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Calycosin, a pivotal isoflavonoid active constituent derived from Astragalus membranaceus, is
designated as a key marker compound for the quality assessment of Astragalus and its
products in the Pharmacopoeia of the People’s Republic of China (2020 Edition). It exhibits a
broad spectrum of pharmacological activities and holds significant potential for clinical ap-
plication. This article systematically reviews the research progress on calycosin. In terms of
extraction, isolation, and purification, techniques such as flash extraction and hydrolytic ex-
traction enable efficient enrichment of the compound, whereas methods such as macropor-
ous adsorption resin and high-speed counter-current chromatography allow for high-purity
preparation. The biosynthetic pathways of calycosin encompass the phenylpropanoid path-
way in planta, the chemical “one-pot” method in vitro, and synthesis via microbial cell factor-
ies, offering diverse strategies for large-scale production. Structural derivatization, particu-
larly through modification of the 7- and 3'-hydroxyl groups, significantly enhances its solubil-
ity and antitumor activity. With respect to pharmacological mechanisms, calycosin exerts
multi-pathway and low-toxicity effects in diseases such as inflammation, cancer, and neural
injury by modulating multiple signaling pathways, including NF-«kB, PI3K/AKT, and MAPK.
Furthermore, pharmacokinetic studies indicate that its absorption depends on deglycosyla-
tion, that it undergoes substantial hepatic first-pass metabolism, and that its tissue distribu-
tion is organ-specific. Safety evaluations suggest low toxicity at therapeutic concentrations.
This review aims to clarify the core issues concerning the translation of basic research on ca-
lycosin into clinical practice, thereby providing a theoretical foundation for subsequent devel-
opment.

1. Introduction

only designated as a core marker for the quality assessment of
Astragalus and its products in the Pharmacopoeia of the People’s

Astragalus membranaceus (Huangqi), renowned as the “su-
preme herb for replenishing Qi” in traditional Chinese medicine
(TCM), was first documented in the Shennong Bencao Jing (Divine
Farmer’s Materia Medica) and classified as a superior-grade herb
(Figs. 1A-1B). Its dried root, used medicinally for over a thou-
sand years, is clinically applied for conditions such as Qi defi-
ciency and fatigue, chronic diarrhea and rectal prolapse, and non-
healing carbuncles and abscesses '. Modern pharmacological
studies have further confirmed its diverse pharmacological activ-
ities, including immunomodulation, antioxidation, and cardio-
cerebrovascular protection °. Calycosin, a key isoflavonoid active
compound isolated and purified from the roots and rhizomes of
Astragalus, is characterized by functional groups such as phen-
olic hydroxyl groups at the C7 and C3' positions (Fig. 1C). It is not
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Republic of China (2020 Edition), which requires the content of
calycosin-7-0-f-D-glucoside in the dried material to be no less
than 0.02%, but has also become a hotspot molecule in recent

»* This com-

pharmacological research on natural medicines
pound appears as white needle-shaped crystals, is readily sol-
uble in organic solvents such as methanol, ethanol, and dimethyl
sulfoxide, and its content in Astragalus membranaceus var. mong-
holicus is significantly higher than in Astragalus membranaceus.
Furthermore, its accumulation is greater in the fine roots (lateral
roots) of cultivated varieties compared with the coarse roots
(taproots) of wild varieties. This distribution characteristic
provides a crucial basis for its targeted extraction and industrial
application *°.

In recent years, with the deep integration of molecular bio-
logy and pharmacological research methods, the spectrum of
pharmacological activities of calycosin has continued to expand.
Studies have shown that this compound exhibits significant biolo-
gical effects in multiple areas, including anti-inflammatory, anti-

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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Fig. 1 Astragalus membranaceus plants, decoction pieces, and their monomers.
(A): Astragalus membranaceus plants; (B): Astragalus membranaceus slices; (C):
Calycosin.

oxidant, antitumor, and neuroprotective activities, as well as in
the repair of heart and kidney damage. Particularly in complex
disease models such as chronic inflammation-related diseases,
neurodegenerative diseases, and malignant tumors, calycosin
demonstrates the unique advantages of being “multi-pathway
and low-toxicity”, indicating promising clinical application pro-
spects . However, its specific targets, signaling network path-
ways, and synergistic mechanisms have not yet been fully elucid-
ated. Accordingly, this review systematically summarizes key re-
search progress on the isolation and purification, biosynthesis,
structural derivatization, pharmacological signaling pathways,
pharmacokinetics, and safety evaluation of calycosin. It aims to
clarify the core scientific issues in translating basic research into
clinical application and to provide a theoretical basis and re-
search directions for subsequent precise target discovery, devel-
opment of new formulations, and rational clinical use.

