/
mL) (CCM: MICgg (alone) > 64 pg/mL, MICgq (in combination) = 8 pg/
mL. It showed strong synergistic antibacterial activity against C. krusei
when combined with FLC (MICgp = 0.5 pg/mL). It also showed strong
synergistic antibacterial activity against C. tropicalis (MICgp = 1 pg/mL).
Furthermore, compound 69 showed strong antibacterial activity against
C. krusei when used alone (MICgp = 1 pg/mL). For C. tropicalis, com-
pound 69 also showed the strongest synergistic anti-fungal activity
(MICgp = 1 pg/mL) (Fig. 18) (Dong et al., 2021).

Changtam et al. (Lal et al., 2013) synthesized a series of curcumin
derivatives and evaluated their anti-bacterial and anti-tumor activities.
Curcumin derivative 70 containing isoxazole: S. aureus (ATCC 11632),
B. cereus (MTCC 7350), S. typhi (ATCC 23564), P. aeruginosa (ATCC
15499), and E. coli (ATCC 35218) showed significant inhibitory activity
with MIC values of 20 pM. The derivative 70 showed moderate inhibi-
tory activity against A. niger (MTCC 1108) with a MIC value of 40 pM.
The ICs¢ values of derivative 70 against HepG-2, QG-56, and HCT116

cell lines were 25, 50, and 25 pM, respectively. Cytotoxicity was stronger
than curcumin (HepG-2: ICsg = 50 uM; QG-56: ICs¢ = 100 uM; HCT116:
IC50 =50 MM).

Ahmed et al. (Ahmed et al., 2018) used curcumin scaffolds to syn-
thesize sulfonamides, among which compound 71 containing isoxazole
had the highest inhibitory activity against carbonic anhydrase isoen-
zyme I (human), with an ICs¢ value of 2.11 pM. The activity was similar
to that of Acetazolamide (IC59p = 2.17 pM). Additionally, compound 71
showed good inhibitory activity against bCAII with an ICsg of 0.87 uM,
the activity was better than Acetazolamide (IC59 = 0.94 uM). The kinetic
study of compound 71 on the bCAII enzyme showed that the Ki value
was 0.71 pM (Fig. 19).

Balaji et al. (Balaji et al., 2019) synthesized several isoxazole-
Hispolon derivatives. Among them, derivative 72 showed the best
anti-tuberculosis activity against Mtb H37Ry (MIC = 1.6 ug/mL).

Reddy et al. (Reddy et al., 2020) synthesized a series of isoxazole
derivative methyl p-orsellinate and evaluated its in vitro anti-
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HO 70 H
MIC (uM)
c Gram-(+) bacterial strains Gram-(-) bacterial strains
omp.
P S. aureus B. cereus S. typhi P. aeruginosa E. coli
(ATCC 11632) (MTCC 7350) (ATCC 23564) (ATCC 15499) (ATCC 35218)
70 20 20 20 20 20
Sulfanilamide - - - - -
Sulfamethoxazole >160 - >160 - >160
Sulfapyridine - - - - >160
Sulfamethoxypyridazine ~ >80 >160 >160 >160 >160
Sulfadimidine - - >160 - >160
Curcumin 80 >80 >80 >80 >80
Ciprofloxacin 1.25 0.63 25 1.25 1.25
MIC (uM)
| M
Comp. Cso (\M) Comp. A. niger A. flavus C. lunata T. viride
Hela HepG-2 QG-56 HCT116 (MTCC 1108) (MTCC 1021) (MTCC 581) (MTCC 1107)
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Fig. 19. Styrene and polyphenols-isoxazole derivatives 70-71.

proliferative activity against four human cancer cells and the normal cell
line HEK-293 T(embryonic kidney). Compound 75 exhibits excellent
anti-proliferative activity against the MCF-7 cell line with an ICs¢ of 7.9
uM, 5 times that of methyl p-orsellinate (ICsg = 46.63 uM). Compounds
73 and 75 showed inhibitory effects on MIAPACA cells with ICsq values
of 9.862 and 9.442 pM. Compound 74 showed an inhibitory effect on
IMR-32 cells with an ICsg value of 9.792 pM. Flow cytometry showed
that compound 75 induced apoptosis of MCF-7 cells and kept the cell
cycle in the G2/M phase.

The gallic acid derivative JEZTC (76) containing an isoxazole
structure has anti-arthritic and cartilage protective effects. JEZTC (76)
can significantly inhibit the expression of MMP and intracellular ROS,
and significantly increase the expression of the metalloproteinase-1
(TIMP-1) gene in tissue. Additionally, there was less cartilage degrada-
tion in vivo in the JEZTC (76) group compared to the PBS group. The
results also showed that JEZTC (76) activated the NF-xB pathway by
regulating the MAPK and PI3K/Akt signaling pathways, resulting in the
down-regulation of MMP, thus affecting osteoarthritis. The chon-
droprotective effect of JEZTC (76) may be related to its ability to inhibit
chondrocyte apoptosis by reducing ROS production (Lu et al., 2018).

Mahapatra et al. (Mahapatra et al., 2022) synthesized a series of N-
heteroaryl substituted gallamide derivatives. The antibacterial activity
of three strains (S. aureus; E. coli, and Streptococcus pyogenes) was
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evaluated with compounds. JEZTC (76) was found to exhibit more
inhibitory action against all three bacterial strains with the highest in-
hibition zone at 24, 24, and 25 mm; and had produced MIC at concen-
trations of 6.25 pg/mL with S. aureus, E.coli, and S. pyogenes (Fig. 20).
He et al. (He et al., 2016) synthesized a variety of stilbene derivatives
containing isoxazole and determined the inhibitory activities of protein
tyrosine phosphatase 1B (PTP1B) and TCPTP by colorimetry. Among
them, compound 77 has the best inhibitory activity with ICsy values of
0.91 and 5.19 pM, respectively, which is stronger than that of the lead
compound lithocholic acid (ICsg = 12.54 uM). Compound 78 showed
remarkable activity and best selectivity (TCPTP/PTP1B = 20.7). The
structure-activity relationship reveals that the introduction of electron-
withdrawing groups, such as halogens, onto phenyl moieties can
significantly enhance the inhibitory potency against PTP1B.
Pyrczak-Felczykowska et al. (Pyrczak-Felczykowska et al., 2019)
synthesized a series of usnic acid derivatives and evaluated the anti-
proliferation capacity of various cancer cells. Compounds 79 and 80
inhibit the survival of all cancer cell lines tested in a dose- and time-
dependent manner. After 48 h of action, their ICsy value was approxi-
mately 3 pM for MCF-7 and PC-3 cells, and approximately 1 pM for HeLa
cells. Both compounds 79 and 80 can induce GO/G1 blockade and
decrease the proportion of HeLa cells in the S phase and the G2/M phase.
Compounds 79 and 80 reduce the clonal potential of cancer cells, induce
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Fig. 20. Polyphenols-isoxazole derivatives 72-76.

cell cycle arrest in the GO/G1 phase, and apoptosis of MCF-7 cells. In
addition, they induced a large amount of cytoplasmic vacuolation
through kinetoprotein-dependent endocytosis (Fig. 21).

Summary: Curcumin, Resveratrol, Gallic acid, and Usnein are all
polyphenols. The compounds summarized in this section combine iso-
xazole in the above natural products and their derived structures. These
compounds have a variety of pharmacological activities by binding to
different targets, including anti-tumor, anti-pathogen, antioxidant, anti-
inflammatory, anti-arthritic, anti-nociceptive, and diuretic activities.
Since curcumin and resveratrol have various pharmacological activities,
these pharmacological activities are often improved after the hybridi-
zation of isoxazole. Similarly, the anti-tumor activity of gallic acid and
usnein was significantly improved after the hybridization of isoxazole.

2.4. Flavone-isoxazole resveratrol

Wogonin (5, 7-dihydroxy-8-methoxy-flavonoids) has anticancer ac-
tivity, and many results have shown that wogonin has strong anti-tumor
activity in vivo and in vitro (Li-Weber, 2009; Baumann et al., 2008; Polier
et al., 2011). Bian et al. (Bian et al., 2017) introduced isoxazole at site 7
of wogonin to obtain derivative 81 and tested its anti-tumor activity.
Compound 81 showed some inhibitory activity in HepG-2 cells with an
ICsp value of 21.66 pM. The activity was lower than wogonin (ICsy =
19.0 pM) and 5-fluorouracil (ICsq value 17.2 pM).

Rao et al. (Rao et al., 2018) designed and synthesized a series of
heterocyclic flavono-isoxazole compounds and determined their anti-
proliferative activity against MCF-7 by sulforhodamine B assay (SRB)
and turbidimetry. Compound 82 showed a certain inhibitory effect on
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MCF-7 cells with an ICsp value of 34.2 pM. Compound 82 also showed
moderate antibacterial activity, with an inhibitory rate of 41.7 % at a
concentration of 30 uM (Fig. 22).

The flavonoid hydnocarpin, derived from the seeds of Hydnocarpus
wightiana Blume, was chemically linked to isoxazole by Arya et al. (Arya
et al., 2019) in order to synthesize a series of derivatives. These de-
rivatives were subsequently evaluated for their anti-proliferative activ-
ity against A375, A549, and WI-38 cells. During the process of synthetic
modification, the primary hydroxyl group at the C-9' position of Hyd-
nocarpin was initially transformed into its corresponding aldehyde via
Moffatt oxidation. Subsequently, a one-pot [3 + 2] cycloaddition reac-
tion was employed for synthesizing hydnocarpin-isoxazole derivatives.
Compounds 83-86 exhibited significant inhibitory effects on A375 and
A549 cells with ICsg values ranging from 0.65 to 7.5 pM (Fig. 23).

3-0-[(E)-4-(4-cyanophenyl)-2-oxobut-3-en-1-yl] kaempferol is a lead
compound with anti-diabetic and anti-obesity activities. Nie et al. (Nie
et al., 2020) reported a novel isoxazole derivative 87 based on this lead
compound, which improves glucose consumption in insulin-resistant
(IR) HepG-2 cells at the nanomolar level (ECsg 0.8 nM). The
methylation of kaempferol was achieved by subjecting it to dimethyl
sulfate. For demethylation, anhydrous aluminum bromide in acetoni-
trile was employed as the chosen condition, resulting in the formation of
the corresponding 3-hydroxyflavone. Subsequently, compound 87 un-
derwent a nucleophilic substitution reaction followed by cyclization
with chloro-benzaldoxime to yield isoxazole derivative (Fig. 24). Com-
pound 87 significantly improved the level of AMPK phosphorylation
(AMP-activated protein kinase) in HepG-2 cells. The levels of PEPCK
(phosphoenolpyruvate carboxykinase) and G6Pase (glucose 6-
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Fig. 21. Styrene and polyphenols-isoxazole derivatives 77-80.
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Fig. 22. Flavono-isoxazole derivatives 81-82.

phosphatase) were decreased. The molecular mechanism of 87 may be
related to the activation of the AMPK/PEPCK/G6Pase pathway.
Inhibition of alpha-amylase is considered a therapeutic strategy for
the treatment of glucose absorption disorders. Flavonoids, isoxazoles,
and their halogenated derivatives have become the focus of pharma-
ceutical chemistry research because of their high biological activity.
Saidi et al. (Saidi et al., 2022, 1247) designed and synthesized a series of
novel halogenated flavonoid isoxazoles and evaluated their inhibitory
potential against a-amylase. The a-amylase inhibitory activity of com-
pound 88 (ICsp = 16.2 pM) was the highest in vitro, which was compa-
rable to that of acarbose (ICsp = 15.7 pM). Compounds 89-91 were
slightly less active than 88, with ICsg values of 17.33, 17.58, and 18.36
pM, respectively. The above results suggest that the incorporation of
electron-withdrawing groups in the para-position of the benzene ring
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confers enhanced activity.

Rongmao et al. (Qiu et al., 2018) designed and synthesized a series of
isoflavone analogs and evaluated their lipid-lowering activities. Most of
the compounds significantly reduced lipid accumulation in 3 T3-L1
adipocytes, and four compounds 92-95 had stronger inhibitory effects
than GW4064. Compound 95 showed agonistic activity against FXR in
cell-based luciferase reporting tests. At the same time, the expression of
the FXR, SHP, and BSEP genes was up-regulated and the mRNA
expression of the lipogenic gene SREBP-1c¢ was down-regulated on 95.
The safety of 95 in the HepG-2 cytotoxicity test also exceeds GW4064
(Fig. 25).

Asha Bhanu et al. (Asha Bhanu et al., 2020) designed and synthesized
7-hydroxyflavone derivatives and evaluated their anti-bacterial activity
(Fig. 26). Compounds 96-98 showed strong antibacterial activity,
exceeding or approaching that of standard drugs (Streptomycin and
Cycloheximide).

Gu et al. (Gu et al., 2017) designed and synthesized a series of
dihydroflavone derivatives and evaluated their anti-psychotic activities
in vitro and in vivo. In brief, dihydroflavones with various substitutions
were first synthesized, followed by the acquisition of the target com-
pounds through a three-step nucleophilic substitution reaction (Fig. 27).
The activity of the D2 receptor/G protein al6a cotransfected into
HEK293 cells was significantly reduced by compounds 99-101, exhib-
iting ICsp values ranging from 0.0513 to 0.116 puM. Moreover, com-
pounds 99-101 effectively suppressed lipopolysaccharide/interferon-
gamma-induced excess nitric oxide production by BV-2 microglia. In
mice, the increase in motor activity induced by MK-801 (an antagonist
of NMDA receptors) was reversed by gavage of 99-101. Reduce the
overactivity of climbing behavior induced by apomorphine (a dopamine
receptor agonist).

