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Plant-derived natural products have long been a vital source for developing therapeutic
drugs. Wedelolactone (WDL), a coumestan isolated from Eclipta prostrata, Wedelia calendu-
lacea, Wedelia chinensis, and Sphagneticola trilobata, demonstrates a broad spectrum of
therapeutic potential, including anticancer, anti-inflammatory, anti-obesity, anti-myotoxic,
antimicrobial, anti-diabetic, and tissue-protective activities. This review synthesizes informa-
tion on the isolation, total synthesis, pharmacological activity, underlying mechanisms, and
pharmacokinetic properties of WDL. Additionally, it offers insights into potential clinical ap-
plications and future drug discovery avenues utilizing WDL or its derivatives, either inde-
pendently or in combination with other pharmaceuticals.

1. Introduction

Natural products serve as a vital source for novel drug design
and development, owing to their diverse chemical structures and
biological activities . Notably, naturally occurring isoflavones,
the most prevalent polyphenols in humans, offer health benefits
through their antioxidant properties and possess significant po-
tential for the development of medications targeting various dis-
eases. Coumarins, a distinct subclass of isoflavones °, are charac-
terized by an oxygen-containing tetracyclic system. These com-
pounds occur in both free states and as glycosides across numer-
ous higher plants, originating as secondary metabolites °. Addi-
tionally, coumarins are present in certain microorganisms and
animals .

Coumestans constitute a notable class of compounds derived
from coumarin, characterized by both coumarin and benzofuran
moieties. Prominent members of this family include cannabichro-
mene, wedelolactone (WDL), and demethylwedelolactone, recog-
nized as significant sources of phytoestrogens °. These com-
pounds have attracted substantial research interest due to their
potential as crucial chemical scaffolds for developing novel drug
leads. Investigations have focused on their extraction, isolation,
structural analysis, chemical synthesis, biological evaluation, and
pharmacokinetics “''. This review concentrates on WDL, sum-
marizing current research on this natural product, its pharmaco-
logical effects, and underlying mechanisms. The objective is to
provide a theoretical foundation for enhancing its bioavailability,
clinical application, and potential drug combinations.
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2. Sources and extraction methods of WDL

WDL is a coumestan compound extracted from plants in the
Compositae family, including Eclipta prostrata, Wedelia calendu-
lacea, Wedelia chinensis, and Sphagneticola trilobata. Its struc-
ture comprises three hydroxyl groups at the C-1, C-8, and C-9 and
a methoxy group at the C-3 position. The primary source of WDL
is the dried aerial part of Eclipta prostrata, a plant in the Aster-
aceae family. The systematic name of WDL is 1,8,9-trihydroxy-3-
methoxy-6H-benzofuro[3,2-c]chromen-6-one. The core structure
consists of a coumarin ring system, which includes a benzene ring
and an a-pyrone ring connected by a shared carbon atom. A not-
able feature is the benzofuran ring, which forms a unique skelet-
on through cyclization, enhancing the molecular complexity. The
unsaturated lactone ring enables interactions with biological
macromolecules such as proteins. The hydroxyl (-OH) substitu-
ents at C-8 and C-9 positions are particularly significant, contrib-
uting to WDL'’s antioxidant and anti-inflammatory properties.

WDL, first extracted from Wedelia calandulacea in 1956 and
subsequently isolated from Eclipta alba *, presents significant
challenges in its extraction from natural sources due to its low
plant content and instability under alkaline conditions. Fig. 1
summarizes the commonly employed extraction and purification
methods. As a polyphenol lactone and bioactive compound, WDL'’s
scarcity and rapid degradation in alkaline environments complic-
ate its isolation process. Multiple-column chromatography stands
as the predominant technique for obtaining high-purity WDL, of-
fering excellent selectivity and product purity. However, this
method’s limitations, including low output, reduced yield, exten-
ded production cycles, and high costs, impede its industrial-scale
production.

Copyright © 2025, China Pharmaceutical University. Published by Elsevier B.V. All rights reserved.
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Fig. 1 Source and extraction method of wedelolactone (WDL). The above plant
image elements are from the Chinese Field Herbarium (CFH).

2.1. Cold or hot maceration followed by percolation

The entire plant was air-dried and pulverized into coarse
powder, then immersed in methanol for 24 h, percolated until
colorless, and subsequently dried under vacuum at 40 °C to ob-
tain WDL. The resulting dark green viscous substance was fur-
ther dried under vacuum at 40 °C. To isolate WDL, this material
was washed with toluene and fractionated using silica gel column
chromatography. The yield of WDL extracted from Eclipta alba
was 0.38% ". In an alternative approach, Unnikrishnan et al. util-
ized a reflux condenser with methanol to extract E. alba for 8-
10 h, after which the extract was concentrated under vacuum at
40 °C using a rotary evaporator . Jayathirtha et al. cleaned and
dried E. alba, performed cold maceration with methanol, and
then evaporated the solvent to dryness under vacuum. The con-
centration of WDL (1.6%) in the extracts was determined .
Diogo et al. extracted metabolites from pulverized and dried E. al-
ba at room temperature using methanol and subsequently recon-
stituted the dried residue with methanol and water '°. This meth-
od was considered the most conventional and straightforward to
implement.

