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ARTICLE INFO ABSTRACT

Article history: Curcuma is a traditional Chinese medicine that has been utilized for centuries in the treat-
Received 26 March 2025 ment of various diseases. Terpenoids, particularly monoterpenes and sesquiterpenes, consti-
Revised 17 June 2025 tute the primary bioactive components of the essential oil derived from Curcuma species.

Accepted 20 June 2025

Among these, curdione—one of the key active constituents—has been identified in 25
Available online 20 March 2026

Curcuma species, with the highest concentration reported in the rhizome essential oil of
Curcuma trichosantha Gagnep. Curdione can also be synthesized through chemical methods,

gzﬁ:j and its regio- and stereo-selectivity can be further optimized via chemo-bio transformations.
Source This compound demonstrates significant therapeutic potential, including anticancer, anti-
Metabolism thrombotic, anti-inflammatory, anti-viral, anti-fungal, anti-diabetic, and multi-organ protect-
Bioactivity ive properties. Despite these promising biological activities, its clinical application is hindered
Toxicity by poor water solubility and potential toxicity. This review summarizes current knowledge on
Mechanism the natural sources, chemical synthesis, chemo-bio transformations, metabolism, pharma-
cokinetics, pharmacological effects, potential toxicities, and molecular mechanisms of curdi-
one. Furthermore, perspectives on future drug development are discussed with the aim of

promoting the clinical translation of this promising natural compound.
1. Introduction pene abundant in ZTO, varies in content depending on the
Curcuma species *" **. Extensive studies have revealed that curdi-
Natural products and their derivatives represent rich sources one possesses diverse pharmacological activities, including anti-
of bioactive compounds for drug discovery and development . thrombotic, anti-inflammatory, anticancer, anti-viral, and multi-
Herbal medicines have been used for thousands of years world- organ protective effects. However, there was no comprehensive

review summarizing research on curdione currently. To address
this gap, this paper reviews studies on the natural resources,
chemical synthesis, chemo-bio transformations, metabolism,
pharmacokinetics, pharmacological activities, and potential tox-
icities of curdione, aiming to provide a theoretical foundation for
future investigations. Furthermore, challenges in clinical applica-
tion and prospective research directions to overcome existing
limitations are discussed.

wide to treat various diseases. Curcuma, an important genus in
the family Zingiberaceae, includes several species—such as
Curcuma longa and C. caesia—that possess significant edible,
medicinal, and economic value. Curcuma is traditionally used to
remove blood stasis, promote gi circulation, stimulate menstrual
flow, and relieve pain. It exhibits anti-inflammatory, hepatopro-
tective, and immunomodulatory activities and has been em-
ployed clinically for over a thousand years. Zedoary turmeric oil
(ZTO0), extracted from Curcuma, is commonly used in clinical
practice to treat gynecological disorders, viral lower respiratory
tract infections, viral enteritis, influenza, endometrial cancer,
ovarian cancer, and other conditions *®. Additionally, ZTO
demonstrates anti-fungal activity against phytopathogens such as
Phytophthora capsica and Aspergillus flavus **°.

Terpenoids, particularly monoterpenes and sesquiterpenes,
are the primary constituents and active ingredients of Curcuma
essential oil . Sesquiterpenes have demonstrated promising an-
ticancer effects against colon, breast, gastric, liver, and other can-
cer cell lines '*"". Moreover, certain sesquiterpenes—including
curcumol, germacrone, and S-elemene—have shown potential in
overcoming chemotherapy resistance '***. Curdione, a sesquiter-

2. Natural resources of curdione

Curcuma, belonging to the Zingiberaceae family, comprises
approximately 110 species distributed across South and South-
east Asia. These plants are widely utilized in Bengal, China, Sri
Lanka, Indonesia, Peru, Australia, and the West Indies **. Curdi-
one is broadly distributed in the essential oil of Curcuma species.
To date, it has been identified in the rhizomes and leaves of 25
Curcuma species. The content of curdione varies significantly
among different species. As shown in Table 1, relatively high
levels of curdione are found in the essential oils of C. aerugin-
osa **, C. amada *°, C. aromatica ***’, C. cochinchinensis **, C. har-
mandii *°, C. kwangsiensis *°, C. leucorhiza ', C. trichosantha **, C.
wenyujin *°, and C. zedoary ****. Notably, the rhizome essential
* Corresponding author. oils of C. aromatica and C. trichosantha contain particularly high

E-mail address: ahliang@icmm.ac.cn(A. Liang) concentrations—reaching 43.96% and 47.40%, respectively.
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The content of curdione also differs across plant parts within
the same species. For example, in C. cochinchinensis, the curdione
content in leaf, small rhizome, large rhizome, and root essential
oils was reported as 33.9%, 9.8%, 8.4%, and 2.5%, respectively e,
Environmental and climatic variations across different geograph-
icregions significantly influence plant growth and the biosyn-
thesis of active medicinal constituents. These factors contribute
to notable regional differences in curdione content. For example,
essential oils extracted from C. angustifolia collected in Jagdalpur
and Travancore districts in India contained 0.8% and 8.4% curdi-
one, respectively *’. In addition to geographical influences, the
choice of extraction and separation methods markedly affects
curdione yield. One study found that the acetate extract of C.
mangga rhizomes contained 0.98 mg-g™ of curdione, approxim-
ately double the concentration found in chloroform extracts *°.

Table 1 The natural resources of cudione and its relative contents.
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Moreover, different extraction techniques can significantly alter
both the chemical composition and the quantified concentration
of curdione. Zhang et al. compared essential oil profiles of C.
wenyujin obtained using various extraction approaches and re-
ported relative curdione contents of 13.04% (ultrasound-as-
sisted ethyl acetate extraction), 15.59% (supercritical CO, fluid
extraction), and 13.56% (steam distillation) "".

3. Chemical synthesis of curdione

Chemical synthesis remains a traditional approach in drug
development. Curdione was first isolated from C. zedoaria, and its
chemical structure was initially described in 1966 “. Neocurdi-
one, an isomer of curdione, isalso a naturally occurring com-

pound. Zhao et al.