Nifantev et al. (Nifantev et al., 2015) synthesized dihydroquercetin
aryl derivatives and determined the cytotoxicity of these compounds in
HeLa cells and murine fibroblasts. The derivative 102 containing iso-
xazole showed weak HelLa cytotoxicity, with a survival rate of 50 % at
100 pM. At the same concentration, the survival rate of murine
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Fig. 23. Flavono-isoxazole derivatives 83-86.
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Fig. 24. Flavono-isoxazole derivative 87.

fibroblasts was 83 %.

Badadhe et al. (Badadhe et al., 2013) designed and synthesized a
series of novel isoxazol pigment compounds and evaluated their anti-
bacterial activities. Pharmacological experiments showed that com-
pounds 103-105 had moderate anti-bacterial activity against Gram-
positive bacteria.

Dengale et al. (Dengale et al., 2022) designed and synthesized a series
of 2-(4,5,6,7-tetrahydrobenzo|c]isoxazol-3-yl)-4H-chromen-4-ones.
Compounds 106-108 exhibited moderate anti-inflammatory activity
compared to the standard drug diclofenac sodium and showed antioxi-
dant activity comparable to the standard drug ascorbic acid. In terms of
anti-inflammatory activity, the preliminary structure-activity relation-
ship revealed that the presence of an electron-withdrawing group (R;)
was conducive to enhanced activity, while the presence of an electron-
donating group (Rz) was detrimental to activity.

Diabetic retinopathy (DR) is one of the leading causes of blindness.
Rho-associated coiled coils containing serine/threonine protein kinases
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(ROCKs) are considered potential targets for DR therapy. Zhao et al.
designed and synthesized a new class of ROCK inhibitor 4H-chromen-4-
one derivative. Compound 109 containing isoxazole can reduce ROCK I
and ROCK II activity with ICso values of 0.068 and 0.005 pM, respec-
tively (Zhao et al., 2019) (Fig. 28).

Abu-Bakr et al. (Abu-Bakr et al., 2019) synthesized a series of furo
[3,2-glchromones derivatives and screened for their inhibitory capac-
ity in three human cancer cell lines, HFT-116, MCF-7, and HepG-2.
Compound 110 showed a strong inhibitory effect on the HepG-2 cell
line with an ICs of 7.9 pg/mL. Compounds 111 and 112 showed strong
inhibitory effects on the HCT116 cell line with an ICs¢ of 4.7 and 7.8 pg/
mL, respectively.

Kaushik et al. (Kaushik et al., 2019) designed and synthesized a series
of isoxazolylchromones, compound 113 showed obvious cytotoxicity in
MCF-7 cells with an ICsq value of 31.25 pg/mL. The ERa selectivity of
the ligand was confirmed by ERa silencing experiments. Deactivation of
compound 113 showed that ERa luciferase reporter gene expression was
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Streptomycin 14.26 13.23 12.76 16.76 - -
Cycloheximide - - - - 14.53 13.7

Fig. 26. Flavono-isoxazole derivatives 96-98.

negatively regulated and ERBGFP was induced in treated cells. The cell
cycle showed an increase in sub-GO/G1 populations in the compound
113 treatment group. Compound 113 also induces cell death through
apoptosis. Similar to tamoxifen, 113-induced cell death is mediated by
an increase in ROS. Compared to tamoxifen-induced autophagy, com-
pound 113 induced mitochondrial transmembrane potential loss and
caspase activation without signs of autophagy.

Awadallah et al. (Awadallah et al., 2015) synthesized a series of
isoxazole-containing pigment compounds and evaluated their cytotoxic
activity against MCF-7 and A-549 cells. Compounds 114-116 showed
weak inhibitory activity against the off-target cytoplasmic isomers hCA I
and hCA II, but showed significant inhibitory activity against tumor-
associated hCA IX and hCA XII. Compound 114 showed high inhibi-
tory effects on MCF-7 and A-549 cell lines with ICsq of 25.80 and 57.23
uM, respectively (Fig. 29).

Summary: Flavone-isoxazole hybridization natural products mainly
have anti-tumor, anti-psychotic, and lipid-lowering activities, and these
compounds can also be used to treat diabetic retinopathy. Compound 87
exhibits promising potential as a valuable candidate in the quest to
develop novel anti-diabetic drugs. Compounds 99-101 possess potential
antipsychotic effects and may be beneficial in the treatment of schizo-
phrenia. In terms of anti-tumor activity, most of the hybrid isoxazole
derivatives showed no significant improvement in activity compared to
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the lead compounds. However, hydnocarpin derivatives (83-86),
showed significantly improved anti-tumor activity. To some extent, the
structure of isoxazole is an important pharmacophore for the anti-tumor
effect of these hydnocarpin derivatives. Among these derivatives, com-
pound 84 showed the strongest inhibitory effect on A375 cells with an
ICsp of 0.65 pM, which is valuable for further study.

2.5. Coumarin-isoxazole hybridization

Shi et al. (Shi et al., 2017) designed and synthesized a series of
coumarin-isoxazole compounds, and measured their anti-cancer activity
against HCT116, Hun7, and SW620 cells in vitro by the MTT assay.
Compound 118 showed inhibitory effects on HCT116, Hun7, and
SW620 cell lines with ICso values of 10.3, 12.1 and 10.5 pM, respec-
tively. The ICs¢ values of compound 117 for these three cell lines were
9.21, 8.76, and 9.83 pM, respectively. Compounds 118 and 117 were
less toxic to normal cells (HFL-1: The ICsq values were 90.9 and 74.2 pM,
respectively).

Shakeel-u-Rehman et al. (Shakeel et al., 2014) designed and syn-
thesized a series of 6-hydroxycoumarin isoxazoles. Compounds 119 and
120 showed the strongest inhibitory activity against PC-3 cells, with
ICsq values of 8.2 and 13.6 pM, respectively.

The isoxazole-coumarin derivative 121 showed certain inhibitory
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Fig. 27. Flavono-isoxazole derivatives 99-102.
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Fig. 28. Chromone-isoxazole derivatives 103-109.

activity against the HepG-2 cell line with an ICsy value of 15.3 uM Wang et al. (Wang et al., 2013) reported that a series of coumarin-
(Gombha et al., 2015). containing sulfa compounds inhibited two human carbonic anhy-

Krishna et al. (Krishna et al., 2017) synthesized isoxazole fused drases. The starting diverse substituted malonic acid mono phenol esters
coumarin analogs and tested their anti-tumor activity in vitro. Com- were synthesized under solvent-free conditions using Meldrum’s acid
pounds 122 and 123 showed moderate inhibitory effects on the Colo- and various substituted phenols, followed by cyclization with Eaton’s
205 cell line with ICsg values of 28.5 and 30.1 pM, respectively (Fig. 30). reagent to yield the corresponding 4-hydroxycoumarin. The different

Ghorab et al. (Ghorab et al., 2016) designed and synthesized a series substituted 3-formyl-4-chlorocoumarins were obtained through
of sulfanilyl coumarin derivatives. The anti-tumor activity of all com- Vilsmeiere-Haack reactions. Finally, compounds 125-127 were pre-
pounds against the breast cancer cell line (T47D) was evaluated in vitro. pared by reacting with sulfamethoxazole in ethanol (Fig. 31). These
Compound 124 containing isoxazole showed a moderate inhibitory ef- three compounds, which contain isoxazole, exhibited significant inhib-
fect on the T47D cell line with an ICsg of 68.4 pM. itory effects on hCA II and hCA IX as well as on B16-F10 and MCF-7 cell
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Fig. 30. Coumarin-isoxazole derivatives 117-123.
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Fig. 31. Coumarin-isoxazole derivatives 124-129.
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133 26 33 0.3
134 53 129 0.9

Fig. 32. Coumarin-isoxazole derivatives 130-134.

lines. Compound 125 had the strongest inhibitory effect on the MCF-7 HepG-2, and CCR cell lines in vitro. Compound 128 containing iso-

cell line and hCA II, with ICsy values of 0.012 and 0.026 pM. Com- xazole had the strongest inhibitory effect on Panc-1 cells with an ICsg
pound 126 had the strongest inhibitory effect on hCA IX with an ICsg of value of 11.925 pM. Compound 129 had the strongest inhibitory effect
0.043 pM. As hCA II inhibitors, the substituted moieties on the benzene on HepG-2 cells with an ICsq of 8.796 pM.
ring of the coumarin exhibit an active gradient of —H > —"Bu > —CHs. Chen et al. (Chen et al.
However, for hCA IX, it is —'Bu > -CH3 > -H.

Nasr et al. (Nasr et al., 2018) synthesized a series of derivatives of
coumarin hydrazone and evaluated the anti-tumor activity of Panc-1,

, 2013) synthesized novel anti-psychotic
coumarin derivatives with potent dopamine Dj, D3, and serotonin 5-
HT1a, 5-HT24 receptor properties. The starting 7-hydroxycoumarin in-
termediates were obtained via the Pechmann reaction, and the target
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O~
{\l Comp Receptor affinity K; (nM)
N D2 5'HT1A 5-HT2A D3 H1
F 135 127 78 2.2
N : . . 136 18253
~"0 0”0 136 189 114 53 139 136
135-136 R Ripersidone - - - 101 229
Clozapine - - - 260.1 6.8
135, R=-CH,
136, R= -Cl 0
N F ICs0 (uM)
Comp.
AChE _ BuChE
Galantamine 1.7 9.4
Of);@/\of o N=N N Decursinol 934 >810
! a-lipoicacid ~ >200 >200
h OJK/N\/)\/ 137 61.91 14.64
137
ICs0 (uM) A549
EBOV MARV _ CCso (uM)
HzN 5.2 3.2 36.9
138
0

141
a-glucosidase inhibition: IC5y = 56.043 ng/mL

142
Edema formation inhibition rate = 42.87%

Fig. 34. Coumarin-isoxazole derivatives 139-142.

compounds were subsequently prepared through a two-step nucleo-
philic substitution reaction (Fig. 32). The isoxazole-piperidine deriva-
tive 130 has a high affinity for the Do, 5-HT; 4, and 5-HTy receptors (K;
of 4.9, 3.5, and 8.4 nM, respectively). The derivative 130 has a higher
affinity for the 5-HTj 5 receptor than risperidone (K; = 180 nM). The titer
of compound 132 against the D, and 5-HTp receptors exceeds 130 (Do,
Ki = 4.0 nM; 5-HT2s, K; = 0.3 nM), and the affinity of the 5-HTx re-
ceptor did not change. The derivatives 133 and 134 have the highest
affinity for the 5-HT,p receptor (133: K; = 0.3 nM; 134: K; = 0.9 nM).
Compounds 131, 133, and 134 exhibit high affinity for the D, receptor
with Kj of 3.9, 2.6, and 5.3 nM, respectively. Compound 133 has a higher
affinity for the Dy receptor than compound 130 (K; = 4.9 nM) and ris-
peridone (K; = 3.7 nM). Furthermore, compound 133 has a low affinity
for the 5-HTy¢ and H; receptors (which reduce the risk of obesity
associated with chronic treatment) and the hERG channels (which
reduce the incidence of point twisting). In animal models, compound
133 inhibited diamorphine-induced climbing behavior at the highest
dose, hyperactivity and conditioned avoidance responses induced by
MK-801, and no significant narcolepsy. Furthermore, in trials measuring
prolactin secretion and weight gain, there were fewer preclinical
adverse events at compound 133 compared to risperidone. The
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structure-activity relationship is as follows: the substitution at the 4-po-
sition (R;) with methyl as the favored substituent; the substitution at the
3-position (Ry) with either unsubstituted or substituted (methyl) being
preferred; and the substitution at the 8-position (R3) with an electron-
withdrawing group (chloro) as the favored substituent.

Coumarin derivatives combine the properties of dopamine receptors
Dy, D3, and serotonin 5-HTj,, 5-HT25. Compounds 135 and 136 were
synthesized by the same research team using a similar synthetic
approach to compounds 130-134. Compounds 135 and 136 have high
affinity for dopamine Dy, D3, and 5-HT1 4, 5-HT24 receptors (K; between
2.2-18.9 nM). Compound 135 has a low affinity for H; receptors
(reducing the risk of obesity under chronic treatment). In animal
models, compound 135 inhibited apomorphine-induced climbing and
hyperactivity induced by MK-801 at the highest dose without significant
paralysis (Chen et al., 2014).

Park et al. (Park et al., 2016) synthesized a series of decursinol de-
rivatives using the ka-reaction method and evaluated their biological
activities. Compound 137 containing isoxazole has inhibitory activity in
acetylcholinesterase (AChE) and butyrylcholinesterase (BuChE) with
ICs0 values of 61.91 and 14.64 pM, respectively.