2.2. Solvent or soxhlet extraction

Shanshol et al. utilized a Soxhlet extractor to grind the dehyd-
rated Eclipta alba plant into fine particles and subsequently ex-
tract them with anhydrous methanol at 50 °C for 36 h. The ex-
tract was then concentrated using a rotary evaporator and stored
at 4 °C. The use of methanol as the extraction agent resulted in
the highest yield, achieving 76% "’. Patil et al. employed this tech-
nique to isolate WDL from W. calendulacea using methanol as the
solvent, followed by evaporation and drying with a rotary evap-
orator '°. While this purification method was effective, user-
friendly, and required simple equipment, making it suitable for
laboratory applications, it was time-intensive.
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2.3. Ultrasound-assisted extraction

Fang et al. employed an ultrasound probe system (UPAE) to
efficiently extract WDL from Eclipta prostrata. They optimized
the extraction process utilizing a central composite design and re-
sponse surface methodology (RSM). The identified optimal condi-
tions comprised a 48% ethanol-water mixture, a temperature of
40 °C, an ultrasound power of 90 W, a solid-to-liquid ratio of 50
mL-g”, and an extraction time of 11 min. This approach yielded
3.90 mg-g™' of WDL, significantly reducing both extraction time
and energy consumption "*. While this method was energy-effi-
cient and relatively environmentally friendly, it incurred high
equipment costs and relied heavily on advanced technology.

2.4. Supercritical CO, extraction

Patil et al. utilized supercritical CO,-assisted extraction (SC
CO,E) technology to isolate WDL from Wedelia calendulacea. The
process involved compressing CO, from a cylinder to the desired
working pressure using a cooling unit, followed by the introduc-
tion of methanol into the system via a solvent pump. The temper-
ature and pressure of CO, were regulated to specific levels, and
SC CO,E was then allowed to contact the W. calendulacea powder
thoroughly in the extractor. The resulting extract was collected,
effectively yielding WDL. Under optimal extraction conditions,
the process produced 8.01 mg/100 g of WDL **. While this meth-
od eliminated solvent residue and offered high purity and safety
advantages, it was associated with high costs and technical com-
plexity.

2.5. Microwave-assisted extraction

Shi et al. employed a round-bottom flask reflux system for
WDL extraction from Eclipta alba. The process utilized 90% eth-
anol as the extraction solvent, applying 200 W microwave irradi-
ation for 30 min. The extraction solution underwent concentra-
tion via rotary evaporation, followed by hot water filtration. The
resulting aqueous solution was subjected to three ethyl acetate
extractions. Subsequently, WDL was purified using a silica gel
column. Under optimal conditions, the extraction rate of WDL
reached 82.67%. The microwave-assisted extraction technique
demonstrated advantages in WDL extraction, particularly in
terms of efficiency and time *’. This developed method proved to
be environmentally friendly, rapid, cost-effective, and reliable,
yielding higher extraction rates compared to alternative methods.

2.6. Ultra-high pressure-assisted extraction

This technique extracts WDL from Eclipta Herba by combin-
ing high-speed countercurrent chromatography with ultra-high
pressure extraction. The crude powder of the medicinal material
was sieved using a 60-80 mesh sieve, after which the extraction
solvent was added to polyethylene bags and sealed and placed in
an ultra-high pressure extraction vessel. Following centrifuga-
tion of the extract at 6000 rmin™" for 5 min, it was filtered
through a 0.45 um filter. WDL was separated using a high-speed
countercurrent chromatography system with a petroleum
ether-ethyl acetate-methanol-water biphasic solvent system
(3:7:5:5). The WDL content was determined by high-perform-
ance liquid chromatography. The extraction efficiency of the
method was 2.8 mg-g”', comparable to that of heat reflux. Not-
ably, the extraction time was significantly reduced from 60 to
3 min *\.

2.7. Aqueous two-phase system (ATPS) extraction

Gharat et al. developed an ATPS utilizing polyethylene glycol
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(PEG) of varying molecular weights and sodium citrate to extract
WDL from Eclipta alba. In this system, sodium citrate formed the
bottom phase (salt) while PEG constituted the top phase (poly-
mer). The mixture, adjusted to a specific pH, was combined with
a measured amount of dry powder in a conical flask. It was then
agitated for 2 h at 600 r-min™" and subsequently centrifuged. The
resulting mixture was separated using a separating funnel. High-
performance liquid chromatography analysis demonstrated that
the extraction efficiency of ATPS was 1.3 times higher than that of
solvent or Soxhlet extraction. Under optimized conditions, the
maximum extraction rate achieved was 6.73 mg-g™" **. ATPS ex-
hibited a higher extraction rate and operated under mild condi-
tions, as WDL is rapidly transferred to the polymer phase after
extraction from the bulk phase.

