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Isoalantolactone (ISA) is a sesquiterpene lactone that could be isolated from Inula
helenium as well as many other herbal plants belonging to Asteraceae. Over the
past 2 decades, lots of researches have been made on ISA, which owns multiple
pharmacological effects, such as antimicrobial, anticancer, anti-inflammatory,
neuroprotective, antidepressant-like activity, as well as others. The anticancer
effects of ISA involve proliferation inhibition, ROS overproduction, apoptosis
induction and cell cycle arrest. Through inhibiting NF-xB signaling, ISA exerts
its anti-inflammatory effects which are involved in the neuroprotection of ISA.
This review hackled the reported pharmacological effects of ISA and associated
mechanisms, providing an update on understanding its potential in drug
development.
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1 Introduction

Traditional Chinese Medicine (TCM), including Chinese herbs, has helped people to
fight against multiple diseases for thousands of years (Matos et al., 2021). Over the past
decades, small molecules deriving from herbal plants, as well as their derivatives,
attracted increasing scientific interests in the fields of cancers, inflammations and
infections, as well as other diseases (Cantrell et al., 2010; Lawrence et al., 2001; Ma
et al, 2024a). Isoalantolactone (ISA, CAS No.:. 470-17-7), an eudesmane-type
sesquiterpene lactone (Gierlikowska et al., 2020a; Lee et al., 2016), is such a natural
compound that exists in the leaves and roots of many plants. Its chemical structure is
shown in Figure 1 A. The natural sources of ISA are tabulated in Table 1. ISA is also one
of the active components from many TCM materials and formulas including
TuMuXiang (Radix inulae, dried roots of I. helenium and Inula racemosa Hook f.)
(Gao et al., 2018), Mongolian medicine prescriptions Roukou Wuwei pills (Wang et al.,
2019), and Liuwei Anxiao San (Wenhua et al., 2004), Tibetan medicine Zuozhu Daxi
(Quetal., 2015) and Ershi-wei Chenxiang pills (Hou et al., 2020). Due to its significance
in the content and efficacy (Mohan and Gupta, 2017), ISA, together with alantolactone,
was used as the chemical markers of I. helenium (Gao et al., 2018). Like the conjugation
with GSH (Figure 1), ISA (as well as alantolactone) can also be conjugated with the
sulthydryl group of the free amino acid cysteine in liver (Wang et al., 2018b; Zhou et al.,
2018). This was considered as the main metabolic pathway (Zhou et al., 2018). The in
vivo metabolism of ISA also includes oxidation, hydration and dehydrogenation, which
produce 1l-carboxyl isoalantolactone, 15-hydroxyl isoalantolactone and 5, 6-
dehydroisoalantolactone, respectively (Wang et al., 2018b). In addition, ISA in vivo
can also undergo demethylation (Yao et al., 2017). 46 ISA metabolites from rat bile,
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FIGURE 1

Micheal-type addition of ISA with GSH. (A) ISA; (B) GSH.

TABLE 1 The natural sources of ISA.

H,N
OH

Plants Family Parts References

Abutilon indicum Malvaceae Aerial parts Sharma and Ahmad (1989)

Ambrosia artemisiifolia Asteraceae Leaves, flowers Taglialatela-Scafati et al. (2012)

Artemisia feddei Asteraceae Aerial parts Tan et al. (1992)

Artemisia afra Jacq. Ex Willd Asteraceae Leaves Venables et al. (2016)

Aucklandia lappa (Saussurea lappa) Asteraceae Roots Kumar and Agnihotri (2020), Kumar et al. (2014a)
Carpesium cernuum Asteraceae Whole plants Liu et al. (2010)

Carpesium longifolium Asteraceae Aerial parts Yang et al. (2003b)

Euphorbia stracheyi Boiss Euphorbiaceae Whole plants Yang et al. (2014)

Flourensia riparia Grisebach Asteraceae Aerial parts Uriburu et al. (2004)

Inula cappa Asteraceae Roots Kalola et al. (2017)

Inula helenium Asteraceae Roots Blagojevic and Radulovic (2012), Yan et al. (2020b)
Inula japonica Asteraceae Aerial parts Yang et al. (2003a)

Inula magnifica Asteraceae Roots Nikonova (1973)

Inula macrophylla Asteraceae Whole plants Ma et al. (2024b)

Inula racemosa Asteraceae Roots Kalachaveedu et al. (2018), Mohan and Gupta (2017)
Inula royleana Asteraceae Roots, aerial parts Bohlmann et al. (1978), Stojakowska et al. (2006)
Inula salicina Asteraceae Aerial parts Bohlmann et al. (1978)

Stevia lucida Lagasca Eupatorieae Aerial parts Chacon-Morales et al. (2021)

Telekia speciosa Asteraceae Roots, stems, flowers, leaves Wajs-Bonikowska et al. (2012)

urine and feces are identified by Yao et al. through ultra-high
performance liquid chromatography (UPLC)-Triple time-of-
flight (TOF)- mass spectrometry (MS)/MS. Among them,
34 are novel sulfur-containing compounds, including two

dimers ISA,-S (13,13'-thiobis (110,13-
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dihydroisoalantolactone)) and  ISA,-SS  (13,13’-dithiobis
(11a,13-dihydroisoalantolactone)) (Yao et al., 2017). ISA has
shown antimicrobial, antitumor, anti-inflammatory and
which  were reviewed in the

neuroprotective  effects,

following parts.
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TABLE 2 Antimicrobial activities of ISA.

Species

Activities

10.3389/fphar.2024.1453205

Assays and culture
conditions

References

Bacillus cereus

Bacillus subtilis

ZOI: 17 mm

MIC: 125 pg/mL

Agar well diffusion, 18-24 h, 37°C

Agar dilution assay, 35°C, 48 h

(Lokhande et al., 2007)

(Liu et al., 2001)

Escherichia coli

Escherichia coli

ZOI: 14 mm

MIC: 425 pg/mL

Agar well diffusion, 18-24 h, 37°C

Agar dilution assay, 35°C, 48 h

(Lokhande et al., 2007)

(Liu et al., 2001)

Klesiella pneumoniae

Mycobacterium tuberculosis

ZOI: 15 mm

MIC: 32 pg/mL

Agar well diffusion, 18-24 h, 37°C

Radiorespirometric assay, 37°C, 10 days

(Lokhande et al., 2007)

Cantrell et al. (1999)

Pseudomonas aeruginosa

Pseudomonas fluorecense

ZOI: 18 mm

MIC: 150 pg/mL

Agar well diffusion, 18-24 h, 37°C

Agar dilution assay, 35°C, 48 h

(Lokhande et al., 2007)

(Liu et al., 2001)

Salmonella typhi

ZOIL: 14 mm

Agar well diffusion, 18-24 h, 37°C

(Lokhande et al., 2007)

Sarcina lentus

MIC: 150 pg/mL

Agar dilution assay, 35°C, 48 h

(Liu et al., 2001)

Serratia marcescens ZOI: 14 mm Agar well diffusion, 18-24 h, 37°C (Lokhande et al., 2007)
Shigella dysenteriae ZOI: 12 mm Agar well diffusion, 18-24 h, 37°C (Lokhande et al., 2007)
Staphylococcus aureus ZOI: 13 mm Agar well diffusion, 18-24 h, 37°C (Lokhande et al., 2007)

Staphylococcus aureus

MIC: 100 pug/mL

Agar dilution assay, 35°C, 48 h

(Liu et al., 2001)

Staphylococcus aureus ATCC 25923

MIC: 21.33 (£9.24)
ug/mL

Broth microdilution method, 37°C,
16-18 h

Zhou et al. (2020)

Staphylococcus aureus (ATCC 29213, ATCC 10832, BAA-1717, 8,325-4,
DU 1090)

MIC: >1,024 ug/mL

Broth microdilution method, 37°C, 24 h

Qiu et al. (2011)

Fungi

Alternaria brassicae

Alternaria triticina

EDsp: 190 pg/mL

EDsp: 220 ppm

Spore germination inhibition, 24°C, 20 h

Spore germination inhibition, 24°C, 20 h

Kataria and Chahal
(2013)

Kaur and Chahal (2020)

Aspergillus flavus

Aspergillus niger

MIC: 50 ug/mL

MIC: 50 pg/mL

Agar dilution assay, 25°C, 72 h

Agar dilution assay, 25°C, 72 h

Tan et al. (1998)

Tan et al. (1998)

Aspergillus niger V. Tiegh

Candida albicans

MIC: 1,500 pg/mL

MIC: 25 pg/mL

Mycelial growth inhibition, 25°C, 6 days

Agar dilution assay, 25°C, 72 h

(Liu et al., 2001)

Tan et al. (1998)

Candida albicans DSY654

MIC: 16 ug/mL

Broth microdilution method, 35°C, 48 h

Li et al. (2017)

Candida albicans Berkh

Candida tropicalis

MIC: 1,000 pug/mL

MIC: 25 ug/mL

Mycelial growth inhibition, 25°C, 6 days

Agar dilution assay, 25°C, 72 h

(Liu et al., 2001)

Tan et al. (1998)

Dreschlera oryzae

EDsp: 200 ppm

Spore germination inhibition, 24°C, 20 h

Kaur and Chahal (2020)

Fusarium graminearum Schw

MIC: 1,500 pg/mL

Mycelial growth inhibition, 25°C, 6 days

(Liu et al., 2001)

Fusarium moniliforme

Gaeumanomyces graminis (Sacc.) Arx and Oliver var. tritici . Walker

EDsp: 235 ppm

MIC: 100 pug/mL

Spore germination inhibition, 24°C, 20 h

Mycelial growth inhibition, 25°C, 6 days

Kaur and Chahal (2020)

(Liu et al., 2001)

Gerlachia nivalis Gams et Mull

Geotrichum candidum

MIC: 1,000 pug/mL

MIC: 25 pg/mL

Mycelial growth inhibition, 25°C, 6 days

Agar dilution assay, 25°C, 72 h

(Liu et al., 2001)

Tan et al. (1998)

Helminthosporium sativus Pam. King et Bakke

Penicillium notatum Westl

MIC: 1,000 pug/mL

MIC: 1,000 pg/mL

Mycelial growth inhibition, 25°C, 6 days

Mycelial growth inhibition, 25°C, 6 days

(Liu et al., 2001)

(Liu et al 2001)

Penicillium italicum

EDsp: 210 ug/mL

Spore germination inhibition, 24°C, 20 h

Kataria and Chahal
(2013)

Penicillium italicum Wehmer
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MIC: 1,500 pug/mL
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Mycelial growth inhibition, 25°C, 6 days

(Liu et al.,, 2001)

(Continued on following page)
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TABLE 2 (Continued) Antimicrobial activities of ISA.

Species

Activities

10.3389/fphar.2024.1453205

Assays and culture
conditions

References

Phytophthora capsici Leon

MIC: 300 pg/mL

Mycelial growth inhibition, 25°C, 6 days

(Liu et al., 2001)

Rhizoctonia cerealis Vander Hoeven

MIC: 100 pug/mL

Mycelial growth inhibition, 25°C, 6 days

(Liu et al., 2001)

Rhizoctonia solani

EDsp: 300 ug/mL

Mycelial growth inhibition, 24°C, 6 days

Kataria and Chahal
(2013)

Trichophyton mentagrophytes Blanch

MIC: 1,500 pug/mL

Mycelial growth inhibition, 25°C, 6 days

(Liu et al., 2001)

Trichophyton rubrum

MIC: 1,500 pg/mL

Mycelial growth inhibition, 25°C, 6 days

(Liu et al., 2001)

Viruses

Vesicular stomatitis virus ICsp: ~5 uM Viral protein expression, 37°C, 16 h Kong et al. (2024)
influenza A virus (HIN1) ICs0: <10 pM Viral mRNA replication, 37°C, 8 h Kong et al. (2024)
Encephalomyocarditis virus ICsp: <10 pM Viral mRNA replication, 37°C, 8 h Kong et al. (2024)

Abbreviations: MIC, minimal inhibitory concentration; ZOI, zone of inhibition; EDs, the median effective dose.

FIGURE 2

HoC

OH

HCI

e

Chemical structures of some ISA derivatives. (A—L), ISA derivatives 1~12.

2 Antibacterial activities 2023). ISA showed weak activities against B. subtilis, E. coli,
Pseudomonas fluorecense, Sarcina lentus and S. aureus, with MIC

Bacterial pathogens, such as Staphylococcus aureus and  being 100-425 pg/mL (Table 2) (Liu et al.,, 2001). This was also
Klebsiella pneumonia, are still a major threat to human health in  confirmed by another report in which ISA showed no antibacterial

spite of the many antimicrobial agents (Jin et al., 2023; Zhang et al,  activities below 128 ug/mL against E. coli and Klesiella pneumoniae
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TABLE 3 The insecticidal activities of ISA.

10.3389/fphar.2024.1453205

Insects Effects/LCsq Insect development stages Treatment time References
Sitophilus oryzae 707.21 pg/g Adults 10 days Liu et al. (2006)
Sitophilus oryzae 610.51 ug/g Adults 20 days Liu et al. (2006)
Aedes albopictus 11.9 pg/mL 3rd and 4th instars 48 h Konishi et al. (2008)
Paratanytarsus grimmii 4.1 ug/mL 3rd and 4th instars 48 h Konishi et al. (2008)
Aedes aegypti 10 pg/mL Ist instar larvae 24 h Cantrell et al. (2010)
Aedes aegypti 2.28 ug/mosquito adult insects 24 h Cantrell et al. (2010)
Spodoptera litura Decreased pupation and longevity 3rd instar larvae ~40 days Kaur et al. (2017)

(LuN. etal,, 2020). Interestingly, ISA showed no anti-staphylococcal
activities in another study as the MIC against five different S. aureus
1,024 pg/mL according to the CLSI
recommended microdilution method (Qiu et al,, 2011). Although
there may be discrepancy over the antibacterial activity of ISA

strains were above

against S. aureus, it should be certain that 1-8 pg/mL of ISA
should be ineffective to S. aureus, and it was this concentration
that can suppress the production of a-toxin, which is a critical
virulence factor of S. aureus (Qiu et al., 2011). In this scenario, ISA
could be considered as an anti-virulence lead for treating S. aureus
infections. Further investigation revealed that ISA can protect mice
against S. aureus pneumonia (Qiu et al., 2011). It should be noticed
that the analog of ISA, alantolactone, can facilitate the uptake of S.
aureus by macrophages (Gierlikowska et al., 2020b), therefore ISA
may probably have the similar activity, which need to be explored in
the future. ISA can also enhance the efficacy of penicillin G in
multiple B-lactamase-positive S. aureus strains, even the methicillin-
resistant S. aureus (MRSA) strains, both in vitro and in vivo, and the
mechanism involves the inactivation of p-lactamase by ISA during
protein translation (Zhou et al., 2020).

Although ISA showed no or weak antibacterial activities against
Gram-negative bacteria E. coli and K. pneumonia, ISA was proved to
be an inhibitor of MCR-1, which remodels the structure of lipids in
bacterial LPS diminishing the efficacy of cationic peptide antibiotics
such as colistin (Feng et al., 2022; Lu N. et al., 2020; Liu et al., 2001).
Therefore, this compound can synergize with polymyxin B or
colistin in suppressing the growth of MCR-1 positive E. coli and
Klebsiella strains in vitro, and in inhibiting the pathogenicity of these
two bacterial pathogens in mice (Lu N. et al., 2020). The mechanisms
involve the inhibition of the enzyme activity rather than the
production of MCR-1 by ISA,
carbapenems (Lu N. et al., 2020).

Tuberculosis resulting from M. tuberculosis, is among the
major list of global public health threats (Ramakrishnan, 2020).
ISA has shown antimycobacterial activity against Mycobacterium

restoring the efficacy of

tuberculosis, with a minimum inhibitory concentration (MIC) of
32 ug/mL (Cantrell et al., 1999). Coinciding with this, ISA-
containing (chloroform, methanol and Petroleum ether) extracts
from I. helenium can inhibit the growth of M. tuberculosis H37Rv,
with a MIC below 100 pg/mL (Tosun et al, 2008). Structural
modifications have been made by Patrushev et al. on ISA to explore
the antibacterial activities of ISA derivatives (Patrushev et al., 2021;
Patrushev et al, 2023). Among these synthesized analogs,
Derivative 1 (Figure 2A) has best activity against E. faecalis
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(MIC: 463.3 ug/mL). Derivative 2 (Figure 2B) has best activity
against A. viscosus (MIC: 96.5 pg/mL) and Pseudomonas
aeruginosa (MIC: 399.3 pg/mL) and this compound can also
inhibit the biofilm formation of P. aeruginosa below its MIC
(Patrushev et al., 2021). Derivative 3 (Figure 2C) has best
antibacterial activity against S. aureus (MIC: 14.6 pg/mL), B.
cereus (MIC: 11.7 ug/mL) and E. coli (MIC: 37.5 pg/mL)
(Patrushev et al., 2023).