achieved the total synthesis of (-)-curdione

No. Curcuma species Geographical location Parts Contents (mg/g or relative content) References
Jogorogo village, Ngawi, East Java, Indonesia Rhizome - 35
Phu Thuy village, Gia Lam district, Hanoi, Vietnam Rhizome - 36
1 C. aeruginosa
Tawangmangu, Central Java, Indonesia. Essential oil of rhizomes 23.34% 24
Kerala, India Essential oil of leaves 1.40% 37
Sabaragamuwa, Sri Lanka Essential oil 2.83% 38
2 C. albiflora
Kitulgala, Sri Lanka Essential oil 2.83% 39
3 C. ¢f. amada Bueng Kan Province, Thailand Essential oil of rhizomes 16.47% 25
4 C. angustifolia Jagdalpur, India; Travancore, India Essential oil of rhizomes 0.8%; 8.4% 40
Fukuyama, Hu?oshlma, Japan; Motobu, Essential oil of rhizomes 43.96%; 32.20% 26
. Okinawa, Japan
5 C. aromatica
Thrissur, India Essential oil of leaves 15.31% 27
6  C cochinchinensis Vietnam Essential oil of leaves, small rhizomes, 33.9%, 9.8%, 8.4%, 2.5% 28
large rhizomes, and roots
7 C. comosa Nakhon Si Thammarat, Thailand Rhizomes 0.006% 41
Sawangdaendin district, Sakon .
g Gl Nakhon province, Thailand ke ) s
9 C. haritha Kerala, India Essential oil of rhizomes 6.90% 43
10 C. harmandii Cao Bang province, Vietnam Essni 0‘.1 OV, ST 1 36.8%, 25.3%, 27%, 1.9%, 2.2% 29
rhizomes, and roots
11 C. inodora Perak, Malaysia Essential oil of rhizomes 7.50% 44
& kwan‘gswnst‘s var Panyu District, Guangzhou, China Essential oil of rhizomes 1.66 £ 0.25 30
12 nanlingensis
C. kwangsiensis Panyu District, Guangzhou, China Essential oil of rhizomes 11.12 +0.06 30
13 C. latifolia Nakhon Pathom province, Thailand Rhizomes 0.0807 45
14 C. leucorhiza flan=cclarcy (Blshnupu.r Dt Essential oil of rhizomes and leaves 19.1%, 19.5% 31
of Manipur, India
15 C. longa Panyu District, Guangzhou, China Essential oil of rhizomes 0.75+0.02 30
16 C. mangga Yogyakarta, Central Java, Indonesia Chloroform and acetate extract of rhizomes 0.43,0.98 46
17 C nankunshanensis Panyu District, Guangzhou, China Essential oil of rhizomes 6.16 + 2.04 30
18 C. phaeocaulis Panyu District, Guangzhou, China Essential oil of rhizomes 0.30+0.01 30
19 C. rubescens Panyu District, Guangzhou, China Essential oil of rhizomes 0.25 +0.08 30
20 C. sichuanensis Panyu District, Guangzhou, China Essential oil of rhizomes 0.92 £0.10 30
21 C. singularis So pal commune, KBar_Ag district, Essential oil of rhizomes 0.72% 47
Gia Lai province, Vietnam
22 C. trichosantha Vietnam Essential oil of rhizomes 47.40% &7
23 C. wenyujin Panyu District, Guangzhou, China Essential oil of rhizomes 13.79 £ 2.01 30
24 C. zedoaroides Dong Hy District, Thai Nguyen Province, Vietnam Essential oil of rhizomes 27.45% 33
25 C. zedoaria Ruian, China Essential oil of rhizomes 19.57% 34

Note: “-” detected, but not quantified.
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through a sequence involving selective hydrogenation, bromina-
tion with N-bromosuccinimide (NBS), hydrolysis, hydrogenation,
and protection via ethoxy ether, starting from (-)-carvone *’. Cur-
dione is thermally unstable due to the lack of rigidity in its macro-
cyclodecenedione structure *. Studies indicate that curdione
readily undergoes tautomerization under heating conditions to
form curcumol, with higher temperatures leading to increased
conversion yields *'™*,

4. Chemo-bio transformation of curdione

Selective modifications can significantly enhance a
pound’s stability, pharmacological activity, and safety profile.
However, challenges in organic synthesis persist, particularly re-
garding amines, N-heterocycles, unprotected polar groups, site-
selective functionalization, and stereoselectivity *°. Bio-trans-
formation offers an efficient strategy for generating structurally
complex and diverse compounds from natural precursors. (4S5,75)-
curdione has been transformed by Aspergillus niger (A. niger) and
Mucor polymorphosporus (M. polymorphosporus). Seven metabol-
ites were obtained from (4S,75)-curdione (1a) using A. niger AS

com-
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3.739: 3a-OH-(4S,7S)-curdione (2a), 2B-OH-(4S,75)-curdione
(3a), (1S5,4S,5R,7S)-curcumalactone (4a), 3a-OH-(1S,4S,5R,75)-
curcumalactone (5a), 23-0H-(15,4S,5R,7S)-curcumalactone (6a),
(105)-9,10-di-OH-curcumalactone (7) and (10R)-9,10-di-OH-
curcumalactone (8) (Fig. 1). Notably, A. niger AS 3.739 enabled
stereoselective hydroxylation of curdione, yielding 2a as the ma-
jor metabolite and 3a in lower yield **. Microbial biotransforma-
tion of curdione by M. polymorphosporus produced five ger-
macrane-type sesquiterpene alcohols: 3a, 2a, 1a,108-epoxy-11-
hydroxycurdione (9), (25)-2a,11-di-OH-(4S,7S)-curdione (10)
and 11,15-di-OH-(4S,75)-curdione (11) *°. Qin et al. synthesized
(4R,7R)-curdione (1b), the enantiomer of 1a, using neocurdione
as a starting material through reduction, isomerization, and oxid-
ation. Subsequent incubation of 1b with A. niger, followed by acid-
catalyzed reactions, yielded the corresponding enantiomers of
2a, 3a, 4a, 5a, and 6a, namely 35-OH-(4R,7R)-curdione (2b), 2a-
OH-(4R,7R)-curdione (3b), (1R,4R,5S,7R)-curcumalactone (4b),
3p-OH-(1R,4R,5S,7R)-curcumalactone (5b), and 2a-OH-(1R.4R,
5S,7R)-curcumalactone (6b) *°. These chemo-bio transformative
products have expanded the structural diversity of known ses-
quiterpenoids.

Fig. 1 Chemo-bio transformations of curdione by A. niger and M. polymorphosporus. Regio- and stereo-selective metabolites of curdione are obtained.

5. Metabolism and pharmacokinetics

5.1. Metabolism

The in vivo metabolites of curdione in rats were character-
ized using UHPLC-Q-exactive Orbitrap mass spectrometry. Fol-
lowing oral administration, curdione underwent extensive meta-
bolism, including oxidation, glucuronidation, and conjugation
with ethyl, methyl-sulfinyl, cysteine, and vitamin C moieties. A
total of 76 metabolites—63 phase I and 13 phase [I—were detec-
ted in rat biological samples after administration of 150 mg-kg™
curdione. Among these, 23 metabolites were present in the brain,
heart, liver, spleen, lungs, kidneys, stomach, small intestine, and
large intestine. Metabolites such as 3-hydroxycurdione, curdi-
one + 20-2H, curdione + 30-2H, curdione + O + GluA, (1,10)-
epoxy-curdione, and curdione + cysteine were detected in more
than three organs and are considered to contribute to the in vivo
biological activities of curdione *’

5.2. Pharmacokinetics

You et al. reported that curdione exhibited low intestinal ab-
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sorption in a rat in situ single-pass perfusion model, attributed to
its poor water solubility. No significant differences were ob-
served among dosage groups or intestinal regions, suggesting
passive diffusion without a specific absorption window **. Phar-
macokinetic analysis revealed that after a single oral dose of
Curcumae Rhizoma essential oil (10 mg-kg™) in Wistar rats, cur-
dione reached a maximum plasma concentration (cpe) oOf
2420.04 ng-mL”', with a time to peak concentration (t,q) of
1.17 h and an elimination half-life (¢;/,) of 7.14 h, indicating rap-
id absorption and moderate elimination *’. In another study, cur-
dione showed moderate absorption, with a ¢, of 3.0 h in
Sprague-Dawley rats following administration of Curcumae
Rhizoma extract (14.17 g-kg™"). A double absorption peak was ob-
served, potentially resulting from enterohepatic recirculation and
metabolic interconversion ®’. Such pharmacokinetic variations
may arise from differences in rat strain, extraction methods,
sample handling, and potential drug-drug interactions (DDIs)
within the extracts.