3. Total synthesis of WDL

Several methods for synthesizing WDL have been developed,
primarily utilizing routes 1-5 as depicted in Fig. 2. Route 1 em-
ployed the Sonogashira reaction, involving the coupling of two
key intermediates, followed by deprotection, reduction, and cyc-
lization to yield WDL. However, this approach necessitated the
preparation of a crucial intermediate phenylacetylene, which
proved challenging. With an overall yield of 15%, this method
was protracted and complicated the acquisition of various WDL
analogs for structural modification *’. Route 2 incorporated Pd-
catalyzed cross-coupling, followed by cyclization, deprotection,
methylation, and deprotection to obtain WDL. The utilization of
toxic tin and mercury reagents impeded industrial production **
Route 3 encompassed C-C coupling, methylation, de-PMB protec-
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tion, and debenzylation to produce WDL. Despite employing ex-
pensive catalysts, this method also involved a lengthy process
and low yield **. Route 4 entailed heating phenylacetone to ob-
tain 4,5-dihydroxy-7-methoxycoumarin, then utilizing an en-
zyme from sweet potato juice for dual cross-coupling with cat-
echol to generate WDL. This approach significantly abbreviated
the synthetic process, enabling the creation of numerous novel
WDL analogs, which still require evaluation for biological effe-
cts *°. Route 5 involved palladium-catalyzed Suzuki coupling and
acid-promoted intramolecular transesterification, followed by
deprotection and cyclization to afford WDL. With fewer synthetic
steps and a higher yield, this method is more suitable for indus-
trial production *’

4. Pharmacological activities of WDL

WDL, a naturally occurring metabolite, is predominantly
found in the genera Eclipta and Wedelia. Recent investigations
have advanced our understanding of WDL’s pharmacological
properties. Studies conducted from 1956 to the present have elu-
cidated its diverse therapeutic effects, encompassing anticancer,
anti-inflammatory, anti-obesity, anti-myotoxic, antimicrobial,
anti-diabetic, neuroprotective, cardioprotective, hepatoprotect-
ive, bone protective, dental protective, renal protective, lung pro-
tective, and eye-protective activities. WDL primarily exerts
its biological effects through mechanisms associated with infl-
ammation, oxidative stress, apoptosis, and hyperlipidemia. Table
S1 provides a comprehensive summary of the pathways, poten-
tial targets, and indications of WDL related to its various activit-

ies **°°, Fig. 3 illustrates these associated regulatory factors.

HO, OH
2 steps oH O 2 steps
— N H =
78% %
HO 0" N0 Mef

Wedelolactone

Wedelolactone

‘Wedelolactone

Fig. 2 Five routes for the total synthesis of wedelolactone.
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4.1. Anticancer activity

The anticancer effects of WDL have been extensively studied,
and the specific mechanisms involved are summarized in Fig. 4.
Benesand et al. reported that WDL (10-30 pmol-L™) inhibits can-
cer cell growth by blocking the S and G,/M phases of the cell cycle
and inducing DNA damage signaling pathways, independent of
nuclear factor-«B (NF-xB) and androgen receptors . WDL inter-
acts with double-stranded DNA and inhibits the activity of DNA
topoisomerase Ila ** ®. Lee et al. demonstrated that WDL (20
umol-L™") reduces matrix metalloproteinase (MMP) expression,
which in turn blocks the IxB-a/NF-kB and MEK/ERK signaling
pathways in MDA-MB-231 cancer cells, thereby inhibiting invas-
ive growth *> %, Sarveswaran et al. found that WDL (30 pmol-L™")
induces caspase-dependent apoptosis in three prostate cancer
cell lines (LNCaP, PC3, and DU145) by downregulating epsilon
protein kinase C (PKCe), without inhibiting the Akt pathway **’.

Nehybova’s research demonstrated that WDL functions as a
phytoestrogen in MDA-MB-231, MCF-7, and T47D breast cancer
cells by activating both genomic and non-genomic estrogen re-
ceptor pathways at a low concentration of 10 nmol-L™ *”", Fur-
thermore, WDL inhibits proteasome activities (chymotrypsin-
like, trypsin-like, and caspase-like) in breast cancer cells, exhibit-
ing cytotoxicity towards these cells "*. Sarveswaran et al. showed
that WDL significantly downregulates c-Myc mRNA expression in
prostate cancer cells and inhibits c-Myc protein levels, nuclear ac-
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cumulation, DNA binding, and transcriptional activity **. Peng et
al. reported that WDL (10-40 pmol-L™") inhibits melanoma cell
proliferation and regulates the MV3 cell cycle by inhibiting Akt
and activating MAPK pathways "> ”*, inducing the expression of
pro-apoptotic proteins Bax and p21, while inhibiting anti-apop-
totic proteins Bcl-2 and cyclin D ¥,

Chen et al. demonstrated that WDL enhances the anticancer
effects of IFN-y in HepG2 cells by inhibiting TCPTP-mediated de-
phosphorylation of STAT1 at a concentration of 50 umol-L™" *. In
another study, Chen et al. reported that WDL at 25 pmol-L™ initi-
ates a polycomb repressive complex 2 (PRC2)-dependent inhibi-
tion of cancer cell proliferation and induces cell cycle arrest and
apoptosis by disrupting enhancer of zeste homolog 2 (EZH2)-EED
interactions *°. Romanchikova et al. found that WDL reduces MCL
cell growth by modulating EZH2 and suppressing H3K27 methyl-
ation *°. WDL can inhibit cancer progression by promoting apop-
tosis. Sarwar and colleagues investigated its effects on ovarian
cancer cells and discovered that WDL induces apoptosis in MDA-
MB-231 cancer cells by increasing Bax levels and decreasing Bcl-
2 levels ”°. Additionally, PLGA-coated WDL nanoparticles at 10
pg-mL™ enhance drug retention by inhibiting epithelial-mesen-
chymal transition (EMT) through the downregulation of sex-de-
termining region Y-box 2 (SOX2) and ATP-binding cassette sub-
family G member 2 (ABCG2) °. This process inhibits cell migra-
tion and invasion and reduces the percentage of breast cancer
stem cells (BCSCs) in MDA-MB-231 cells .
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Fig. 3 Pharmacological activities of wedelolactone.
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4.2. Anti-inflammatory activity