3 Antifungal activities

Fungal pathogens can cause loss in crops and human infections
(Niu et al., 2020; Yang et al., 2024). The insufficiency of antifungal
agents and the emergence of drug resistance necessitate the
development of new antifungal drugs (Chen et al, 2023; Liu
et al,, 2017; Zhang et al., 2024). The earliest report about the
antifungal activity of ISA was published in 1998, where ISA has
shown antifungal effects on Aspergillus flavus, Aspergillus niger,
Candida albicans, Candida tropicalis and Geotrichum candidum,
with MICs of 25-50 pug/mL (Tan et al., 1998). Later, ISA was
confirmed to be effective to inhibit the mycelial growth of A. niger,
C. albicans, Fusarium graminearum, Gacumanomyces graminis,
Gerlachia nivalis Gams et Mull, Helminthosporium sativus,
italicum,  P. Phytophthora  capsica,
Rhizoctonia cerealis, Trichophyton mentagrophytes and T.
rubrum, at concentrations ranging from 50-1,500 pug/mL (Liu
et al,, 2001). Notably, ISA at the concentration of 150 pg/mL
(for 48 h), which would kill phytopathogenic fungi, didn't
demonstrate detrimental influence on seed germination and
seedling growth of wheat (Liu et al., 2001; Liu et al., 2006). The
germination of Alternaria brassicae and Penicilium italicum,
culprits for alternaria blight of rapeseed and blue mould of

Penicillium notatum,

kinnow, respectively, could be suppressed by ISA, with EDs,
around 200 pg/mL (Kataria and Chahal, 2013). Rhizoctonia
solani that causes black scurf and stem canker in potatoes, can
also be inhibited by ISA (EDsg: 300 pug/mL), assayed via poisoned
food method (Kataria and Chahal, 2013). ISA also can block the
spore germination of phytopathogens Alternaria triticina,
Dreschlera oryzae and Fusarium moniliforme (with EDs, around
200 ppm), which can reduce the yield and quality of corps (Kaur
and Chahal, 2020).

The anti-Candida activity of ISA was also confirmed later in a
research showing that although the MIC against several C. albicans
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TABLE 4 The anti-inflammatory mechanisms of ISA.

Experimental model Inflammatory

parameters assessed

Biological effects
Mechanisms/actions

10.3389/fphar.2024.1453205

References

In vitro models

LPS-activated RAW264.7 cells 0.6, 1.2, 2.4 ug/

NO, PGE2, IL-1, MCP-1, IL-6,

iNOS|, COX-2], NF-xB activation |

Chun et al. (2019), Gao et al.

mL; 2, 4, 8 uM TNF-a (2017), He et al. (2017)
LPS-activated mouse peritoneal 2,4, 8 uM NO, PGE2, IL-6, TNF-a iNOS|, COX-2], IxkKa/p phosphorylation = He et al. (2017)
macrophages and degradation |, IxBaf, NF-kB
activation |
LPS-stimulated BV2 cells 2.5, 5,10 uM IL-1B, TNF-a, NO, PGE2 Activation of NF-xB|, Nrf2 T, HO-1T, Ma et al. (2024b), Wang et al.
GSK-3p phosphorylationT (2018a)
LPS-stimulated BV2 cells 1,2 uM IL-6, TNF-q, iNOS, COX2 Activation of AKT/Nrf2/HO-17, He et al. (2022)

LPS-stimulated BMDMs 25,5,10,20 uyM IL-1,

IL-6, TNF-a, NO

Activation of NF-kB|

TRAF6 polyubiquitination|, Activation of
NF-xB|, ERK|, AKT, iNOS|

Ding et al. (2019)

Ethanol-treated GES-1 cells 1.25, 2.5, 5 uM IL-1B, Unexplored Zhou et al. (2023)
IL-10, TGF-B1, IFN-y, TNF-q,
VEGFA
Nigericin-induced THP-1 cells 2,5 uM (IG5 = IL-1P release NLRP3 inflammasome inhibition Zhao et al. (2024)
7.86 M)
High glucose-treated rat mesangial 0.2, 1, 10 uyM MCP-1, TGF-p1 Degradation of IkBa|, NF-kB DNA Jia et al. (2013)

cells

TNF-a-stimulated HaCaT cells 0.6,1.2,2.4 ug/mL  IL-1, IL-4, TNF-a

TNF-a-stimulated synovial fibroblasts | 0.6,1.2,2.4 ug/mL = IL-1, IL-6, iNOS

In vivo models

binding|

IkKp phosphorylation and degradation |,
p65 phosphorylation |

Wang et al. (2018c)

NF-kB activation | Gao et al. (2017)

DSS-induced experimental colitis 30 mg/kg/day TNF-q, IL-1B NLRP3 inhibitionT, caspase 1|, Disease Zhao et al. (2024)
(mice) activity index|, colon lengthT
LPS-induced acute lung injury (mice) | 2.5, 5, 10 mg/kg TNF-q, IL-1B NF-«B|, PI3K phosphorylation|, AKT Yuan et al. (2018)
phosphorylation|, Nrf2 T, HO-17
LPS-induced acute lung injury (mice) = 20 mg/kg IL-1B, TRAF6 polyubiquitination|, Activation of = Ding et al. (2019)
IL-6, TNF-a NE-kB|, ERK|, AKT, iNOS|
LPS-induced sepsis (mice) 5, 10 mg/kg IL-6, TNF-a Survival rate] He et al. (2017)

Ovalbumin-induced asthmatic
inflammation (mice)

20 mg/kg/day
CCL-22

CuSOy-induced inflammation model 1.25, 2.5, 5 uM

IL-4, IL-5, IL-13, CCL-17,

tnf-a, ifn-y, tgf-B1 expression

IL-4-induced STAT6 phosphorylation |,
PPAR-y|, KLF4]

Song et al. (2021)

Immune cells recruitment|, ROS Zhou et al. (2023)

(zebrafish) production |, PI3K-Akt signaling|

MPTP-induced PD in mice 10 mg/kg/day IL-1B, Microglial activation|, dopaminergic He et al. (2022)
IL-6, TNF-a neuron degeneration |, striatal dopamine

Chronic social defeat stress-induced 10 mg/kg/day IL-6, TNF-a BDNEFT, GluA1T, PSD95T, depression-like = Wang et al. (2023)

depressive behaviors (mice)

behaviors improved

1, decrease; T, increase.

strains were higher than 128 pg/mlL, the deficiency of drug efflux
pumps significantly increased the anticandidal activity of ISA (Li
etal, 2017). And in this deficient strain, ISA can inhibit the hyphal
growth, which is critical for C. albicans infection (Li et al., 2017;
Yang et al., 2022; Zhang et al., 2024). Its antifungal mechanism may
involve the elevated accumulation of zymosterol and lanosterol and
the reduced ergosterol level, which resulted from inhibition of
Ergll and Erg6 activity (Li et al., 2017). In addition, the essential
oils from roots of I. helenium, which contains both anti-Candida
alantolactone and ISA, inhibits the growth, hyphae and biofilms of
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multiple C. albicans strains (Stojanovi¢-Radic et al., 2020; Yang et al.,
2022). And alantolactone also shows antifungal activities against C.
albicans, Candida krusei, C. tropicalis and Candida glabrata, with
MIC from 18 to 72 pg/mL (Yang et al., 2022). The synthetic ISA
analog with the best antifungal activity against A. triticina (EDsg:
155 ppm), D. oryzae (EDsq: 140 ppm) and F. moniliforme (EDsq:
168 ppm) is Derivative 4 (Figure 2D) (Kaur and Chahal, 2020). The
alantolactone analog with best antifungal activity against A. triticina
(EDs¢: 160 ppm), D. oryzae (EDsy: 120 ppm) and F. moniliforme
(EDsg: 180 ppm) is Derivative 5 (Figure 2E) (Kaur and Chahal,
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TABLE 5 ISA inhibits growth and induces apoptosis in various kinds of tumors.

10.3389/fphar.2024.1453205

Tumor Cells/models Dosage (uM) Activity/mechanism References

Breast cancer MDA-MB-231 cells 5,10, 15 Apoptosis induction, ROS overproduction, Li et al. (2016)
Sirtl downregulation

Breast cancer BT-549 5, 10, 25, 50 STATS3 inhibition An et al. (2024)

Breast cancer MCEF-7 cells 5,10, 15 Cell cycle arrest, apoptosis induction, ROS Li et al. (2016)
overproduction

Chronic myeloid leukemia K562/A02 cells 10, 15, 20 Cell cycle arrest, apoptosis induction, Ber-Abl Cai et al. (2014)
downregulation

Chronic myeloid leukemia KBMS5 cells 10, 20 Increasing BCR-ABL degradation, lowering survivin | Yin et al. (2023)
expression, apoptosis induction

Cholangiocarcinoma SNUA478 cells 5,10 Apoptosis induction, Hippo-YAP signaling Kim et al. (2024)
dysregulation

Colorectal cancer HCT116 cells, SW620 cells | 5, 10, 20 Cell cycle arrest, apoptosis, autophagy induction Li et al. (2022)

Endometrial cancer HEC-1-B cells 5, 10, 20 ROS overproduction, apoptosis induction, MEK/ Hu and Yang (2022)
ERK signaling inhibition

Esophageal cancer ECA109 cells, KYSE30 cells = 20, 40, 80 Cell cycle arrest, apoptosis induction, miR-21 Wen et al. (2018)
downregulation, PDCD4 upregulation

Esophageal cancer ECA109 cells 20, 40 ROS overproduction, extrinsic apoptosis induction | Lu et al. (2018)

Gallbladder cancer NOZ cells and GBC-SD cells | 10, 20, 40 Cell cycle arrest, apoptosis induction, ERK signaling | Lv et al. (2023)
inhibition

Gastric cancer SGC-7901 20, 40 Cell cycle arrest, apoptosis induction, PI3K/Akt Rasul et al. (2013b)
pathway inhibition

Glioblastoma U87 cells 10, 20, 30 Apoptosis induction, NF-kB/COX2 signaling Xing et al. (2019)
inhibition, cell cycle arrest

Head and neck squamous cell carcinoma = UM-SCC-10A cells 125, 50 Cell cycle arrest, apoptosis induction Wu et al. (2013)

Liver cancer Huh7 cells 10, 20, 40 ROS overproduction, apoptosis induction Peng et al. (2024)

Liver cancer Hep3B 1,3,5 Apoptosis induction, ROS overproduction, JNK Kim et al. (2021)
signaling activation

Liver cancer HepG2 cells 25, 75, 150 Apoptosis induction, ROS overproduction, Ras/Raf/ = Wu et al. (2022b)
MEK signaling downregulation

Lung cancer SK-MES-1 cells 20, 40 Cell cycle arrest, apoptosis induction Jin et al. (2017)

Melanoma A375 cells 5, 10, 20 PI3K/AKT/mTOR pathway inhibition, apoptosis Li et al. (2024)
induction, cell cycle arrest, autophagy induction,
STATS3 inhibition

Osteosarcoma U208 cells 20, 40 Cell cycle arrest, apoptosis induction, ROS Di et al. (2014)
overproduction, increasing DR5-FADD interaction,
NF-kB p65 inhibition

Ovarian cancer OVCAR-3 10, 20, 30, 40, 50 ROS overproduction, cell cycle arrest, apoptosis Xie et al. (2023)

Ovarian cancer

Pancreatic cancer

Prostate cancer

2020). They are both better than the parent compounds. Although

SKOV3 cells

PANC-1 cells

PC-3 cells, DU145 cells

35,75

10, 20, 40

10, 20, 40

pyrazolines of ISA also been synthesized, but the antifungal activities
against A. brassicae, R. solani and P. italicum were weaker than ISA

(Kataria and Chahal, 2013). The antibacterial and antifungal

activities of ISA were summarized in Table 2.
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induction

Autophagic death induction, cell cycle arrest,
PEA15 upregulation

Apoptosis induction, inhibition of EGF-PI3K-Skp2-
Akt and Wnt pathways

ROS overproduction, ER stress, apoptosis induction,
STATS3 inhibition

4 Antiviral activity

Weng et al. (2016)

Zhang et al. (2021)

Chen et al. (2018)

Viral infections claim millions of deaths and the need for
antiviral agents is increasing as new viruses and antiviral

resistance emerge. Vesicular stomatitis virus (VSV), influenza A
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TABLE 6 Other activities of ISA.

Activities

Anti-algal

Anti-algal

Models

O. perornata

S. capricornutum

Dosage or ICsq

LOEC: 100 pg/mL;
LCIC: 100 pg/mL

LOEC: 100 pg/mL;
LCIC: 100 pg/mL

10.3389/fphar.2024.1453205

Effects/mechanisms

Algal growth inhibition

Algal growth inhibition

References

Krapcho et al.
(2006)

Krapcho et al.
(2006)

Anti-trypanosomal T. brucei rhodesiense 1Cso: 23.62 uM Viability inhibition Schmidt et al.
(2002)
Anti-trypanosomal T. cruzi IC50: 22.63 uM Viability inhibition Schmidt et al.
(2002)
Cardiomyocyte HIC2 cells 2, 10, 20 pM Lowering the ANP, BNP, cardiomyocyte Yang et al. (2023)
protective hypertrophy caused by angiotensin II; increasing
Nrf2/HO-1 activation
Anti-diabetic Diabetic nephropathy induced by high glucose | 0.2, 1, 10 uM Decreasing MCP-1, TGF-B and fibronectin, Jia et al. (2013)
in rat mesangial cells inhibiting NF-«B activation
Anti-obesity 3T3-L1 cells 10, 15, 20 uyM Adipogenesis inhibition, mitotic clonal expansion = Jung et al. (2019)

inhibition, NR4A1 inactivation, AMPKa activation

Anti-obesity

Herbicidal

Anti-osteoporotic

Antidepressant-like

C57BL/6 N mice fed with high-fat diet

Etiolated wheat coleoptiles

Bone marrow macrophages,
RAW264.7 macrophages
Ovariectomized mice

chronic social defeat stress -exposed mice

20 mg/kg/day

1Cs0: 22 uM

10 mg/kg/day

0.5, 1, 2 uM; 20 mg/mL

Diminution in body weight, fat mass

Not mentioned

Inhibition of osteoclast formation and bone loss,
inhibition of activation of JNK, p38, NF-kB and
AKT pathways

Depressive-like behaviors improved; abnormalities
in gut microbiota improved, butyric acid level in gut
re-established

Jung et al. (2019)

Cardenas et al.
(2021)

Lu et al. (2020a)

Wang et al. (2023)

N

Antibacterial

S. aureus, K. pneumoniae, M.
tuberculosis...

a-toxin |, B-lactamase

inactivation, MCR-1

activity inhibition,

enhancing penicillin G,

polymyxin B or colistin

A. albopictus, S. litura, P
grimmii, S. oryzae...
Pupation |, adult
emergence |,
food ingestion | ,
digestion efficiency |,
malformed pupae and
adults, deformed wings

Antiviral
Viral protein expression|, o
viral mRNA replication | T T ——
Insecticidal /

FIGURE 3
A brief summary of the pharmacological mechanisms of ISA.

Antifungal
C. albicans, A. niger, D.

oryzae...
Hyphal growth inhibition,
Germination inhibition,
Erg6, Ergl! inhibition,
Zymosterol{, lanosterol 1,
ergosterol |

Anticancer

Breast cancer, liver cancer, prostate cancer ...
Cell cycle arrest (CDC2 |, cyclin B1 |, CDK1

1)

Inducing Apoptosis (DR5-FADD interaction T,
Bel-2, Mcl-1 | , Bax 1, Cyto C release 1...)
Autophagy regulation (PI3K/Akt/mTOR

signaling);
Angiogenesis inhibition;

GSH depletion and ROS overproduction;

ER stress 1: p-eIF20 1, ATF4 1
Ber-Abl downregulation;

NF-«B inhibition, STAT3 inhibition;
Hippo-YAP signaling dysregulation;
miR-21 | , PDCD4 1;

PI3K/Akt Signaling |;
Ras/Raf/MEK signaling | ...
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virus (HIN1) and encephalomyocarditis virus (EMCV) are such
viruses that impact public health. One of the ISA sources, S. lappa
roots, has been employed for treating viral infections in traditional
medicine (Kumar et al., 2014a), suggesting the antiviral activity of S.
lappa components. The protection against herpes simplex virus 1
(HSV-1) provided by the analog of ISA further indicates the
presence of ISA antiviral activity (Liu X. et al., 2021). Recently,
ISA (added either before or after adsorption), at concentrations
nontoxic to human A549 lung cancer cells which are usually used
also as models of viral infections, has been reported to significantly
inhibit the intracellular replication of VSV and decrease the level of
VSV-G protein, despite that ISA has no influence on the adsorption
of virus to cell surfaces. In addition, ISA can also inhibit the
replication of other viruses, such as influenza A virus (HIN1)
and EMCV (Kong et al, 2024). The activation of type I
interferon pathway by ISA may further contribute to the
suppressing effects of ISA on viral infections (Kong et al., 2024).
Moreover, chemical modification of ISA with a furo [2,3-d]-
pyrimidin-2-one moiety produce Derivative 6 (Figure 2F) (3-
{[(3R,3aR,4aS,8aR, 9aR)-8a-methyl-5-methylene-2-
oxododecahydronaphtho [2,3-b] furan-3-yl] methyl}-6-(pyridin-
3-yl) furo [2,3-d] Pyrimidin-2(3H)-One), which could enhance
the antiviral activity against human orthopneumovirus H-2 (ICs:
3.7 uM) while lower the cytotoxicity of ISA (Selective Index >33),
highlighting the potential of chemical structural optimization of ISA
in developing antiviral drugs (Patrushev et al., 2021).