2. Isolation and purification of calycosin

Calycosin, an isoflavonoid with significant pharmacological
activity found in leguminous plants, is based on an isoflavone
core structure featuring a methoxy group at the 4' position and a
hydroxyl group at the 3" position. This structural feature confers
strong biological activity and target-binding capacity. Owing to
the complexity of plant extracts, the content of calycosin is typic-
ally low (0.1-1.0 mg-g™ ), and it often coexists with structurally
similar isoflavonoids such as formononetin and daidzein, posing
challenges for its isolation and purification '’. Therefore, estab-
lishing an efficient and stable isolation and purification process is
a core step in realizing its medicinal value. This section systemat-
ically reviews the extraction techniques and separation/purifica-
tion methods for calycosin, provides a detailed analysis of the op-
timized parameters, separation mechanisms, and application out-
comes of each method, compares the advantages and limitations
of different technologies, and offers a theoretical basis for the ef-
ficient preparation and industrial application of calycosin (Fig. 2).

2.1. Extraction techniques

Extraction is the prerequisite for isolation and purification,
aiming to maximize the enrichment of calycosin while minimiz-
ing impurity interference. Well-established extraction methods
currently include flash extraction, hydrolytic extraction, and ul-
trasound-assisted enzymatic hydrolysis.

2.1.1. Flash extraction

Flash extraction, based on the principles of mechanical
shearing and cell disruption, accelerates the dissolution of calyc-
osin through high-intensity agitation. Studies showed that, using
Astragalus as the raw material with an extraction temperature of
70 °C, 5% ethanol concentration, and a system pH of 10, and
employing a JHBE-50S flash extractor for two extraction cycles
(1 min each with a 1-min interval), calycosin and its glycosides
were effectively extracted, with the extraction yield increased by
30%-40% compared with traditional decoction . The advant-
ages of this method include short extraction time (total time < 5
min), reduced degradation of thermosensitive components, and

673

Chinese Journal of Natural Medicines 24 (2026) 672-695

3
& B
g £
%] J 2.
& ©
= Z
= &
2 - HO__~__O —g
Tl o —
[
o Liof A=
Calycosin -—

0 w
Molecular
W7 Tge dveisn
& ¥ High

MAR

Fig. 2 Total separation and purification of calycosin

suitability for large-scale production. However, the extract con-
tains relatively high levels of impurities (e.g., polysaccharides and
proteins), necessitating subsequent purification steps.

2.1.2. Hydrolytic extraction

Calycosin predominantly exists in plants in glycosidic forms
(e.g., calycosin-7-0-B-D-glucoside) and requires hydrolysis to its
free aglycone form to improve extraction efficiency. One study re-
ported that, using 100% ethanol as the extraction solvent, 2.5
mol-L™" hydrochloric acid as the hydrolyzing agent, a solid-to-li-
quid ratio of 1 : 40, and extraction in a 37 °C water bath for 2 h, a
glycoside conversion rate of over 90% was achieved, with the ex-
traction amount of free calycosin reaching 1.116 mg-g" **. Acid
hydrolysis releases the aglycone by cleaving the glycosidic bond,
but it requires strict control of hydrochloric acid concentration
and reaction time to avoid excessive hydrolysis that could dam-
age the isoflavone core structure.

2.1.3. Ultrasound-assisted enzymatic hydrolysis (UAEH)

For extraction of calycosin from chickpeas, cellulase-assisted
ultrasound extraction significantly improves efficiency. The op-
timal process parameters determined by response surface meth-
odology combined with a genetic algorithm were as follows: en-
zymatic hydrolysis time, 100 min; enzymatic hydrolysis temper-
ature, 40 °C; enzyme dosage, 15 mg-g™ ; ultrasound time, 1.73 h;
ethanol concentration, 78.64%; and liquid-to-material ratio, 24.9
mL-g™". Under these conditions, the extraction yield reached 0.76
mg-g" *. Enzymatic hydrolysis disrupted the cell wall structure,
whereas ultrasound cavitation enhanced component dissolution;
their synergistic effect increased the extraction yield by 25%
compared with ultrasound alone.