The anti-inflammatory properties of WDL have been extens-
ively studied, with the associated signaling pathways illustrated
in Fig. 5. At a concentration of 100 pmol-L™", WDL inhibits lipo-
polysaccharide (LPS)-induced caspase-11 in BALB/c 3T3 cells
through the NF-xB signaling pathway *”** "%, Similarly, WDL at 10
umol-L™" significantly reduces the levels of NO, prostaglandin E2
(PGE2), and tumor necrosis factor alpha (TNF-a), as well as the
expression of inducible nitric oxide synthase (iNOS) and cyc-
looxygenase-2 (COX-2) in LPS-induced RAW 264.7 cells. This ef-
fect is achieved by degrading IxB-a and facilitating the transloca-
tion of the NF-kB p65 subunit ** . Moreover, WDL inhibits the
activation of the NLR family pyrin domain containing 3 (NLRP3)
inflammasome and the phosphorylation of caspase-1 via the
AMPK-NLRP3-IL-18 axis, thereby reducing inflammation and po-
tentially treating colitis ***"**’

In bone marrow-derived macrophage (BMDM) cells, WDL
(30 pg-mL™) effectively mitigates zymosan-induced inflamma-
tion by suppressing TNF-a, interleukin 6 (IL-6), IL-12p40,
NADPH oxidase, and p47phox phosphorylation *>*"*', Further-
more, WDL (40 pmol-L™") enhances NLRP3 phosphorylation at
the PKA-specific sites *°, activating the inflammasome and IL-18
secretion while attenuating monosodium urate (MSU)-induced
inflammation and neutrophil migration, thus addressing gouty
arthritis *'. In vivo studies demonstrated that WDL (50 mg-kg™)
exhibits anti-inflammatory effects in indomethacin-induced colit-

173

is by downregulating IL-6/STAT3 signaling and pro-inflammat-
ory cytokines “>****®, Additionally, in cases of acute pancreatitis,
WDL at doses of 25 or 50 mg-kg™' ameliorates the condition by
upregulating glutathione peroxidase 4 (GPX4) expression and in-
hibiting both pyroptosis and ferroptosis °". These findings under-
score the potential of WDL as a potent anti-inflammatory agent,
which operates through multiple signaling pathways to exert its
therapeutic effects. Soluble epoxide hydrolase (sEH) has been
found to induce macrophage inactivation. WDL at concentrations
of 5, 10, and 20 pmol-L™ inhibits sEH activity, resulting in elev-
ated levels of epoxyeicosatrienoic acids (EET). Consequently, this
reduces inflammation and oxidative stress by modulating glyco-
gen synthase kinase 3beta (GSK33)-mediated NF-«B and nuclear
factor E2-related factor 2 (Nrf2) pathways in vitro **

4.3. Anti-obesity activity

WDL shows promise in the treatment of obesity and associ-
ated metabolic disorders *. Initial investigations revealed that
WDL inhibits adipogenesis-related proteins, including CCAAT/
enhancer binding protein alpha (C/EBP-a), peroxisome prolifer-
ator-activated receptor gamma (PPAR-y), and lipoprotein lipase
(LPL) in hAMSCs via the ERK pathway *°. Subsequent research
demonstrated that WDL at concentrations of 5, 10, and 25
umol-L™" decreases lipid levels and ameliorates steatosis in
HepG2 cells by activating AMPK pathways and upregulating
PPARa/LPL and low-density lipoprotein receptor (LDLR) expres-
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sion . In high-fat diet (HFD)-induced hyperlipidemic ham-
sters, WDL administration at doses of 10, 20, and 40 mg-kg’1~d’1
reduced lipid profiles, including TC, triglyceride (TG), and low-
density lipoprotein cholesterol (LDL-C) in vivo °***. Furthermore,
WDL at 5 mg-kg™'-d™" decreased body weight in mice by inhibit-
ing nicotinamide N-methyltransferase (NNMT) and stimulating
fat browning through the sirtuin-1 (SIRT1)/AMPK/PPARa path-
way ¥,

4.4. Anti-myotoxic activity

Muscle toxins present in snake and lizard venom can induce
rapid paralysis in prey. Research suggests that WDL may func-
tion as an effective antidote by inhibiting Na*/K*-ATPase activity
with an ICs, value of 0.7 umol-L™" and flunitrazepam binding to
rat brain synaptosomes with an ICs, value of 2.0 pmol-L™ **,
Furthermore, Eclipta prostrate extract (5 mg-mL™") demonstrates
a dose-dependent anti-toxic activity against MPV venom °*. Diogo
et al. reported that WDL counteracts muscle toxicity induced by
basic phospholipase A2 from Crotalus durissus terrificus (CB) and
Bothrops jararacussu (Bth TX-I and II). In murine models, WDL
(2.5 ug-g™, i.p.) attenuated the myotoxic effects of venoms from
Crotalus durissus terrificus (CB) and Bth TX-I and II, as well as
their respective phospholipase A2 toxins, CVV and ACL ™.