5 Insecticidal activity

The insecticidal activity of ISA was first demonstrated in 2006 by
Liu et al., who found that ISA was repellent and toxic against rice
weevil (Sitophilus oryzae) that damages stored grains. However, the
insecticidal was week, with the half maximal lethal concentration
(LCso) of 707.21 and 610.51 pg/g on 10 and 20 days post-treatment,
respectively (Liu et al., 2006). Although pre-soaking with ISA may
influence the seed germination and seedling growth of wheat at high
concentration (500 pg/mL), this kind of phytotoxicity can be
lowered by reducing the duration of treatment (Liu et al., 2006).
ISA can also cause damages to the third and fourth instar of Aedes
albopictus (the vector for the transmission of dengue and West Nile
viruses), with a LCs, of 11.9 ug/mL (Konishi et al., 2008). ISA also
showed insecticidal activity against Paratanytarsus grimmii, with a
LCs of 4.1 pg/mL, an allergy-causing cosmopolitan midge that can
infest municipal water system (Alexander et al., 1997; Konishi et al.,
2008). ISA showed insecticidal activity against Aedes aegypti, which
transmits dengue virus and yellow fever virus, with the LCsy of
10 pg/mL for first instar larvae and 2.28 pg/mosquito for adult
insects (Cantrell et al., 2010). In addition, ISA can suppress the
growth of the third -instar larvae, reduce the Spodoptera litura
pupation as well as its adult emergence and adult lifespan, possibly
attenuating the loss in cotton, cabbages and cauliflowers caused by
this insect. ISA actions through reducing food ingestion and
digestion efficiency (Kaur et al, 2017). Higher concentrations of
ISA could also lead to malformed pupae and adults, which die too
early before maturation (or become intermediates between lavae and
pupae) and grow wings with deformities (underdeveloped and
crumped), respectively. The malformed adults have also lower

Frontiers in Pharmacology

10.3389/fphar.2024.1453205

survival in face of their natural enemies (Kaur et al., 2017). The
insecticidal effects of ISA were summarized in Table 3. Synthetic
derivatives of ISA have not shown better activity against A. aegypti
larvae than ISA and the one with the best larvacidal activity is
Derivative 7 (Figure 2G) (LCs = 14.4 ug/mL) (Cantrell et al., 2010).
However, Derivative 8 (Figure 2H) has best adulticidal activity
(LCsp = 1.76 pg/mosquito), better than ISA. In contrast, there are
several synthetic analogs (such as Derivative 9, Figure 2I) showing
better activity than alantolactone (LCso = 36.2 ug/mL) (Cantrell
et al., 2010).

6 Anti-inflammatory activity

Among its multiple activities, the anti-inflammatory activity is
so significant that it has been included in most introductions of
publications about this compound. During inflammation, MAPK
pathway modulating the proliferation and differentiation of
inflammatory cells, and NF-«B signaling pathway regulating the
expression of genes of inflammatory mediators, are critical.
Although researches on ISA in the field of inflammation did not
show the effects of ISA on MAPK, the inhibition of p38 MAPK
(Wang et al, 2016), as well as NF-kB, in breast cancers, may
probable
considering that breast cancer is

be extrapolated to inflammatory cells, especially
closely associated with
inflammation. At the molecular level, ISA is able to directly
inhibit the soluble epoxide hydrolase (with an ICs, of 63.2 uM),
as shown in the soluble epoxide hydrolase-probe hydrolysis assay
(He et al, 2020). As the C-terminal epoxide hydrolase of this
bifunctional enzyme (located in cytosol and peroxisomes) can
catalyze the conversion of epoxy eicosatrienoic acids to toxic and
pro-inflammatory vicinal diols, while elevating epoxy eicosatrienoic
acids can impose inhibition on NF-kB, the inhibition of soluble
epoxide hydrolase by ISA may result in inhibition of inflammation
through both sides of the reactions: lowering the pro-inflammatory
product and increasing the anti-inflammatory substrate (He et al.,
2020; Jonnalagadda et al.,, 2021).

ISA-containing extract from I. helenium not only inhibits the
production of NO and PGE, in LPS-activated RAW264.7 murine
macrophages, but also attenuates the carrageenan-induced edema in
mouse paws, which is a model of acute inflammation (Chun et al.,
2019). Another preparation of ISA-containing extract from I
helenium can attenuate the atopic dermatitis-like symptoms
caused by dinitrochlorobenzene in mice, besides its decrease in
the expression of IL-1, IL-4 and TNF-a in TNF-a-stimulated
HaCaT cells (Wang Q. et al., 2018).

In LPS-stimulated BV-2 microglial cells, ISA can activate the
GSK-3p and its downstream Nrf2 and HO-1, which suppressed the
activation of NF-kB and the subsequent production of inflammatory
mediators, causing the inhibition of inflammation (Wang et al,
2018a). In another group’s report, ISA inhibits the secretion of pro-
inflammatory cytokines from microglial cells exposed to LPS
through activating Akt/Nrf2/HO-1 pathway and suppressing NF-
kB translocation (He et al., 2022).

The anti-inflammatory effects of ISA were shown not only in
cellular assays but also in animal experiments. In LPS-induced acute
lung injury of mice, ISA could inhibit PI3K/AKT signaling and
upregulate Nrf2/HO-1 pathway, leading to the inhibition of NF-kB
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signaling. Consequently, the elevation of pro-inflammatory
cytokines IL-13 and TNF-a in bronchoalveolar lavage fluid
(BALF), as well as neutrophil recruitment, pulmonary edema and
alveolar wall thickening caused by LPS was blocked by ISA (Yuan
et al., 2018). Later data from another group confirmed its protective
effects in acute lung injury and further revealed that ERK
phosphorylation (one of the three branches of MAPK pathways)
was also suppressed during this process and that of the three
proteins regulating NF-«xB, the suppression of TNF receptor-
associated factor 6 (TRAF6) expression and its polyubiquitination
of TRAF6 at lysine 63 (K63-linked polyubiquitination, which may
cause IkB kinase (IKK) phosphorylation and activation (Min et al.,
2018)), rather than lysine 48, was responsible for ISA-mediated NF-
kB inhibition (Ding et al., 2019).

In mouse asthmatic inflammation induced by ovalbumin, ISA
treatment can reduce the infiltrated eosinophils (stimulated by
CCL17 and CCL22) rather than macrophages, serum ovalbumin-
specific IgE, the protein concentration as well as type 2 cytokines
(IL-4, IL-5, IL-13, CCL17 and CCL22) in BALF (Song et al., 2021).
Further studies revealed that the inhibition of STAT6/PPAR-y/KLE-
4 in BMDM by ISA blocks the alternatively activation of
macrophages (M2 type polarization, a main characteristic of
asthma inflammation) that is induced by IL-4 (Song et al., 2021).
In mice model of sepsis, which is associated with the failures of
multiple organs resulting from unconstrained inflammatory
responses, ISA can suppress the NF-kB pathway in liver and
reduce the decrease in survival rate caused by LPS (He et al,
2017). In a rat model of arthritis induced by collagen or
adjuvant, ISA-containing extract mitigates disease severity (Gao
et al., 2017). Even in three inflammation models of zebrafish
(induced by CuSO4, tail-cutting, and LPS), ISA showed obvious
anti-inflammatory effects via suppressing the recruitment of
immune cells (Zhou et al., 2023).

Considering that the analog and isomer of ISA, alantolactone
has been found to be a NLRP3 inhibitor (Li et al., 2023), ISA is
probably an NLRP3 inhibitor that can mitigate multiple kinds of
inflammatory responses. Very recently, ISA was found to be a strong
inhibitor of NLRP3, with ICs, of 7.86 uM in assays to assess the
inhibition on IL-1p release induced by nigericin in THP-1 cells
(Zhao et al.,, 2024). This group also synthesized and identified a far
more potent ISA derivative, Derivative 10 (Figure 2]) ((3aR, 4aR, 6R,
8aR, 9aR)-8a-methyl-3,5-dimethylene-2-oxododecahydronaphtho
[2,3-b]furan-6-yl 4,6-dichloronicotinate), which inhibits
NLRP3 with an ICs of 0.29 uM (Zhao et al., 2024). The detailed
anti-inflammatory mechanisms of ISA were tabulated in Table 4.

7 Antitumor activity

ISA is reported to have significant anticancer effects in various
kinds of cancers, including breast cancer (MDA-MB-231, BT-549
and MCF-7) (An et al., 2024; Li et al., 2016; Wu et al., 2016), ovarian
cancer (SKOV3, SHIN-3, HOC-21, HAC-2; OVCAR-3 cells) (Liu
et al,, 2020; Weng et al., 2016; Xie et al., 2023), liver cancer (Hep3B
and HepG2 cells) (Kim et al., 2021; Peng et al., 2024; Wu Z.-c. et al,,
2022), leukemia (K562, K562/A02 and KBM5) (Cai et al., 2014; Pal
et al., 2010; Yin et al,, 2023), pancreatic cancer (PANC-1, AsPC-1,
BxPC-3 and CFPAC-1 cells) (Khan et al.,, 2012; Zhang et al., 2018;
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Zhang et al., 2021), cholangiocarcinoma (SNU478 cells) (Kim et al.,
2024), prostate cancer (LNCaP, PC-3 and DU145 cells) (Chen et al.,
2018; Rasul et al., 2013a), gastric adenocarcinoma (SGC-7901 cells)
(Rasul et al., 2013b), head and neck squamous cell carcinoma (UM-
SCC-10A) (Wang et al, 2015 Wu et al, 2013), osteosarcoma
(U208, MG-63 and Saos-2 cells) (Di et al., 2014), cervical cancer
(HeLa cells) (Liu et al., 2020; Venables et al., 2016), lung squamous
carcinoma (SK-MES-1) (Jin et al., 2017), human esophageal cancer
(ECA109, EC9706, TE-1, TE13 and KYSE30 cells) (Lu et al., 2018;
Wen et al., 2018), glioblastoma (U87, U251, U118, and SHSY-5Y
cells) (Xing et al., 2019), endometrial adenocarcinoma (HEC-1 and
HEC-1-B cells) (Hu and Yang, 2022; Liu et al., 2020), colorectal
cancer (HCT116 and SW620 cells) (Li et al.,, 2022), gallbladder
cancer (NOZ, EH-GB1, SGC-996 and GBC-SD cells) (Lv et al,
2023), and melanoma (B16F10 and A375 cells) (Li et al., 2024). Even
in cisplatin-resistant ovarian A2780°" and SNU-8%"® cells and
imatinib-resistant CML KBM5"™"! and K562R cells, ISA could
also notably inhibit the growth and induce apoptosis (Chun,
2023; Yin et al.,, 2023). Furthermore, some of these in vitro effects
(such as in pancreatic cancer, glioblastoma, melanoma, gallbladder
cancer, colorectal cancer, prostate cancer and esophageal cancer) have
also been confirmed in murine models where tumor volume and
weight was reduced while the lipid peroxidation in tumors was
increased (Chen et al,, 2018; Huang et al., 2021; Khan et al., 2012;
Li et al., 2022; Li et al.,, 2024; Li et al,, 2012; Lu et al,, 2018; Lv et al,,
2023; Wen et al., 2018; Xing et al,, 2019; Zhang et al., 2021). ISA can
significantly inhibit the cancer growth and induce apoptosis at uM
level and the dosages are summarized in Table 5.

In most cases, the anticancer activity of ISA is associated with
intracellular ROS overproduction. The Micheal-type addition, in
which the o, B-unsaturated carbonyl group (as an electrophile)
alkylate the biological nucleophiles (such as the SH group in
cysteine), was thought to be responsible for the significant
of B-
unsaturated carbonyl, such as alantolactone and ISA (Lawrence
et al,, 2001; Ma et al., 2013). In eukaryotic cells, ISA can react with
the sulthydryl group of GSH (Figure 1) and decrease the intracellular

antiproliferative  action compounds containing a,

GSH, incurring an oxidative stress that is toxic to cells (Xie et al.,
2023). As GSH is an important antioxidant power in cells, its
decrease causes the inability of cells to scavenge excessive ROS
that are harmful to cells. This may be the reason why ISA causes ROS
overproduction in cancers in so many publications.

The main mechanism underlying its anticancer effects is
apoptosis induction, as many other anticancer agents. Intrinsic
apoptosis pathway is activated by ISA in many reports (Di et al.,
2014; Jin et al.,, 2017), but some publications also show that ISA can
also stimulate extrinsic apoptosis that mediated by death receptor
(DR) (Di et al, 2014; Lu et al, 2018; Pal et al., 2010). In
ECA109 esophageal cancer cells, ISA significantly increases the
expression of death receptor 5 (DR5) and reduces the cleavage of
procaspase-10 (due to activation of caspase-10) (Lu et al., 2018). In
ISA-exposed Hep3B cells, DR5, DR4 and Fas are also upregulated
(Kim et al., 2021). In U20S cells, DR5, Fas-associating protein with
death domain (FADD) and their interactions, were increased by ISA,
leading to the activation of caspase-8 (Di et al., 2014). Knockdown of
DR5 with siRNA could reverse the ISA-induced viability loss in
ECA109 cells, suggesting the involvement of extrinsic apoptosis in
ISA-caused cell death (Lu et al.,, 2018). In this study, intracellular
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ROS overproduction is also detected, whereas ROS are closely
associated with mitochondrial dysfunction and intrinsic apoptosis
(Di et al, 2014; Jin et al, 2017; Lu et al, 2018). Although the
expression levels of intrinsic apoptosis-associated proteins were not
altered significantly in ECA109 cells, ISA did induce intrinsic
apoptosis in other cancer cells (Di et al., 2014; Lu et al., 2018; Lv
etal., 2023; Wu et al., 2013). In this kind of apoptosis, Bax activation
and translocation leads to status alterations of mitochondrial
permeability transition pores, facilitating depolarization of
mitochondrial membrane potential and subsequent release of
cytochrome ¢ and other apoptosis-promoting proteins to cytosol
(Kim et al., 2021; Pal et al, 2010). ISA-caused increase in pro-
apoptotic Bax is often accompanied by decrease in anti-apoptotic
proteins, such as Bcl-2, Mcl-1 and Bcl-xI (Kim et al., 2021; Li et al,,
2022; Lv et al,, 2023). This contributes to cleavage and activation of
caspases, which cleaves PARP (poly (ADP-ribose) polymerase) and
mediate apoptosis, as well as inflammation-related pyroptosis (Pal
et al.,, 2010).

ROS in prostate cancer could also induce endoplasmic reticulum
(ER) stress mediated through upregulation of p-eIF2a (eukaryotic
translation initiation factor 2A) and ATF4. ER stress also promotes
apoptosis via increasing the expression of CHOP (CCAAT/
enhancer-binding protein homologous protein) (Chen et al., 2018).

In ovarian cancer cells, ISA can reduce the phosphorylation of
Akt, which may also contribute to the ROS overproduction and GSH
depletion, as well as the downregulation of Bcl-2 (Xie et al., 2023).
Inactivation of Akt also retards the cell cycle progression, resulting
in arrest at G2/M phase (Li et al., 2024; Xie et al., 2023). Cell cycle
arrest is one of the mechanisms underlying the proliferation-
inhibitory effects of ISA. G2/M phase arrest (Cai et al., 2014; Di
etal,2014; Khanetal., 2012; Liet al., 2024; Li et al., 2016; Rasul et al.,
2013b; Wang et al., 2015; Weng et al., 2016; Xie et al., 2023), S phase
arrest (Cai et al., 2014; Di et al., 2014; Khan et al., 2012; Rasul et al.,
2013b), and GO/G1 phase (Jin et al., 2017; Li et al., 2022; Lv et al,,
2023; Wen et al., 2018; Wu et al., 2013; Xing et al., 2019), have been
reported in ISA-treated cancer cells. In the GO/G1 phase arrest, the
expression of cyclin D1, CDK2, CDK4 and CDKG6 (Li et al., 2022; Lv
et al,, 2023; Wu et al,, 2013; Xing et al,, 2019) are decreased by ISA.
The lowered expression of cyclin D1 and CDKG6 has also been found
in G2/M phase arrest caused by ISA, which is associated with
decreased expression of CDC2, cyclin Bl and CDK1 (Di et al,
2014; Lietal, 2024; Wang et al., 2015). ISA-induced S phase arrest is
found to be associated with reduced levels of cyclin A, cyclin Bl and
CDK2 (Cai et al, 2014; Rasul et al, 2013b). Consistent with
alterations in cell cycle, the expression of p21, one inhibitor of
CDK regulated positively by p53, is increased by ISA (Cai et al., 2014;
Li et al,, 2022; Wu et al., 2013). Correspondingly, p53, which could
be inactivated by Sirt 1 (Silent information regulator 1) that is
overexpressed in breast cancer, could also be increased by ISA in
several cancers (Li et al., 2016; Wu et al., 2013).

Studies performed by Kim et al (2021) suggested that in
Hep3B cells ISA-induced ROS also activate the JNK, one branch
of MAPK signaling pathway, resulting in apoptosis mediated by
both extrinsic and intrinsic apoptotic pathways where the crosstalk
is mediated by t-Bid
BH3 interacting-domain death agonist).

between them (truncated form of

In addition, ISA also cause cytoprotective autophagy in
melanoma and colorectal cancer, through repressing PI3K/Akt/
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mTOR signaling, besides its apoptosis-promoting effects, where
excessive autophagy would lead to death of cancer cells (Li et al.,
20225 Li et al, 2024). Autophagic cell death, characterized with
upregulation of Beclin 1 and elevated LC3 cleavage, is also induced
by ISA in ovarian cancer cells, which was found to be associated with
PEA-15 upregulation and following ERK activation (Weng et al.,
2016). These indicate the intriguing role of ISA-induced autophagy
in its cell death-stimulating effects, which needs further deep
exploration.

Besides autophagy, the PI3K and its downstream Akt also
regulate cell growth and proliferation. In gastric and ovarian
cancers, ISA can inhibit PI3K/Akt signaling, leading to lowered
ratio of Bcl-2 to Bax that facilitates apoptosis (Chun, 2023; Rasul
et al., 2013b).

In cancers that are closely associated with inflammation, such as
glioblastoma, breast cancer and osteosarcoma, NF-kB activation was
also inhibited by ISA, and so were the upstream IkB kinase (IKK)
and IkB, and downstream COX2 (Di et al., 2014; Wang et al., 2016;
Xing et al., 2019). The oncogenic transcriptional factor STAT3 that
is upregulated in prostate cancer and melanoma, is also closely
associated with inflammation. The phosphorylation of Tyr 705 of
STAT3 was also found to be inhibited by ISA in prostate cancer,
breast cancer and melanoma (An et al., 2024; Chen et al., 2018; Li
et al.,, 2024). In esophageal cancer, ISA can inhibit miR-21, which
silences programmed cell death 4 (PDCD4) and promotes cell
proliferation, resulting the unleashing of PDCD4 and cell death
(Wen et al., 2018).