Filoviruses, including Ebolavirus (EBOV), Marburgvirus (MARV) and
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OTB%_| 0
OH O oTBS N CONH,
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N - - >
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OH H (0] NH, OH H 0 0 IC50 (LM)
N _ N NH, Comp. VEGFR-1 VEGFR-2 NIH3T3/  NIH3T3/
o = VEGFR-1 VEGFR-2
N NH, (FIt-1) (KDR)
143 O 0 Vegfrecine  0.018 0.011 3.7 12.8
Vegfrecine 143 0.65 7.1 7.5 8.3
—
144, R= }—N
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N 0]
145, R= f\N/\/
S R
|
vV o N T\ 146, R= |- C F
- ,R=—N
© \
144-147 ‘_ /\
147,R=—N O
Antimicrobial activity —/
MIC (ug/mL)
Comp. Staphylococcus  Bacillus subtilis S. aureus MLS16 Micrococcus luteus Klebsiella planticola Candida albicans
aureus MTCC 96 MTCC 121 MTCC 2940 MTCC 2470 MTCC 530 MTCC 3017
145 7.8 3.9 15.6 15.6 7.8 7.8
147 3.9 3.9 3.9 15.6 7.8 7.8
Mitomycin C 1.9 0.45 1.9 0.9 1.9 >500
Miconazole - - - - - -
Ciprofloxacin 0.9 0.9 0.9 0.9 0.9 7.8
Biofilm inhibition
ICs0 (M)
Comp. Bacillus subtilis Staphylococcus ~S. aureus MLS16 Micrococcus luteus Klebsiella planticola
MTCC 121 aureus MTCC 96 MTCC 2940 MTCC 2470 MTCC 530
145 2.2 4.6 10.6 8.9 35
147 2.8 2.5 1.9 9.8 5.1
Mitomycin C 0.3 1.1 0.9 0.9 1.1
Ciprofloxacin 0.5 0.7 0.6 0.8 0.6
Antifungal activity
MIC (ng/mL)
Com Ca C.a C.a Ca C.a C.a C.a Candida Candida Candida Candida Issatchenkia
P MTCC MTCC MTCC MTCC MTCC MTCC MTCC parapsilosis aaseri  glabrata krusei  hanoiensis
183 227 1637 3018 3958 4748 7315 MTCC MTCC MTCC MTCC MTCC
1744 1962 3019 3020 4755
145 31.2 625 625 625 312 312 156 156 7.8 15.6 15.6 15.6
147 15.6 7.8 7.8 31.2 625 312 625 156 31.2 31.2 7.8 15.6
Miconazole 7.8 7.8 7.8 7.8 7.8 7.8 7.8 7.8 7.8 7.8 7.8 7.8

Fig. 35. Benzoquinone-isoxazole derivatives 143-147.

Cuevavirus cause hemorrhagic fevers in humans with a mortality rate of
up to 90 %. Gao et al. (Gao et al., 2020) designed and synthesized a
piperidine-coumarin derivative and evaluated its anti-viral activity.
Compound 138 containing isoxazole showed inhibitory activity against
EBOV and MARV (EBOV: ICsg = 5.2 pM; MARV: IC5¢ = 3.2 pM). Com-
pound 138 did not exhibit significant toxicity to host cells (A549: IC5¢ =
36.9 pM) (Fig. 33).

Derivative 139 exhibited moderate anti-tumor activity against the
Ehrlich ascite cells (EAC) model in vitro, with an ICsp of 52.65 pg/mL (W.
S. Hamama, M.E. Ibrahim, H.H. Zoorob, Synthesis, DFT Study, 2017).
Derivative 140 was synthesized by reacting 4-hydroxycoumarin with 5-
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amino-3-methylisoxazole in glacial acetic acid and exhibited significant
anti-tumor activity; with an ICs¢ of 0.21 pM (Ibrahim et al., 2016).

Suresh et al. (Suresh et al., 2017) synthesized dihydro-6H-chromeno
[4,3-blisoxazolo[4,5-e] pyridine heterocycles. The anti-diabetic activity
of the compounds on type 2 diabetes mellitus was evaluated. Compound
141 showed the strongest inhibitory effect on a-amylase activity with an
ICsp value of 56.043 pg/mL.

In a rat model of carrageenan-induced metatarsal edema, the anti-
inflammatory activity of the compound was evaluated at 100 mg/kg
of body weight. The isoxazole-containing derivative 142 showed mod-
erate anti-inflammatory activity, with a 42.87 % inhibition of edema
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CuBr2 Br L|2003 Phi( OAc
/\/N “OH
EtOAc/CHCI3 HOAc/TFA
5-bromobenzo[b]thiophene-4,7-dione
(0}
MICgo (ng/mL)
(o} Comp.
m 4 N omp Cryptococcus neoformans Candida albicans

DCM S 148 3.1(11.5) 0.6 (2.3)
o) 148 Fluconazole 3.1 (12.2) 0.6 (2.4)
Voriconazole 1.1(1.2) 0.9 (1.0)

Fig. 36. Benzoquinone-isoxazole derivative 148.

formation compared to the control agent ibuprofen (100 mg/kg) (Dixit
et al., 2013) (Fig. 34).

Summary: Coumarin-isoxazole hybridization natural products
mainly have anti-tumor, anti-inflammatory, anti-viral, anti-diabetic,
and anti-psychotic activities. Carbonic anhydrase is a target for the
development of anti-tumor chemotherapeutics, in terms of anti-tumor
activity, compound 125 showed the strongest inhibitory activity
against MCF-7 cells while inhibiting carbonic anhydrase, with ICsg
values of 12 nM. In addition, the compound did not exhibit cytotoxic
activity against macrophages. The results indicate that sulfonamides
containing coumarin-isoxazole moieties have the potential to be potent
and novel anti-tumor agents. Compared to the compounds in the pre-
vious sections, coumarin-isoxazole derivatives also have anti-psychotic
activity by inhibiting central dopamine and serotonin receptors.
Among them, compound 133 may constitute a new class of drugs for the
treatment of schizophrenia.

2.6. Quinonoids-isoxazole hybridization

Vegfrecine has shown effective in vitro inhibitory activity against
VEGFR-1 and VEGFR-2 tyrosine kinases, so vegfrecine becomes a VEGF
receptor tyrosine kinase inhibitor. Adachi et al. (Adachi et al., 2021)
synthesized a derivative of vegfrecine containing isoxazole rings. Com-
pound 143 showed moderate inhibitory activity against VEGFR-1
tyrosine kinase (ICso = 0.65 uM) and slightly lower inhibitory activity
against VEGFR-2 tyrosine kinase (ICso = 7.1 uM). The synthesis of the
intermediate was carried out through oxidative amination of 2,5-dihy-
droxybenzamide in the presence of 2-((tert-butyldimethylsilyl)oxy)ani-
line. Subsequent ammonolysis of the intermediate yielded the 1-
carbamoyl-2-aminoquinone derivative, which was then subjected to
oxidative cyclization between the 1-carbamoyl group and 2-amino
group using lead acetate to form the isoxazole ring-fused quinone. The
TBS group of the isoxazole quinone derivative was deprotected to pro-
vide compound 143 (Fig. 35).

Swapnaja et al. (Swapnaja et al., 2016) introduced quinone into the
isoxazole structure and obtained a series of compounds with good ac-
tivity against the tested strains. Compounds 145 and 147 have good
bacteriostatic activity. Compound 145 can inhibit S. aureus MTCC 96,
MIC values of B. subtilis MTCC 121 and Klebsiella planticola MTCC 530
were 7.8, 3.9, and 7.8 mg/mL, and ICs( values were 4.6, 2.2, and 3.5 pM,
respectively. Compound 147 is associated with S. aureus MTCC 96,
S. aureus MLS-16 MTCC 2940, MIC values of B. subtilis MTCC 121, and
Klebsiella planticola MTCC 530 were 3.9, 3.9, 3.9, and 7.8 mg/mL, and
ICsp values were 1.9, 2.5, 2.8, and 5.1 pM, respectively.

Li et al. (Li et al., 2019) synthesized a series of sampangine de-
rivatives containing isoxazole. 6, 7-Dihydrobenzo[b]thiophen-4(5H)-
one was used as the starting material to obtain the intermediate (5-
bromobenzo[b]thiophene-4,7-dione) via three steps. Then, the target
compound was prepared by reacting the intermediate with propio-
naldehyde oxime through a [1 + 2] cycloaddition reaction in the pres-
ence of NaClO. Compound 148 has strong anti-fungal activity against
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Cryptococcus neoformans (C. neoformans) (MICgy = 0.031 pg/mL) higher
than that of fluconazole (MICgy = 2 pg/mL) and voriconazole (MICgy =
0.12 pg/mL). Furthermore, compound 148 had a strong inhibitory effect
on the important virulence factors (biofilm, melanin, and urease) of
C. neoformans. The mechanism study showed that compound 148 could
induce apoptosis of C. neoformans cells and keep the cell cycle in the G1/
S phase. For the Cs substituents of isoxazole, alkyl substitutions were
more favorable for anti-cryptococcal activity than heterocyclic and
substituted phenyl derivatives. Among these, ethyl substitution yielded
the best results (Fig. 36).

Santos et al. (Santos et al., 2010) synthesized a series of naphtho[2,3-
d]isoxazole-4,9-diones by reacting 2,3-dichloro-1,4-naphthoquinone
with nitromethyl derivatives in the presence of a base. Furthermore,
they conducted an evaluation on the antifungal activity exhibited by
these compounds. The MICs, values of compound 149 for Candida
parapsilosis PYCC 2545 and Candida glabrata PYCC 2418T were as low as
0.2 pg/mL. The MICso values of compound 150 for C. albicans PYCC
3436 and C. parapsilosis PYCC 2545 were 0.2 and 0.3 pg/mL.

Rajanarendar et al. (Rajanarendar et al., 2013) synthesized a series of
isoxazole-indole-triones and evaluated the anti-inflammatory and
analgesic activities of the resulting compounds. Compounds 151-153
exhibit significant anti-inflammatory activity by reducing the volume of
foot PAWS produced by carrageenan. Compounds 151-153 significantly
reduced the number of twists in mice and showed significant analgesic
activity.

Uysal et al. (Uysal et al., 2021) designed and synthesized a series of
novel 4-aminobenzenesulfonamide/carboxamide derivatives containing
naphthoquinone pharmacophore, and evaluated their proteasomal
inhibitory and anti-proliferative activities against the MCF-7. Com-
pound 154 containing isoxazole showed significant inhibitory activity
against the MCF-7 cell line with ICs¢ of 10.15 pM. Compound 154
showed some inhibitory activity in ChT-L (85), C-L (f1), and T-L (p2) of
proteasome at a concentration of 10 pM, with inhibition rates of 18.89
%, 8.39 %, and 6.55 %.

Lawrence et al. (Lawrence et al., 2010) synthesized isoxazole-
containing compounds 155 and 156 and tested their inhibition of T-L
and peptidyl glutamyl peptide hydrolase (PGPH). Compounds 155 and
156 significantly inhibited the activity of three proteasomes (CT-L, T-L,
and PGPH), and the combined ICsg values of 155 for CT-L and T-L were
3.9 and 9.25 pM. The ICs( value of compound 156 for PGPH was 16.7
UM (Fig. 37).

Yangetal. (Yang et al., 2011) synthesized a series of rhein derivatives
and determined their cytotoxicity to HeLa and MOLT4 cell lines by the
MTT assay. Rhein derivative 157 containing isoxazole showed inhibi-
tory effects on HeLa and MOLT4 cell lines with ICs values of 16 and 14
pM. More than emodin activity (HeLa: ICso > 100 pM; MOLT4: IC5¢ =
37 pM).

Lee et al. (Lee et al., 2012) synthesized a series of 1,2-diaminoqui-
none derivatives and evaluated drug-induced cytotoxicity by SRB
assay. The ICsq value of compound 158 containing isoxazole against the
PC-3 cell line was 3.78 pM (Fig. 38).
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Fig. 37. Naphthoquinone-isoxazole derivatives 149-156.

Tyrosyl-DNA phosphodiesterase 2 (TDP2) is an enzyme that specif- inhibition tests. Enzymatic analysis showed that compounds 161-170
ically repairs DNA damage mediated by topoisomerase II (TOP2). Yu et exhibited high TDP2 inhibitory activity with ICso values ranging from
al. (Yu et al., 2018) report the synthesis of furoquinolinedione structure 0.46 to 5.4 pM. The most potent compound 169, showed the strongest
as a potential selective TDP2 inhibitor. Pharmacological experiments inhibitory activity with an ICsq of 0.46 pM (Fig. 39).

showed that compounds 159 and 160 were selective TDP2 inhibitors. Combrink et al. (Combrink et al., 2007) designed and synthesized a
The ICsq of the recombinant TDP2 and TDP2 whole cell extract (WCE) series of 3-morpholino rifamycins and evaluated their antimicrobial
was 1.9 and 2.1 pM, respectively. activity. Compounds 171 and 172 containing isoxazole showed signif-

Yang et al. (Yang et al, 2021) synthesized a series of iso- icant inhibitory activity against the M. smegmatis strain 43756Km1 with
xazolinequinolinedione derivatives based on the TDP2 inhibitors of MIC values of 0.12 and 0.5 pM. It also showed significant inhibitory
furanoquinolinedione and isoxazolinedione, and conducted enzyme activity in M. smegmatis DSM 43756 with MIC values of 0.12 and 0.5 pM.
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Fig. 38. Anthraquinone-isoxazole derivatives 157-158.
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Fig. 39. Naphthoquinone-isoxazole derivatives 159-170.