4.5. Antimicrobial activity

WDL demonstrates antimicrobial properties through its in-
teractions with various enzymes and receptors °. Research indic-
ates that WDL can mitigate atypical pyroptosis in corneal keratit-
is induced by P. aeruginosa. It suppresses caspase-4/5/11 expres-
sion in LPS-stimulated human corneal keratocytes, markedly alle-
viating inflammation and epithelial defects when used in conjunc-
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tion with ciprofloxacin ®. Furthermore, WDL inhibits neutrophil

infiltration and decreases myeloperoxidase levels in Aspergillus
fumigatus-induced fungal Keratitis. It also reduces caspase-1
activity, resulting in lower IL-1f levels and a diminished host im-
mune response °. Studies by Vinayagam et al. revealed that WDL
targets bacterial nuclei and degrades bacterial cell walls, exhibit-
ing efficacy against E. coli, S. aureus, P. aeruginosa, and K. pneu-
moniae """,

4.6. Anti-diabetic activity

WDL demonstrates efficacy as an anti-glycation agent both in
vivo and in vitro, reducing glycated hemoglobin and fasting blood
glucose levels. Kumar et al. reported that WDL inhibits a-glucosi-
dase and a-amylase with inhibition rates of 80.65% and 93.83%,
respectively '"*'**, Furthermore, WDL downregulated inflammat-
ory mediators, including C-reactive protein (CRP), TNF-a, and IL-
6 in mice at doses of 5, 10, and 20 mg-kg™". At a concentration of
30 umol-L’l, WDL reduced immune cell infiltration, inhibited hy-
perglycemia in zebrafish larvae, and protected human S-cells
from cytokine-induced damage '”. In di(2-ethylhexyl) phthalate
(DEHP)-induced RIN-5F cells, WDL (80 pug-mL™) regulated Bcl-2
protein expression through the glucose transporter 2 (GLUT2)
pathway, significantly enhancing antioxidant activity and insulin
secretion '*,

4.7. Neuroprotective activity

Aluminum exposure can disrupt various ions, leading to ex-
citotoxicity, oxidative stress, neuronal transport abnormalities,
mitochondrial damage, apoptosis, inflammatory mediator
lease, and microglial activation. These effects contribute to nu-
merous neurodegenerative disorders, including sporadic

re-
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amyotrophic lateral sclerosis (sALS). Fig. 6 illustrates how WDL
modulates these ions to elicit neuroprotective effects """, Ad-
ministered at doses of 100 or 200 mg-kg™', WDL demonstrates
neuroprotective properties by downregulating inflammatory cy-
tokines such as TNF-a, IL-6, and IL-B . It also enhances antiox-
idant levels and brain-derived neurotrophic factors, counteract-
ing the detrimental effects of glutamate-induced excitotoxi-
city '"’. Furthermore, WDL increases BDNF and GPx expression to
protect motor neurons from AlClz-induced toxicity while sup-
pressing caspase-3 activation and inflammatory cytokines .
Post-therapy administration of WDL elevates vascular endotheli-
al growth factor (VEGF), insulin-like growth factor-1 (IGF-1), and
N-acetylaspartate (NAA) levels in the brain. Recent studies indic-
ate that WDL mitigates Parkinson’s disease by inhibiting various
stress responses, including superoxide dismutase 5 (SOD-5),
glutathione transferase-4 (GST-4), and skinhead-1 (SKN-1), as
well as a-synuclein in the substantia nigra, and modifying mito-
chondrial genes (pink-1) "

4.8. Cardioprotective activity

Cardiovascular disease represents a significant, often under-
estimated threat among contemporary health issues '**"''°. WDL
demonstrates substantial inhibitory effects on the proliferation of
primary rat aortic vascular smooth muscle cells (VSMCs) at con-
centrations of 5-40 pumol-L™, induced by platelet-derived growth
factor (PDGF). The underlying mechanism involves G,/G; phase
arrest, impeding cell cycle progression into the S phase, inhibit-
ing Akt, and subsequently activating AMPK through the non-cyc-
lin-dependent kinase inhibitor p21 *. Furthermore, WDL at 50
mg-kg™ significantly reduces the neointima-to-media area ratio
in balloon-injured rat carotid arteries. WDL also exhibits cardi-
ovascular protective effects by ameliorating lipid abnormalities,
such as reducing triglycerides (TG), very low-density lipoprotein
cholesterol (VLDL-C), and TC, and by upregulating peroxisome
proliferator-activated receptor alpha (PPAR-a) and activating the
AMPK pathway “'".