The migration and invasion of multiple cancer cells could also be
inhibited by ISA treatment (Lv et al., 2023; Wang et al., 2016; Wu Z.-
c.etal, 2022; Zhang et al., 2021). The increased expression of matrix
metalloproteinase 2 (MMP2) and MMP9, regulated by MAPK and
often found in metastatic cancers, could so be suppressed by ISA
(Wang et al., 2016). In this context, ISA can also inhibit p38 MAPK
and downstream NF-kB phosphorylation (Wang et al, 2016).
Another
metastasis is epithelial-mesenchymal transition (EMT), in which

biological process associated with invasion and
vimentin and N-cadherin play positive roles. ISA was shown to
inhibit the expression of vimentin and N-cadherin but increase the
level of E-cadherin (loss of which is closely associated with EMT) in
gallbladder cancer (Lv et al, 2023). Accordingly, the MEK/ERK
signaling regulating EMT was blocked by ISA (Lv et al., 2023).
Angiogenesis plays an important role in tumorigenesis, tumor
invasion and metastasis, and inhibiting angiogenesis represents a
therapeutic direction for cancers. ISA can inhibit the proliferation of
human umbilical vein endothelial cells (ICsy = 2.5 pg/mL) and the
formation of endothelial cell tube in vitro (ICso = 1.0 pg/mL),

indicating its antiangiogenic potential (Ma et al, 2013). This

antiangiogenic activity of ISA has also been confirmed in another
report where ISA, at 1 pM, was shown to significantly inhibit the
formation of endothelial tube (Zhu Y. et al., 2023). They also showed
ISA can inhibit the elongation of intersegmental vessels in zebrafish
embryo, although the difference was insignificant at 5 uM and
higher concentrations would cause toxicity in these animals (Zhu
Y. etal, 2023). To be better used as antiangiogenic agent, ISA has to
be modified to lower the toxicity in animals shown by Zhu et al (Zhu
Y. et al., 2023).

Besides inducing DNA damage, ROS can also activate JNK
signaling, as supplementation with ROS scavenger NAC would
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reduce the phosphorylation of JNK (Wu F. et al,, 2022). Through
inducing ROS production and activating JNK pathway, ISA can
increase the antitumor effects of doxorubicin in colon cancers (thus
lowering the cardiotoxicity of doxorubicin) (Wu F. et al.,, 2022) and
the sensitivity of cisplatin in prostate cancer (Huang et al., 2021).
ROS accumulation caused by ISA-cisplatin combination can also
activate ER stress, as the levels of key related proteins, such as
p-elF2a, ATF4 and CHOP, are increased by this combination
(Huang et al, 2021). While in breast tumor cells, ISA also
reverses the resistance to doxorubicin of MCF-7/DR cells by
3 fold at 1 pg/mL (Wu et al, 2016). This kind of reversal was
due to the decreased efflux and elevated intracellular accumulation
of doxorubicin resulting from the inhibition of ABCB1 expression
and the reduction in lipid raft stability (Wu et al., 2016). In ovarian
cancers, ISA potentiates the cisplatin through a different manner.
The increased glycolysis that gives advantage to and is dependent
more by cisplatin-resistant ovarian cancers, could be inhibited by
ISA, thus increasing the sensitivity of these cisplatin-resistant cells to
cisplatin (Chun, 2023). Meanwhile, this combination increases the
phosphorylation of JNK and AKT, which regulate cell survival,
resulting in enhanced sensitivity of these cells to cisplatin (Chun,
2023). In addition, this combination has shown efficacy in a mouse
model of xenograft by two different groups (Chun, 2023; Huang
et al, 2021). Besides the capacity to increase the sensitivity of
prostate cancer and ovarian cancer to cisplatin (Chun, 2023;
Huang et al., 2021), ISA can also increase the radio-sensitivity of
head and neck squamous cell carcinoma to radiation through
inhibiting ERK1/2 phosphorylation (Wang et al., 2015).

ISA can inhibit the expression of c-myb, a proto-oncogene
encoding the transcription factor regulating genes whose
products are essential for the cell proliferation, survival and
differentiation (Schomburg et al, 2013). Notably, The ICs, of
ISA for c-myb inhibition (19.23 pM) was lower than that of
viability (>30 pM). Given the roles of c-myb in leukemia and
other cancers, ISA can be potentially used for developing
therapies for these cancers (Ciciro and Sala, 2021; Schomburg
et al., 2013).

Many other lactones have antitumor activities, including
alantolactone which shows almost similar activities against many
tumors as ISA (Liu X. et al., 2021; Wang, 2021). Many derivatives of
ISA have been synthesize and their antitumor effects were tested in
various kinds of tumors (Anikina et al., 2018; Kumar et al., 2016; Mo
etal,, 2024; Semakov et al., 2018). Among these derivatives, the most
potent one is a hybrid of ISA/hydroxamic acid, ((3aR,4aR,6R,8aR,
9aR)-8a-methyl-3,5-dimethylene-2-oxododecahydronaphtho [2,3-
b]furan-6-yl (4-((E)-3-(hydroxyamino)-3-oxoprop-1-en-1-yl)
benzoyl)-R-alaninate) (Derivative 11, Figure 2K), the ICs, of
which against the cancer cell lines were below 0.3 uM (Mo et al.,
2024). The nanoparticles of this compound are more potent against
these cancer cells, and the best ICs, is reported to be 0.023 uM
against HCT-116 cells (Mo et al., 2024).

8 Neuroprotection

Before this part begins, it is noteworthy that ISA can induce
detoxifying enzymes such as quinine reductase in Hepalclc7 and
BPRcl cells (Lim et al., 2007), indicating the anti-oxidative property
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of ISA. Although the compound alantolactone and the extract
containing both ISA and alantolactone, showed induction of
quinine reductase (Lim et al, 2007; Seo et al, 2008), the
contribution of ISA should not be excluded. Later, ISA was
confirmed by the same group, as well as others, to induce NAD
(P) H: (NQOV1),
S-transferase, glutathione reductase, y-glutamylcysteine synthetase

quinone  oxidoreductase-1 glutathione
and heme oxygenase-1 (HO-1) (Neganova et al,, 2019; Seo et al,,
2017; Seo et al., 2009). In addition, ISA was shown to be pro-
antioxidant in TBARS tests (Neganova et al., 2019). Increased NQO-
1, HO-1 and Nrf2 have been demonstrated to be neuro-protective in
multiple studies (Chen et al., 2022; Qu et al., 2020). In addition, ISA
was shown to suppress ROS production in zebrafish larvae/cells
exposed to CuSO, (Zhou et al., 2023). In mice treated with LPS, ISA
can increase the expression of Nrf-2 and HO-1, as well as
antioxidative enzymes SOD, GPX and CAT, and decrease the
MDA content in lung tissues (Yuan et al., 2018), confirming its
antioxidative effects in vivo.

The production and accumulation of amyloid  peptide (AB) in
the brain plays important roles in the initiation and development of
Alzheimer’s disease (AD) (Chen et al., 2017; Liu X. et al., 2021). ISA
can suppress the generation of ROS and superoxide anion induced
by amyloid B peptide (AP,s.35) in mouse cortical neurons while
elevate intracellular GSH, attenuating the cytotoxicity of A,s 35 to
neurons (Seo et al., 2017). Accordingly, in a mouse amnesia model
induced by scopolamine, ISA can decrease the damages of the cornu
ammonis regions of mouse hippocampus (which is critical in
memory and cognition) and alleviate the cognitive impairment,
as revealed by Y-maze, passive avoidance and water maze tests; but
in Nrf2~ mice, this kind of improvement has not be seen (Seo et al.,
2017). The neuroprotective mechanism may involve the inhibition
of acetylcholinesterase, in addition to the activation of Nrf2 by ISA
(Seo et al.,, 2017). The overproduction of inflammatory mediators
(such as TNF-q, IL-1p and NO) by microglial cells is involved in the
neurodegenerative AD and Parkinson’s disease (PD), as they can
damage neurons (Smith et al.,, 2012; Wang et al.,, 2018a). In this
context, inhibiting neuroinflammation would be beneficial for these
diseases. In LPS-stimulated BV-2 microglia cells, ISA can attenuate
the neuroinflammation through activating GSK-33-Nrf2 pathway
that subsequently suppresses NF-kB phosphorylation and the
generation of inflammatory mediators (Wang et al, 2018a).
Derivatives of alantolactone and ISA both show protective effects
in the AD model (Ma et al., 2024a; Neganova et al., 2024). The
serotonin conjugate of ISA (Derivative 12, Figure 2L) has better
protective effects than that of alantolactone (Neganova et al., 2024).

In the pathogenesis of PD that affects one to two percent of all
people aged over 65, the loss of dopaminergic neurons in the
substantia nigra and excessive neuroinflammation are critical (He
et al, 2022; Kim et al, 2015). In PD model of mice induced by
MPTP, ISA can inhibit neuroinflammation and damages to
dopaminergic neurons mediated by microglial overactivation, and
elevate the striatal dopamine (and its metabolites) level, resulting in
the reduce in dopaminergic neuron degeneration and improvement
of motor dysfunction. The underlying mechanism involves
upregulation of Akt/Nrf2/HO-1 signaling and downregulation of
NK-xB (He et al., 2022).

The nuclear receptor Nur77 (NR4A1) and Nurrl (NR4A2) are
closely linked to dopamine neurotransmission and mature and
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function of dopamine neurons, respectively (Kim et al., 2015; Yan
J. et al, 2020), suggesting potential targets of treating PD.
Nur77 activation has been proposed as potential in treating PD
(Liu L. et al,, 2021) and Nurrl agonists can improve the behavioral
symptoms and histological abnormalities in PD models (Kim et al.,
2015). However, ISA was identified as inhibitors of Nur77 and
Nurrl, indicating its neuroprotection was not mediated by
Nur77 and Nurrl (Jung et al, 2019; Munoz-Tello et al., 2020).
Recently, Nur77 was identified as a critical mediator recognizing
cytosolic LPS and activating NLRP3 inflammasome that leads to
release of pro-inflammatory cytokine IL-1p (Zhu F. et al., 2023). In
this context, Nur77 inhibition by ISA may help attenuate the
neuroinflammation in PD, which needs further confirmation.

9 Other activities
9.1 Anti-algal activity

ISA also has showed anti-algal activity. In a very early
publication, ISA was found to suppress the growth of Chlorella
cells. However, the respiration rate was largely elevated by ISA
1986).  With  both
concentration lowest-observed-effect

(Picman, lowest-complete-inhibition
of
100 pg/mL, ISA can also suppress the growth of Oscillatoria
capricornutum, two kinds of

phytoplanktons in freshwater that could cause cyanobacterial

and concentration

perornata and  Selenastrum

blooms that impact heavily freshwater aquaculture (Krapcho
et al., 2006).

9.2 Anti-trypanosomal activity

ISA has anti-trypanosomal activity against both T. brucei
rhodesiense and T. cruzi, which cause African Trypanosoma
brucei rhodesiense (African sleeping sickness) and American T.
cruzi (Chagas’s disease) that heavily influence the life of people
in tropical areas, with ICsy of 23.62 and 22.63 uM, respectively
(Schmidt et al., 2002).

9.3 Cardiomyocyte protective

In the angiotensin II-exposed HIC2 cells, ISA can increase the
expression of Nrf2 and HO-1, enhancing the antioxidant capacity of
cells, which helps to resist the detrimental effects imposed by
angiotensin II, such as oxidative stress and apoptosis induction.
The inhibition of MAPK (p38, JNK, ERK) pathways also contribute
to the beneficial effects of ISA on cardiomyocytes, which include
lowering the angiotensin II-stimulated increases in atrial natriuretic
peptide, brain natriuretic peptide and hypertrophy (Yang
et al., 2023).

9.4 Anti-diabetic and anti-obesity activity

diabetic
nephropathy is common and can cause serious outcomes (Jia

Of the many diabetes mellitus complications,
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et al,, 2013). High-level glucose and inflammation are key to the
initiation and progress of this nephropathy. In rat glomerular
mesangial cells exposed to high glucose (HG) to model diabetic
nephropathy, ISA can suppress the HG-induced cell proliferation
and activation of NF-kB via blocking the degradation of IxBa.
Consequently, the expression and secretion of MCP-1, TGF-B
and fibronectin were decreased by ISA treatment at nontoxic
concentrations (0.2-10 uM) (Jia et al., 2013). This suggest the
potential use of ISA in treating diabetic nephropathy. In addition
in mice model of gestational diabetes, ISA-containing Saussurea
lappa extract help to increase the serum insulin level and improve
significantly the reproductive outcomes (i.e., living fetuses, maternal
weight and fetal body weight) (Raafat et al., 2019).

ISA was also identified as a strong stimulator of glucose
uptake in L6 rat skeletal muscle cells: at concentrations below
5 uM that does not affect the viability, ISA can obviously enhance
the basal glucose uptake (Arha et al., 2018). Additionally, ISA
(10~20 uM) was confirmed to inhibit the transactivation (rather
than the expression or subcellular location) of Nur77 (a
transcription  factor  important in  metabolism  and
inflammation), and simultaneously activate AMPKa, both of
which result in the inhibition of mitotic clone expansion
(MCE), which was accompanied by reduced expression of
cyclin D1 and cyclin A and elevated expression of p27. These
effects, as well as downregulation of PPARy and C/EBPa (which
facilitate the transcription of various pre-adipogenic genes),
inhibit lipid
amassing in cultured 3T3-L1 preadipocytes (Jung et al., 2019).

adipogenic differentiation and intracellular
Consistently, in mouse model of obesity induced by high fat diet
(HFD), ISA can lower the body weight gain and body fat mass,
and improve plasma lipid profiles, suggesting a promising
candidate for developing drugs for obesity and relevant
metabolic diseases (Jung et al., 2019). However, whether this
can be used in clinical for anti-type 2 diabetes therapies warrants

further and more work to do.

9.5 Antidiarrheal activity

Recently, Qu et al found that ISA could suppress the ATP and
E.cr-stimulated short-circuit current in HT-29 cells having
TMEMI16A, a Ca**-activated Cl~ channel (CaCC), with ICs, of
9.2 uM and 11.8 uM, respectively (Qu et al., 2023). In addition, this
current in mouse induced by carbachol could also be inhibited by
ISA without affecting colon. In the T84 cells expressing CFTR, the
cAMP-stimulated CI~ (short-circuit) current mediated by CFTR
could be also suppressed by ISA (ICsy = 14.6 uM). Because of the
roles of CaCC and CFTR in the diarrhea, ISA was further
confirmed to be able to inhibit intestinal peristalsis and
secretory diarrhea induced by rotavirus in neonate mice (Qu
et al., 2023).

9.6 Herbicidal activity

ISA also showed herbicidal activity against etiolated wheat
coleoptiles, with an ICsq of 22 uM, which was lower than that of
a marketed herbicidal (Cardenas et al., 2021). In an earlier report,
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ISA was found to inhibit the germination rate of several Canadian
weeds but did not influence the germination of crops (Picman,
1986). Although the ISA derivatives synthesized by Cardenas et al.,
2021 didn’t show activity against etiolated wheat coleoptiles, the
derivatives of alantolactone and dehydrocostuslactone synthesized
showed phytotoxic activity, with the most potent one being
pertyolides C (IC5p:12 puM).

9.7 Estrogenic activity

In an in silico screen for ligand-receptor docking analysis, ISA
shows an affinity for estrogen receptor a (ERa), and in MCF-7 cells
that express ER and are sensitive to estrogen, ISA was demonstrated
to induce the transcription of pS2, a gene that can be stimulated by
estrogen (Kalachaveedu et al., 2018).

9.8 Anti-osteoporotic activity

At non-cytotoxic concentration of 0.5-2 pM, ISA could
obviously suppress osteoclast formation induced by RANKL
(Receptor activator of nuclear factor-kappa B ligand) without
influencing the osteogenesis (Lu J. et al., 2020). This kind of
anti-osteoporotic effects were mediated by the downregulation
of INK/p38 MAPK, NF-kB and PI3K-AKT signaling pathways that
can be stimulated by RANKL. Furthermore, the bone loss in mice
induced by ovariectomy could be abrogated by ISA treatment,
confirming its in vivo anti-osteoporotic effects.

9.9 Antidepressant-like activity

In a mice model of anhedonia-like phenotype of depression
induced by chronic social defeat stress (CSDS), the depression-like
behaviors in mice, such as decreased sucrose preference, prolonged
immobility time (in forced swimming test) could be reversed by ISA,
at a dose of 10 mg/kg (Wang et al., 2023). Further exploration found
that ISA could lower the plasma levels of IL-6 and TNF-a, which are
also closely associated with depression (Wang et al., 2023; Yang
etal., 2015). Besides, the decreases in protein levels of GluA1, brain-
derived neurotrophic factor (BDNF) and postsynaptic density
protein 95 in the prefrontal cortex caused by CSDS in mice
could be reversed by ISA (Wang et al., 2023). The authors also
found that ISA could restore the abundance and diversity of gut
microbiota affected by CSDS, indicating the involvement of gut-
brain axis in the effects of ISA on depressive behaviors (Wang et al.,
2023). These abovementioned activities are briefly summarized
in Table 6.