Administration route also influences curdione’s pharma-
cokinetic profile. Peng et al. compared serum pharmacokinetics
after intravenous and vaginal administration of ZTO (10.0
mg-kg™") in rabbits, reporting t,,,, values of 0.083 h and 0.75 h,
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respectively. The corresponding c,,,, values were 330.26 ng-mL™"
and 46.31 ng-mL™, while t;/, values were 3.11 h and 5.41 h,
respectively. Intravenous administration resulted in rapid ab-
sorption and elimination °.. Rapid absorption enables faster
achievement of c,,, facilitating prompt therapeutic action,
which is beneficial for symptom relief. Conversely, the sharp
rise in curdione concentration may increase the risk of adverse
reactions. Additionally, fast elimination suggests that dosing
frequency or amount may need adjustment in clinical setti-
ngs to maintain stable plasma concentrations and sustained
efficacy.

Chinese Journal of Natural Medicines 24 (2026) 257-269

6. Pharmacological activities of curdione

6.1. Anticancer activity

Curdione exhibits anticancer activity against various solid tu-
mors, including breast cancer, ovarian cancer, cervical cancer,
kidney cancer, bladder cancer, and colorectal cancer (CRC) (Ta-
ble 2). Key mechanisms include inhibition of proliferation, tumor
metastasis, and angiogenesis, as well as induction of ferroptosis

(Fig. 2).

Table 2 Molecular targets and mechanisms of curdione in different cancers.

Type of cancer Cell line/Animals Treatment conditions ICso Molecular targets Mechanisms References
- BaxT, Bcl-21, Caspase-9T
1 ’ ) )
MDA-MB-231 125-2000 pmol-L™ iigi umoi:til (421—3 ? cleaved Caspase-97, cleaved Gy ceAll cycle arrest, 62
Hmo ( ) Caspase-3T, p53T, p21T poptosis
50-200 pg:mL™;
MCF-7; xenograft nude injection, 50,100,150  125.632 pg-mL™ (72 h) BaxT, Bcl-24, Caspase-97, Apoptosis 68
mouse of breast tumor mg-kg™! cleaved Caspase-3T
B t -
reast cancer HCC1937 125-400 umol.L > 200 wmol-L” (24h)  p-ERKL pNKL p-Akel,  Inhibition of cell migration
’ 363.1 pmol-L™" (48 h) MMP-2!, MMP-9!, and invasion
0-80 umol-L; 151.712 pmol-L™ (24 h) P32?TT’ E;k;f P};Fi";l’ thTl’ ROS broduction and
MDA-MB-468 Combined with curdione 40 pmol-L'1 + p >P » BCl-&3%, baxi, pro uctlf)n an 76
-1 BakT, apaf-11, Cytochrome apoptosis
DTX DTX 1 pg-mL
CT, Caspase 37
~50 mg-L™" (24 h)
Liver cancer HepG2 5.9-94.4 mg-L™ ~30mg-L" (48 h) - G,/M cell cycle arrest 65
~25mg-L™ (72 h)
Cervical cancer HelLa 12.5, 25, 50 pmol-L™ > 50 pumol-L™ (24 h) - ApoPtOSlS_mhlbm_o“ Of_cell 85
proliferation and invasion
Renal cancer ACHN 12.5, 50, 200 mg-L™ : p-PI3K!, p-Aktl, Bcl-21, Apoptosns., mhlPltlon of 75
p53T, caspase-3T, BaxT proliferation
SK-UT-1 P217, CyclinB1T, Cdc24;
I 0.1-500 1L R -
Uterine SK-LMS-1; 100.200 llmls Lt 327.0 pmol-L ! (24 h) cleaved Caspase-31, cleaved G, /M cell cycle arrest,
leiomyosarcoma SK-UT-1 Xenograft N mews d 334.3 pmol-L™ (24 h) Caspase-6T, cleaved Caspase- apoptosis, and autophagy o4
i.p. for 21 days 97; LC3T, Beclin-1T, p62!, ?
Tumor Model
IDO1!
Close to 20 umol-L™" and
5637, BIU87; 5,10, 20, 40 pmol-L™"; 10 pmol-L™* (72 h); Inhibition of proliferation
Bladder cancer Xenograft Tumors combined with GEM  Curdione (20 umol-L”] + cAzl and migration 87
GEM (8 pmol-L™)
METTL141, YTHDF21
; 12.5, 25, 50 pmol-L; , ’ ’
Colorectal cancer CT26, SW480; » 29, 30 N0 >50 pmol-L™ SLC7A114, SLC3A2l, Ferroptosis 12

CT26 xenograft mice 50, 100, 200 mg-kg™

HOXA13!, GPX 41

Note: (1) up-regulated; ({) down-regulated. DTX, docetaxel; GEM, gemcitabine. i.p., intraperitoneal injection.

6.1.1. Inhibition of proliferation
6.1.1.1 Cell cycle arrest

The complete cell cycle consists of Gy, S, G, and M phases.
Some cells exit into the quiescent G, phase and re-enter the cycle
upon stimulation by growth factors. Cyclins and their partner
cyclin-dependent kinases (CDKs) tightly regulate the cell cycle.
Curdione (250, 500, 1000 pmol-L™") induces G, phase arrest in
malondialdehyde (MDA)-MB-231 cells by upregulating p53 and
p21 proteins *. P53, a key cell cycle regulator, can indirectly in-
duce cell cycle arrest via the p53-p21-DREAM-E2F/CHR pathway
(p53-DREAM pathway) *. Curdione also induces G,/M phase ar-
rest in uterine leiomyosarcoma (uLMS) and HepG2 cells. At con-
centrations of 25, 50, and 100 pmol-L™", curdione up-regulates
the checkpoint proteins p21 and cyclin B1 while downregulating
Cdc2, leading to concentration-dependent G,/M arrest in uLMS
¢4 %, Different cancer cell lines exhibit distinct cell cycle
characteristics due to complex gene regulation networks. Addi-

cells

tionally, culture conditions and treatment protocols influence the
phase of arrest observed °**’. These factors likely explain the dif-
ferential cell cycle arrest induced by curdione across various can-
cer cell lines.
6.1.1.2 Apoptosis

Apoptosis is a programmed form of cell death characterized
by distinct morphological changes and enzyme-dependent bio-
chemical processes. Caspases, including caspase-3, -6, and -9, are
central mediators. Curdione inhibits the proliferation of MDA-MB-

260

231 cells by promoting apoptosis, modulating the expression of
apoptosis-related proteins such as B-cell lymphoma-2 (Bcl-2), Bcl-
2-associated X protein (Bax), caspase-9, cleaved caspase-9, and
cleaved caspase-3 in vitro ®. Furthermore, curdione demon-
strates anticancer efficacy in vivo. In a xenograft nude mouse
model of breast cancer, average tumor weight decreased from
386 + 34 mg in controls to 332 * 12 mg (P < 0.05), 279 + 24 mg
(P < 0.05), and 154 + 10 mg (P < 0.01) following intraperitoneal
injection of 50, 100, and 150 mg-kg™" curdione, respectively. In-
creased expressions of cleaved caspase-3, caspase-9, and Bax,
along with decreased Bcl-2 levels, support the role of apoptosis in
curdione-mediated tumor suppression. Moreover, the use of a
caspase-3 inhibitor confirmed that curdione induces apoptosis in
breast cancer cells *,

Indoleamine-2,3-dioxygenase-1 (IDO1) catalyzes the rate-
limiting step in the conversion of tryptophan (Trp) to kynuren-
ine (Kyn) and exerts immunoregulatory effects in cancer ther-
apy . IDO1 also promotes proliferation and progression in vari-
ous cancers, and its inhibition enhances cancer cell apopto-
sis "%, Wei et al. demonstrated that curdione inhibits uLMS cell
proliferation in vitro and suppresses tumor growth in a SK-UT-1
xenograft mouse model in vivo. Further investigation revealed
that curdione induces apoptosis via downregulation of IDO1 and
upregulation of cleaved caspases -3, -6, and -9 **.