Compound 172 pairs of wild-type E. coli (DH5) pCTF104 (Arr-2™), E. coli
wild-type (DH5a) pCTF104 (Arr-20), E. coli-CGSC? 5163 1pxC101 ’leaky’
strain (Arr-2™), and E. coli-CGSC” 5163 1pxC101 ’leaky’ strain (Arr-27)
showed significant inhibitory activity, MIC values are 4, 4, 2 and 2 pM.
Compound 171 for the E. coli-CGSC* 5163 1pxC101 ’leaky’ strain (Arr-
2™), and the E. coli-CGSC” 5163 1pxC101 ’leaky’ strain (Arr-2°) showed
significant inhibitory activity with MIC values of 2 and 1 pM.

Bargiotti et al. (Bargiotti et al., 2012) synthesized a series of 3-aryl-
naphthalene (El-Garhy, 2015; Zhu et al., 2018)isoxazoles. Compounds
were synthesized by reacting various naphthoquinones with in situ
generated nitrile oxides, obtained through the treatment of corre-
sponding oximes with triethylamine and aqueous NaClO in dichloro-
methane. These compounds were subsequently evaluated for their
binding affinity to heat shock protein 90 and their antiproliferative ac-
tivity against multiple human tumor cell lines (NCI-H460, A431, and
STO). Compounds 173-184 have strong binding to Hsp90, with ICsq
ranging from 0.031 to 0.77 uM. Compound 185, which contains a polar
hydrophilic compound, exhibits the strongest affinity for Hsp90 with

ICsp < 0.005 pM. Complexes 182 and 185 down-regulated the Hsp90
client proteins EGFR, Akt, Cdk4, Raf-1, survivin, and up-regulated
Hsp70. Furthermore, the combination of 173-185 showed significant
inhibitory effects on a variety of cancer cells (Fig. 40).

Summary: In this section, the hybrid natural products of
benzoquinone-isoxazole, naphthoquinone-isoxazole, and anthraquinone-
isoxazole were reviewed. These compounds mainly have anti-tumor,
anti-inflammatory, and antimicrobial activities. The biological activities
of benzoquinone and anthraquinone natural products after hybridization
with isoxazole were not significantly improved compared to their lead
compounds or positive control drugs.

TDP2 has the potential to be a new target for the development of
anti-viral drugs. Among the naphthoquinone-isoxazole derivatives,
furanoquinolinedione deserves to be developed. After replacing furan
with isoxazole as bioisosteres, the inhibitory activity of these com-
pounds (159-170) against TDP2 was significantly improved. Similarly,
compounds 173-185 showed strong anti-tumor activity in vitro as a
novel series of Hsp90 inhibitors. The inhibitory effect of 182 on the
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MIC in pg/mL or ratio of MICs (Ribosylase*/Ribosylase’) for:

Mycobacterium Escherichia coli E. coli-CGSC* 5163

Comp. S. aureu smegmatis wild-type (DH5a) IpxC101 ‘leaky’ strain

ATCC* 20213 ATCC* 29213  DSM  43756Km1 Ratio of PCTF104 pCTF104 Ratio of pCTF104 pCTF104 Ratio of

Wit rpoBM481Y 43756 (Arr) MICs (Ar-2*)  (Ar-2)  MICs Aoty (Am27)  MICs

(Rif-sensitive) (Rif-resistant)  (Arr-1%)
Rifampin 0.008 >63 32 0.5 64 >250 8 >32 8 0.24 32
171 0.06 NTb 0.12 0.12 1 >250 > 250 - 2 1 2
172 0.008 >63 0.5 0.5 1 4 4 1 2 2 1

F
o

(0]
181-182

=N
181, 184, R=}—@ NZ
N
NS
N
182, 183, R=}—®
O 185

O 183-184

Comp,  —1Cso (M)

Binding Hsp90 (FP) NCI-H460 STO  A431
17-AAG 1.095 0.010 - 0.069
173 0.39 0.14 0.011 0.056
174 0.54 0.062 0.04 0.043
175 0.29 0.124 0.61 0.29
176 0.084 0.15 0.150 0.06
177 0.34 0.18 0.168 0.168
178 0.031 >1 3.96 3.96
179 0.098 0.88 21.56 21.6
180 0.63 0.33 120 048
181 0.68 0.017 0.22 0.052
182 0.034 0.018 0.0022 0.0016
183 0.77 0.021 0.01 0.020
184 0.51 0.046 0.1 0.042
185 <0.005 0.041 0.054 0.02

Fig. 40. Naphthoquinone-isoxazole derivatives 171-185.
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Against the pre-third-instar larvae of M. separata

1 mg/mL Corrected mortality rate (%)

Comp.

15 days 25 days 35 days
Podophyllotoxin 16.7 276 34.5
196 33.3 414 48.3
197 36.7 48.3 55.2
199 36.7 44.8 69.0
200 46.7 55.2 62.1
Toosendanin 23.3 41.4 51.7

Against the female adults of T. cinnabarinus

0.5 mg/mL Corrected mortality rate (%)

Comp.
15 days 35 days

Podophyllotoxin 2.3 4.8
196 9.8 354
197 12.4 38.0
199 17.5 411
200 9.7 32.8
Spirodiclofen 27.2 65.4

Fig. 41. Lignin-isoxazole derivatives 186-200.

A431 cell line was the most obvious, with an ICsq value of 1.6 nM.

2.7. Lignin-isoxazole hybridization

Multidrug resistance (MDR) of anti-tumor drugs is a major obstacle
to successful tumor treatment. Finding new drugs with anti-MDR ac-
tivity is an effective way to overcome tumor resistance. Zhang et al.
(Zhang et al., 2016) designed and synthesized a series of aromatic het-
erocyclic ester compounds of podophyllotoxin to evaluate their anti-
cancer activity against two human chronic myeloid leukemia cell lines
K562 and K562/ADR. Compound 186 with isoxazole showed significant
inhibitory activity in K562 and K562/ADR cells with ICs¢ values of
0.052 and 0.025 pM, respectively. Anti-tumor activity was better than
doxorubicin (K562: ICso = 18.779 pM; K562/ADR: IC59 = 0.220 pM).
The resistance factor (RF) value of compound 186 was 2.080, which was
also better than doxorubicin (RF = 85.359).
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Kamal et al. (Kamal et al., 2013) designed and synthesized a series of
different hetero-aromatic linked 4p-aminopodophyllotoxin derivatives
and evaluated their anti-tumor activity. Among them, the isoxazole-
linked compound 187-195 showed inhibitory effects on A549, HT-29,
ACHN, B-16, and HelLa cell lines, with ICsy values ranging from 5.26
to 38.4 pM. Among them, 187-189 showed obvious anti-proliferation
activity against HeLa cell lines with ICsq values of 5.9, 7.5, and 5.26 pM.

Yang et al. (Yang et al., 2021) designed and synthesized a series of
podophyllotoxin derivatives containing isoxazole and evaluated their
insecticidal activity. Compounds 196-198 showed significant growth
inhibition effects on Mythimna separata (M. separata), with final fatality
rates of 65.5 %, 69.0 %, and 62.1 %, respectively. Toosendanin and
podophyllotoxin were superior to positive controls (34.5 %). Podo-
phyllotoxin has acaricidal activity that is close to zero for Tetranychus
cinnabarinus (T. cinnabarinus), while its isoxazole derivative has acari-
cidal activity higher than podophyllotoxin. The MRS values of 197-200
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Fig. 42. Steroidal-isoxazole derivative 201.

o)
Cell survival rate% (50 uM)
Comp. MCF-7 MDA-MB-231 T-47D HCT116 22Rv1 A549
~ 0 202 95.0 82 49 74 89 83
Comp. Kdapp, uM
hum CYP51
203 1.50
204 1.06
205 1.98
Cytotoxicity of compounds
Growth inhibition %
Comp. HelLa MCF-7 A2780
10uM 30 pM 10 pM 30 pM 10 pM 30 uM
Mestranol N 296 68 78 63 68 46 79
O Cisplatin 43 100 53 87 84 95

Fig. 43. Steroidal-isoxazole derivatives 202-206.

at 72 h were 35.4 %, 38.0 %, 41.1 %, and 32.8 %, respectively. There-
fore, compounds 199 and 200 showed the strongest insecticidal activity
against Mythimna separata Walker and Tetranychus cinnabarinus Bois-
duval (Fig. 41).

Summary: There are few natural products of lignin-isoxazole hy-
bridization. Only podophyllotoxin derivatives have been reported,
which have anti-tumor and insecticidal activities. The introduction of 5-
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methylisoxazole to the hydroxyl group of podophyllotoxin can signifi-
cantly improve its anti-tumor activity in vitro, but the introduction of 5-
phenylisoxazole can reduce its anti-tumor activity. Interestingly, the
introduction of 5-phenylisoxazole increased the insecticidal activity of
podophyllotoxin.
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Fig. 44. Steroidal-isoxazole derivatives 207-210.
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Fig. 45. Steroidal-isoxazole derivatives 211 and 213-214.

30



J. Wang et al. Arabian Journal of Chemistry 17 (2024) 105794

OH
HCIO,

_—
HCOOH/THF .
HO H: OH OHcOo"

FXR agonists: EC5g = 0.03 uM, efficacy = 121%

Fig. 46. Steroidal-isoxazole derivative 215.
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S. aureus: MIC = 1.23 uM
V. cholerae: MIC = 1.23 uM

Caudatin
Comp. HepG 2.2.15 cells ICs0 (WM)
CCsp (1M) HBsAg DNA replication
Caudatin = 24458 142.67 40.62
217 132.72 201.23 16.97
Tenofovir  >1820.42 1446.35 0.77

Diosgenin
ICs0 (1M)
Comp.
MCF-7 A549 MRC-5
218 9.15 14.92 >100

Diosgenin 26.91 36.21 100.7
Doxorubicin  9.78 16.90 0.12

Fig. 47. Steroidal-isoxazole derivatives 216-218.

2.8. Steroidal-isoxazole hybridization showed certain inhibition of ERa transfer activation activity in luciferase

reporting experiments (ERa: ICsp = 481.8 nM, RBA = 1.2 %; and ERf:
ICsp = 331.1 nM, RBA = 2.6 %), and blocked the interaction between
ERa and co-activators. Similarly, derivative 201 inhibited the growth of
ERa-positive human breast cancer cells (Fig. 42).

Baranovsky et al. (Baranovsky et al., 2019) designed and synthesized

Jiang et al. (Jiang et al., 2013) designed and synthesized a series of
17p-estradiol derivatives that are linked to a large side chain at the C-7a
position and determined their antagonistic activity of the endoplasmic
reticulum by in vitro bioassays. Isoxazole-containing derivative 201

31



J. Wang et al. Arabian Journal of Chemistry 17 (2024) 105794

Dipterocarpol MCF-7 cell: ECsq = 16.2 uM
10 uM concentration, AChE inhibition rate = 15.87%

ICs0 (kM)
RM-1 HCT116 GES-1

14.38 19.55 >100
2437 1946  92.23

Cell viability (% of control)
OpuM 0.1puM 1.0uM 10 uM

Panaxatriol 45.0 47.8 523 61.9
221 444 682 792 89.2

Comp.

Panaxatriol 221

Fig. 48. Steroidal-isoxazole derivatives 219-221.
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222232 © 229, Ry= 4-Cl, Rp= -H
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Against M. separata at a Concentration of 1 mg/mL  Against P. xylostefia Treated at 20 ug/larva

corrected mortality rate (%)

corrected mortality rate (%)

Comp. Comp.

10days 25days 35days 24 h 48 h
223 40.7 48.1 51.8 222 24.4 33.3
224 44.4 59.2 66.6 223 13.3 26.6
225 25.9 44 .4 55.5 224 17.7 42.2
229 33.3 40.7 48.1 226 26.6 31.1
231 37.0 48.1 55.5 228 24.4 26.6
232 14.8 37.0 481 229 15.5 28.8
Toosendanin _22.2 29.6 40.7 Toosendanin _15-5 53.3

Against Apterous Adults of A. citricola Treated at 0.04 ug/nymph

corrected mortality rate (%)

Comp. i itri
oah  48h LDsp Values of Compounds at 48 h against A. citricola

223 138 403 Comp. LDso (ng/mymph)

224 18.4 41.4 Cholesterol 0.237

227 13.8 38.0 230 0.041

230 4.6 55.2

Control Efficiency of Compounds against A. citricola
in the Greenhouse Tests at 1.0 mg/mL

control efficiency (%)

Comp. - - -

first day third day fifth day seventh day
Cholesterol 3.9 9.5 14.5 18.1
230 8.3 40.3 54.5 59.8

Fig. 49. Steroidal-isoxazole derivatives 222-232.
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o Comp ICs0 (uM)
SK-MEL-2 A549 B16-F10
233 7.62 7.70 4.98
Betulinic acid 1.15 2.70 1.57

inhibition (%)
0.1 uM 0.5uM 1.0 uM
0 66.8 78.9

Comp.

a-glucosidase inhibition

ICs0 (1M) Comp.
Comp. ICso (M)
RD TE32 A549 MS
237 10.8
236 34.76 6522 16.36 Betulinic acid 7.8
238, R= -CH,OH Comp Immortalized human ICs0 (1M)
" fibroblasts MCF-7 U-87 MG A549 HepG-2
770 239, R= }—<0H 238 >100 4411 >100 1105 >100
239 >100 1147 2115 2931 4965
R 240, R=-CH,SCOCH; 240 >100 1249 1816 13.15 83.41
241 >100 1815 2018 1151 81.15
241, R= -COOH Doxorubicin  3.15 402 288 502 10.08

Fig. 50. Pentacyclic triterpenoids-isoxazole derivatives 233-241.

a steroid derivative containing isoxazole at site C-14. Compound 202
showed a certain inhibitory effect on the T-47D cell line, and the cell
survival rate decreased to 49 % at a concentration of 50 pM.