2.2. Separation and purification methods

2.2.1. Enrichment by macroporous adsorption resin (MAR)
Macroporous adsorption resins are widely used for the en-
richment and purification of calycosin owing to their porous str-
ucture and selective adsorption capacity. Among them, HPD500
macroporous adsorption resin has been confirmed to exhibit
good enrichment performance for calycosin. The optimized pro-
cess conditions were as follows: calycosin sample concentration,
0.69 mg-mL™"; sample solution pH, 5; sample volume, 12 BV (108
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mL); sample flow rate, 0.1 mL-min"'; 60% ethanol solution as the
desorption solvent; and desorption volume, 15 BV (135 mL). Un-
der these conditions, the content of calycosin increased from
1.75% to 7.72%, with an enrichment factor of 4.41 and a recov-
ery rate of 85.6%. This process achieves preliminary purification
by specifically adsorbing calycosin onto the resin, thereby remov-
ing water-soluble impurities such as sugars and amino acids. Kin-
etic studies indicate that the adsorption of calycosin onto HPD-
500 resin follows a pseudo-second-order kinetic model, and the
adsorption isotherm can be described by both Langmuir and Fre-
undlich models, suggesting that the adsorption process is predom-
inantly chemisorption with heterogeneous adsorption sites '**°.

2.2.2. Purification by silica gel column chromatography (SGCC)

Silica gel column chromatography, which separates com-
pounds based on polarity differences, is a key step in the purifica-
tion of calycosin. Samples enriched by macroporous adsorption
resin can be further purified using silica gel column chromato-
graphy. Using a petroleum ether-acetone system for gradient elu-
tion, crude calycosin can be obtained from the fraction eluted
with petroleum ether-acetone (100 : 3.5). Combined with low-
temperature crystallization and recrystallization, the final calyc-
osin crystals reached a purity of 98.5% with an overall yield of
32.6%. Silica gel exhibits strong adsorption for the relatively po-
lar calycosin; by gradually increasing the proportion of acetone in
the eluent, separation from other flavonoid components can be
achieved. In studies on Astragalus membranaceus var. mong-
holicus, the combined use of silica gel column chromatography
and polyamide column chromatography with a cyclohexane-acet-
one (25 : 100-0 : 100) elution system successfully isolated high-
purity calycosin monomer from a 70% ethanol extract .

2.2.3. Refinement by high-speed counter-current chromatography
(HSCC)

High-speed counter-current chromatography (HSCCC), a li-
quid-liquid partition chromatography technique without a solid
support, effectively avoids irreversible sample adsorption and is
suitable for high-purity preparation of calycosin. Using a two-
phase solvent system of n-hexane-ethyl acetate-ethanol-water
(3 : 5:3:5,V/V), with the upper phase as the stationary phase
and the lower phase as the mobile phase, at a flow rate of 2
mL-min™", a rotor speed of 850 r-min”", and a column temperat-
ure of 20 °C, 1.3 mg of calycosin with a purity of 95.8% and a re-
covery rate of 85.9% was isolated from 264.9 mg of crude extr-
act ', This method achieves efficient separation from impurit-
ies by optimizing the two-phase solvent ratio to adjust the parti-
tion coefficient (K value) of the target compound. Compared with
traditional column chromatography, HSCCC offers advantages
such as high separation efficiency, high sample recovery, and op-
erational simplicity, making it suitable for preparation of high-
purity calycosin standards '*".

2.2.4. Semi-preparative high-performance liquid chromatography
(S-pHPLC)

Semi-preparative HPLC is a core technique for obtaining
high-purity monomers. Using a Waters SunFire™ C;g column (100
mm x 19 mm, 5 pm) as the stationary phase and water-acetoni-
trile as the mobile phase for gradient elution (5% acetonitrile —
65% acetonitrile, 5-60 min), at a flow rate of 5 mL-min~* and de-
tection wavelength of 254 nm, calycosin isolated from chickpea
extract achieved a purity of 97.45% . This method offers high
separation efficiency and good reproducibility but has a small
preparation scale, making it suitable for laboratory-scale sample
preparation.

In practice, a strategy combining multiple methods is often
adopted to improve the purity and yield of calycosin. For ex-
ample, Astragalus waste residue subjected to flash extraction
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with 70% methanol, followed by sequential enrichment with
HPD500 macroporous adsorption resin, separation by silica gel
column chromatography, and low-temperature crystallization
and recrystallization, ultimately yielded calycosin with a purity
exceeding 98% '*. This combined process integrates the high effi-
ciency of flash extraction, the enrichment capability of macropor-
ous adsorption resin, and the fine separation capability of silica
gel chromatography, enabling efficient preparation of high-pur-
ity calycosin from complex matrices.