Hyperactivation of the phosphatidylinositol 3-kinase
(PI3K)/RAC-alpha serine/threonine-protein kinase (Akt) path-
way is closely linked to cancer development, making its inhibi-



S. Liu et al.

o a8
o'g e

[ ) L J
Sage

'y (

( J
g
mitochondria BCL-2 / /

CA2 P. IDO 1

/ml

, lcon
>/

/

EREE Beclin 1

cleaved caspase 9,
caspase 9

EM
degra
————————

cleaved caspase 3,
caspase 3

N

‘ Proliferation |

p21
@
1

Chinese Journal of Natural Medicines 24 (2026) 257-269

Angi -
_|—> ’ ngiogenesis |

—

AN

20\ fom ] |

Autophagy

Cyclin-B —
Cdc-2

YTHDF2

21
= = m6A fooA
l SLC7A11,HOXA13
7 mRNA degradation
cde2 4 e B
Cyclin-B

Cell cycle arrest |

M

G, G, | METTL14

( ‘ __ —| Lipid ROS
l

SR

Fig. 2 Anticancer mechanisms of curdione. Inhibition of proliferation, cell invasion, migration, angiogenesis, induction of cell cycle arrest, and activation of apoptosis, fer-

roptosis are involved.

tion a viable therapeutic strategy > ”*. Curdione reduces expres-

sion of p-PI3K, p-Akt, and Bcl-2 while increasing caspase-3 and
Bax levels in human renal carcinoma ACHN cells, indicating that it
induces apoptosis by suppressing the PI3K/Akt signaling path-
way "°. Additionally, curdione enhances the chemotherapeutic ef-
fect of docetaxel (DTX) on MDA-MB-468 cells by triggering react-
ive oxygen species (ROS)-mediated apoptosis through the MAPKs
and PI3K/Akt pathways "°.

6.1.2. Activation of autophagy

Autophagy is a self-degradative process that maintains intra-
cellular homeostasis and cell viability by clearing protein aggreg-
ates and damaged organelles "’. However, excessive autophagy
often leads to cell death and disease progression '’ In cancer,
autophagy plays a dual role—suppressing tumor initiation while
supporting established tumor survival. Despite this complexity,
autophagy remains a therapeutic target . Curdione (25, 50, 100
umol-L™") induces autophagy in SK-UT-1 and SK-LMS-1 cells in a
dose-dependent manner by upregulating light chain 3 (LC3) and
Beclin-1 and downregulating p62 **.

6.1.3. Inhibition of migration, invasion, and metastasis

Metastasis is the primary cause of cancer-related mortality,
involving the spread of malignant cells from the primary tumor
site to distant organs. This complex, multistep process requires
coordinated regulation of cellular protrusion, chemotaxis, inva-
sion, and contractility to enable directed migration *’. A key step
in metastasis is the degradation of the extracellular matrix (ECM),
facilitated by matrix metalloproteinases (MMPs), particularly
MMP-2 and MMP-9, which are implicated in various signaling
pathways associated with tumor invasion and progression "%,
Curdione has been shown to inhibit the invasive potential of can-
cer cells in a dose- and time-dependent manner. In HeLa and
HCC1937 cells, curdione significantly suppresses adhesion, motil-
ity, and invasion at concentrations of 12.5, 25, and 50 umol-L™*
following 24- or 48-hour treatments. These inhibitory effects are
accompanied by downregulation of phosphorylated extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and
Akt, as well as reduced expressions of MMP-2 and MMP-9, indic-
ating interference with key signaling pathways involved in cell in-
vasion "%,
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Additionally, carbonic anhydrase 2 (CA2), whichis overex-
pressed in invasive urothelial carcinoma (UC) in rats and muscle-
invasive bladder cancer (MIBC) in humans, has been identified as
a potential marker of tumor invasiveness *°. Curdione enhances
the anti-cancer efficacy of gemcitabine (GEM) in vitro by further
inhibiting bladder cancer cell proliferation, clonogenic potential,
and migratory ability. In vivo, curdione significantly reduces
xenograft tumor growth, likely through modulation of CA2 ex-
pression and function V.

6.1.4. Activation of ferroptosis

Ferroptosis is a regulated, iron-dependent form of cell death
characterized by the accumulation of lipid peroxides and oxidat-
ive damage to cellular membranes . Emerging evidence sug-
gests that ferroptosis plays a pivotal role in tumor suppression
and in overcoming resistance to conventional therapies ** *°.
Glutathione peroxidase 4 (GPX4) is a key negative regulator of
ferroptosis, relying on intracellular glutathione (GSH) to detoxify
lipid hydroperoxides and maintain redox homeostasis " °*. The
cystine/glutamate antiporter system Xc~, particularly its com-
ponent solute carrier family 7 member 11 (SLC7A11), is essen-
tial for sustaining GSH synthesis by facilitating cystine uptake. Re-
cent studies have identified a regulatory mechanism involving
methyltransferase-like 14 (METTL14), which mediates N6-
methyladenosine (m6A) modification of SLC7A11 mRNA. This
modification promotes mRNA degradation via recognition and
binding by the m6A reader protein YTH N6-methyladenosine RNA
binding protein F2 (YTHDF2) ™. In a study by Wang et al., curdi-
one was shown to inhibit the viability of CT26 colorectal cancer
cells in vitro by reducing intracellular GSH levels while increasing
MDA and ferrous ion concentrations—hallmarks of ferroptosis.
Mechanistically, curdione treatment led to the upregulation of
METTL14 and YTHDF2 and concurrent downregulation of
SLC7A11, SLC3A2, HOXA13, and GPX4.These molecular altera-
tions were also confirmed in vivo, supporting the hypothesis that
curdione induces ferroptosis through activation of the
m6A-METTL14-YTHDF2-SLC7A11 axis "%,

6.1.5. Inhibition of angiogenesis
Vascular endothelial growth factor (VEGF) is a key mediator
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of angiogenesis, enhancing vascular permeability and promoting
endothelial cell migration **. Overexpression of VEGF contributes
significantly to tumor angiogenesis and accelerates the onset,
proliferation, and metastasis of liver cancer . Silencing or in-
hibiting VEGF expression effectively suppresses hepatocellular
carcinoma growth, migration, and invasion ”’. Curdione inhi-
bits the proliferative activity of human hepatic sinusoidal en-
dothelial cells (HHSECs) in the HepG2 tumor microenvironment.
Incubation with curdione (1 and 2 pg-L™) significantly reduced
mRNA and protein expression of VEGF (P < 0.01) and VEGFR2
(P<0.01) "