A series of isoxazolyl steroid derivatives synthesized by Baranovsky
et al. (Baranovsky et al., 2021). Compounds 203-205 were found to
have strong binding ligands to human CYP51 in the micromolar range,
with Kdapp of 1.50, 1.06, and 1.98 pM, respectively.

Kovacs et al. (Kovacs et al., 2012) prepared novel 17-exo-isoxazolyl
derivatives by a “click” chemical method. The derivatives were screened
in vitro to detect their anti-proliferative activity against three human
cancer cell lines (HeLa, MCF-7, and A2780). Compound 206 showed a
certain inhibitory effect on HeLa, MCF-7, and A2780 at a concentration
of 10 pM, with inhibition rates of 68 %, 63 %, and 46 %, respectively
(Fig. 43).

Mohareb et al. (Mohareb et al., 2013) introduced various heterocy-
cles in the C-17 position of the pregnenolone skeleton to obtain a series
of derivatives and evaluated the cytotoxicity of some cancer cells.
Compound 207, which introduced isoxazole, had the strongest killing
effect on NUGC and DLDI cell lines with ICsq values of 44 and 60 nM,
respectively, and there was no toxicity against normal fibroblast cells.
The synthesis route is depicted in Fig. 44. Firstly, the reaction between
pregnenolone and 3-oxo-3-phenylpropanenitrile in the presence of
ammonium acetate yielded the Knoevenagel condensation intermediate.
Then, this intermediate was reacted with elemental sulfur and a catalytic
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amount of triethylamine to afford the thiophene derivative. Finally, the
compound 207 was obtained by reacting the thiophene derivative with
hydroxylamine hydrochloride in 1,4-dioxane containing sodium
acetate.

Al-Masoudi et al. (Al-Masoudi et al., 2015) synthesized a series of
pregnenolone analogues having aryl-imino groups at C-20 and evalu-
ated the inhibitory activity of human CYP17 hydroxylase expressed in
E. coli. Compound 208 was the most potent in the series with an ICsg of
2.11 pM. However, the activity was inferior to that of abiraterone ace-
tate (ICso = 0.072 pM).

Dalidovich et al. (Dalidovich et al., 2019) prepared isoxazole de-
rivatives of [17(20)E]-21-norpregnene. The ability of the synthesized
compound to inhibit the growth of prostate cancer cells was investi-
gated. Among them, compounds 209 and 210 showed high inhibitory
effects on LNCaP and PC-3 cell lines, with ICso values ranging from
10-67 pM. The results also indicated that oxidation of the Cg hydroxyl
group did not enhance the antiproliferative activity of prostate cancer
cells.

Tsai et al. (Tsai et al., 2017) designed and synthesized a series of
steroid derivatives with C-21 hydrophilic substituents. Isoxazol-
containing derivative 211 showed a weak inhibitory effect on PC-3
cells with an ICsg of 369 pM.

Ajdukoviic et al. (Ajdukovic et al., 2015) evaluated the potential anti-
tumor activity of different a-modified 17a-picolyl and 17(E)-
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Comp. ICs0 (M) PTP1B/TCPTP
PTP1B TCPTP

242 1.62 8.51 5.25

243 098  3.88 3.95

Betulin 1172 - -

Oleanolic acid _ 2.67 5.98 2.2

ICs0 (M)
Comp.
SK-MEL-2 A-375 DAOY LN-229 OVCAR-3 HT-29 MCF-7
Betulinic acid 33 51 31 61 59 37 50
244 8 - 8 >75 60 10 25
245 8 10 7 75 75 75 >75

Fig. 51. Pentacyclic triterpenoids-isoxazole derivatives 242-245.

picolinylidene androstane derivatives. The results of the 48 h in vitro
experiment showed that compound 213 had the strongest inhibitory
effect on PC-3 (ICsg = 6.6 pM).

Qiu et al. (Qiu et al., 2018) designed and synthesized a series of
isoxazole-chenodeoxycholic acid hybrids and evaluated the lipid-
lowering ability of the compounds using a 3T3-L1 adipocyte model.
Compound 214 showed a significant lipid-lowering effect, reducing fat
accumulation by 30.5 % at 10 uM. Pharmacological mechanism studies
have shown that 214 blocks lipid accumulation by activating the FXR-
SHP signaling pathway and effectively down-regulates the expression
of the key lipogenesis regulator SREBP-1c (Fig. 45).

Obticholic acid is a Farnesoid X receptor (FXR) agonist that has
entered a Phase III clinical trial in patients with nonalcoholic steatohe-
patitis (NASH). Xiao et al. obtained a series of derivatives based on
obeticholic acid modified at Ca4, in hopes of developing FXR agonists
with higher selectivity. The derivative 215 (ECso = 0.03 pM, efficacy =
121 %) linked to C3-OH isoxazole shows a strong affinity for FXR (Xiao
et al., 2017). The synthesis route is depicted in Fig. 46. The starting
material, obticholic acid, was subjected to oxidation, condensation,
decarboxylation, and cyclization reactions to yield compound 215.

Figueroa-Valverde et al. (Figueroa-Valverde et al., 2011) synthesized

the pregnenolone-danazol-ethylenediamine conjugate, and the
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antibacterial activity against S. aureus and Vibrio cholerae was tested.
The bioactivity results showed that compound 216 inhibited the growth
of both bacteria in a dose-dependent manner, with MIC values of 1.23
pM for S. aureus and V. cholerae.

Wang et al. (Wang et al., 2012) designed and synthesized a series of
caudatin derivatives and detected their anti-hepatitis B virus (HBV)
activity in HepG-2.2.15 cells. Compound 217 containing isoxazole
showed inhibitory activity against HBV DNA replication with ICsy of
16.97 pM. Additionally, compound 217 inhibited HBsAg secretion to
some extent (ICso = 201.23 pM).

Yildiz et al. (Erdagi and Yildiz, 2022) modified diosgenin to obtain a
series of derivatives and evaluated the cytotoxicity of these compounds
in MCF-7 and A549. Compound 218 containing isoxazole showed
stronger anti-tumor activity against MCF-7 and A549 cell lines with ICsg
values of 9.15 pM and 14.92 uM, respectively, than diosgenin (ICsg
values of 26.91 and 36.21 pM, respectively) (Fig. 47).

Smirnova et al. (Smirnova et al., 2020) designed and synthesized a
series of dipterocarpus alatus derivatives and evaluated their cholines-
terase inhibitory activity and cytotoxicity. Compound 219 containing
isoxazole showed some cytotoxicity to the MCF-7 cell line (ECso = 16.2
uM), and slightly inhibited AChE (15.87 %). There was no inhibitory
effect on butyrylcholinesterase.



J. Wang et al.

HO  23_Hydroxybetulinic acid (HBA)

Arabian Journal of Chemistry 17 (2024) 105794

O

;—N\H_/NH2

Comp. ICs0 (1M)
HL-60 BEL-7402 SF-763 Hela B16
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Fig. 52. Pentacyclic triterpenoids-isoxazole derivatives 246-248.

20(R)-25-methoxyl-dammarane-33,128,20-triol (AD-1) is a newly
discovered ginsenoside that induces GO/G1 cell cycle arrest, apoptosis,
and ROS production. Ma et al. (Ma et al., 2021) obtained a series of AD-1
derivatives by introducing heterocyclic rings at the positions C-2 and C-
3. The ICsg values of the 220 isoxazole-containing derivative for the RM-
1 and HCT116 cell lines were 14.38 and 19.55 pM. Compound 220 did
not show obvious cytotoxicity to normal GES-1 cells (ICso > 100 pM).

To develop more effective anti-myocardial ischemia/reperfusion
(MI/R) injury drugs, Wu et al. (Wu et al., 2020) designed and synthe-
sized a series of heterocyclic panaxatriol fusion derivatives, and evalu-
ated the cardiovascular activity of heterocyclic derivatives of
panaxatriol. Compound 221 increased cell viability to approximately 88
% and 89.2 % at 10 uM. In vivo, captopril (20 mg/kg) and panaxatriol
(40 mg/kg) reduced the size of the infarct by 34.0 % and 30.6 %,
respectively. At a dose of 40 mg /kg, compound 221 reduced the size of
the infarct to 20.5 %. Therefore, compound 221 can significantly reduce
the size of the myocardial infarction, reduce the leakage of circulating
cardiac troponin I (cTnl), and alleviate myocardial tissue injury
(Fig. 48).

Xu et al. (Xu et al., 2021) designed and synthesized a series of
cholesterol oxime ether derivatives containing isoxazole, and deter-
mined the agricultural activity of these compounds against A. citricola,
M. separata, and P. xylostella. The control effect was tested in the
greenhouse. Compounds 223-225 and 231-232 showed significant
inhibitory effects on M. separata, with mortality rates (MRs) ranging
from 48.1 % to 66.6 % after 35 days at a concentration of 1 mg/mL.
Among them, compound 224 has the highest MRs against M. separata,
reaching 66.6 %. The third instar larvae of P. xylostella were treated with
20 pg/larva compounds 222-224, 226, and 228-229 for 48 h. These
compounds showed good insecticidal activity, with MRs ranging from
26.6 % to 42.2 %. Among them, compound 224 had the highest MR
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against P. xylostella, reaching 42.2 %. The insecticidal activity of
A. citricola treated with 0.04 pg/larva for 48 h showed that the MR of
compounds 223, 224, 227, and 230 ranged from 38.0 % to 55.2 %.
Among them, compound 230 had the highest MRs against A. citricola,
reaching 55.2 %. The 48 h LDs( value of compound 230 for A. citricola
was 0.041 pg/nymph, while the cholesterol 48 h LDs( value was 0.237
pg/nymph. Therefore, the aphid-killing activity of compound 230 is 5.8
times that of cholesterol. The control effect of compound 230 on
A. citricola was tested in a greenhouse. The results showed that the
control effects of 230 at 3, 5, and 7 days after treatment were 40.3 %,
54.5 %, and 59.8 %, respectively, while the corresponding cholesterol
results were 9.5, 14.5 and 18.1 %, respectively. The results showed that
the prophylactic effect of compound 230 was 3.3-4.2 times that of
cholesterol (Fig. 49). Structure-activity relationships suggest that the Cg
hydroxyl group and the C7 position of cholesterol are two important sites
for modification.

Summary: In this section, the biological activities of various terpe-
noid natural products after hybridization with isoxazole molecules were
reviewed, including estradiol, estrone, mestranol, pregnenolone, dehy-
droepiandrosterone, chenodeoxycholic acid, obeticholic acid, caudatin,
diosgenin, dipterocarpol, panaxatriol, and cholesterol. Their semi-
synthetic derivatives mainly have anti-tumor, antibacterial, anti-viral,
lipid-lowering, anti-myocardial ischemia/reperfusion injury, and even
agricultural activities. In anti-tumor activity, compound 207 showed
good selectivity between tumor cells and normal cells. Compound 214 is
valuable for further study in the treatment of hyperlipidemia. In addi-
tion, compared with panaxatriol, compound 221 can greatly improve
the protective activity towards cardiomyocytes. The preliminary struc-
ture-activity relationship study suggested that fusing isoxazole can
improve the activity of the parent compound.
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Fig. 53. Pentacyclic triterpenoid-isoxazole derivative 249.

2.9. Terpene-isoxazole hybridization

You et al. (You et al., 2003) designed and synthesized modified
betulinic acid derivatives with A rings and evaluated the anti-tumor
activity of three cancer cells. The derivative 233 containing isoxazole
showed significant inhibitory effects on SK-MEL-2, A549, and B16-F10
cell lines with ICsg values of 1.15, 2.70, and 1.57 pM, respectively. On
the activity of betulinic acid (SK-MEL-2: IC5y = 7.62 pM; A549: IC5¢ =
7.70 uM; B16-F10: IC59 = 4.98 pM). The findings also demonstrated that
the introduction of isoxazole into the A ring of betulinic acid resulted in
unfavorable anti-tumor activity.

Minassi et al. (Minassi et al., 2018) designed and synthesized
betulate-isoxazole derivatives. Among them, compound 234 was found
to be an inhibitor of HIF prolyl hydrolases (PHDs) with good biological
activity (ECsp = 2.6 uM).

Xu et al. (Xu et al., 2012) designed and synthesized a series of
betulinic acid derivatives by introducing different fused heterocycles
into the A ring, and evaluated their inhibitory effects on the formation of
osteoclasts induced by RANKL. At a concentration of 0.5 pM, the inhi-
bition rate of compound 235 containing isoxazole was 66.8 %. The ac-
tivity was much higher than that of betulinic acid (ICso ~ 20 pM).