Furthermore, a 70% ethanol extract of Astragalus mem-
branaceus var. mongholicus, after preliminary separation with
HPD-100 macroporous adsorption resin and purification by silica
gel column chromatography and Sephadex LH-20 gel column
chromatography, can yield relatively high-purity calycosin and its
derivatives '°.

Several mature methods currently exist for the isolation and
purification of calycosin. Flash extraction combined with macro-
porous adsorption resin enrichment is a common process for in-
dustrial production, whereas the combination of silica gel column
chromatography and HSCCC is suitable for preparation of high-
purity samples. These methods have their respective advantages,
but some shortcomings remain, such as the need for further pur-
ity improvement after macroporous resin enrichment and the
complexity of solvent system selection for HSCCC. Future re-
search should focus on optimizing process parameters to im-
prove separation efficiency and product purity; developing new
adsorption materials and separation technologies, such as mo-
lecularly imprinted polymers and supercritical fluid chromato-
graphy, to reduce organic solvent use and lower costs; and
strengthening the integrated application of various separation
technologies to achieve efficient and green preparation of calyc-
osin, providing the material foundation for its pharmacological
research and industrial application.

3. Synthesis pathways of calycosin

Calycosin shows broad application prospects in medicine and
health foods. This section reviews the synthesis pathways of ca-
lycosin, encompassing its biosynthesis in planta, chemical syn-
thesis in vitro, and microbial synthesis, aiming to provide a com-
prehensive overview of the current research status on calycosin
synthesis pathways and to offer a theoretical basis for its further
development and utilization.

3.1. Biosynthesis pathway

The biosynthesis of calycosin initiates from the phenylpro-
panoid pathway. Within this pathway, L-phenylalanine is conver-
ted to trans-cinnamic acid by phenylalanine ammonia-lyase
(PAL). Subsequently, cinnamate 4-hydroxylase (C4H)  hy-
droxylates trans-cinnamic acid to p-coumaric acid, and 4-cou-
maroyl-CoA ligase (4CL) further converts p-coumaric acid to p-
coumaroyl-CoA (Fig. 3). p-Coumaroyl-CoA serves as a key pre-
cursor participating in subsequent reactions, laying the founda-
tion for the synthesis of calycosin '°. This series of reactions con-
stitutes crucial initial steps for the synthesis of numerous second-
ary metabolites in plants and is of great significance for maintain-
ing physiological functions and defense mechanisms.

Chalcone synthase (CHS) catalyzes the condensation of p-
coumaroyl-CoA with three molecules of malonyl-CoA to form
naringenin chalcone, which is then converted to naringenin by
chalcone isomerase (CHI). Alternatively, for the synthesis of li-
quiritigenin, a direct precursor for certain isoflavonoids includ-
ing those in calycosin biosynthesis, CHS acts in concert with chal-
cone reductase (CHR) to produce isoliquiritigenin, which is sub-
sequently isomerized to liquiritigenin by CHI (Fig. 3). In As-
tragalus species, this process is a key step in calycosin synthesis,
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and the activity and expression levels of the relevant enzymes
directly affect the yield of calycosin ',

After formation of the basic isoflavone skeleton, it undergoes
a series of post-modification processes, including methylation,
hydroxylation, and glycosylation. O-Methyltransferases (OMTs)
catalyze the transfer of a methyl group from S-adenosyl-L-me-
thionine (SAM) to the hydroxyl moiety of isoflavones, participat-
ing in the synthesis of calycosin. Studies have found that AmO-
MT2 from Astragalus membranaceus exhibits catalytic activity to-
ward various flavonoids, with relatively strong specificity for iso-
flavones, and can perform 4'- or 3'-O-methylation on different
flavonoid substrates. Isoflavone 3'-hydroxylase (I3'H) catalyzes
the hydroxylation at the 3' position of the B ring of formononetin,
a key step in the synthesis of calycosin. Glycosyltransferases
(UGTs) transfer sugar molecules from sugar donors such as UDP-
glucose to acceptor molecules, participating in the synthesis of
calycosin glycosides (Fig. 3). In Astragalus, AmUGT88E29 and
AmUGT88E30 show high in vitro catalytic activity toward iso-
flavones. Moreover, overexpression of AmUGT88E29 in As-
tragalus hairy roots significantly increased the content of calycos-
in-7-0-B-D-glucoside .