10 Derivatives

ISA is almost insoluble in water (Lu N. et al., 2020), limiting its
use. This would be improved by structure modification. For
example, the amino adducts improve the solubility in water and
pharmacokinetics, and retain the antitumor activity (Kumar et al.,
2016). Up to today, isoalantolactone-tryptamine conjugates
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(Klochkov et al., 2012), anthracycline antibiotics (daunorubicin
and doxorubicin) conjugates (Anikina et al., 2018; Semakov et al.,
2018), thiophenol conjugates (Semakov and Klochkov, 2020),
conjugates and Klochkov, 2020),
piperazine conjugates (Pukhov et al, 2019), halopyridine

selenophenol (Semakov

conjugates  (bromopyridine conjugates and iodopyridine
conjugates) (Patrushev et al., 2016), and serotonin conjugates
(Neganova et al, 2024) have been synthesized by many
[3 + 2]
between ISA and diazocyclopropane have also been fulfilled
(Ouled Aitouna et al., 2023). ISA can also form multiple hybrid

molecules with quinoline, isoquinoline, caffeine, theobromine and

researchers. In addition, cycloaddition processes

theophylline via its exocyclic a-methylene group (Patrushev et al.,
2017; Stepanova et al., 2022), which was the major site for the ISA
modifications by most groups (Cédrdenas et al., 2021; Guo et al,,
2014; Kumar et al., 2016; Lawrence et al., 2001; Patrushev et al.,
2017; Semakov et al., 2018; Semakov and Klochkov, 2020;
Stepanova et al, 2022). The synthesis of dimethylamino
derivative and dialkylphosphonates of ISA were also via this
group (Dzhalmakhanbetova et al, 2002). The other exocyclic
methylene of ISA can also undergo acidic isomerization to
produce epoxyisoalantolactone (Klochkov et al., 2006).
Derivatives are synthesized to optimize the capacity of ISA (for
example, to promote glucose intake) or to enhance the water
solubility (Arha et al., 2018; Kumar et al., 2016). With so many
derivatives, the structure-activity relationship could be inferred.
Conjugation with pharmacophoric amines may preserve the
the effects
mitochondria membrane potential of ISA (Neganova et al,

antioxidant activity but lose disturbing on
2019). One of the conjugates significantly lower the influence of
toxic insults (such as glutamate and H,0O,) on neuroblastoma cells,
indicating the potentials for treating neurodegenerative disorders.
Some analogs obtain TGF-f1/Smad3-inhibiting activity in
fibroblasts that is absent in ISA, which could be used for treating
idiopathic pulmonary fibrosis (Li et al, 2018). The retention of
diverse activities in ISA derivatives suggested that the bioactivities of
ISA come from not only the a-methylene-y-lactone moiety, but also
other functional groups (Guo et al, 2014; Kumar et al, 2016;
Lawrence et al., 2001). Another explanation could be that these
adducts may break into lactone and the substrates (for example,
secondary amines) of former Micheal-type addition reaction, due to
the reversibility of this type of reaction (Lawrence et al.,, 2001).
Under some conditions, the ISA conjugates may have opposite
effects to ISA. For example, while ISA inhibits the cytochrome ¢
oxidase in the presence of their substrates (ascorbate/N, N, N/, N'-
tetramethyl-p-phenylenediamine  dihydrochloride), ISA-

serotonin conjugate enhances the mitochondrial complex IV

one
activity and overall respiration function of mitochondria
(Neganova et al., 2024). Chemical modification of molecules
containing a-methylene-y-lactone moiety is still an attractive field
of medicinal chemistry.

11 Conclusion

ISA is widely distributed in many plants belonging to
Asteraceae. In this review, the multiple pharmacological effects of

ISA, including antibacterial, antitumor, antifungal, anti-
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inflammatory,  neuroprotective  activities, and  associated

mechanisms were outlined (Figure 3). Lots of further and deep
explorations have to be undertaken before these pharmacological
activities can be translated into therapeutic options for cancers,
microbial infections, inflammatory diseases and neurodegenerative
disorders. Total synthesis of ISA has been fulfilled (Tada et al,
1993) and so many derivatives provide a chance to easy
analyze the structure-activity relationship, which may further
facilitate the structural optimization (to enhance the activity
and to lower the toxicity) and development of ISA in
drug discovery.

Author contributions

GY: Data curation, Investigation, Methodology, Validation,
Visualization, Writing-original draft, Writing-review and editing.
LY: Conceptualization, Investigation, Methodology, Validation,
Writing-review and editing. FX: Conceptualization, Resources,
Supervision, Validation, Writing-review and editing.

References

Alexander, M. K., Merritt, R. W., and Berg, M. B. (1997). New strategies for the
control of the parthenogenetic chironomid (Paratanytarsus grimmii) (Diptera:
Chironomidae) infecting water systems. J. Am. Mosq. Control Assoc. 13 (2), 189-192.

An, S, Chun, J, Lee, J., Kim, Y. S,, Noh, M., and Ko, H. (2024). Unraveling
stereochemical  structure-activity ~relationships of sesquiterpene lactones for
inhibitory effects on STAT3 activation. Biomol. and Ther. 32, 627-634. doi:10.4062/
biomolther.2023.210

Anikina, L. V., Semakov, A. V., Afanas’eva, S. V., Pukhov, S. A., and Klochkov, S. G.
(2018). Synthesis and antiproliferative activity of daunorubicin conjugates with
sesquiterpene lactones. Pharm. Chem. J. 52 (4), 308-311. doi:10.1007/s11094-018-
1812-7

Arha, D., Ramakrishna, E.,, Gupta, A. P., Rai, A. K., Sharma, A., Ahmad, I, et al.
(2018). Isoalantolactone derivative promotes glucose utilization in skeletal muscle cells
and increases energy expenditure in db/db mice via activating AMPK-dependent
signaling. Mol. Cell Endocrinol. 460, 134-151. doi:10.1016/j.mce.2017.07.015

Blagojevic, P. D., and Radulovic, N. S. (2012). Conformational analysis of
antistaphylococcal sesquiterpene lactones from Inula helenium essential oil. Nat.
Prod. Commun. 7 (11), 1934578X1200701-1410. doi:10.1177/1934578x1200701101

Bohlmann, F.,, Mahanta, P. K., Jakupovic, J., Rastogi, R. C., and Natu, A. A. (1978).
New sesquiterpene lactones from Inula species. Phytochemistry 17 (7), 1165-1172.
doi:10.1016/s0031-9422(00)94308-5

Cai, H., Meng, X, Li, Y., Yang, C,, and Liu, Y. (2014). Growth inhibition effects of
isoalantolactone on K562/A02 cells: caspase-dependent apoptotic pathways, S phase
arrest, and downregulation of ber/abl. Phytotherapy Res. 28 (11), 1679-1686. doi:10.
1002/ptr.5182

Cantrell, C. L., Abate, L., Fronczek, F. R., Franzblau, S. G., Quijano, L., and Fischer, N.
H. (1999). Antimycobacterial eudesmanolides from Inula helenium and Rudbeckia
subtomentosa. Planta Med. 65 (4), 351-355. doi:10.1055/s-1999-14001

Cantrell, C. L., Pridgeon, J. W., Fronczek, F. R,, and Becnel, J. J. (2010). Structure-
activity relationship studies on derivatives of eudesmanolides from Inula helenium as
toxicants against Aedes aegypti larvae and adults. Chem. Biodivers. 7 (7), 1681-1697.
doi:10.1002/cbdv.201000031

Cardenas, D. M., Rial, C., Varela, R. M., Molinillo, J. M. G., and Macias, F. A. (2021).
Synthesis of pertyolides A, B, and C: a synthetic procedure to C17-sesquiterpenoids and
a study of their phytotoxic activity. J. Nat. Prod. 84 (8), 2295-2302. doi:10.1021/acs.
jnatprod.1c00396

Chacon-Morales, P. A., Dugarte, C. S., and Amaro-Luis, J. M. (2021). Helenin
from Stevia lucida. The first report of this natural eudesmanolide mixture in

Eupatorieae tribe. Nat. Prod. Res. 35 (21), 4139-4142. doi:10.1080/14786419.2020.
1739677

Chen, G. F, Xu, T. H, Yan, Y., Zhou, Y. R, Jiang, Y., Melcher, K., et al. (2017).
Amyloid beta: structure, biology and structure-based therapeutic development. Acta
Pharmacol. Sin. 38 (9), 1205-1235. doi:10.1038/aps.2017.28

Frontiers in Pharmacology

15

10.3389/fphar.2024.1453205

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Chen, W, Li, P, Liu, Y., Yang, Y., Ye, X,, Zhang, F,, et al. (2018). Isoalantolactone
induces apoptosis through ROS-mediated ER stress and inhibition of STAT3 in prostate
cancer cells. J. Exp. and Clin. Cancer Res. 37 (1), 309. doi:10.1186/s13046-018-0987-9

Chen, W.-F,, Shih, Y.-H., Liu, H.-C,, Cheng, C.-I,, Chang, C.-I, Chen, C.-Y,, et al.
(2022). 6-methoxyflavone suppresses neuroinflammation in lipopolysaccharide-
stimulated microglia through the inhibition of TLR4/MyD88/p38 MAPK/NF-«B
dependent pathways and the activation of HO-1/NQO-1 signaling. Phytomedicine
99, 154025. doi:10.1016/j.phymed.2022.154025

Chen, Z.-H., Guan, M., and Zhao, W -J. (2023). Effects of resveratrol on macrophages
after phagocytosis of Candida glabrata. Int. J. Med. Microbiol. 313 (6), 151589. doi:10.
1016/j.ijmm.2023.151589

Chun, J. (2023). Isoalantolactone suppresses glycolysis and resensitizes cisplatin-
based chemotherapy in cisplatin-resistant ovarian cancer cells. Int. J. Mol. Sci. 24 (15),
12397. doi:10.3390/ijms241512397

Chun, J., Song, K., and Kim, Y. S. (2019). Anti-inflammatory activity of standardized
fraction from Inula helenium L. Via suppression of NF-kB pathway in RAW 264.7 cells.
Nat. Product. Sci. 25 (1), 16. doi:10.20307/nps.2019.25.1.16

Ciciro, Y., and Sala, A. (2021). MYB oncoproteins: emerging players and potential
therapeutic targets in human cancer. Oncogenesis 10 (2), 19. doi:10.1038/s41389-021-
00309-y

Di, W., Khan, M., Rasul, A., Sun, M., Sui, Y., Zhong, L., et al. (2014). Isoalantolactone
inhibits constitutive NF-kB activation and induces reactive oxygen species-mediated
apoptosis in osteosarcoma U20S cells through mitochondrial dysfunction. Oncol. Rep.
32 (4), 1585-1593. d0i:10.3892/0r.2014.3368

Ding, Y. H, Song, Y. D, Wu, Y. X, He, H. Q, Yu, T. H,, Hu, Y. D,, et al. (2019).
Isoalantolactone  suppresses ~ LPS-induced  inflammation by  inhibiting
TRAF6 ubiquitination and alleviates acute lung injury. Acta Pharmacol. Sin. 40 (1),
64-74. doi:10.1038/s41401-018-0061-3

Dzhalmakhanbetova, R. I., Rakhimova, B. B., Talzhanov, N. A., Rustembekova, G. K.,
Kulyyasov, A. T., and Adekenov, S. M. (2002). Phosphate derivatives of natural lactones.
L. Synthesis of novel isoalantolactone dialkylphosphonates. Chem. Nat. Compd. 38 (6),
549-552. doi:10.1023/a:1022678519253

Feng, S., Liang, W, Li, J., Chen, Y., Zhou, D., Liang, L., et al. (2022). MCR-1-
dependent lipid remodelling compromises the viability of Gram-negative bacteria.
Emerg. Microbes Infect. 11 (1), 1236-1249. doi:10.1080/22221751.2022.2065934

Gao, S., Wang, Q., Tian, X.-H., Li, H.-L., Shen, Y.-H., Xu, X.-K,, et al. (2017). Total
sesquiterpene lactones prepared from Inula helenium L. has potentials in prevention
and therapy of rheumatoid arthritis. J. Ethnopharmacol. 196, 39-46. doi:10.1016/j.jep.
2016.12.020

Gao, X., Ma, Y., Wang, Z,, Bia, R., Zhang, P., and Hu, F. (2018). Identification of anti-
inflammatory active ingredients from Tumuxiang by ultra-performance liquid
chromatography/quadrupole time-of-flight-MS(E). Biomed. Chromatogr. 32 (5),
e4179. doi:10.1002/bmc.4179

frontiersin.org


https://doi.org/10.4062/biomolther.2023.210
https://doi.org/10.4062/biomolther.2023.210
https://doi.org/10.1007/s11094-018-1812-7
https://doi.org/10.1007/s11094-018-1812-7
https://doi.org/10.1016/j.mce.2017.07.015
https://doi.org/10.1177/1934578x1200701101
https://doi.org/10.1016/s0031-9422(00)94308-5
https://doi.org/10.1002/ptr.5182
https://doi.org/10.1002/ptr.5182
https://doi.org/10.1055/s-1999-14001
https://doi.org/10.1002/cbdv.201000031
https://doi.org/10.1021/acs.jnatprod.1c00396
https://doi.org/10.1021/acs.jnatprod.1c00396
https://doi.org/10.1080/14786419.2020.1739677
https://doi.org/10.1080/14786419.2020.1739677
https://doi.org/10.1038/aps.2017.28
https://doi.org/10.1186/s13046-018-0987-9
https://doi.org/10.1016/j.phymed.2022.154025
https://doi.org/10.1016/j.ijmm.2023.151589
https://doi.org/10.1016/j.ijmm.2023.151589
https://doi.org/10.3390/ijms241512397
https://doi.org/10.20307/nps.2019.25.1.16
https://doi.org/10.1038/s41389-021-00309-y
https://doi.org/10.1038/s41389-021-00309-y
https://doi.org/10.3892/or.2014.3368
https://doi.org/10.1038/s41401-018-0061-3
https://doi.org/10.1023/a:1022678519253
https://doi.org/10.1080/22221751.2022.2065934
https://doi.org/10.1016/j.jep.2016.12.020
https://doi.org/10.1016/j.jep.2016.12.020
https://doi.org/10.1002/bmc.4179
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1453205

Yang et al.

Gierlikowska, B., Gierlikowski, W., Bekier, K., Skalicka-Wozniak, K., Czerwinska, M.
E., and Kiss, A. K. (2020a). Inula helenium and Grindelia squarrosa as a source of
compounds with anti-inflammatory activity in human neutrophils and cultured human
respiratory epithelium. J. Ethnopharmacol. 249 (112311), 112311. doi:10.1016/j.jep.
2019.112311

Gierlikowska, B., Gierlikowski, W., and Demkow, U. (2020b). Alantolactone enhances
the phagocytic properties of human macrophages and modulates their proinflammatory
functions. Front. Pharmacol. 11, 1339. doi:10.3389/fphar.2020.01339

Guo, R-X,, Li, L.-G., Zhang, M.-L,, Sauriol, F., Shi, Q.-W., Gu, Y.-C,, et al. (2014).
Structural modification of isoalantolactone and biological activity against the hepatoma
cell lines. Heterocycl. Commun. 20 (2), 117-121. doi:10.1515/hc-2013-0220

He, D, Liu, Y., Li, ], Wang, H,, Ye, B,, He, Y., et al. (2022). Isoalantolactone (IAL)
regulates neuro-inflammation and neuronal apoptosis to curb pathology of Parkinson’s
disease. Cells 11 (18), 2927. doi:10.3390/cells11182927

He, G., Zhang, X., Chen, Y., Chen, J., Li, L., and Xie, Y. (2017). Isoalantolactone
inhibits LPS-induced inflammation via NF-kB inactivation in peritoneal macrophages
and improves survival in sepsis. Biomed. Pharmacother. 90, 598-607. doi:10.1016/j.
biopha.2017.03.095

He, X., Zhao, W. Y, Shao, B., Zhang, B. ], Liu, T. T, Sun, C. P, et al. (2020). Natural
soluble epoxide hydrolase inhibitors from Inula helenium and their interactions with
soluble epoxide hydrolase. Int. J. Biol. Macromol. 158, 1362-1368. doi:10.1016/j.
ijbiomac.2020.04.227

Hou, Y., Qieni, X, Li, N,, Bai, J., Li, R., Gongbao, D, et al. (2020). Longzhibu disease
and its therapeutic effects by traditional Tibetan medicine: Ershi-wei Chenxiang pills.
J. Ethnopharmacol. 249, 112426. doi:10.1016/j.jep.2019.112426

Hu, F., and Yang, P. (2022). Isoalantolactone exerts anticancer effects on human
HEC-1-B endometrial cancer cells via induction of ROS mediated apoptosis and
inhibition of MEK/ERK signalling pathway. Acta Biochim. Pol. 69 (2), 453-458.
doi:10.18388/abp.2020_5965

Huang, H,, Li, P, Ye, X,, Zhang, F., Lin, Q., Wu, K, et al. (2021). Isoalantolactone
increases the sensitivity of prostate cancer cells to cisplatin treatment by inducing
oxidative stress. Front. Cell Dev. Biol. 9, 632779. doi:10.3389/fcell.2021.632779

Jia, Q. Q., Wang, J. C, Long, J., Zhao, Y., Chen, S. J,, Zhai, J. D,, et al. (2013).
Sesquiterpene lactones and their derivatives inhibit high glucose-induced NF-«B
activation and MCP-1 and TGF-P1 expression in rat mesangial cells. Molecules 18
(10), 13061-13077. doi:10.3390/molecules181013061

Jin, C,, Zhang, G., Zhang, Y., Hua, P, Song, G., Sun, M., et al. (2017). Isoalantolactone
induces intrinsic apoptosis through p53 signaling pathway in human lung squamous
carcinoma cells. Plos One 12 (8), €0181731. doi:10.1371/journal.pone.0181731

Jin, Q., Xie, X., Zhai, Y., and Zhang, H. (2023). Mechanisms of folate metabolism-
related substances affecting Staphylococcus aureus infection. Int. J. Med. Microbiol. 313
(2), 151577. doi:10.1016/j.ijmm.2023.151577

Jonnalagadda, D., Wan, D., Chun, J., Hammock, B. D., and Kihara, Y. (2021). A
soluble epoxide hydrolase inhibitor, 1-trifluoromethoxyphenyl-3-(1-
propionylpiperidin-4-yl) urea, ameliorates experimental autoimmune
encephalomyelitis. Int. J. Mol. Sci. 22 (9), 4650. doi:10.3390/ijms22094650