4.9. Hepatoprotective activity

Research indicates that WDL demonstrates antifibrotic ef-
fects on LX-2 hepatic stellate cells at concentrations ranging from
10-40 pmol-L™. Its mechanism involves reducing apoptotic Bcl-2
expression, enhancing ERK and JNK expression, and suppressing
NF-kB-mediated activity "' ", In a CCl,-induced mouse liver
fibrosis model '*"'*’, intravenous administration of WDL (20
mg-kg™") combined with schisandrol B (40 mg-kg™) exhibits en-
hanced liver protection compared to individual treatments. This
hepatoprotective effect is attributed to the modulation of trans-

Chinese Journal of Natural Medicines 23 (2025) 169-181

forming growth factor-1 (TGF-B1) and NF-«B signaling path-
ways '**'?_ Intragastric administration of WDL at 100 mg-kg " ac-
tivates the farnesoid X receptor (FXR) via the FXR-bile acid-NF-
kB/NRF2 axis. This activation upregulates downstream BA trans-
porter genes, including bile salt export pump (BSEP), ATP-bind-
ing cassette sub-family C member 2 (MRP2), and multidrug res-
istance protein 2 (MDR2). Consequently, this promotes BA efflux
and inhibits inflammation and oxidative damage resulting from
BA accumulation, thereby mitigating cholestatic liver injury °'.

4.10. Bone protective activity

Osteoporosis, a chronic metabolic bone disease, presents a
significant health challenge '*°. Studies have shown that WDL
primarily enhances osteoblast formation while inhibiting osteo-
clast proliferation and differentiation through two main path-
ways, as illustrated in Fig. 7. WDL upregulates the expression of
osteoblast differentiation markers such as osteocalcin, runt-re-
lated transcription factor 2 (Runx2), and osterix, thereby sup-
pressing osteoclast-mediated bone resorption *>"*. Moreover, at
a concentration of 2 pg-mL™", WDL inhibits the RANKL/RANK/NF-
kB pathway, leading to the prevention of c-fos/cytoplasmic factor
of activated T cell-1 (NFATc1) nuclear translocation "%, As a
result, WDL notably decreases the gene expression of osteoclas-
togenesis-related markers, including c-Src and cathepsin K
(CTSK) **** "% The inhibition of osteoclastogenesis by WDL is
likely attributed to increased expression and secretion of Sema3A
and Sema7A in osteoblasts, activation of Sema3A/PlexinA1/Nrpl
and Sema7A-plexincl-betal signaling, and subsequent inhibition
of downstream phospholipase C gamma 2 (PLCy2) in osteocl-
asts *’,

Additionally, WDL inhibits Akt activation while stimulating
AMPK activation, effectively protecting mesenchymal stem cells
from hydroxyl radical-induced oxidative stress. This protective
effect suggests the potential use of WDL in mesenchymal stem
cell transplantation for osteoporosis treatment. The mechanism
involves free radical scavenging via electron transfer and radical
adduct formation (RAF) pathways '*’. Moreover, WDL signaling
through semaphorin 4D (Sema4D) inhibits Sema4D/Plexin-B1
formation **. Studies utilizing RAW 264.7 cells co-cultured with
bone marrow stromal cells and treated with WDL demonstrated
its ability to inhibit osteoclastogenesis while promoting osteo-
blastogenesis. Treatment with WDL (2 pg-mL™) also significantly
reduces bone morphogenetic protein-2 gene expression and de-
creases Smad-1/5/8 phosphorylation levels *.

4.11. Dental protective activity

Dental pulp stem cells (DPSCs) play a critical role in dentistry
due to their inherent capacity to differentiate into odontoblasts,
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which subsequently produce reparative dentin. WDL, ata con-
centration of 2 ug-mL™", enhances DPSC differentiation into odon-
toblasts by augmenting Wnt/fS-catenin signaling and inhibiting
NF-xB. Post-odontoblastic differentiation, WDL activates f-caten-
in via the Sema3A/NRP1 (Sema3A/neuropilin-1) pathway,
thereby stimulating the expression of marker genes dentin mat-
rix protein-1 (DMP1), dentin sialophosphoprotein (DSPP), and
Runx2. Furthermore, WDL upregulates IxBa expression, inhibits
p65 phosphorylation, and prevents its nuclear translocation '*°.

4.12. Renal protective activity

Numerous studies have elucidated the renal protective ef-
fects of WDL. Kidney injury, frequently associated with cytokine
release by mesangial cells, may be attenuated by WDL. Research
has demonstrated that WDL at concentrations of 10 and 20
umol-L™ inhibited the abnormal proliferation of human mesangi-
al cells through the NF-xB pathway **°. Furthermore, WDL mit-
igates renal toxicity, typically characterized by a rapid decline in
kidney function due to exposure to drugs and toxins. Wang et al.
showed that WDL alleviates cisplatin-induced toxicity in HEK293
cells by specifically inhibiting organic cation transporter 2
(OCT2) and nonspecifically inhibiting multidrug and toxin extru-
sion protein 1 (MATE1) “*""**. WDL reduces inflammation mark-
ers such as IL-6, monocyte chemoattractant protein-1 (MCP-1),
TNF-a, and TGF-B1 and regulates oxidative stress levels by in-
creasing SOD, glutathione peroxidase (GSH-Px), and catalase
(CAT) *”"****" dose-dependently at concentrations of 1.25, 5, and
20 pmol-L™". In nephrotoxic models, the combination of WDL with
the NF-xB inhibitor ammonium pyrrolidine dithiocarbamate
(PDTC) decreased ROS and MDA levels in MPC-5 cells induced by
doxorubicin through the IKK/IxB/NF-kB signaling pathway *”'**,
At lower concentrations of 0.1, 1, and 10 pmol-L™, WDL amelior-
ated kidney injury by inhibiting inflammatory cytokines TNF-a,
IL-1B, IL-6, and IL-8 and upregulating protein tyrosine phos-
phatase non-receptor type 2 (PTPN2) in HK-2 cells ***. The mech-
anisms of WDL’s renal protective effects are illustrated in Fig. 8.