Furthermore, the synthesis of calycosin in planta is regu-
lated by various factors. Research indicates that chitosan, acting
as a biological elicitor, can induce the accumulation of both calyc-
osin and formononetin in Astragalus hairy root cultures. Follow-
ing chitosan treatment, an oxidative burst is triggered, which in-
duces the expression of genes associated with the mitogen-activ-
ated protein kinase (MAPK) signaling cascade (specifically, MPK3
and MPKB6). This, in turn, promotes the transcriptional activation
of pathogenesis-related (PR) genes (such as those encoding -1,3-
glucanase, chitinase, and PR-1), as well as eight biosynthetic
genes within the calycosin and formononetin synthesis pathways,
ultimately enhancing calycosin synthesis *.

3.2. Chemical synthesis methods
Fu et al. ** synthesized calycosin using a “one-pot” method

with resorcinol and 3-methoxy-4-hydroxyphenylacetic acid as
starting materials. The specific process involves the condensa-
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tion of resorcinol and 3-methoxy-4-hydroxyphenylacetic acid un-
der specific conditions to yield calycosin (Fig. 4). This method
provides a novel chemical synthesis pathway for calycosin. Com-
pared with traditional methods, the “one-pot” approach offers ad-
vantages such as operational simplicity and streamlined reaction
steps, providing a valuable reference for further research on the
chemical synthesis of calycosin.

3.3. Microbial synthesis methods

The use of microorganisms for calycosin synthesis has been a
research hotspot in recent years. Construction of suitable micro-
bial cell factories enables highly efficient production of calycosin.
Regarding the choice of microbial host, both Escherichia coli and
yeast systems offer distinct advantages. E. coli, prized for its
simple genetics and rapid growth, is frequently employed to con-
struct pathways for hydroxylated flavonoid precursors such as
those of calycosin. Conversely, yeast (e.g., Saccharomyces cerevisi-
ae), owingto its superior eukaryotic protein processing ma-
chinery and functional expression of plant-derived enzymes (e.g.,
P450s), demonstrates unique potential for reconstituting com-
plete flavonoid pathways.

In terms of specific synthesis strategies, Hu et al. ** isolated a
UDP-dependent glycosyltransferase (UGT), UGT88E18, from soy-
beans and expressed it in Escherichia coli. The recombinant
UGT88E18 was capable of selectively and efficiently synthesizing
calycosin and further glycosylating the C7 hydroxyl group of ca-
lycosin to produce calycosin-7-0-B-D-glucoside. The authors also
developed a one-pot reaction coupling UGT88E18 with soybean
sucrose synthase (SuSy). The UGT88E18-SuSy cascade reaction
facilitates the recycling of expensive uridine diphosphate glucose
(UDP-Glc) by utilizing inexpensive sucrose and a catalytic amount
of uridine diphosphate (UDP). Under further optimized reaction
conditions, through stepwise addition of calycosin, a final pro-
duction of 10.5 g-L™" calycosin-7-0-B-D-glucoside was achieved.
The molar conversion rate of calycosin reached 97.5%, the space-
time yield was 747 mg-L™*-h™*, and UDP-Glc was recycled 78
times. Therefore, by introducing glycosyltransferases and optim-
izing UDP-glucose supply, the production of calycosin and its
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glycoside derivatives holds significant promise. This microbial
synthesis approach offers advantages such as being environment-
ally friendly and cost-effective, providing a new direction for
large-scale production of calycosin.

To achieve higher yields and economic feasibility, a series of
metabolic engineering optimization strategies are being applied
in microbial synthesis, including: (1) Directed evolution of key en-
zymes: engineering enzymes such as UGTs through methods like
error-prone PCR to enhance their catalytic efficiency, stability,
and substrate specificity. (2) Precursor supply regulation: enhan-
cing the shikimate and malonyl-CoA pathways to increase the in-
tracellular availability of key precursors (e.g., p-coumaroyl-CoA)
for the flavonoid skeleton. (3) Cofactor engineering: optimizing
the regeneration cycles of crucial cofactors such as NADPH and
UDP-glucose, whichis critical for alleviating synthesis bottle-
necks. (4) Module co-regulation: modularizing and fine-tuning the
synthetic pathway to balance metabolic flux and reduce the cyto-
toxic accumulation of intermediates.