Jung, Y. S, Lee, H. S., Cho, H. R, Kim, K. J,, Kim, J. H,, Safe, S., et al. (2019). Dual
targeting of Nur77 and AMPKa by isoalantolactone inhibits adipogenesis in vitro and
decreases body fat mass in vivo. Int. J. Obes. (Lond). 43 (5), 952-962. doi:10.1038/
541366-018-0276-x

Kalachaveedu, M., Raghavan, D., Telapolu, S., Kuruvilla, S., and Kedike, B. (2018).
Phytoestrogenic effect of Inula racemosa Hook f - a cardioprotective root drug in
traditional medicine. J. Ethnopharmacol. 210, 408-416. doi:10.1016/j.jep.2017.09.001

Kalola, J., Shah, R,, Patel, A., Lahiri, S. K., and Shah, M. B. (2017). Anti-inflammatory
and immunomodulatory activities of Inula cappa roots (Compositae). . Complement.
Integr. Med. 14 (3), €20160083. doi:10.1515/jcim-2016-0083

Kataria, D., and Chahal, K. K. (2013). Chemistry and antifungal potential of
Alantolides from Inula racemosa H. J. Chem. Sci. 125 (1), 187-191. doi:10.1007/
$12039-012-0347-9

Kaur, M., Kumar, R., Upendrabhai, D. P., Singh, I. P., and Kaur, S. (2017). Impact of
sesquiterpenes from Inula racemosa (Asteraceae) on growth, development and
nutrition of Spodoptera litura (Lepidoptera: noctuidae). Pest Manag. Sci. 73 (5),
1031-1038. doi:10.1002/ps.4429

Kaur, R., Chahal, K. K., and Urvashi, (2020). Isolation, chemical transformation, and
antifungal potential of sesquiterpene lactones from Inula racemosa. Chem. Nat. Compd.
56 (2), 207-212. doi:10.1007/s10600-020-02989-1

Khan, M., Ding, C., Rasul, A,, Yi, F,, Li, T., Gao, H,, et al. (2012). Isoalantolactone
induces reactive oxygen species mediated apoptosis in pancreatic carcinoma PANC-1
cells. Int. . Biol. Sci. 8 (4), 533-547. doi:10.7150/ijbs.3753

Kim, C. H,, Han, B. S., Moon, J., Kim, D. J,, Shin, J., Rajan, S., et al. (2015). Nuclear
receptor Nurrl agonists enhance its dual functions and improve behavioral deficits in an
animal model of Parkinson’s disease. Proc. Natl. Acad. Sci. U. S. A. 112 (28), 8756-8761.
doi:10.1073/pnas.1509742112

Kim, C.-L,, Lim, S.-B., Kim, D. H,, Sim, Y. E., Kang, L.-],, Park, S. J., et al. (2024).
Regulation of Hippo-YAP signaling axis by Isoalantolactone suppresses tumor

Frontiers in Pharmacology

16

10.3389/fphar.2024.1453205

progression in cholangiocarcinoma. Transl. Oncol. 46, 101971. doi:10.1016/j.tranon.
2024.101971

Kim, M. Y., Lee, H, Ji, S. Y., Kim, S. Y., Hwangbo, H., Park, S.-H., et al. (2021).
Induction of apoptosis by isoalantolactone in human hepatocellular carcinoma
Hep3B cells through activation of the ROS-dependent JNK signaling pathway.
Pharmaceutics 13 (10), 1627. doi:10.3390/pharmaceutics13101627

Klochkov, S. G., Afanas’eva, S. V., Bulychev, Y. N., Neganova, M. E., and Shevtsova, E.
F. (2012). Synthesis and biological activity of isoalantolactone—tryptamine conjugates.
Russ. Chem. Bull. 61 (2), 409-415. doi:10.1007/s11172-012-0058-x

Klochkov, S. G., Afanaséva, S. V., and Pushin, A. N. (2006). Acidic isomerization of
alantolactone derivatives. Chem. Nat. Compd. 42 (4), 400-406. doi:10.1007/s10600-006-
0166-7

Kong, L., Liu, X,, Yiying, L., Wang, J., Dong, Q., Li, M., et al. (2024). In vitro antiviral
function and mechanism of isoalantolactone. Drug Eval. Res. 47 (3), 521-528. doi:10.
7501/j.issn.1674-6376.2024.03.009

Konishi, T., Kondo, S., and Uchiyama, N. (2008). Larvicidal activities of
sesquiterpenes from Inula helenium (compositae) against Aedes albopictus (Diptera:
Culicidae) and Paratanytarsus grimmii (Diptera: chironomidae). Appl. Entomology
Zoology 43 (1), 77-81. doi:10.1303/aez.2008.77

Krapcho, P., Cantrell, C. L., Mamonov, L. K, Ryabushkina, N., Kustova, T. S., Fischer,
N. H,, et al. (2006). Bioassay-guided isolation of anti-algal constituents from Inula
helenium and Limonium myrianthum. Arkivoc 2007 (7), 65-75. doi:10.3998/ark.
5550190.0008.708

Kumar, A., and Agnihotri, V. K. (2020). NMR based profiling of sesquiterpene
lactones in Saussurea lappa roots collected from different location of Western Himalaya.
Nat. Prod. Res. 32 (2), 621-624. doi:10.1080/14786419.2020.1789635

Kumar, A., Kumar, D., Maurya, A. K., Padwad, Y. S., and Agnihotri, V. K. (2016). New
semi-synthetic scaffolds of isoalantolactone and their cytotoxic activity. Phytochem.
Lett. 18, 117-121. doi:10.1016/j.phytol.2016.09.004

Kumar, A., Kumar, S., Kumar, D., and Agnihotri, V. K. (2014a). UPLC/MS/MS
method for quantification and cytotoxic activity of sesquiterpene lactones isolated from
Saussurea lappa. J. Ethnopharmacol. 155 (2), 1393-1397. doi:10.1016/j.jep.2014.07.037

Lawrence, N. J., McGown, A. T., Nduka, ., Hadfield, J. A., and Pritchard, R. G. (2001).
Cytotoxic Michael-type amine adducts of alpha-methylene lactones alantolactone and
isoalantolactone. Bioorg. and Med. Chem. Lett. 11 (3), 429-431. doi:10.1016/50960-
894x(00)00686-7

Lee, J.-Y., Kim, S.-B., Chun, J., Song, K. H., Kim, Y. S., Chung, S.-]., et al. (2016). High
body clearance and low oral bioavailability of alantolactone, isolated fromInula
helenium, in rats: extensive hepatic metabolism and low stability in gastrointestinal
fluids. Biopharm. and Drug Dispos. 37 (3), 156-167. doi:10.1002/bdd.2005

Li, J., Zhu, P, Chen, Y., Zhang, S., Zhang, Z., Zhang, Z., et al. (2022). Isoalantolactone
induces cell cycle arrest, apoptosis and autophagy in colorectal cancer cells. Front.
Pharmacol. 13, 903599. doi:10.3389/fphar.2022.903599

Li, J. K, Jiang, X. L., Zhang, Z., Chen, W. Q., Peng, J. J,, Liu, B,, et al. (2024).
Isoalantolactone exerts anti-melanoma effects via inhibiting PI3K/AKT/mTOR and
STATS3 signaling in cell and mouse models. Phytotherapy Res. 38 (6), 2800-2817. doi:10.
1002/ptr.8132

Li, S., Shi, H., Chang, W., Li, Y., Zhang, M., Qiao, Y., et al. (2017). Eudesmane
sesquiterpenes from Chinese liverwort are substrates of Cdrs and display antifungal
activity by targeting Erg6 and Ergl1 of Candida albicans. Bioorg Med. Chem. 25 (20),
5764-5771. doi:10.1016/j.bmc.2017.09.001

Li, W,, Xu, H,, Shao, J., Chen, J,, Lin, Y., Zheng, Z, et al. (2023). Discovery of
alantolactone as a naturally occurring NLRP3 inhibitor to alleviate NLRP3-driven
inflammatory diseases in mice. Br. J. Pharmacol. 180 (12), 1634-1647. doi:10.1111/bph.
16036

Li, X,, Lu, C, Liu, S, Shuaishuai, L., Su, C,, Xiao, T., et al. (2018). Synthesis and
discovery of a drug candidate for treatment of idiopathic pulmonary fibrosis through
inhibition of TGF-P1 pathway. Eur. J. Med. Chem. 157, 229-247. doi:10.1016/j.ejmech.
2018.07.074

Li, Y, Ni, Z.-Y., Zhu, M.-C,, Dong, M., Wang, S.-M., Shi, Q.-W., et al. (2012).

Antitumour activities of sesquiterpene lactones from Inula helenium and Inula
japonica. Z. fiir Naturforsch. C 67 (7-8), 375-380. doi:10.1515/znc-2012-7-804

Li, Z., Qin, B., Qi, X., Mao, J., and Wu, D. (2016). Isoalantolactone induces apoptosis
in human breast cancer cells via ROS-mediated mitochondrial pathway and
downregulation of SIRT1. Archives Pharmacal Res. 39 (10), 1441-1453. doi:10.1007/
s12272-016-0815-8

Lim, S. S., Kim, J. R,, Lim, H. A,, Jang, C. H,, Kim, Y. K., Konishi, T., et al. (2007).
Induction of detoxifying enzyme by sesquiterpenes present in Inula helenium. J. Med.
Food 10 (3), 503-510. doi:10.1089/jmf.2006.209

Liu, C., Mishra, A. K., He, B., and Tan, R. (2001). Antimicrobial activities of
isoalantolactone, a major sesquiterpene lactone oflnula racemosa. Chin. Sci. Bull. 46
(6), 498-501. doi:10.1007/bf03187267

Liu, C. H,, Mishra, A. K., and Tan, R. X. (2006). Repellent, insecticidal and phytotoxic
activities of isoalantolactone from Inula racemosa. Crop Prot. 25 (5), 508-511. doi:10.
1016/j.cropro.2005.05.008

frontiersin.org


https://doi.org/10.1016/j.jep.2019.112311
https://doi.org/10.1016/j.jep.2019.112311
https://doi.org/10.3389/fphar.2020.01339
https://doi.org/10.1515/hc-2013-0220
https://doi.org/10.3390/cells11182927
https://doi.org/10.1016/j.biopha.2017.03.095
https://doi.org/10.1016/j.biopha.2017.03.095
https://doi.org/10.1016/j.ijbiomac.2020.04.227
https://doi.org/10.1016/j.ijbiomac.2020.04.227
https://doi.org/10.1016/j.jep.2019.112426
https://doi.org/10.18388/abp.2020_5965
https://doi.org/10.3389/fcell.2021.632779
https://doi.org/10.3390/molecules181013061
https://doi.org/10.1371/journal.pone.0181731
https://doi.org/10.1016/j.ijmm.2023.151577
https://doi.org/10.3390/ijms22094650
https://doi.org/10.1038/s41366-018-0276-x
https://doi.org/10.1038/s41366-018-0276-x
https://doi.org/10.1016/j.jep.2017.09.001
https://doi.org/10.1515/jcim-2016-0083
https://doi.org/10.1007/s12039-012-0347-9
https://doi.org/10.1007/s12039-012-0347-9
https://doi.org/10.1002/ps.4429
https://doi.org/10.1007/s10600-020-02989-1
https://doi.org/10.7150/ijbs.3753
https://doi.org/10.1073/pnas.1509742112
https://doi.org/10.1016/j.tranon.2024.101971
https://doi.org/10.1016/j.tranon.2024.101971
https://doi.org/10.3390/pharmaceutics13101627
https://doi.org/10.1007/s11172-012-0058-x
https://doi.org/10.1007/s10600-006-0166-7
https://doi.org/10.1007/s10600-006-0166-7
https://doi.org/10.7501/j.issn.1674-6376.2024.03.009
https://doi.org/10.7501/j.issn.1674-6376.2024.03.009
https://doi.org/10.1303/aez.2008.77
https://doi.org/10.3998/ark.5550190.0008.708
https://doi.org/10.3998/ark.5550190.0008.708
https://doi.org/10.1080/14786419.2020.1789635
https://doi.org/10.1016/j.phytol.2016.09.004
https://doi.org/10.1016/j.jep.2014.07.037
https://doi.org/10.1016/s0960-894x(00)00686-7
https://doi.org/10.1016/s0960-894x(00)00686-7
https://doi.org/10.1002/bdd.2005
https://doi.org/10.3389/fphar.2022.903599
https://doi.org/10.1002/ptr.8132
https://doi.org/10.1002/ptr.8132
https://doi.org/10.1016/j.bmc.2017.09.001
https://doi.org/10.1111/bph.16036
https://doi.org/10.1111/bph.16036
https://doi.org/10.1016/j.ejmech.2018.07.074
https://doi.org/10.1016/j.ejmech.2018.07.074
https://doi.org/10.1515/znc-2012-7-804
https://doi.org/10.1007/s12272-016-0815-8
https://doi.org/10.1007/s12272-016-0815-8
https://doi.org/10.1089/jmf.2006.209
https://doi.org/10.1007/bf03187267
https://doi.org/10.1016/j.cropro.2005.05.008
https://doi.org/10.1016/j.cropro.2005.05.008
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1453205

Yang et al.

Liu, L., Ma, D., Zhuo, L., Pang, X,, You, J., and Feng, J. (2021a). Progress and promise
of nur77-based therapeutics for central nervous system disorders. Curr.
Neuropharmacol. 19 (4), 486-497. doi:10.2174/1570159X18666200606231723

Liu, L. L., Wang, R, Yang, J. L., and Shi, Y. P. (2010). Diversity of sesquiterpenoids
from carpesium cernuum. Helvetica Chim. Acta 93 (3), 595-601. doi:10.1002/hlca.
200900275

Liu, X, Bian, L., Duan, X., Zhuang, X., Sui, Y., and Yang, L. (2021b). Alantolactone: a
sesquiterpene lactone with diverse pharmacological effects. Chem. Biol. Drug Des. 98
(6), 1131-1145. doi:10.1111/cbdd.13972

Liu, X,, Ma, Z., Zhang, J., and Yang, L. (2017). Antifungal compounds against Candida
infections from traditional Chinese medicine. Biomed. Res. Int. 2017, 4614183. doi:10.
1155/2017/4614183

Liu, Y., Meng, Q,, Jing, L., Feng, L., and Ni, Z. (2020). 11, 13-dehydro lactone moiety
in gynecologic cancer cells. Iran. J. Public Health 49 (11), 2103-2110. doi:10.18502/ijph.
v49i11.4726

Lokhande, P. D., Gawai, K. R., Kodam, K. M., Kuchekar, B. S., and Jagdale, S. C.
(2007). Antibacterial activity of isolated constituents and extract of roots of Inula
racemosa. Res. J. Med. Plant 1 (1), 7-12. doi:10.3923/rjmp.2007.7.12

Lu, J., Kuang, Z., Chen, T, Ye, C., Hou, W., Tang, L., et al. (2020a). Isoalantolactone
inhibits RANKL-induced osteoclast formation via multiple signaling pathways. Int.
Immunopharmacol. 84, 106550. doi:10.1016/j.intimp.2020.106550

Lu, N, Lv, Q., Sun, X, Zhou, Y., Guo, Y., Qiu, J., et al. (2020b). Isoalantolactone
restores the sensitivity of gram-negative Enterobacteriaceae carrying MCR-1 to
carbapenems. J. Cell Mol. Med. 24 (4), 2475-2483. doi:10.1111/jcmm.14936

Lu, Z,, Zhang, G., Zhang, Y., Hua, P, Fang, M., Wu, M., et al. (2018). Isoalantolactone
induces apoptosis through reactive oxygen species-dependent upregulation of death
receptor 5 in human esophageal cancer cells. Toxicol. Appl. Pharmacol. 352, 46-58.
doi:10.1016/j.taap.2018.05.026

Lv, X,, Lin, Y., Zhu, X,, and Cai, X. (2023). Isoalantolactone suppresses gallbladder
cancer progression via inhibiting the ERK signalling pathway. Pharm. Biol. 61 (1),
556-567. doi:10.1080/13880209.2023.2191645

Ma, R, Feng, X.-Y., Tang, J.-J., Ha, W., and Shi, Y.-P. (2024a). 5a-Epoxyalantolactone
from Inula macrophylla attenuates cognitive deficits in scopolamine-induced
Alzheimer’s disease mice model. Nat. Prod. Bioprospecting 14 (1), 39. doi:10.1007/
513659-024-00462-y

Ma, R,, Komilov, B., Wang, C.-B., Eshbakova, K. A, Yang, J.-L., Ha, W, et al. (2024b).
Sesquiterpenes from Inula macrophylla and their anti-neuroinflammatory activity.
Phytochem. Lett. 60, 257-263. doi:10.1016/}.phytol 2024.02.003

Ma, Y. Y., Zhao, D. G,, and Gao, K. (2013). Structural investigation and biological
activity of sesquiterpene lactones from the traditional Chinese herb Inula racemosa.
J. Nat. Prod. 76 (4), 564-570. doi:10.1021/np300742d

Matos, L. C., Machado, J. P., Monteiro, F. J., and Greten, H. J. (2021). Understanding
traditional Chinese medicine therapeutics: an overview of the basics and clinical
applications. Healthcare 9 (3), 257. doi:10.3390/healthcare9030257

Min, Y., Kim, M. J., Lee, S., Chun, E.,, and Lee, K. Y. (2018). Inhibition of
TRAF6 ubiquitin-ligase activity by PRDX1 leads to inhibition of NFKB activation
and autophagy activation. Autophagy 14 (8), 1347-1358. doi:10.1080/15548627.2018.
1474995