6.2. Anti-thrombus

P-selectin is a glycoprotein expressed on activated platelets
and endothelial cells. Upon platelet activation, P-selectin translo-
cates rapidly from intracellular granules to the cell surface, facil-
itating platelet aggregation via fibrinogen and GPIIb/IIla interac-
tions. Platelet P-selectin expression determines aggregate size
and stability *’. Curdione enters platelets via intracellular uptake
both in vitro and in vivo """, It also inhibits carrageenan-in-
duced tail thrombosis in mice in a dose-dependent manner at 50,
100, and 200 mg-kg™. The inhibitory potency of curdione against
agonist-induced platelet aggregation follows the order: PAF >
thrombin > AA > ADP. At 30 and 60 mg-kg™, curdione signific-
antly reduced ADP-induced platelet aggregation in rats (P < 0.05,
P < 0.01). Further studies showed that curdione lowers plasma P-
selectin levels and exerts significant anti-thrombotic effects in
thrombosis models. Enhanced NO production, elevated cyclic ad-
enosine monophosphate (cAMP) levels, and inhibition of intracel-
lular Ca®* mobilization collectively augment its anti-thrombotic
activity "%,

Integrins, heterodimeric transmembrane receptors includ-
ing B1 and B3 families, play pivotal roles in platelet adhesion and
aggregation '°"'”". Talin is essential for integrin activation during
hemostasis and thrombosis """ '"”. Vinculin, a talin-binding pro-
tein, promotes integrin-mediated adhesion ''’. Beyond maintain-
ing the discoid morphology of resting platelets, a- and S-tubu-
lin isoforms mediate morphological changes following activa-
tion """"'**, Curdione modulates vinculin and Talin 1 expression
via $1-tubulin, thereby affecting integrin signaling and inhibiting
platelet activation """, Fang et al. demonstrated that curdione
also suppresses platelet aggregation by regulating the adenosine
5'-monophosphate-activated protein kinase (AMPK)-vinculin/tal-
in-integrin allbp3 signaling pathway '*°.

Hemodynamic parameters such as whole blood viscosity
(WBV) and shear rate (SR) are associated with thrombosis risk.
Elevated WBV predicts high thrombotic risk in cardiovascular pa-
tients ''* """, High share rate (SR) gradients promote thrombosis
in a von Willebrand factor (vWF)-dependent manner '* . Cur-
dione improves blood circulation and alleviates blood stasis by
reducing WBV, plasma viscosity, high shear stress (HSR), and low
shear stress (LSR) in adrenaline- and ice water-induced blood
stasis rat models at doses of 30-120 mg-kg™". However, curdione
exhibited only mild thrombolytic activity at a high concentration
of 0.235 g-L™" in vitro '*°, suggesting that higher concentrations
are required for anti-thrombotic effects. Whether long-term, high-
dose administration leads to adverse effects warrants further sys-
tematic investigation.

6.3. Anti-inflammatory and analgesic

Tan et al. reported that curdione significantly inhibited xy-
lene-induced ear edema in mice at 200 and 400 mg-kg™" (P < 0.05,
P < 0.01) and carrageenan-induced paw edema at 140 and 280
mg-kg™" (P < 0.05, P < 0.01). Additionally, curdione (100, 200,
400 mgkg™) reduced acetic acid-induced writhing responses
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(P < 0.01) and significantly increased the pain threshold in the
hot plate test at 400 mg-kg™" (P < 0.05, P < 0.01) *'.

Curdione exhibits pronounced anti-inflammatory effects both
in vitro and in vivo. Its anti-inflammatory activity is associated
with reduced oxidative stress, suppression of nuclear factor kB
(NF-xB) signaling activation, and downregulation of proinflam-
matory cytokines. Shi et al. used a partial hepatectomy model in
aged mice to evaluate curdione’s anti-inflammatory effects. Ad-
ministration of curdione (60 and 120 mg-kg™) for 8 days signific-
antly increased hippocampal levels of superoxide dismutase
(SOD), catalase (CAT), and glutathione peroxidase (GSH-Px) (P <
0.05) and reduced MDA concentration (P < 0.05). Furthermore,
postoperative elevations in NF-xB, interleukin-18 (IL-18), IL-6,
and tumor necrosis factor-a (TNF-a) were markedly suppressed
(P<0.05) '

Overexpression of prostaglandins (PGs) and cyclooxygenase-
2 (COX-2) due to biosynthesis is closely linked to inflammatory
and carcinogenic processes '*> '**. Curdione inhibited PGE, pro-
duction in lipopolysaccharide (LPS)-stimulated RAW 264.7 mac-
rophages in a concentration-dependent manner (half maximal in-
hibitory concentration, ICsy 1.1 pumol-L™) and reduced COX-2
mRNA expression ',

Toll-like receptors (TLRs), located on cell membranes and in
endosomes, recognize conserved molecular patterns and initiate
macrophage activation and polarization. M1-polarized macro-
phages produce proinflammatory cytokines and express cluster
of differentiation 86 (CD86) as a marker '*°. Curdione treatment
alleviated clinical symptoms in DSS-induced colitis mice and re-
duced inflammation. At 30 mg-kg™', curdione significantly down-
regulated colonic mRNA expression of Tnf-a, II-6 (P < 0.001), II-1f8
(P < 0.05), and Inos (P < 0.001), while upregulating the anti-in-
flammatory cytokine /I-10 (P < 0.05). At 60 and 120 mg-kg™", cur-
dione significantly inhibited /I-6 and Inos mRNA expression
(P < 0.01). In vitro studies further showed that curdione sup-
pressed expression of Cd86, Tnf-a, TIr2, II-6, and II-1f in THP-1-
derived macrophages, suggesting it may modulate TIr2 signaling
to inhibit M1 polarization and mitigate colitis-associated inflam-
mation '”’.

6.4. Cardioprotection

Curdione reduces ROS accumulation and prevents mitochon-
drial dysfunction induced by doxorubicin (DOX) or isoproterenol
(ISO). It attenuates increases in serum creatine kinase-MB isoen-
zyme (CK-MB) and lactate dehydrogenase (LDH) and inhibits ap-
optosis by modulating Bcl-2 and Bax expression. Additionally,
curdione decreases phosphorylation of ERK1/2 and JNK and ac-
tivates the nuclear factor erythroid 2-related factor 2 (Nrf2)/
heme oxygenase-1 (HO-1) and Nrf2/SOD1/HO-1 signaling path-
ways in models of dysfunction caused by DOX- and ISO-induced
cardiotoxicity, respectively '** ',

Myocardial infarction (MI) is a leading cause of mortality and
is closely linked to oxidative damage and ferroptosis "*"'*'. Curdi-
one effectively protects against 1SO-induced MIBC (MI), evid-
enced by reduced MDA levels (P < 0.05, P < 0.001) and increased
GPX4 expression (P < 0.05, P < 0.01, P < 0.001) at 25, 50, and 100
mg-kg™, as well as decreased iron content (P <0.01) and in-
creased GSH levels (P < 0.01) at 50 and 100 mg-kg™". Keap1 was
identified as a direct target of curdione. Curdione disrupts the
Keapl-Trx1 interaction while promoting Trx1-GPX4 complex
formation, demonstrating that it inhibits ferroptosis in ISO-in-
duced MI via the Keap1/Trx1/GPX4 pathway '*.