Galaiko et al. (Galaiko et al., 2014) obtained a derivative from the
methyl ester of betulonic acid and tested the cytotoxicity of compound
236 in RD TE32, A549 and MS cells. Compound 236 showed an obvious
inhibitory effect on MS cells with an ICsg value of 16.36 pM.

Gundoju et al. (Gundoju et al., 2019) modified the Cyg site of betu-
linic acid to obtain a series of derivatives and evaluated their inhibitory
effects on a-glucosidase in RAW 264.7 cells. Compound 237 linked to
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isoxazole showed strong a-glucosidase inhibitory activity with an ICsq
value of 10.8 pM. However, inhibitory activity was not as good as that of
betulinic acid (ICsg = 7.8 pM).

Luginina et al. (Luginina et al., 2021) designed and synthesized
betulinic acid-isoxazole conjugates and tested the anti-tumor activity of
these compounds in vitro. Compounds 238 and 241 showed significant
inhibitory effects on the A549 cell line with GlIso values of 11.05 and
11.51 pM, respectively. Compounds 239 and 240 showed significant
inhibitory effects on the MCF-7 cell line with Glsq values of 11.47 and
12.49 pM, respectively. These compounds did not show significant
cytotoxicity to immortalized human fibroblasts hTERT (GlIso > 100 pM)
(Fig. 50).

He et al. (He et al.,, 2016) synthesized a series of derivatives by
introducing 5-substituted phenyl-3-isoxazole at position Cs of betulin.
The PTP1B inhibitory activity of the target compounds was significantly
improved than that of betulin. The ICsy of the compounds at 243 was
0.98 pM, which was 12 times that of betulin. The selectivity of the
compound to the homologous enzyme TCPTP reached 3.95 times. The
inhibitory activity of compound 242 on PTP1B was slightly weaker than
that of 243, with ICsg of 1.62 pM. However, the selectivity of the ho-
mologous enzyme TCPTP was the highest, and the selectivity coefficient
reached 5.25 times. The synthesis route is depicted in Fig. 51. As a
protective group, 3,4-dihydro-2H-pyran selectively protected the hy-
droxyl group at Cyg of betulin, followed by reaction with various
substituted 3-(chloromethyl)-5-phenylisoxazoles. Finally, the protective
group was removed in a methanol solution containing p-toluenesulfonic
acid to obtain the target compounds.

Koohang et al. (Koohang et al., 2009) reported that compound 244
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Fig. 54. Pentacyclic triterpenoids-isoxazole derivatives 250-256.

showed a significant inhibitory effect on SK-MEL-2 and DAOY cell lines
with an ICsp of 8 pM. The ICsg values of compound 245 for these two
cancer cells were 8 and 7 pM, respectively.

Zhang et al. (Zhang et al., 2015) designed and synthesized 23-
hydroxybetulinic acid (HBA) derivatives substituted with isoxazole
and evaluated their anti-tumor activity. Compounds 246 and 247
showed inhibitory effects on various cancer cells, especially on the SF-
763 cell line with ICsq values of 6.08 and 6.94 uM. More than 3-hydrox-
ybetulinic acid activity (ICso = 43.40 pM).

Grishko et al. (Grishko et al., 2017) reported a method of synthesis of
novel ring-A fused heterocyclic derivatives. Derivatives 248 containing
isoxazole showed significant inhibitory effects on RD-TE32, A549, MS,
HEp-2, and HCT116 cell lines with ICsg values of 14.77, 7.85, 14.00,
22.07, and 19.01 pM, respectively (Fig. 52).

Liu et al. (Liu et al., 2016) designed and synthesized a series of het-
erocyclic substituted derivatives of bevirimat as HIV-1 inhibitors. Cell
culture efficacy of compound 249 against wild-type (wt) virus was
weaker than that of bevirimat (ECsg = 10 nM). However, in the presence
of human serum, the ECs( value at 249 was 0.295 pM, reflecting a much-
reduced degree of serum-binding (7.5 times at 12 h versus 97.4 times for
bevirimat). The synthesis route is depicted in Fig. 53. Betulin was used
as the starting material, and the Cog primary hydroxyl group was pro-
tected using benzoic anhydride to form the corresponding ester. The
triflate intermediate was prepared, followed by Suzuki coupling with
aryl carboxylic acid. Finally, the benzoyl protecting group at the Cog
position was removed, and the aryl ester was hydrolyzed.

Wu et al. (Wu et al., 2016) synthesized oleanolic acid derivatives
containing isoxazole and evaluated their anti-bone resorption activities.
The results showed that the isoxazole derivative 250 inhibited the
osteoclast formation of rank-induced RAW264.7 cells at a concentration

of 2 pM with an inhibitory rate of 78.5 %. The inhibitory rate of ole-
anolic acid was more than 11.4 %.

Chouaib et al. (Chouaib et al., 2016) reported the synthesis of ole-
anolic acid derivatives coupled with isoxazole and evaluated their anti-
inflammatory activity. In vitro anti-inflammatory tests showed that
compounds 251-252 had a greater inhibitory effect on the production of
pro-inflammatory IL-1f cytokines in LPS-stimulated human peripheral
blood mononuclear cells (PBMC) than oleanolic acid. The compounds
251-252 produced 55 % and 50 % IL-1f (/control) at a concentration of
100 pM, respectively, which was less than 88 % of oleanolic acid. They
also reported the synthesis of the oleanol-isoxazole conjugate and
evaluated the anti-proliferation of the cancer cell lines EMT-6 and
SW480. The results of the in vitro cytotoxicity test showed that 251-253
had stronger anti-proliferative activity, and the survival rate of EMT-6
cells decreased to 40 %, 44 %, and 32 %. The survival rate of SW480
cells decreased to 71 %, 61 %, and 57 %. The introduction of hetero-
cyclic rings at the Cs3 position of isoxazole indicates, to some extent, that
it exhibits superior anti-tumor activity compared to substituted phenyl.

Compound 254 has a strong inhibitory effect on leukemia cancer
cells and inhibits the proliferation of K562 cells in a dose-dependent
manner. After K562 cells were exposed to the compound 254 for 72 h,
the ICsg value reached 39.252 pM. Compound 253 induces apoptosis
and arrest of the G1 phase cell cycle, possibly due to decreased levels of
pAkt (Pan et al., 2015).

Compound 255 has an additional benzene ring based on 254, which
has inhibitory activity on MCF-7 cells with an ICs value of 88.2 yM
(Mallavadhani et al., 2014).

Wang et al. (Wang et al., 2017) modified oleanolic acid at position C3
to search for new interacting agents of FXR. The 256 isoxazole-modified
oleanolic acid derivative showed an antagonistic effect on FXR with an
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Fig. 55. Pentacyclic triterpenoids-isoxazole derivatives 257-263.

ICs0 value of 19.41 pM. The inhibitory effect did not exceed oleanolic
acid (ICsp = 13.69 pM) (Fig. 54).

You et al. (Gao et al., 2010) designed and synthesized A-ring modi-
fied glycyrrhetinic acid derivatives. All of these derivatives improved
the anti-proliferation effect of human HL-60 leukemia cells. The deriv-
ative 257 containing isoxazole showed a significant inhibitory effect on
HL-60 cells with an ICsy value of 1.7 pM. It exceeded the activity of
glycyrrhetinic acid (ICso > 40 pM).

Galaiko et al. (Galaiko et al., 2014) synthesis triterpene A-condensed
isoxazoles and tested the cytotoxicity of compound 258 against RTE32,
A549, and MS cells. Compound 258 showed the strongest inhibitory
effect on MS cells with an ICsg value of 23.18 pM.

Olanipekun et al. (Olanipekun et al., 2023) designed and synthesized
a series of isoxazole-arjunolic acid derivatives and evaluated their
inhibitory potentials for tyrosinase and a-glucosidase. Compound 259
had the strongest inhibitory effect on tyrosinase (ICso = 14.3 pM), about
three times that of the standard drug kojic acid (ICs9 = 41.5 pM).
Compound 260 had strong inhibition of a-glucosidase (ICso = 14.5 pM),
and the value of IC5y was comparable to that of standard acarbose (ICsq
=10.4 pM).
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Compound 261, a derivative of maslinic acid containing isoxazole,
has a higher anti-carcinogenic effect than crataegic acid. In the breast
cancer cell line EMT-6, the survival rate (percentage of live cells/con-
trol) of 261 and crataegic acid at 10 pM was 5 % and 100 %, respec-
tively. In colon cancer SW480, survival rates (percentage of live cells/
controls) for 261 and cratonic acid at 10 pM were 9 % and 123 %,
respectively (Chouaib et al., 2016). Carboxyl-linked isoxazole com-
pounds 261-263 of maslinic acid were found to have anti-inflammatory
activity. The derivative 261 was the most anti-inflammatory (100 pM:
IL-1p production rate = 4 %). The derivative 262-263 also has anti-
inflammatory effects (IL-1f production rate = 33 % and 44 %, 30 pM)
(Fig. 55).

Foskolin is a diterpene isolated from the roots of Coleus forskohlii.
Burra et al. (Burra et al., 2017) performed a 1,3-dipolar cycloaddition
reaction to introduce an isoxazole fragment onto the C;-OH of forskolin.
The anti-cancer activity of these compounds was evaluated against MCF-
7 and BT-474 cell lines (Fig. 56). The ICs¢ value of compounds 264-272
against MCF-7 cells was 0.5 pM. The ICs¢ value of compound 267
against BT-474 cells was 0.5 pM. The activity of both compounds was
higher than that of forskolin (MCF-7: ICso = 63.3 uM; BT-474: ICs¢ >
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Fig. 56. Terpene-isoxazole derivatives 264-272.
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Fig. 57. Terpene-isoxazole derivatives 273-274.
100 pM). parthenolide using P450-mediated chemical enzymes to obtain a series

Mokenapelli et al. (Mokenapelli et al., 2021) synthesized a series of
isoxazole-containing derivatives using andrographolide as the skeleton
and evaluated the cytotoxicity of HCT15, HeLa, and DU145 cell lines.
Compounds 273 and 274 showed significant cytotoxic activity against
DU145 cell lines with ICsq values of 48.60 and 42.98 uM (Fig. 57).

Zhang et al. (Zhang et al., 2018) studied the in vitro anti-S. aureus
activity of N-sulfonaminoethyloxime derivatives of dehydroabietic acid.
The derivative 275 showed the highest inhibitory activity against the
S. aureus Newman strain and multidrug-resistant strains (NRS-1, NRS-
70, NRS-100, NRS-108, and NRS-271), with a MIC of 1.56-3.13 pg/mL.

Alwaseem et al. (Alwaseem et al., 2018) modified Cy and Cy4 of
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of parthenolide derivatives. Derivative 276 showed a significant inhib-
itory effect on the HCT116 cell line with an ICsy value of 8.3 pM.
Anticancer activity was significantly higher than parthenolide (ICso =
18.0 uM).

Modification of parthenolide Cg or Ci4 sites by Tyagi et al. (Tyagi
et al.,, 2016) could effectively enhance the anti-leukemia activity of
parthenolide. Derivatives 276 and 277 significantly inhibited M9-ENL1
cells with ICsg values of 2.6 and 13.7 pM, respectively.

Chen et al. (Chen et al., 2019) reported an anti-thrombotic derivative
based on isosteviol with anticoagulant and anti-platelet activities.
Compound 278 selectively inhibited FXa (Ki = 9.786 pM) containing an
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Fig. 58. Terpene-isoxazole derivatives 275-278.

isoxazole structure against a panel of serine proteases, and it has certain
anticoagulant activity (Fig. 58).

Summary: Terpene-isoxazole hybridization natural products mainly
have anti-tumor, anti-inflammatory, anti-HIV, antibacterial, and anti-
bone resorption activities. Moreover, PTP1B is recognized as a target
for the therapy of diabetes. The inhibitory activity of compounds 242
and 243 on PTP1B was significantly better than that of the parent
compound, and the preliminary structural-activity relationship showed
that the introduction of electron-withdrawing groups to the meta posi-
tion of the benzene ring or electron-donating groups to the para position
of the benzene ring was beneficial to the activity.

Pentacyclic triterpenoids exist widely in many plants and have many
pharmacological activities, including anti-tumor activity. Unfortu-
nately, the anti-tumor activity of these pentacyclic triterpenoids-
isoxazole derivatives was not satisfactory, the ICsy values of these de-
rivatives on cancer cells did not reach the nanomolar level. Interestingly,
forskolin, a labdane diterpene natural product, its Cj-isoxazole
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derivatives (264-272) exhibited significant anti-cancer activity against
the MCF-7 breast cancer cells with ICsp < 1 pM. Furthermore, the pre-
liminary structure-activity relationship showed that the introduction of
electron-donating groups to the benzene ring at the C3 position of iso-
xazole was beneficial to the activity.

2.10. Alkaloid-isoxazole hybridization

Camptothecin prevents the breakdown of the topoisomerase-I (Topo
I)/DNA cleavable complex. Derivatives 279 and 280 showed significant
inhibitory activity against A549, MCF-7, MDA-MBq231, HepG-2, KB,
BEL-7402, MGC80-3, and SK-N-SH cell lines, with ICsy values ranging
from 0.064-10.54 pM. Compound 279 had the strongest inhibitory ef-
fect on the HepG-2 cell line with an ICsq value of 0.064 pM (Pan et al.,
2018). The synthetic routes for these two compounds are illustrated in
Fig. 59. 10-Hydroxycamptothecin was used as the starting material, and
the Duff reaction was first employed to introduce the aldehyde group at
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Fig. 59. Alkaloid-isoxazole derivatives 279-280.
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Fig. 60. Alkaloid-isoxazole derivatives 281-282.