Mo, H., Liu, J, Su, Z, Zhao, D.-G,, Ma, Y.-Y., Zhang, K, et al. (2024).
Isoalantolactone/hydroxamic acid hybrids as potent dual STAT3/HDAC inhibitors
and self-assembled nanoparticles for cancer therapy. Eur. J. Med. Chem. 277, 116765.
doi:10.1016/j.ejmech.2024.116765

Mohan, S., and Gupta, D. (2017). Phytochemical analysis and differential in vitro
cytotoxicity assessment of root extracts of Inula racemosa. Biomed. Pharmacother. 89,
781-795. doi:10.1016/j.biopha.2017.02.053

Munoz-Tello, P., Lin, H., Khan, P., de Vera, I. M. S., Kamenecka, T. M., and Kojetin,
D. J. (2020). Assessment of NR4A ligands that directly bind and modulate the orphan
nuclear receptor Nurrl. J. Med. Chem. 63 (24), 15639-15654. doi:10.1021/acs.
jmedchem.0c00894

Neganova, M., Dubrovskaya, E., Afanasieva, S., Shevtsova, E., and Klochkov, S.
(2019). Isoalantolactone amino derivatives as potential neuroprotectors. Eur.
Neuropsychopharmacol. 29, $235-5236. doi:10.1016/j.euroneuro.2018.11.379

Neganova, M., Liu, J., Aleksandrova, Y., Vasilieva, N., Semakov, A., Yandulova, E.,
et al. (2024). Development of neuroprotective agents for the treatment of alzheimer’s
disease using conjugates of serotonin with sesquiterpene lactones. Curr. Med. Chem. 31
(5), 529-551. doi:10.2174/0929867330666221125105253

Nikonova, L. P. (1973). Lactones of Inula magnifica. Chem. Nat. Compd. 9 (4), 528.
doi:10.1007/bf00568654

Niu, L., Liu, X,, Ma, Z,, Yin, Y., Sun, L, Yang, L., et al. (2020). Fungal keratitis:
pathogenesis, diagnosis and prevention. Microb. Pathog. 138, 103802. doi:10.1016/j.
micpath.2019.103802

Quled Aitouna, A., Barhoumi, A., El Alaoui El Abdallaoui, H., Mazoir, N., Elalaoui
Belghiti, M., Syed, A., et al. (2023). Explaining the selectivities and the mechanism of
[3+2] cycloloaddition reaction between isoalantolactone and diazocyclopropane. J. Mol.
Model. 29 (9), 280. doi:10.1007/s00894-023-05688-0

Frontiers in Pharmacology

10.3389/fphar.2024.1453205

Pal, H. C,, Sehar, I, Bhushan, S., Gupta, B. D., and Saxena, A. K. (2010). Activation of
caspases and poly (ADP-ribose) polymerase cleavage to induce apoptosis in leukemia
HL-60 cells by Inula racemosa. Toxicol. Vitro 24 (6), 1599-1609. doi:10.1016/j.tiv.2010.
06.007

Patrushev, S. S., Burova, L. G,, Shtro, A. A., Rybalova, T. V., Baev, D. S., Shirokikh, L.
y.V., et al. (2021). Modifications of isoalantolactone leading to effective anti-bacterial
and anti-viral compounds. Lett. Drug Des. and Discov. 18 (7), 686-700. doi:10.2174/
1570180817999201211193151

Patrushev, S. S., Rybalova, T. V., Ivanov, I. D., Vavilin, V. A,, and Shults, E. E. (2017).
Synthesis of a new class of bisheterocycles via the Heck reaction of eudesmane type
methylene lactones with 8-bromoxanthines. Tetrahedron 73 (19), 2717-2726. doi:10.
1016/j.tet.2017.03.016

Patrushev, S. S., Shakirov, M. M., and Shults, E. E. (2016). Synthetic transformations
of sesquiterpene lactones 9.* Synthesis of 13-(pyridinyl)eudesmanolides. Chem.
Heterocycl. Compd. 52 (3), 165-171. doi:10.1007/s10593-016-1855-1

Patrushev, S. S., Vasil’eva, D. O., Burova, L. G., Bondareva, E. A., Zakharova, L. N.,
Evstropov, A. N,, et al. (2023). Synthesis and evaluation of antibacterial activity of bis-
eudesmanolides connected by nitrogen-containing linkers. Russ. Chem. Bull. 72 (10),
2513-2524. doi:10.1007/s11172-023-4054-0

Peng, W., Hui, X.-g, Huo, L, Sun, D.-x.,, Wu, Z.-c., Zhang, Y., et al. (2024).
Isoalantolactone inhibits the proliferation of human liver cancer cells by inducing
intrinsic apoptosis. Trop. J. Pharm. Res. 23 (2), 273-278. doi:10.4314/tjpr.v23i2.6

Picman, A. K. (1986). Biological activities of sesquiterpene lactones. Biochem. Syst.
Ecol. 14 (3), 255-281. doi:10.1016/0305-1978(86)90101-8

Pukhov, S. A., Afanas’eva, S. V., Anikina, L. V., Kozlovskii, V. I, Neganova, M. E., and
Klochkov, S. G. (2019). Cytotoxicity of natural alantolactones conjugated to substituted
piperazines. Chem. Nat. Compd. 55 (1), 41-46. doi:10.1007/s10600-019-02611-z

Qiuy, J., Luo, M., Wang, J., Dong, J., Li, H., Leng, B., et al. (2011). Isoalantolactone
protects against Staphylococcus aureus pneumonia. FEMS Microbiol. Lett. 324 (2),
147-155. doi:10.1111/j.1574-6968.2011.02397 x

Qu, C,, Guan, X,, Li, C,, Zhu, X,, Ma, T., Li, H,, et al. (2023). Sesquiterpene lactones
improve secretory diarrhea symptoms by inhibiting intestinal Ca2+-activated
Cl- channel activities directly and indirectly. Eur. J. Pharmacol. 955, 175917. doi:10.
1016/j.ejphar.2023.175917

Qu, Y, Li, J. H,, Zhang, C,, Li, C. X,, Dong, H. J., Wang, C. S,, et al. (2015). Content
determination of twelve major components in Tibetan medicine Zuozhu Daxi by UPLC.
Zhongguo Zhong Yao Za Zhi 40 (9), 1825-1830. doi:10.4268/cjcmm20150938

Qu, Z., Chen, Y., Luo, Z.-H,, Shen, X.-L., and Hu, Y.-J. (2020). 7-methoxyflavanone
alleviates neuroinflammation in lipopolysaccharide-stimulated microglial cells by
inhibiting TLR4/MyD88/MAPK signalling and activating the Nrf2/NQO-1 pathway.
J. Pharm. Pharmacol. 72 (3), 385-395. doi:10.1111/jphp.13219

Raafat, K., El-Darra, N, Saleh, F., Rajha, H., and Louka, N. (2019). Optimization of
infrared-assisted extraction of bioactive lactones from Saussurea lappa L. and their
effects against gestational diabetes. Pharmacogn. Mag. 15 (61), 208. doi:10.4103/pm.
pm_380_18

Ramakrishnan, L. (2020). Mycobacterium tuberculosis pathogenicity viewed through
the lens of molecular Koch’s postulates. Curr. Opin. Microbiol. 54, 103-110. doi:10.
1016/j.mib.2020.01.011

Rasul, A, Dj, J., Millimouno, F., Malhi, M., Tsuji, L, Ali, M., et al. (2013a). Reactive
oxygen species mediate isoalantolactone-induced apoptosis in human prostate cancer
cells. Molecules 18 (8), 9382-9396. doi:10.3390/molecules18089382

Rasul, A,, Khan, M., Yu, B,, Ali, M., Bo, Y. ], Yang, H,, et al. (2013b). Isoalantolactone,
a sesquiterpene lactone, induces apoptosis in SGC-7901 cells via mitochondrial and
phosphatidylinositol 3-kinase/Akt signaling pathways. Archives Pharmacal Res. 36 (10),
1262-1269. doi:10.1007/s12272-013-0217-0

Schmidt, T. J,, Brun, R., Willuhn, G., and Khalid, S. A. (2002). Anti-trypanosomal
activity of helenalin and some structurally related sesquiterpene lactones. Planta Med.
68 (8), 750-751. doi:10.1055/s-2002-33799

Schomburg, C., Schuehly, W., Da Costa, F. B., Klempnauer, K. H.,, and Schmidt, T. J.
(2013). Natural sesquiterpene lactones as inhibitors of Myb-dependent gene expression:
structure-activity relationships. Eur. . Med. Chem. 63, 313-320. doi:10.1016/j.ejmech.
2013.02.018

Semakov, A. V., Anikina, L. V., Afanasyeva, S. V., Pukhov, S. A., and Klochkov, S. G.
(2018). Synthesis and antiproliferative activity of conjugates of anthracycline antibiotics
with sesquiterpene lactones of the elecampane. Russ. J. Bioorg. Chem. 44 (5), 538-546.
doi:10.1134/s1068162018040167

Semakov, A. V., and Klochkov, S. G. (2020). Addition products of thiophenol and
selenophenol to Inula helenium lactones. Chem. Nat. Compd. 56 (2), 254-256. doi:10.
1007/510600-020-03000-7

Seo, J. Y., Lim, S. S., Kim, J., Lee, K. W., and Kim, J. S. (2017). Alantolactone and
isoalantolactone prevent amyloid 25-35 -induced toxicity in mouse cortical neurons
and scopolamine-induced cognitive impairment in mice. Phytother. Res. 31 (5),
801-811. doi:10.1002/ptr.5804

Seo, J. Y., Lim, S. S, Kim, J. R, Lim, J. S., Ha, Y. R,, Lee, 1. A., et al. (2008). Nrf2-

mediated induction of detoxifying enzymes by alantolactone present in Inula helenium.
Phytother. Res. 22 (11), 1500-1505. doi:10.1002/ptr.2521

frontiersin.org


https://doi.org/10.2174/1570159X18666200606231723
https://doi.org/10.1002/hlca.200900275
https://doi.org/10.1002/hlca.200900275
https://doi.org/10.1111/cbdd.13972
https://doi.org/10.1155/2017/4614183
https://doi.org/10.1155/2017/4614183
https://doi.org/10.18502/ijph.v49i11.4726
https://doi.org/10.18502/ijph.v49i11.4726
https://doi.org/10.3923/rjmp.2007.7.12
https://doi.org/10.1016/j.intimp.2020.106550
https://doi.org/10.1111/jcmm.14936
https://doi.org/10.1016/j.taap.2018.05.026
https://doi.org/10.1080/13880209.2023.2191645
https://doi.org/10.1007/s13659-024-00462-y
https://doi.org/10.1007/s13659-024-00462-y
https://doi.org/10.1016/j.phytol.2024.02.003
https://doi.org/10.1021/np300742d
https://doi.org/10.3390/healthcare9030257
https://doi.org/10.1080/15548627.2018.1474995
https://doi.org/10.1080/15548627.2018.1474995
https://doi.org/10.1016/j.ejmech.2024.116765
https://doi.org/10.1016/j.biopha.2017.02.053
https://doi.org/10.1021/acs.jmedchem.0c00894
https://doi.org/10.1021/acs.jmedchem.0c00894
https://doi.org/10.1016/j.euroneuro.2018.11.379
https://doi.org/10.2174/0929867330666221125105253
https://doi.org/10.1007/bf00568654
https://doi.org/10.1016/j.micpath.2019.103802
https://doi.org/10.1016/j.micpath.2019.103802
https://doi.org/10.1007/s00894-023-05688-0
https://doi.org/10.1016/j.tiv.2010.06.007
https://doi.org/10.1016/j.tiv.2010.06.007
https://doi.org/10.2174/1570180817999201211193151
https://doi.org/10.2174/1570180817999201211193151
https://doi.org/10.1016/j.tet.2017.03.016
https://doi.org/10.1016/j.tet.2017.03.016
https://doi.org/10.1007/s10593-016-1855-1
https://doi.org/10.1007/s11172-023-4054-0
https://doi.org/10.4314/tjpr.v23i2.6
https://doi.org/10.1016/0305-1978(86)90101-8
https://doi.org/10.1007/s10600-019-02611-z
https://doi.org/10.1111/j.1574-6968.2011.02397.x
https://doi.org/10.1016/j.ejphar.2023.175917
https://doi.org/10.1016/j.ejphar.2023.175917
https://doi.org/10.4268/cjcmm20150938
https://doi.org/10.1111/jphp.13219
https://doi.org/10.4103/pm.pm_380_18
https://doi.org/10.4103/pm.pm_380_18
https://doi.org/10.1016/j.mib.2020.01.011
https://doi.org/10.1016/j.mib.2020.01.011
https://doi.org/10.3390/molecules18089382
https://doi.org/10.1007/s12272-013-0217-0
https://doi.org/10.1055/s-2002-33799
https://doi.org/10.1016/j.ejmech.2013.02.018
https://doi.org/10.1016/j.ejmech.2013.02.018
https://doi.org/10.1134/s1068162018040167
https://doi.org/10.1007/s10600-020-03000-7
https://doi.org/10.1007/s10600-020-03000-7
https://doi.org/10.1002/ptr.5804
https://doi.org/10.1002/ptr.2521
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1453205

Yang et al.

Seo, J. Y., Park, J., Kim, H. J, Lee, I. A., Lim, J.-S.,, Lim, S. S, et al. (2009).
Isoalantolactone fromInula heleniumCaused nrf2-mediated induction of detoxifying
enzymes. J. Med. Food 12 (5), 1038-1045. doi:10.1089/jmf.2009.0072

Sharma, P. V., and Ahmad, Z. A. (1989). Two sesquiterpene lactones from Abutilon
indicum. Phytochemistry 28 (12), 3525. doi:10.1016/0031-9422(89)80379-6

Smith, J. A, Das, A., Ray, S. K., and Banik, N. L. (2012). Role of pro-inflammatory
cytokines released from microglia in neurodegenerative diseases. Brain Res. Bull. 87 (1),
10-20. doi:10.1016/j.brainresbull.2011.10.004

Song, Y., Li, X,, Liu, F., Zhu, H,, and Shen, Y. (2021). Isoalantolactone alleviates
ovalbumin-induced asthmatic inflammation by reducing alternatively activated
macrophage and STAT6/PPAR-y/KLF4 signals. Mol. Med. Rep. 24 (4), 701. doi:10.
3892/mmr.2021.12340

Stepanova, V. A, Patrushev, S. S., Rybalova, T. V., and Shults, E. E. (2022). Cross-
copling reaction to access a library of eudesmane-type methylene lactones with
quinoline or isoquinoline substituent. J. Mol. Struct. 1247, 131373. doi:10.1016/j.
molstruc.2021.131373

Stojakowska, A., Michalska, K., and Malarz, J. (2006). Simultaneous quantification of
eudesmanolides and thymol derivatives from tissues ofInula helenium andI. royleana by
reversed-phase high-performance liquid Chromatography. Phytochem. Anal. 17 (3),
157-161. doi:10.1002/pca.900

Stojanovi¢-Radi¢, Z., Dimitrijevi¢, M., Gen¢i¢, M., Pej¢i¢, M., and Radulovi¢, N.
(2020). Anticandidal activity of Inula helenium root essential oil: synergistic potential,
anti-virulence efficacy and mechanism of action. Ind. Crop Prod. 149, 112373. doi:10.
1016/j.indcrop.2020.112373

Tada, M., Yamada, H., Kanamori, A., and Chiba, K. (1993). Total synthesis of three
eudesman-12,8-olides, (.+-.)-Isoalantolactone, (.+-.)-Dihydrocallitrisin and
(.+-.)-Septuplinolide: structure revison of septuplinolide. J. Chem. Soc. Perkin Trans.
1 (2), 239-247. d0i:10.1002/chin.199318309

Taglialatela-Scafati, O., Pollastro, F., Minassi, A., Chianese, G., De Petrocellis, L., Di
Marzo, V., et al. (2012). Sesquiterpenoids from common ragweed (ambrosia
artemisiifolia L.), an invasive biological polluter. Eur. J. Org. Chem. 2012 (27),
5162-5170. doi:10.1002/ejoc.201200650

Tan, R. X,, Tang, H. Q., Hu, J., and Shuai, B. (1998). Lignans and sesquiterpene
lactones from Artemisia sieversiana and Inula racemosa. Phytochemistry 49 (1),
157-161. doi:10.1016/s0031-9422(97)00889-3

Tan,R. X,, Zhao, J., and Feng, S. L. (1992). Sesquiterpenes and acetylenes from Artemisia
feddei. Phytochemistry 31 (9), 3135-3138. doi:10.1016/0031 -9422(92)83460-g

Tosun, F., Akyiiz Kizilay, C., Sener, B., and Vural, M. (2008). The evaluation of plants
from Turkey forin Vitro. Antimycobacterial activity. Pharm. Biol. 43 (1), 58-63. doi:10.
1080/13880200590903372

Uriburu, M. a.L., de la Fuente, J. R., Palermo, J., Gil, R. R, and Sosa, V. E. (2004).
Constituents of two Flourensia species. Phytochemistry 65 (14), 2039-2043. doi:10.1016/
j.phytochem.2004.05.009

Venables, L., Koekemoer, T. C., Van de Venter, M., and Goosen, E. D. (2016).
Isoalantolactone, a sesquiterpene lactone from Artemisia afra Jacq. ex Willd and its
in vitro mechanism of induced cell death in HeLa cells. South Afr. J. Bot. 103, 216-221.
doi:10.1016/j.5ajb.2015.08.016

Wajs-Bonikowska, A., Stojakowska, A., and Kalemba, D. (2012). Chemical
composition of essential oils from a multiple shoot culture of Telekia speciosa and
different plant organs. Nat. Prod. Commun. 7 (5), 1934578X1200700-628. doi:10.1177/
1934578x1200700521