4.13. Lung protective activity

WDL mitigates bleomycin-induced lung fibrosis syndrome in
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mice at a dose of 10 mg-kg™ by activating AMPK and modulating
the Raf-MAPKs signaling pathway '**'**. Furthermore, WDL (50
and 100 mg-kg™) ameliorates lung injury through GPX4-medi-
ated mechanisms, thus reducing lung failure and ferroptosis °'.
WDL also exhibits potential against CCl,-induced acute liver in-
jury in mice by enhancing antioxidant capacity, suppressing in-
flammation, and decreasing apoptosis. The multiple mechanisms
involve increased antioxidant enzymes such as SOD and GSH-Px,
reduced expression of TNF-a, IL-1B, IL-6 mRNA, inhibition of
ERK phosphorylation, and NF-kB p65 translocation ** '’ upreg-
ulated expression of c-Jun N-terminal kinase (JNK) and Bcl-2, and
downregulated expression of Bax and caspase-3. Addition-
ally, WDL inhibits TGF-B1-induced EMT and fibroblast differenti-
ation by regulating both Smad and non-Smad signaling pathw-
ays """ thereby improving pathological changes associated
with lung fibrosis > ** '*",

4.14. Eye protective activity

Retinal degenerative diseases, including retinitis pigmentosa,
age-related macular degeneration, and retinal detachment, result
in vision loss due to the degeneration of retinal photorecep-
tors '°%. Notably, the administration of WDL (1 pL, 200 pmol-L™)
effectively mitigated retinal neurodegeneration caused by N-
methyl-N-nitrosourea (NMU) in C57BL/6] mice by inhibiting the
absence in melanoma 2 (AIM2)/caspase-11 pathway > '*°. Re-
search has shown that WDL at concentrations of 10, 25, and 50
umol-L™" induces apoptosis and pyroptosis by elevating levels of
mitochondrial ROS, caspase-3, caspase-1, gasdermin E (GSDME),
and gasdermin D (GSDMD) activities. Furthermore, WDL en-
hances the condition of human corneal epithelial cells at concen-
trations of 1, 2, and 4 umol-L’l. It alleviates inflammation and
corneal damage caused by P. aeruginosa by reducing caspase-
4/5/11/GSDMD-mediated atypical pyroptosis *. In Aspergillus fu-
migatus Keratitis infection models, WDL (10 pmol-L™") decreases
neutrophil infiltration and IL-1f maturation in THP-1 macro-

L e
phages and preserves corneal transparency in vivo **.

4.15. Other activities

WDL demonstrates antiviral properties by inhibiting immedi-
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ate-early protein 13/immediate-early protein 24 expression dur-
ing human cytomegalovirus replication, thereby impeding viral
replication. It interferes with the interaction between the EZH2
and components of the PRC2. This interference destabilizes PRC2
and related complexes, ultimately inhibiting viral replicat-
ion °>"**, Li et al. reported that WDL enhances the viability of hy-
droxyl-treated mesenchymal stem cells primarily through its an-
tioxidant activity, which involves single electron transfer, direct
scavenging and inhibition of hydroxyl radicals and superoxide an-
ions, and formation of radical adducts (e.g., reducing Cu** and
chelating Fe*") '**. WDL shows potential as an immunopotentiat-
or. At a concentration of 100 pmol-L™", WDL upregulates the ex-
pression of perforin and granzyme B through the JAK/STAT sig-
naling pathway, thereby enhancing the cytotoxic activity of natur-
al killer cells (NK92-MI). Furthermore, WDL promotes the migra-
tion of NK-92MI cells by increasing the expression of CCR7 and
CXCR4 in these cells *>**",

Despite its diverse range of activities, WDL demonstrates un-
derlying commonalities primarily related to its interaction with
key signaling pathways and its ability to modulate oxidative
stress and inflammation. Specifically, the broad-spectrum activ-
ity of WDL is largely mediated through four major pathways: anti-
oxidation, anti-inflammation, apoptosis, and hyperlipidemia. Fur-
thermore, as a phytoestrogen, WDL activates both genomic and
non-genomic signaling pathways, contributing to its effect on
cancer treatment. Among these pathways, the inhibition of NF-xB
is the most extensively studied. NF-«B plays a crucial role not
only in anti-inflammatory activity but also in influencing the pro-
duction of inflammatory mediators critical for organ protection.
Additionally, WDL affects inflammation, blood pressure regula-
tion, and neurotransmission by inhibiting enzymes associated
with these physiological functions. These interactions highlight
WDL'’s ability to regulate key enzymes and signaling pathways.
Understanding these commonalities is essential for optimizing
the therapeutic applications of WDL and for the development of
novel drugs based on this natural product.