41



J. Wang et al.

Arabian Journal of Chemistry 17 (2024) 105794

IC5q (NM)
Comp. HSP90
A549 BGC823 HCT116 PSN-1 Capan-1 MCF-7 HL7702
283 70 106 17 302 14 14 20 6171
284 72 82 9 295 8 10 15 6722
NVP-AUY922 14 42 26 45 21 428 40 1285
AT13387 7 45 29 35 26 228 70 773
SN38 - 11 17 8 25 11 47 18
CPT-11 - 1390 728 945 945 1190 634 1387
Fig. 61. Alkaloid-isoxazole derivatives 283-284.
O-N cl O-N cl
X P A P
NH, (N (NS0 ("N o
o o) cl o o
o O-N |
Ox o o So ©Lion °©
N N, ————> N N — > N N — > N N
NaBH,, MeOH TEA/DCM MeOH
\NN\‘\NN\ SN N SN NS ‘\NN\‘\NN\ SN N SN NS
‘/‘/ /‘/ ‘/‘/‘/‘/ /‘/ /‘/ ‘/‘/‘/‘/
o-Nn © on ©
S N ICs0 (NM)
Comp -
(\/\N o NN o COLO205 Detroit551
SN38, EDCI, HOBt ? n{ Zn(NO3), 7 K@\( 285 547 7168
o. - 0.
NMM, DMF DCM/MeOH

o N
N N
‘\NN\‘\NN\
/‘/ /‘/ o (]

Fig. 62. Alkaloid-isoxazole derivative 285.

the Co position. Subsequently, cyclization produced derivative 279
containing an isoxazole fragment. The compound 280 was synthesized
by introducing N-succinylglycine to compound 279 using a one-pot
method.

Zhu et al. (Zhu et al., 2020) developed a series of HSP90 inhibitor
SN38 couplings at the 20-OH and 10-OH sites of ester and carbamate
linkage of SN38. Among them, compounds 281 and 282 exhibit good
HSP90« affinity with ICsq values of 72 and 70 nM. Compounds 281 and
282 showed significant inhibitory effects on A549, HCT116, MIA-PACA-
2, Capan-1, and HL7702 cell lines with ICsy values ranging from
22-7893 nM. Furthermore, compound 282 showed excellent anti-tumor
activity and low toxicity in HCT116 and Capan-1 xenograft tumor
models. The pharmacokinetic analysis of the HCT116 and Capan-1 xe-
nografts further confirmed that treatment with compound 282 led to
effective cutting of tumor sites and prolonged exposure to SN38. The
initial structure-activity relationship analysis suggested that the elon-
gation of the carbon chain conferred enhanced antitumor activity. The
synthetic routes for these two compounds are illustrated in Fig. 60.

Compounds 283 and 284 were designed and synthesized by the same
research group using similar synthesis methods as compounds 281 and
282 (Fig. 61) (Cao et al., 2023). In vitro experiments showed that these
exhibited acceptable stability in PBS and plasma, with significant HSP90
binding affinity and strong cytotoxic capacity. Compounds 283 and 284

42

have a strong binding affinity for HSP90 with ICsq values of 70 and 72
nM. It showed significant inhibitory effects on A549, BGC823, HCT116,
PSN-1, Capan-1, and MCF-7 cell lines, with ICsg values ranging from 8 to
302 nM.

Liu et al. (Liu et al., 2019) reported a new conjugate of
phosphatidylserine-targeted zinc (II) dipicolylamine drug and evaluated
the in vitro cytotoxicity of these compounds against the COLO-205 cell
line and the normal fibroblast Detroit 551. Cytotoxic compound 285
inhibited COLO-205 cells at 547 nM. Compound 285 is less toxic to
normal cells (Detroit 551: ICsq 7168 nM). As shown in Fig. 62,
reductive amination of starting material with methyl 4-formylbenzoate
and NaBHy4. Then, the ester intermediate was treated with an acyl
chloride containing an isoxazole group under basic conditions in
CHCly. Subsequently, the SN38-conjugated intermediate was obtained
through hydrolysis and esterification. Incubation with 2 equivalences of
zinc nitrate with SN38-conjugated intermediate then afforded the
compound 285.

Filali et al. (Filali et al., 2016) obtained a novel derivative of iso-
xazole by linking Harmine and evaluated its anti-proliferative activity
against OCVAR-3, MCF-7, and HCT116 cell lines by MTT assay. Of the
synthesized derivatives, compounds 286 and 287 showed the best ac-
tivity, with ICso values ranging from 5.0-73.08 uM for the three cancer
cells. The above results suggest that the introduction of electron-
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Fig. 63. Alkaloid-isoxazole derivatives 286-290.

donating groups at the para-position of the phenyl group may lead to a
reduction in antiproliferative activity. Compounds 286 and 287 showed
antiacetylcholinesterase activity with ICsg values of 22.9 and 17.9 pM.

Ravinaik et al. (Ravinaik et al., 2019) reported the synthesis of linked
amide derivatives based on p-carboline and the evaluation of their anti-
tumor activity. The synthetic approach to the targeted compounds
288-289 began with the cyclization of 2-aminobenzenethiol and 4-ace-
tylbenzaldehyde in the presence of ZnO nanoparticles, resulting in the
formation of 1-{4-(benzo[d]thiazol-2-yl)phenyl}ethanone. Subsequent
reaction with 9H-pyrido[3,4-blindole-1-carbaldehyde through Claisen-
Schmidt condensation led to an a,p-unsaturated chalcone intermedi-
ate. The chalcone intermediate was then reacted with hydroxylamine
hydrochloride and pyridine, leading to the formation of an isoxazole
intermediate. Finally, coupling reactions between the isoxazole
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intermediate and various substituted benzoyl chlorides in the presence
of CsyCOg3 afforded the target compounds 288-289. Compounds 288
and 289 showed significant inhibitory effects on MCF-7, A549, Colo-
205, and A2780 cell lines with ICsg values ranging from 0.10-0.77
uM, respectively.

Wu et al. (Wu et al., 2007) reported carboline-based MK2 inhibitors.
Compound 290 containing isoxazole inhibited MK2; ICsq as low as 1.50
1M, as measured in a DELFIA assay (Fig. 63).

Indirubin has been shown to inhibit cyclin-dependent kinase (CDK)
activity, leading to cell cycle arrest (Hoessel et al., 1999; Damiens et al.,
2001). Furthermore, long-term animal studies have shown that indir-
ubin does not have the toxicity of conventional anticancer drugs and
does not affect bone marrow or hematopoietic stem cell production
(Moon et al., 2006). Tang et al. (Chiou et al., 2015) synthesized a series
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Fig. 64. Alkaloid-isoxazole derivatives 291-296.
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Fig. 65. Alkaloid-isoxazole derivatives 297-299.

of derivatives of 3-ylideneoxindole acetamides. Compounds 291-295
showed significant inhibitory activity against NCI-H460, MCF-7, Hep3B,
KB, SF-268, and MKN-48 cell lines with ICsy ranging from 2.2-8.6 uM.
Compound 295 inhibits cells in the G1 phase, increasing the number of
cells in the sub-G1 phase, suggesting that compound 295 exerts its anti-
tumor activity through the apoptosis-inducing pathway. Furthermore,
compound 295 causes up-regulation of the cell cycle regulator cyclin
D1, which is maintained at high levels. Compound 295 in CT26-
xenografted BALB/c mice treated by the i.p. route showed a reduction
in tumor volume comparable to cisplatin.

Bisindole alkaloids, which are metabolites of deep-sea sponges, have
been widely concerned for their antiviral, antibacterial, anti-
inflammatory, and anti-tumor activities (Shin et al., 1999; Casapullo
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etal., 2000; Bao et al., 2005; Gul and Hamann, 2005). Diana et al. (Diana
et al., 2010) synthesized a series of bisindolyl isoxazole derivatives and
evaluated them in a variety of human tumor cell lines. Among them,
compound 296 had a strong inhibitory effect on the GXF 251L, A549,
LXFA 629L, PANC1, and UXF 1138L cell lines with IC5q value < 10 pM
(Fig. 64).

Staurosporine, an alkaloid, is a potent but non-selective inhibitor of
GSK-3p. Yeetal. (Yeetal., 2013) synthesized a series of 3-benzoisoxazol-
4-indolyl maleimide and evaluated their GSK-3p inhibitory activity. The
reaction of indole with oxalyl chloride in diethyl ether, followed by
treatment with sodium methoxide, afforded methyl 2-(1H-indol-3-yl)-2-
oxoacetate. Subsequent N-alkylation reactions were performed using
various alkyl chlorides. Finally, the target compounds were synthesized



J. Wang et al.

Matrine

_0 OH \

Vincamine

Vindoline

NaBH4-CoCI2 e
—_—

o
THF-H,0  /

Arabian Journal of Chemistry 17 (2024) 105794

Comp Verocell: CVB3: si
" TCso (M) ICsp (nM)
300 >556.3 6.87 >81
Ribavirin  6355.68 379.12 16.76
ECso (M)
Comp.
Dd2 3D7 HepG-2
Vincamine >50 >50 -
301 214 097 >25

FEC|3, HCI, CF3CH20H

7. Cgbdn

COOMe Et 2. Fey(ox)z-NaBH,4, CsN3

Catharanthine

|C5o (nM)
Comp.
L1210 HCT116 HCT116/VM46
Vinblastine 6.0 6.8 600
302 4.5 7 90

Fig. 66. Alkaloid-isoxazole derivatives 300-302.

through a condensation reaction with 2-(benzo[d]isoxazol-3-yl)acet-
amide. Compounds 297-299 showed significant inhibitory effects on
GSK-3p with ICsg values ranging from 0.73 to 22.1 pM. In cell function
experiments, compounds 297-299 significantly reduced Ap-induced
Tau hyperphosphorylation by inhibiting GSK-3p (Fig. 65).

Li et al. (Li et al., 2017) synthesized a series of 12 N-substituted de-
rivatives using matrine as the lead compound and evaluated their ac-
tivity against the Coxsackie B3 virus (CVB3). The isoxazole-linked
derivative 300 showed a significant inhibitory effect on the CVB3 virus
with an ICsq value of 6.87 pM. There was no toxicity to normal Vero cells
(ICsp > 556.3 pM).

Norwood et al. (Norwood et al., 2021) synthesized a series of vinc-
amine compounds. Compound 301 showed strong inhibition of
chloroquine-resistant P. falciparum Dd2, ECs¢ = 2.14 pM. For wild-type
P. falciparum 3D7 cells, ECsop = 0.97 uM; HepG-2 cell: EC5¢ > 25 pM.

Lukesh et al. (Lukesh et al., 2017) synthesized vinblastine-amides
derivatives and tested their anti-tumor activity. As depicted in Fig. 66,
the azide intermediate was available directly in a single step from
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commercially available vindoline and catharanthine by enlisting first
their Fe(IIl)-promoted coupling. Subsequent in situ Fe(Ill)-mediated free
radical hydrogen atom transfer hydroazidation of anhydrovinblastine.
The target compound was then obtained through a reduction reaction
followed by a condensation reaction. Isoxazol-linked derivative 302
showed significant inhibitory effects on L1210, HCT116, and HCT116/
VM46 cell lines with ICsg values of 4.5, 7.0, and 90 nM, respectively.
Activity exceeding or approaching that of vinblastine (L1210: IC5o = 6.0
nM; HCT116: ICso = 6.8 nM; HCT116,/VM46: ICso = 600 nM).
Summary: Alkaloid-isoxazole hybridization natural products mainly
have anti-tumor, anti-viral, and anti-parasitic activities. Among these
derivatives, camptothecin hybrid isoxazole derivatives showed the
strongest anti-tumor activity in vitro, compound 284 was the most sen-
sitive to the PSN-1 cell line with an ICs¢ value of 8 nM. Preliminary
structure-activity relationships indicate that shortening carbon chains
increases anti-tumor activity and reduces toxicity to normal cells
(NL7702). Compound 300, a matrine hybrid isoxazole derivative,
showed significantly better anti-viral activity than ribavirin. Besides,



J. Wang et al.

Arabian Journal of Chemistry 17 (2024) 105794

ICs0 (uM)
Comp.
HL-60 BEL-7402 SF-763 HelLa B16
HBA 4515 39.67 4340 5239 29.87
303 16.71 17.02 15.10 18.43 15.16
Doxorubicin 0.17 ~ 0.22 0.16 021 0.18

Fig. 67. Carbohydrate-isoxazole derivative 303.
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Fig. 68. Carbohydrate-isoxazole derivatives 304-305.

compound 301 significantly enhanced the anti-parasitic activity
compared to its parent compound vincamine.

2.11. Carbohydrate-isoxazole hybridization

Zhang et al. (Zhang et al., 2015) designed and synthesized 23-
hydroxybetulinic acid (HBA) derivatives substituted with isoxazole
and evaluated their anti-tumor activity. The glycosylated derivative 303
showed strong inhibitory effects on HL-60, BEL-7402, SF-763, HeLa, and
B16 cell lines with ICs ranging from 15.10-26.71 uM (Fig. 67).