6.5. Neuroprotection

The neuroprotective effects of ZTO in cerebral ischemia are
associated with enhanced anti-oxidant capacity, reduced delayed
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neuronal death, inhibition of intravascular thrombosis, and atten-
uation of endothelial cell-mediated inflammation **'**. ZTO alle-
viates depression-like behavior by reducing oxidative stress and
improving mitochondrial function via activation of the Nrf2/HO-
1/NQO1 signaling pathway. Middle cerebral artery occlusion
(MCADO) is a clinically relevant model of ischemic stroke, offering
advantages such as minimal cranial trauma, controllable reperfu-
sion, and high reproducibility. It is widely used in drug screening,
novel therapy development, and mechanistic studies of cerebr-
ovascular diseases like ischemia-reperfusion injury. Curdione
(100 mg-kg™") significantly reduced infarct volume (P < 0.01, P <
0.001) on days 1, 4, 7, and 14 and improved neurological deficit
scores (P < 0.05), cognitive recovery, and neuronal morphology
in MCAO rats. Mechanistically, anti-oxidant and anti-apoptotic ef-
fects were involved, including increased SOD, CAT, and GSH-Px
activities (P < 0.05) and decreased levels of cytochrome C (Cyt-C),
Bax, c-caspase-9 (P < 0.05), and c-caspase-3 (P < 0.01) (Fig. 3) **°.
Despite its strengths, the MCAO model has limitations. Human
stroke often involves multiple vessel occlusions, whereas MCAO
typically targets only the middle cerebral artery. Reperfusion it-
self may cause additional injury. Therefore, complementary ex-
perimental models are necessary to fully evaluate curdione’s
neuroprotective potential.

6.6. Respiratory protection

The progression of pulmonary fibrosis is closely associated
with the transforming growth factor-f (TGF-$1)/Smads signal-
ing pathway "> "%, Overexpression of TGF-B induces myofibro-
blast differentiation, promotes ECM deposition, inhibits collagen
degradation, and drives progressive fibrosis. Smads are cytoplas-
mic signal transduction proteins; Smad2 and Smad3 primarily
mediate TGF-BR signaling activation and interact with numerous
TGF-B-responsive promoters *’. Curdione significantly reduced
the Ashcroft score for fibrosis (P < 0.01) and down-regulated the
expression of fibronectin (P < 0.001), collagen I (P < 0.01), and a-
smooth muscle actin (@-SMA) (P < 0.05) in bleomycin-induced
lung injury and fibrosis in C57BL/6 mice following intraperiton-
eal administration at 100 mg-kg™. In vitro assays demonstrated
that curdione suppressed Smad3 phosphorylation (P < 0.001)
and concentration-dependently reduced the expression of a-SMA,
collagen I, and fibronectin (P < 0.01, P < 0.001). These findings in-
dicate that curdione ameliorates bleomycin-induced pulmonary
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fibrosis by inhibiting TGF-B-driven fibroblast-to-myofibroblast
differentiation '*’.

Neutrophils are circulating effector cells in peripheral blood
and play a critical role in immune defense against invading patho-
gens through phagocytosis, degranulation, and release of neutro-
phil extracellular traps (NETs). However, excessive NET forma-
tion can contribute to organ dysfunction and exacerbate sepsis-
induced acute lung injury (SI-ALI) "*'"***, Studies have shown that
curdione significantly alleviated histopathological changes (P <
0.01), attenuated inflammatory cytokine elevation (P < 0.01, P <
0.001, P < 0.0001), and reduced oxidative stress responses (P <
0.01, P < 0.001, P < 0.0001) in sepsis-induced lung injury after in-
traperitoneal administration at 50 or 100 mg-kg™". Furthermore,
curdione inhibited platelet-mediated neutrophil recruitment, in-
filtration, and NET formation, suggesting its potential as a thera-
peutic agent for SI-ALI ***,

Ca*"-activated chloride channels (CaCCs) regulate epithelial
secretion, sensory signal transduction, neuronal excitability, and
smooth muscle contraction, contributing to diverse physiological
functions '**'**. Transmembrane protein 16A (TMEM16A) consti-
tutes the molecular basis of a CaCC subgroup *”'**. It is highly ex-
pressed in inflammatory airway diseases and modulates mucin
secretion and airway smooth muscle contraction '**""*', Curdione
inhibits TMEM16A channel activity in a dose-dependent manner,
with an ICs, value of 14.45 pmol-L™". Intracellular Ca®* elevation is
essential for CaCC activation, and UTP induces Ca*" release in air-
way epithelial cells. At 200 pmol-L™", curdione reduced UTP-stim-
ulated Cl” current from ~47 to ~17 pA-cm™. Inhibition of respir-
atory mucus hypersecretion may represent a novel mechanism
by which curdione reduces airway obstruction and improves air-
way compliance via modulation of TMEM16A/ CaCC and CFTR
channel activities ',

6.7. Hepatoprotection

Curdione administered at 12.5, 25, and 50 mg-kg™" prior to D-
galactosamine (D-GalN)/LPS injection suppressed serum aspart-
ate aminotransferase (AST) elevation (P < 0.01) and alanine
aminotransferase (ALT) levels (P < 0.05, P < 0.01), while also mit-
igating D-GalN/LPS-induced liver necrosis in histological ana-
lyses. The hepatoprotective effect of curdione may be attributed
to its protection of hepatocytes against D-GalN-induced toxi-
city 153, 154
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Activation of hepatic stellate cells (HSCs) into myofibroblasts
leads to excessive ECM production and contributes to liver
fibrosis. Autophagy, oxidative stress, and metabolic disturbances
are implicated in HSC activation "**'*, HSC-T6 cells, derived from
rat HSCs, exhibit activated phenotypes characteristic of liver
fibrosis progression. These cells display fibrotic features in vitro,
including elevated a-actin and collagen synthesis, making them
widely used in studies of liver fibrosis mechanisms and anti-
fibrotic drug screening. Curdione significantly inhibited TNF-a-in-
duced HSC activation and reduced the expression of a-SMA (P <
0.001), prostaglandin-endoperoxide synthase 2 (PTGS2) (P <
0.001), and p-Akt1 in HSC-T6 cells at concentrations of 150 and
300 umol-L™ ', Despite their widespread use, limitations such
as species differences and phenotypic drift constrain the direct
translation of HSC-T6 findings to human disease. Therefore, fur-
ther studies are required to systematically evaluate the anti-
fibrotic activity of curdione. Dai et al. reported that curdione (50
mg-kg™") enhanced the inhibitory effect of schisandrin C (Sin C)
on hepatic fibrosis by modulating the TGF-f3 pathway and sup-
pressing oxidative stress following 6 weeks of treatment, high-
lighting its potential in multi-target or multi-pathway combina-
tion therapies for liver fibrosis '’

6.8. Anti-viral activity

Curdione demonstrates potent anti-influenza A (H1N1) activ-
ity in both in vitro and in vivo models. In A549 cells, curdione sig-
nificantly reduced H1N1 viral mRNA and nucleoprotein expres-
sion in a dose-dependent manner across a concentration range
0f 1.56-100 pmol-L™". In an in vivo mouse model, intraperitoneal
administration of curdione at 100 mg-kg™* effectively attenuated
H1N1-induced lung injury and suppressed viral replication by

day 7 post-infection "*".