5. Pharmacokinetic properties of WDL

Initial pharmacokinetic studies on WDL utilized basic ex-
tracts from Eplica. Early research indicated that 10 mg of WDL in
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10 mL of solution exhibited poor or partial solubility in both wa-
ter and chloroform '’, with a water solubility of 0.5 mg-mL™,
suggesting low solubility in both aqueous and lipid media *°. Du et
al. observed that when mice were orally administered a 70% eth-
anol extract from E. prostrata (8 g-kg™"), WDL distributed across
various organs within 8 min, with higher absorption in the liver
and kidneys (> 200 ng-g™") '*". Jiang et al. demonstrated that or-
ally administered WDL (20 mg in MeOH) achieved a renal podo-
cyte concentration of 0.057 mg-kg™, with a T,,,, of 1.5 h, a ., of
6.39 pg'mL™ and an AUC,_, of 13.77 pg-h-L™" using an HPLC-
MS/MS method '**'*. Cheruvu et al. reported that after oral ad-
ministration of WDL (50 mg-kg™") in mice, the maximum plasma
concentration (Cp,,) reached 4.4 ng-mL™, with a time-to-peak
concentration (T,,,) of 1 h and an area under the curve (AUC,_,)
of 27.5 ng-h-mL™ '’, Notably, they observed a second peak at 8 h,
suggesting possible enterohepatic recirculation from bile reab-
sorption or reabsorption from distal parts of the small or large in-
testine into the bloodstream. Chen et al. reported that after oral
administration of WDL (5.00 mg-kg™) to rats, the T,,,, was 0.5 h,
the Cpax wWas 15.22 mg-L™", and the AUC,_., was 83.05 mg-h-L™
using a UPLC-MS/MS method 7*""’. Wang et al. found that after
oral administration of WDL (0.1 mg-kg™") to rats, the T, was
0.633 h, the C,,,, was 74.9 ng-mL™", and the AUC,_, was 260.8
ng-h-mL™" ', Further studies indicated that WDL undergoes ex-
tensive methylation, demethylation, glucuronidation, and hydro-
lysis after oral administration in vivo, resulting in relatively low
oral bioavailability '’*. Current research focuses on improving its
solubility and bioavailability through approaches such as WDL-
loaded micelles '”°, phyto-vesicles of WDL ', ICG-liposomal
WDL "°, and gold nanoshell coated WDL liposomes .

The pharmacokinetic parameters suggest that WDL is rap-
idly absorbed, achieving peak concentration shortly after oral ad-
ministration. WDL demonstrates moderate absorption with signi-
ficant tissue distribution, particularly in the kidneys. Its metabol-
ism occurs primarily in the liver, generating various metabolites
excreted through urine. The relatively short T,,,, and moderate
Cmax Values indicate that frequent dosing may be required to
maintain therapeutic levels, depending on the intended applica-
tion. Moreover, WDL exhibits moderate oral bioavailability, po-
tentially limited by its relatively low water solubility. To enhance
its pharmacokinetic profile, strategies such as structural modific-
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ation (e.g., methylation, acetylation) or the development of more
soluble derivatives could be explored. Additionally, formulation
approaches, including encapsulation in nanoparticles or lipo-
somes, might improve its bioavailability and extend its half-life,
potentially increasing its suitability for clinical use.

6. Conclusions

The direct isolation of the natural product WDL presents
challenges due to its limited availability in nature, which im-
pedes access to its active components for preclinical and clinical
research and development. Moreover, industrial-scale produc-
tion of the total synthetic route has not been established, further
restricting its application. Additionally, the absence of systematic
PK investigations on WDL hinders its clinical use, given its com-
plex metabolic intricacies. There remains a significant gap in
comprehensive studies on the safety profiles of WDL in humans
and its effects on biological processes, genetics, protein interac-
tions, and metabolism. Additional research is necessary to elucid-
ate its PK properties, toxicity profiles, potential indications, and
combination therapy strategies with other drugs. Developing
high-yield methods, either chemical or biological, to obtain WDL
and create structural derivatives is essential. Enhancing its solu-
bility, bioavailability, and PK properties would establish a found-
ation for its clinical applications and drive its future develop-
ment in pharmaceuticals, as well as in food and health products.
The practical implications of WDL are considerable, given its po-
tential as a natural therapeutic agent. Its capacity to modulate key
biological pathways, such as NF-kB, AMPK, and Akt signaling, po-
sitions it as a promising natural product for the treatment of in-
flammatory and metabolic disorders. Furthermore, its role in re-
ducing oxidative stress and enhancing immune responses sug-
gests potential benefits in managing chronic diseases where in-
flammation and oxidative damage are key contributors. Future
research can focus on several areas. First, efforts can be directed
towards the synthesis of WDL derivatives to improve their
bioavailability and metabolic stability through structural modific-
ation. Second, while preliminary studies have elucidated some
molecular mechanisms underlying its pharmacological effects,
more comprehensive research is required to fully elucidate its in-
teractions with cell signaling pathways. This understanding will
aid in identifying potential therapeutic targets, optimizing its ap-
plication in specific clinical contexts, and uncovering possible
drug interactions. Lastly, exploring the combined administration
of WDL with other therapeutic agents and translating preclinical
findings into practical applications are crucial for advancing its
therapeutic potential.
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