Neuroinflammation is an early stage of several neurological and
neurodegenerative diseases. Constitutive microglia COX-1 is one of the
pro-inflammatory factors in neuroinflammation. Mofezolac (a highly
selective COX-1 inhibitor) is linked to galactose via an ester or amide
bond to obtain a substance that can cross the blood-brain barrier (BBB)
and control the inflammatory response of the central nervous system.

Compound 304 is a selective COX-1 inhibitor (COX-1: IC59 = 0.27 pM;
COX-2: ICsp = 3.1 pM, SI = 11.5). Compound 305 is a COX-2 inhibitor
(COX-1: ICsp = 0.40 pM; COX-2: ICs9 = 0.27 pM). Compound 304 is
chemically and metabolically stable, able to cross the monolayer of
Caco-2 cells (similar to the blood-brain barrier), and its transport is
detected mediated by GLUT-1. Additionally, compound 304 inhibited
PGE2 release more effectively than mofezolac in LPS-stimulated mouse
BV2 microglia cell lines (Perrone et al., 2017) (Fig. 68). The esterifica-
tion of mofezolac with 1,2:3,4-di-O-isopropylidene-a-D-galactopyranose
(DIPG) was initially conducted in the presence of EDC and DMAP to
yield the corresponding intermediate. Subsequently, deprotection of the
intermediate using trifluoroacetic acid resulted in the synthesis of
compound 304. Compound 305 was synthesized utilizing 11-aminoun-
decanoic acid as a linker following the same procedure as compound
304.

Thiamethoxazole (HYM) is a broad-spectrum fungicide. When HYM
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Concentration Phytophthora Fusarium  Rhizoctonia Alternaria Sclerotinia
(ng/mL) capsica oxysporum  solani alternata  sclerotiorum
306 100 0.00 22.95 20.00 24.18 57.65
200 1.37 18.84 35.56 72.53 71.76
400 10.96 21.92 51.11 93.41 81.18
307 100 4.79 50.68 25.19 100.00 60.00
200 20.55 59.93 4519 100.00 83.53
400 26.03 78.42 65.19 100.00 100.00
HYM 100 0.00 69.18 50.00 100.00 100.00
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307 1.58 34.84 0.7097 64.04 255.70 1.587
HYM 0.78 16.91 0.71533 50.30 166.67 1.834

Fig. 69. Carbohydrate-isoxazole derivatives 306-307.
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Fig. 70. Carbohydrate-isoxazole derivatives 308-320.

is absorbed by plants, it is rapidly converted into two glucoside me-
tabolites, which have less anti-fungal activity than HYM. To maintain
strong anti-fungal activity in vitro and in vivo, HYM performs glycosyl-
ation with amino sugars, simulating plant glycosylation. The anti-fungal
activity of glycosides 306 and 307 was the highest. N-acetylglucosamine
had an obvious synergistic effect with HYM. Furthermore, glucoside 307
can significantly promote plant growth and induce an increase in plant
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defense enzyme activity. In addition, electron microscopy and proteo-
mic results showed that glycoside 307 had a unique anti-fungal mech-
anism compared to HYM (Gao et al., 2022) (Fig. 69).

Giguere et al. (Giguere et al., 2006) synthesized galactosides con-
taining isoxazole and discovered specific galactin-1 and —3 inhibitors.
Compounds 308 and 309 showed inhibitory effects on galectin-1 with
inhibitory properties of 2.5 and 1.25 mM.
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Fig. 72. Carbohydrate-isoxazole derivatives 324-328.
Hajlaoui et al. (Hajlaoui et al., 2017) designed and synthesized new furanoside derivatives containing isoxazole and tested their anti-tumor
glycosubstituted isoxazole and screened these compounds for antibac- activity. Compound 318 can inhibit PC3 cell growth, and the inhibi-

terial activity against the Mtb H37Rv strain. Compounds 310-313 tion rate is 34.14 % at 10 pM concentration. After treatment with

showed potent anti-tuberculosis activity with a MIC of 3.125 pg/mL. compound 318 for 24 h, PC3 cells remained in the GO/G1 phase (54.5

Compounds 314-317 showed moderate inhibitory activity with a MIC %). Under the treatment of compound 318, the increase in the popula-

of 12.5 pg/mL. tion of GO/G1 cells was mainly at the expense of S phase cells, while the
Gueron et al. (Gueron et al., 2014) synthesized a series of D-nuclear decrease in the population of G2/M cells was minimal.
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Fig. 73. Camphor-isoxazole derivatives 329-332.
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Fig. 74. Radicicol-isoxazole derivative 333.

Marchiori et al. (da Rosa et al., 2017) reported the synthesis of O-3-
triazole-linked galactosyl arylsulfonamides as a potential inhibitor of
Trypanosoma Cruzi cell invasion. The infection index of compound 319
was reduced (~20), and in corning Epic label-free assays, compound
319 had a high binding affinity to galactin-3 (EC5¢ = 17.2 puM).

Chen et al. (Chen et al., 2001) describe the synthesis of compound
320 and its ability to inhibit aGal binding to human anti-Gal antibodies.
With two known aGal trisaccharide standards, Gala1-3Galf1-4GlcNAcp-
Allyl (IC5p = 0.03 mM) and Galal-3Galp1-4Glcf-NHAc (ICso = 0.07

o
KoCO3 R2%N,X Zon
R ‘ —_—

o
R, X
RQ%N,X \f{l
—_—
N,go Y NS0
2

mM) were compared. Compound 320 showed an anti-Gal binding af-
finity comparable to the two aGal standards, with an ICsq value of 0.08
mM (Fig. 70).

Lopopolo et al. (Lopopolo et al., 2012) reported a series of potent
serine protease factor Xa (fXa) inhibitors containing O-glucoside. Com-
pounds 321-323 showed good anti-coagulant activity in vitro with K;
values of 37, 0.2, and 0.06 nM, respectively (Fig. 71).

Pérez-Balderas et al. (Pérez-Balderas et al., 2005) designed and
synthesized a series of isoxazole-glycoconjugates and evaluated the
binding affinity of these conjugates with concanavalin A using an
enzyme-linked lectin essay (ELLA). Conjugates 324-328 showed
inhibitory effects on HRP-labeled concanavalin A binding with ICgq
ranging from 0.067 to 0.96 mM (Fig. 72).

Summary: Natural products often have the shortcomings of low
bioavailability and poor water solubility. Therefore, the introduction of
carbohydrates into their structures can often improve their physical
properties. Carbohydrate-isoxazole hybridization natural products
mainly have anti-tumor, anti-inflammatory, anti-fungal, anti-coagulant,
and anti-parasitic activities. To develop anti-coagulant drugs with better
safety, fXa inhibitors have emerged as attractive options for venous
thromboembolism treatment. Compound 323 achieved in vitro excellent
inhibition potency against fXa, with a K; value of 60 pM. The other
compounds in this section do not exhibit particularly desirable phar-
macological activity. For instance, mofezolac is an anti-inflammatory
drug bearing isoxazole moiety, unfortunately, the introduction of car-
bohydrate fragments into its structure did not increase its inhibitory
activity against COX-1.

NIOH
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Y’N\L)\H
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\
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R

\
N-O

334, Ry= CHj; Ry= CHa; X= Bz; Y= BOC
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Comp.
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334 2.46 3.29 10.608 7.9393
335 - 2.54 - 27.91
336 1.02 1.25 98.07 80.02
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336, Ry= CH,CH(CH3),; Rp= H; X= Bz; Y= BOC

Fig. 75. Uracil-isoxazole derivatives 334-336.
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2.12. Other natural products-isoxazole hybridization

Ousidi et al. (Ousidi et al., 2023) synthesized the corresponding
thiazolidin-4-one from natural (R)-camphor, followed by N-alkylation
with propargyl bromide prior to subjecting the resulting product to 1,3-
dipolar cycloaddition reactions with a series of nitrile oxides. Subse-
quently, in vitro cytotoxicity evaluation was performed on the four
synthetic products containing camphor and isoxazole fragments. Un-
fortunately, their activity against three human cancer cells did not
surpass that of the positive control drug Doxorubicin (Fig. 73). The
preliminary structure-activity relationship revealed that introducing an
electron-withdrawing group in the para-position of the phenyl group
conferred beneficial effects on activity. Additionally, compound 311
exhibited significant inhibition potential against BCl-2 protein as
confirmed by molecular docking studies. Furthermore, through
hydrogen bonding interactions with ARG109 and SER105 residues, the
nitrogen atom of isoxazole acted as a hydrogen bond acceptor indicating
its crucial role.

B-thalassemia can be treated with fetal hemoglobin (HbF) inducers.
Currently, hydroxyurea (HU) is the only approved drug capable of
inducing HbF, and studies have found that HU treatment is associated
with a down-regulation of the heat shock protein (HSP) HSP90AA1l
gene. However, the side effects of HU treatment limit enthusiasm for its
use. Radicicol is a natural antibiotic, a resorcylic acid lactone known as a
natural inhibitor of HSP90 and therefore a potential inducer of HbF in
erythroid cells from p-thalassemia patients (Fig. 74). Additionally, it has
been discovered that the resorcinolic portion plays a crucial role as a
pharmacophore. However, radicicol presents several challenges for
therapeutic application including poor solubility, significant liver
toxicity, intrinsic chemical instability or loss of activity in vivo. There-
fore, to develop a novel inducer for HbF, the researchers introduced
isoxazole fragments for structural modification. Compound 333
exhibited remarkable induction activity towards HbF and thus repre-
sents a strong candidate for ameliorating the phenotype associated with
B-thalassemia (Ilaria et al., 2021; Zuccato et al., 2024).

The synthesis route of a series of nucleoside-isoxazole hybrid mole-
cules, as illustrated in Fig. 75, was reported by Kim et al. (Kim et al.,
2003). The amino groups at both the N; and N3 positions were protected
by starting with 5-substituted uracil before selective deprotection of the
amino acid at the N3 position through stirring in a weak base solution
was performed. Subsequently, Mitsunobu and cyclization reactions were
employed to synthesize the target compounds. Evaluation against
poliovirus (Cox.B3) and vesicular stomatitis virus (VSV) revealed that
compounds 334-336 exhibited superior antiviral activity compared to
ribavirin. Among them, compound 336 demonstrated the highest ac-
tivity with significantly higher selectivity index than ribavirin, indi-
cating its ideal antiviral efficacy and low toxicity towards host cells.

3. Conclusions and perspectives

Natural products encompass all metabolites derived from animals,
plants, and microorganisms. Over the past century, structurally diverse
natural products have made significant contributions to drug research,
including antibiotics, immunosuppressants, anti-tumor agents,
cholesterol-lowering drugs, and other clinically utilized medications,
most of which are closely associated with natural products. In compar-
ison to synthetic compounds, natural products exhibit greater diversity
in terms of structural scaffold and stereochemistry while also possessing
a wider range of molecular weight and lipid-water partition coefficient.
Furthermore, natural products can actively participate in regulating
various aspects of biological processes. These distinctive characteristics
and advantages position natural products at the forefront of drug
research.

Optimizing the structure of lead compounds is the main task for the
development of new drugs, and the structure combination principle has
become a strategy for the optimization of lead compounds. With natural
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products as lead compounds, isoxazole is introduced into different po-
sitions of their structure through structural modification may obtain
active molecules with high efficiency and low toxicity. As previously
mentioned, natural products-isoxazole hybrids have made great prog-
ress in medicinal chemistry, but there are still some problems and di-
rections for further development: (i) To obtain both more active
compounds and novel chemical structures, researchers can hybridize
three or more of the above fragments with the same pharmacological
activity. For example, combining two or more natural products of
chalcone, flavone, coumarin and naphthoquinone with isoxazole may
obtain more powerful anti-tumor agents. (ii) The key to the development
of new drugs is the discovery of drug targets. Even though most natural
product-isoxazole derivatives have good pharmacological activity, the
targets of these compounds are still unclear, making it difficult to enter
clinical trials. Computer-aided drug design can be used to find the target
of natural product-isoxazole derivatives. At the same time, by extracting
pharmacophore features and combining them with scaffold hopping,
novel inhibitors for various targets can be obtained to solve the struc-
tural disadvantages of natural products such as large molecular weight.
(iii) Most natural products have the disadvantages of poor water solu-
bility and low bioavailability. Given this, researchers can use rational
drug design strategies or novel drug delivery systems to improve the
water solubility, absorption, distribution, metabolism, excretion, and
toxicity of these natural product-isoxazole derivatives. Moreover,
substituted imidazole, triazole, pyrazole, thiazole, amide, etc. can be
used as bioisosteres of isoxazole. If isoxazole is changed into other
bioisosteres, more effective bioactive molecules may be developed. (iv)
Although many natural product-isoxazole derivatives have better
pharmacological activity compared with traditional clinical drugs.
However, these compounds have not established complete structur-
e-activity relationship studies. Besides, the mechanism of action of
many natural product-isoxazole derivatives is not clear, and in vivo ac-
tivity evaluation has not been carried out, so it is necessary to further
study these derivatives.

In conclusion, with the increase of research and development of
natural products-isoxazole derivatives, there will be more and more
isoxazoles with good efficacy, low toxicity, and superior pharmacoki-
netic properties applied in clinical practice, and make outstanding
contributions to the prevention and protection of human health.
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