6.9. Anti-fungal activity

Phytophthora capsici (P. capsici) is a destructive oomycete
pathogen causing severe disease in vegetables and various cr-
ops '*. ZTO inhibits P. capsici growth and development in vitro by
disrupting the cell membrane and inducing leakage of intracellu-
lar contents. ZTO also increased relative conductivity, MDA, and
glycerol levels at concentrations of 2.5-20 ug-mL™" after 24 h of
incubation with mycelia. Further investigation revealed that cur-
dione exerted moderate inhibitory effects on P. capsici mycelial
growth in a concentration-dependent manner, achieving 49.23%
inhibition at 20 pg-mL™"°,

Fusarium graminearum (F. graminearum) causes Fusarium
head blight in wheat and barley and contaminates grains with
mycotoxins, posing a public health risk '*>'**, Although curdione
constitutes only 0.87% of the extract from Curcuma longa, it
demonstrated the strongest inhibitory effect on F. graminearum
growth, with an inhibition rate of 52.9%. Disruption of fungal cell
membrane integrity—specifically through inhibition of ergoster-
ol synthesis and interference with the respiratory chain—under-

lies the anti-fungal mechanism of curdione against F. graminear-
165
m .

6.10. Anti-diabetic effect

Type 2 diabetes is a chronic condition characterized by insuf-
ficient insulin secretion or impaired insulin utilization. As the dis-
ease progresses, blood glucose levels rise progressively. Inhibit-
ing a-glucosidase activity effectively controls postprandial gluc-
ose levels, making this enzyme a key therapeutic target for type 2
diabetes "*°"*. Curdione was evaluated for anti-diabetic activity
using a glucose consumption assay in HepG2 cells. Results
showed that curdione enhanced glucose consumption by over
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60% at 10.0 pmol-L™" '°. Additionally, curdione content in ex-
tracts of C. caesia correlated strongly with a-glucosidase inhibit-
ory activity '”". These results suggest that curdione may serve as a
promising alternative a-glucosidase inhibitor for reducing blood
glucose levels and managing diabetes.

6.11. Hypertrophic scar alleviation

Hypertrophic scar fibroblasts (HSFs) typically arise after
burns, scalds, or surgical procedures due to abnormal fibroblast
proliferation, elevated pro-fibrotic factor expression, and dysreg-
ulated ECM secretion. This condition represents a common and
challenging clinical skin disorder. The PI3K/Akt/mammalian tar-
get of rapamycin (mTOR) signaling pathway plays a central role
in regulating cell proliferation and differentiation "> '”*, Fibro-
blast proliferation promotes hypertrophic scar formation by
stimulating collagen synthesis and fibrosis. The TGF-81/Smad
signaling pathway also critically regulates fibroblast prolifera-
tion, matrix secretion, and accumulation '”*'”°, Curdione inhib-
ited HSF proliferation in a dose-dependent manner at 10, 20, and
40 pmol-L™, with a 70% inhibition rate observed at 40 pmol-L™.
Moreover, it reduced COL-I and COL-III secretion (P < 0.05,
P < 0.01) and decreased collagen accumulation by enhancing
MMP-1 synthesis (P < 0.05, P < 0.01) in HSF cells at 20 and 40
umol-L™", respectively. The expression levels of p-PI3K, p-Akt, p-
mTOR, p-Smad3, TGF-f1, and a-SMA were also significantly sup-
pressed by curdione in a dose-dependent manner (P < 0.05, P <
0.01). These results demonstrate that curdione alleviates hyper-
trophic scarring by inhibiting both the PI3K/Akt/mTOR and TGF-
B1/Smads signaling pathways, indicating its potential for treat-
ing HSF "7,

7. Potential toxicities

7.1. Reproductive toxicity

SD rats received daily doses of 7, 21, or 63 mg-kg™' curdione
from gestational day 6 (GDg) to GD;5 to assess the toxicokinetic
profile of curdione in pregnant rats and its transfer across the
placental barrier. Results showed that cpq, AUCy.y, and
AUC (9_«0) increased dose-dependently on both GDg and GD;s. Cur-
dione was detected in maternal plasma, placental plasma, pla-
cental tissue, amniotic fluid, and fetal tissue. At 21 mg~kg’1, curdi-
one reached saturation in fetal tissue (236.10 ng-g™"), suggesting
a risk of accumulation in fetuses and potential transplacental
transfer 7. Wu et al. investigated the mechanism of curdione-in-
duced reproductive toxicity in HTR-8/SVneo cells using multi-
omics profiling. Exposure to curdione (500 or 1000 pumol-L™) in-
duced mitochondrial dysfunction, DNA damage, and disruption of
tight junctions, accompanied by down-regulation of Wnt6, (-
catenin, claudin-1, and ZO-1. Modulation of the Wnt/S-catenin
signaling pathway was implicated in curdione-induced cellular
toxicity in HTR-8/SVneo cells 7°.

7.2. Dyspnea

Dyspnea following drug administration is a typical adverse
drug reaction (ADR) that has garnered global attention '’*"'*'. The
primary adverse effects of ZTO injection (ZTOI) involve dis-
orders of the respiratory system (45.63%), followed by systemic
reactions and skin and appendage disorders. Among respiratory
events, dyspnea accounts for 57.39% '*. Yang et al. explored the
mechanisms underlying ZTO-induced dyspnea and found that
curdione binds to hemoglobin (Hb) with high affinity, exhibiting a
predicted binding free energy of -6.9 kcal-mol™. Molecular dock-
ing indicated that curdione forms two conventional hydrogen
bonds and is stabilized by four alkyl or n-alkyl hydrophobic inter-
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actions with Trp37, Pro95, Lys127, and Ala130. Real-time inter-
action between curdione and Hb was confirmed by surface plas-
mon resonance (SPR), showing 1:1 binding kinetics with an equi-
librium dissociation constant (K;) of 3.795 x 107 mol-L™", implic-
ating Hb-based interference in ZTO-induced dyspnea '*. While
these interactions were validated in vitro, whether curdione-Hb
binding alters Hb structure and function to induce dyspnea re-
quires further in vivo investigation.

7.3. DDIs

DDIs commonly occur during combination therapy, poten-
tially altering drug exposure or pharmacological effects '**. DDIs
may lead to therapeutic failure or adverse reactions "*>'*. Cyto-
chrome P450 (CYP450) enzymes metabolize various endogenous
compounds and xenobiotics. Inhibition or induction of CYP450
isoforms is a major cause of clinically significant DDIs """, Stud-
ies show that curdione dose-dependently inhibits CYP3A4 activ-
ity within the range of 1-10 pg-mL™, with an ICsy of 10 pg'mL™" in
in vitro assays. Molecular analysis indicates that curdione inter-
acts with CYP3A4 via hydrophobic contacts involving Arg105,
Ser119, Hem1500, Ala370, Phe213, Arg212, and Phe304, and
forms a hydrogen bond (3.06 A) with imidazole. Additionally,
curdione suppressed CYP3A4 protein expression in Caco-2
cells > ™. Curdione reversibly inhibited CYP2B6 activity in a
competitive manner, with an ICg, of 4.13 pmol-L™". Molecular
docking revealed strong binding of curdione to the active site of
human CYP2B6, with a binding energy of -8.34 kcal-mol™. The
compound was surrounded by multiple hydrophobic residues,
suggesting that hydrophobic interactions drive its binding to
CYP2B6 %

8. Discussion and future persepectives

Curcuma is an important genus in the family Zingiberaceae.
Several Curcuma species possess significant edible, medicinal,
and economic value. Curdione is one of the primary bioactive
constituents found in Curcuma. Its concentration varies across
Curcuma species, geographical regions, plant parts, and extrac-
tion methods. The highest reported curdione content is 47.40% in
the essential oil of C. trichosantha, indicating that curdione can be
efficiently extracted and purified from natural sources. This of-
fers advantages over chemical synthesis by reducing production
costs and minimizing environmental pollution.