Wang, J., Cui, L., Feng, L., Zhang, Z., Song, J., Liu, D., et al. (2016). Isoalantolactone
inhibits the migration and invasion of human breast cancer MDA-MB-231 cells via
suppression of the p38 MAPK/NF-kB signaling pathway. Oncol. Rep. 36 (3), 1269-1276.
doi:10.3892/0r.2016.4954

Wang, J., Zhang, H. H,, Tian, J. M,, Liu, F. X,, Zhang, Y. P, and Zhao, Y. M. (2019).
Simultaneous determination of six components in commercial Roukou Wuwei pills
using ultra-high-performance liquid chromatography with diode-array detector.
Biomed. Chromatogr. 33 (12), e4677. doi:10.1002/bmc.4677

Wang, M., Wang, K., Gao, X,, Zhao, K., Chen, H., and Xu, M. (2018a). Anti-
inflammatory effects of isoalantolactone on LPS-stimulated BV2 microglia cells through
activating GSK-3B-Nrf2 signaling pathway. Int. Immunopharmacol. 65, 323-327.
doi:10.1016/j.intimp.2018.10.008

Wang, M., Xu, R,, Peng, Y., and Li, X. (2018b). Metabolism analysis of alantolactone
and isoalantolactone in rats by oral administration. J. Chem. 2018, 1-7. doi:10.1155/
2018/2026357

Wang, Q., Gao, S, Wu, G. Z, Yang, N,, Zu, X. P,, Li, W. C, et al. (2018c¢). Total
sesquiterpene lactones isolated from Inula helenium L. attenuates 2,4-
dinitrochlorobenzene-induced ~ atopic ~ dermatitis-like skin lesions in mice.
Phytomedicine 46, 78-84. doi:10.1016/j.phymed.2018.04.036

Wang, R. (2021). Anticancer activities, structure-activity relationship, and
mechanism of action of 12-, 14-, and 16-membered macrolactones. Arch. Pharm.
354 (9), €2100025. doi:10.1002/ardp.202100025

Wang, S., Cai, Q.,, Xu, L., Sun, Y., Wang, M., Wang, Y., et al. (2023). Isoalantolactone
relieves depression-like behaviors in mice after chronic social defeat stress via the gut-
brain axis. Psychopharmacology 240 (8), 1775-1787. doi:10.1007/s00213-023-06413-8

Frontiers in Pharmacology

18

10.3389/fphar.2024.1453205

Wang, Y.-J., Fan, Y., Weng, Z, Gao, H, Hu, J, Wang, H, et al. (2015).
Isoalantolactone enhances the radiosensitivity of UMSCC-10a cells via specific
inhibition of erkl/2 phosphorylation. Plos One 10 (12), e0145790. doi:10.1371/
journal.pone.0145790

Wen, S.-w., Zhang, Y.-f, Li Y, Xu, Y.z, Li, Z-h, Li, H., et al. (2018).
Isoalantolactone inhibits esophageal squamous cell carcinoma growth through
downregulation of MicroRNA-21 and derepression of PDCD4. Dig. Dis. Sci. 63 (9),
2285-2293. do0i:10.1007/s10620-018-5119-z

Weng, Z., Gao, H., Hu, J,, Fan, Y., Wang, H,, and Li, L. (2016). Isoalantolactone
induces autophagic cell death in SKOVs human ovarian carcinoma cells via
upregulation of PEA-15. Oncol. Rep. 35 (2), 833-840. doi:10.3892/0r.2015.4461

Gao, W., Chen, Y., Yin, Y., Chen, X., and Hu, Z. (2004). Separation and determination
of two sesquiterpene lactones in Radix inulae and Liuwei Anxian San by microemulsion
electrokinetic chromatography. Biomed. Chromatogr. 18 (10), 826-832. doi:10.1002/
bmc.396

Wu, F., Shao, R,, Zheng, P., Zhang, T., Qiu, C., Sui, H., et al. (2022a). Isoalantolactone
enhances the antitumor activity of doxorubicin by inducing reactive oxygen species and
DNA damage. Front. Oncol. 12, 813854. doi:10.3389/fonc.2022.813854

Wu, M,, Li, T, Chen, L., Peng, S., Liao, W., Bai, R,, et al. (2016). Essential oils from
Inula japonica and Angelicae dahuricae enhance sensitivity of MCF-7/ADR breast
cancer cells to doxorubicin via multiple mechanisms. J. Ethnopharmacol. 180, 18-27.
doi:10.1016/j.jep.2016.01.015

Wu, M., Zhang, H., Huy, J., Weng, Z., Li, C,, Li, H,, et al. (2013). Isoalantolactone
inhibits UM-SCC-10a cell growth via cell cycle arrest and apoptosis induction. PLoS
ONE 8 (9), €76000. doi:10.1371/journal.pone.0076000

Wu, Z.-c,, Hui, X.-g, Huo, L., Sun, D.-x,, Peng, W., Zhang, Y., et al. (2022b).
Antiproliferative effects of isoalantolactone in human liver cancer cells are mediated
through caspase-dependent apoptosis, ROS generation, suppression of cell migration
and invasion and targeting Ras/Raf/MEK signalling pathway. Acta Biochim. Pol. 69 (2),
299-304. doi:10.18388/abp.2020_5704

Xie, Z., Xu, J., Xiao, D., Lei, J., and Yu, J. (2023). Dual regulation of Akt and
glutathione caused by isoalantolactone effectively triggers human ovarian cancer cell
apoptosis. Acta Biochim. Biophys. Sin. (Shanghai). 55 (1), 62-71. doi:10.3724/abbs.
2023003

Xing, J. S., Wang, X,, Lan, Y. L, Loy, J. C, Ma, B,, Zhu, T,, et al. (2019). Isoalantolactone
inhibits IKKp kinase activity to interrupt the NF-kB/COX-2-mediated signaling cascade
and induces apoptosis regulated by the mitochondrial translocation of cofilin in
glioblastoma. Cancer Med. 8 (4), 1655-1670. doi:10.1002/cam4.2013

Yan, J., Huang, J., Wu, J.,, Fan, H,, Liu, A, Qiao, L., et al. (2020a). Nur77 attenuates
inflammatory responses and oxidative stress by inhibiting phosphorylated IkB-a in
Parkinson’s disease cell model. Aging (Albany NY) 12 (9), 8107-8119. doi:10.18632/
aging.103128

Yan, Y. Y., Zhang, Q., Zhang, B., Yang, B., and Lin, N. M. (2020b). Active ingredients
of Inula helenium L. exhibits similar anti-cancer effects as isoalantolactone in pancreatic
cancer cells. Nat. Prod. Res. 34 (17), 2539-2544. doi:10.1080/14786419.2018.1543676

Yang, C., Wang, C. M,, and Jia, Z. J. (2003a). Sesquiterpenes and other constituents
from the aerial parts of Inula japonica. Planta Med. 69 (7), 662-666. doi:10.1055/s-2003-
41123

Yang, C., Yuan, C,, and Jia, Z. (2003b). Xanthanolides, germacranolides, and other
constituents from carpesium longifolium. J. Nat. Prod. 66 (12), 1554-1557. doi:10.1021/
np030278f

Yang, D.-S., Peng, W.-B,, Li, Z.-L., Wang, X., Wei, J.-G., He, Q.-X,, et al. (2014).
Chemical constituents from Euphorbia stracheyi and their biological activities.
Fitoterapia 97, 211-218. doi:10.1016/j.fitote.2014.06.013

Yang, L, Li, W., Zhong, J., and Liu, X. (2024). Inhibitory effects and mode of
antifungal action of isobavachalcone on Candida albicans growth and virulence factors.
Biomed. and Pharmacother. 179, 117352. doi:10.1016/j.biopha.2024.117352

Yang, L., Zhao, Y., Wang, Y., Liu, L., Zhang, X., Li, B,, et al. (2015). The effects of
psychological stress on depression. Curr. Neuropharmacol. 13 (4), 494-504. doi:10.
2174/1570159x1304150831150507

Yang, L., Zhong, L., Ma, Z, Sui, Y., Xie, J., Liu, X,, et al. (2022). Antifungal effects of
alantolactone on Candida albicans: an in vitro study. Biomed. Pharmacother. 149,
112814. doi:10.1016/j.biopha.2022.112814

Yang, Y., Xie, Y., Xu, H,, Xi, P, and Zheng, F. (2023). Isoalantolactone regulates the
activity of mitogen-activated protein kinases and nuclear-factor erythroid 2-related
factor 2 pathways to attenue angiotensin II-induced cardiomyocyte hypertrophy and
oxidative stress. Curr. Top. Nutraceutical Res. 21 (1), 72-79. doi:10.37290/ctnr2641-
452X.21:72-79

Yao, D., Wang, Y., Huo, C.,, Wu, Y., Zhang, M,, Li, L., et al. (2017). Study on the
metabolites of isoalantolactone in vivo and in vitro by ultra performance liquid
chromatography combined with Triple TOF mass spectrometry. Food Chem. 214,
328-338. doi:10.1016/j.foodchem.2016.07.100

Yin, S.-S,, Chen, C, Liu, Z, Liu, S.-L, Guo, J.-H., Zhang, C, et al. (2023).
Isoalantolactone mediates the degradation of BCR-ABL protein in imatinib-resistant
CML cells by down-regulating survivin. Cell Cycle 22 (12), 1407-1420. doi:10.1080/
15384101.2023.2209963

frontiersin.org


https://doi.org/10.1089/jmf.2009.0072
https://doi.org/10.1016/0031-9422(89)80379-6
https://doi.org/10.1016/j.brainresbull.2011.10.004
https://doi.org/10.3892/mmr.2021.12340
https://doi.org/10.3892/mmr.2021.12340
https://doi.org/10.1016/j.molstruc.2021.131373
https://doi.org/10.1016/j.molstruc.2021.131373
https://doi.org/10.1002/pca.900
https://doi.org/10.1016/j.indcrop.2020.112373
https://doi.org/10.1016/j.indcrop.2020.112373
https://doi.org/10.1002/chin.199318309
https://doi.org/10.1002/ejoc.201200650
https://doi.org/10.1016/s0031-9422(97)00889-3
https://doi.org/10.1016/0031-9422(92)83460-g
https://doi.org/10.1080/13880200590903372
https://doi.org/10.1080/13880200590903372
https://doi.org/10.1016/j.phytochem.2004.05.009
https://doi.org/10.1016/j.phytochem.2004.05.009
https://doi.org/10.1016/j.sajb.2015.08.016
https://doi.org/10.1177/1934578x1200700521
https://doi.org/10.1177/1934578x1200700521
https://doi.org/10.3892/or.2016.4954
https://doi.org/10.1002/bmc.4677
https://doi.org/10.1016/j.intimp.2018.10.008
https://doi.org/10.1155/2018/2026357
https://doi.org/10.1155/2018/2026357
https://doi.org/10.1016/j.phymed.2018.04.036
https://doi.org/10.1002/ardp.202100025
https://doi.org/10.1007/s00213-023-06413-8
https://doi.org/10.1371/journal.pone.0145790
https://doi.org/10.1371/journal.pone.0145790
https://doi.org/10.1007/s10620-018-5119-z
https://doi.org/10.3892/or.2015.4461
https://doi.org/10.1002/bmc.396
https://doi.org/10.1002/bmc.396
https://doi.org/10.3389/fonc.2022.813854
https://doi.org/10.1016/j.jep.2016.01.015
https://doi.org/10.1371/journal.pone.0076000
https://doi.org/10.18388/abp.2020_5704
https://doi.org/10.3724/abbs.2023003
https://doi.org/10.3724/abbs.2023003
https://doi.org/10.1002/cam4.2013
https://doi.org/10.18632/aging.103128
https://doi.org/10.18632/aging.103128
https://doi.org/10.1080/14786419.2018.1543676
https://doi.org/10.1055/s-2003-41123
https://doi.org/10.1055/s-2003-41123
https://doi.org/10.1021/np030278f
https://doi.org/10.1021/np030278f
https://doi.org/10.1016/j.fitote.2014.06.013
https://doi.org/10.1016/j.biopha.2024.117352
https://doi.org/10.2174/1570159x1304150831150507
https://doi.org/10.2174/1570159x1304150831150507
https://doi.org/10.1016/j.biopha.2022.112814
https://doi.org/10.37290/ctnr2641-452X.21:72-79
https://doi.org/10.37290/ctnr2641-452X.21:72-79
https://doi.org/10.1016/j.foodchem.2016.07.100
https://doi.org/10.1080/15384101.2023.2209963
https://doi.org/10.1080/15384101.2023.2209963
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1453205

Yang et al.

Yuan, C. B, Tian, L., Yang, B., and Zhou, H. Y. (2018). Isoalantolactone protects LPS-
induced acute lung injury through Nrf2 activation. Microb. Pathog. 123, 213-218.
doi:10.1016/j.micpath.2018.07.010

Zhang, B., Zeng, J., Yan, Y., Yang, B., Huang, M., Wang, L., et al. (2018). Ethyl acetate
extract from Inula helenium L. inhibits the proliferation of pancreatic cancer cells by
regulating the STAT3/AKT pathway. Mol. Med. Rep. 17 (4), 5440-5448. doi:10.3892/
mmr.2018.8534

Zhang, C., Huang, L., Xiong, J., Xie, L., Ying, S, Jia, Y., et al. (2021). Isoalantolactone
inhibits pancreatic cancer proliferation by regulation of PI3K and Wnt signal pathway.
Plos One 16 (3), €0247752. doi:10.1371/journal.pone.0247752

Zhang, Q., Zhang, J., Zhang, Y., Sui, Y., Du, Y., Yang, L., et al. (2024). Antifungal and
anti-biofilm activities of patchouli alcohol against Candida albicans. Int. J. Med.
Microbiol. 314, 151596. doi:10.1016/j.jjmm.2023.151596

Zhang, Y., Zhu, C,, Zhao, H., Sun, Z., and Wang, X. (2023). Anti-inflammatory effect of
chlorogenic acid in Klebsiella pneumoniae-induced pneumonia by inactivating the
P38MAPK pathway. Int. J. Med. Microbiol. 313 (2), 151576. doi:10.1016/}.jmm.2023.151576

Zhao, M., Ye, N,, Liu, L, Zhang, R-J, Li, N., Peng, J., et al. (2024). Novel
isoalantolactone-based derivatives as potent NLRP3 inflammasome inhibitors:
design, synthesis, and biological characterization. J. Med. Chem. 67 (9), 7516-7538.
doi:10.1021/acs.jmedchem.4c00357

Frontiers in Pharmacology

19

10.3389/fphar.2024.1453205

Zhou, B,, Ye, J.,, Yang, N., Chen, L., Zhuo, Z., Mao, L., et al. (2018). Metabolism and
pharmacokinetics of alantolactone and isoalantolactone in rats: thiol conjugation as a
potential metabolic pathway. J. Chromatogr. B 1072, 370-378. doi:10.1016/j.jchromb.
2017.11.039

Zhou, C., Chen, J., Liu, K., Maharajan, K., Zhang, Y., Hou, L., et al. (2023).
Isoalantolactone protects against ethanol-induced gastric ulcer via alleviating
inflammation through regulation of PI3K-Akt signaling pathway and Thl7 cell
differentiation. Biomed. Pharmacother. 160, 114315. doi:10.1016/j.biopha.2023.
114315

Zhou, Y., Guo, Y., Wen, Z,, Ci, X, Xia, L., Wang, Y., et al. (2020). Isoalantolactone
enhances the antimicrobial activity of penicillin G against Staphylococcus aureus by
inactivating -lactamase during protein translation. Pathogens 9 (3), 161. doi:10.3390/
pathogens9030161

Zhu, F., Ma, J., Li, W,, Liu, Q., Qin, X,, Qian, Y., et al. (2023a). The orphan receptor
Nur77 binds cytoplasmic LPS to activate the non-canonical NLRP3 inflammasome.
Immunity 56 (4), 753-767.e8. doi:10.1016/j.immuni.2023.03.003

Zhu, Y., Yang, H., Han, L., Mervin, L. H., Hosseini-Gerami, L., Li, P., et al. (2023b). In
silico prediction and biological assessment of novel angiogenesis modulators from

traditional Chinese medicine. Front. Pharmacol. 14, 1116081. doi:10.3389/fphar.
2023.1116081

frontiersin.org


https://doi.org/10.1016/j.micpath.2018.07.010
https://doi.org/10.3892/mmr.2018.8534
https://doi.org/10.3892/mmr.2018.8534
https://doi.org/10.1371/journal.pone.0247752
https://doi.org/10.1016/j.ijmm.2023.151596
https://doi.org/10.1016/j.ijmm.2023.151576
https://doi.org/10.1021/acs.jmedchem.4c00357
https://doi.org/10.1016/j.jchromb.2017.11.039
https://doi.org/10.1016/j.jchromb.2017.11.039
https://doi.org/10.1016/j.biopha.2023.114315
https://doi.org/10.1016/j.biopha.2023.114315
https://doi.org/10.3390/pathogens9030161
https://doi.org/10.3390/pathogens9030161
https://doi.org/10.1016/j.immuni.2023.03.003
https://doi.org/10.3389/fphar.2023.1116081
https://doi.org/10.3389/fphar.2023.1116081
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1453205

	Isoalantolactone: a review on its pharmacological effects
	1 Introduction
	2 Antibacterial activities
	3 Antifungal activities
	4 Antiviral activity
	5 Insecticidal activity
	6 Anti-inflammatory activity
	7 Antitumor activity
	8 Neuroprotection
	9 Other activities
	9.1 Anti-algal activity
	9.2 Anti-trypanosomal activity
	9.3 Cardiomyocyte protective
	9.4 Anti-diabetic and anti-obesity activity
	9.5 Antidiarrheal activity
	9.6 Herbicidal activity
	9.7 Estrogenic activity
	9.8 Anti-osteoporotic activity
	9.9 Antidepressant-like activity

	10 Derivatives
	11 Conclusion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