Curdione exhibits diverse therapeutic properties, including
anti-thrombotic, anti-inflammatory, anticancer, anti-viral, anti-
fungal, organ-protective, and anti-diabetic effects. It exerts anti-
thrombotic activity by inhibiting platelet activation and aggrega-
tion through modulation of P-selectin levels and the AMPK-vin-
culin/talin-integrin ollbB3 signaling pathway. In PAF- and CAR-
induced tail thrombosis mouse models, curdione (50 mgkg™)
demonstrated a thrombolytic effect comparable to clinical aspir-
in (100 mg-kg™), suggesting its potential as a therapeutic agent
for thrombotic disorders. Inflammation plays a critical role in the
progression of various chronic diseases. Curdione shows prom-
ise as a complementary treatment for inflammation-related con-
ditions, primarily through mechanisms involving attenuation of
oxidative stress, suppression of macrophage M1 polarization, and
inhibition of the NF-«kB signaling pathway. Additionally, curdione
displays cytotoxicity against multiple cancer cell lines by inhibit-
ing proliferation and inducing autophagy and ferroptosis, medi-
ated via regulation of MAPKs and PI3K/Akt signaling pathways,
as well as key molecules such as p53, IDO1, MMP-2/9 axis, CA2,
SLC7A11, and METTL14. These findings highlight its potential as
a candidate for anticancer therapy. However, current studies, al-
though promising, lack sufficient depth to fully elucidate the un-
derlying mechanisms of its anticancer activity. Moreover, most
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experiments lack positive controls, which may compromise the
accuracy and comprehensiveness of curdione’s efficacy evalu-
ation due to the absence of valid reference benchmarks.

Despite its broad pharmacological profile, several challenges
hinder the commercialization and clinical application of curdione.
As a sesquiterpenoid with a germacrene skeleton, curdione con-
tains double bonds that render it susceptible to tautomerism.
These structural features contribute to poor water solubility and
low stability—Kkey limitations for clinical development. Selective
introduction of hydrophilic groups represents a viable strategy to
enhance curdione’s aqueous solubility. Chemo-bio transforma-
tion enables regio- and stereo-selective modification of natural
products, offering opportunities for precise structural optimiza-
tion of curdione. Nevertheless, further investigation into the bio-
logical activities of modified derivatives and structure-activity re-
lationship (SAR) studies are required to improve both stability
and pharmacological potency. Emerging technologies, such as
cocrystallization to form binary crystal structures with specific
ligands or encapsulation within cyclodextrin cavities to create in-
clusion complexes, also hold promise for enhancing the solubility
and stability of curdione.

Pharmacokinetic parameters of curdione have primarily
been derived following administration of ZTO or Curcuma ex-
tracts, potentially overlooking component interactions. Further-
more, most existing data represent preliminary findings and do
not adequately reflect the complete absorption, distribution,
metabolism, and excretion (ADME) profile of curdione in vivo.
Therefore, systematic and comprehensive pharmacokinetic stud-
ies are warranted. Following intravenous administration, curdi-
one exhibits rapid absorption and elimination characteristics in
vivo. While fast absorption may enable prompt therapeutic ef-
fects, it could also lead to adverse reactions due to a sharp rise in
blood concentration over a short period. Additionally, rapid ab-
sorption may accelerate drug metabolism and shorten half-life.
Given its quick elimination, maintaining stable plasma concentra-
tions might require increased dosing frequency or higher doses.
Application of sustained-release delivery systems—such as lipo-
somes, microspheres, microemulsions, and nanoemulsions—of-
fers multiple benefits, including improved patient compliance, re-
duced dosing frequency, and enhanced drug targeting, thereby
potentially optimizing the in vivo pharmacokinetics of curdione.

Curdione accumulates in placental plasma in a dose-depend-
ent manner and crosses the placental barrier into fetal tissues,
raising concerns about its use during pregnancy. In vitro assays
indicate that curdione induces reproductive toxicity in HTR-
8/SVneo cells by modulating oxidative stress, causing mitochon-
drial dysfunction, and disrupting tight junctions via the Wnt/g-
catenin signaling pathway. These findings suggest potential re-
productive risks; however, certain limitations remain. Accumula-
tion in fetal tissue alone does not constitute direct evidence of re-
productive toxicity, as primary indicators—such as congenital ab-
normalities, developmental delays, or postnatal growth impair-
ments—are lacking. Thus, additional data on fetal development,
growth trajectories, and histopathological changes are necessary.
Moreover, the curdione concentrations used in pharmacokinetic
and in vitro mechanistic studies often exceed clinically relevant
dosages. Consequently, whether curdione elicits reproductive
toxicity at therapeutic levels requires further systematic in vivo
evaluation. Molecular docking and SPR analyses reveal that curdi-
one has high affinity for Hb (K, 3.795 x 107° mol-L™"), suggesting
a potential risk of dyspnea. However, these in vitro systems in-
volve only curdione and Hb, whereas real blood contains numer-
ous competing components. Interactions with other blood con-
stituents, such as platelets, may reduce curdione’s binding to Hb.
Furthermore, its rapid absorption, distribution, metabolism, and
elimination likely limit prolonged exposure to Hb. Considering
these factors, current evidence is insufficient to conclude that
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curdione induces dyspnea. Further in vivo investigations are
needed to systematically assess this possibility. DDI assessment
is a critical step in new drug development, providing a scientific
basis for clinical trial design and eventual commercialization. In
vitro studies show that curdione inhibits CYP2B6 and CYP3A4, in-
dicating a potential for DDIs when co-administered with drugs
metabolized by these enzymes. However, in vitro models cannot
fully replicate the complex physiological and pathological envir-
onments present in animals or humans. Additionally, current DDI
research on curdione focuses predominantly on CYP450 en-
zymes, neglecting broader metabolic pathways and transporter
systems. Therefore, a comprehensive toxicity evaluation—partic-
ularly under chronic administration, across dose-response rela-
tionships, and at the mechanistic level—is essential before ad-
vancing to clinical trials.

In summary, curdione is widely distributed among Curcuma
species and readily obtainable from natural sources. It demon-
strates multiple promising pharmacological activities, including
anticancer, anti-thrombotic, and anti-inflammatory effects. Nev-
ertheless, significant challenges must be addressed before pro-
gressing to clinical trials. Future research should prioritize im-
proving solubility and stability, clarifying the mechanisms under-
lying its pharmacological actions, and conducting systematic tox-
icological evaluations.
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