Therefore, by introducing glycosyltransferases and optimiz-
ing UDP-glucose supply, the production of calycosin and its glyc-
oside derivatives holds significant promise. This microbial syn-
thesis method offers advantages such as being environmentally
friendly and cost-effective, providing a new direction for the large-
scale production of calycosin.

However, several bottlenecks must be overcome for success-
ful industrial-scale application: (1) Host selection and compatibil-
ity: different hosts vary in their capacity for heterologous expres-
sion of plant enzymes and in their native metabolic backgrounds,
necessitating rational selection and adaptive engineering based
on the target product. (2) Pathway efficiency and toxicity: hetero-
logous pathways can suffer from low efficiency, and certain inter-
mediate metabolites may exert toxicity on host cells, limiting high-
tier production. (3) Scale-up fermentation process: scaling from
shake flasks to bioreactors introduces significant engineering
challenges related to mass transfer, oxygen supply, and substrate
inhibition. (4) Downstream separation and purification costs: the
efficient and cost-effective isolation of high-purity calycosin from
complex fermentation broths is crucial for economic viability.

4. Calycosin derivatives and their pharmacological activities

Inherent drawbacks of calycosin, such as poor solubility and
low bioavailability, limit its clinical application. Structural modi-
fication of calycosin to synthesize derivatives with improved
physicochemical properties and pharmacological activities has
become a research hotspot in recent years. This section reviews
the synthesis and pharmacological activities of calycosin derivat-
ives.

Yang et al. * used calycosin as the starting material, acetone

RC1
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as the solvent, triethylamine to provide a basic environment, and
4-dimethylaminopyridine (DMAP) as a catalyst to conduct con-
densation reactions with various acyl chlorides. This approach
modified the hydroxyl groups at the 7- and 3'-positions of calyc-
osin, yielding ten calycosin derivatives (A1-A10). Further re-
search found that derivative A10 could concentration-depend-
ently inhibit ovarian cancer cell (A2780 and SKOV3) clone forma-
tion, induce cell apoptosis, and reduce cell migration and inva-
sion capabilities. Its ICs, values were 2.64 pmol-L™" and 5.23
umol-L™", respectively, superior to both the parent compound ca-
lycosin and the positive control tamoxifen. Proteomic analysis in-
dicated that its mechanism of action might involve regulation of
signaling pathways such as the cell cycle and ferroptosis, down-
regulating the expression of cyclins CCNB1, CDC20, CDK1, and
CCKN1B, and the ferroptosis protein GPX4 (Fig. 5). Furthermore,
Fu et al. ** synthesized nine 7-alkoxy calycosin derivatives via
substitution reactions between calycosin and bromoalkanes (Fig.
6) and evaluated the inhibitory activity of these derivatives
against breast cancer cells (MCF-7), colon cancer cells (SW480),
and pancreatic cancer cells (HepG2) using the MTT assay. The
results showed that 3'-hydroxy-4'-methoxy-7-cyclopentyloxyiso-
flavone (B5) exhibited the best antitumor activity, with inhibi-
tion rates of 89.20%, 77.33%, and 44.32% against MCF-7, SW480,
and HepGz2, respectively. Yin et al. *° used MCF-7 and MDA-MB-
231 human breast cancer cell lines as research models and
treated them with different concentrations of the calycosin deriv-
ative CA028 for 48 h. The results demonstrated that the calycos-
in derivative inhibited cell clone formation, induced cell apoptos-
is, upregulated the expression of the pro-apoptotic factor Bax,
and downregulated the expression of the anti-apoptotic factor Bcl-
2, with the inhibitory effects strengthening as the concentration
increased. Further transcriptomic analysis revealed that CA028
exerted anti-breast cancer effects by regulating genes such as AP-
1, EGR1, and CBL, as well as signaling pathways related to im-
mune cell function and inflammatory response. Additionally, Wei
et al. 7/ found, during intervention on ER-positive breast cancer
cells MCF-7 and T47D with calycosin derivative A10, that A10
concentration-dependently arrested the cell cycle at the G,/M
phase, inhibited cell migration and invasion, and downregulated
the expression of EMT-related proteins N-cadherin, Vimentin, -
catenin, Snail, and MMP9. Its mechanism of action was poten-
tially mediated through regulation of the PI3K/AKT signaling
pathway by ER-a36.

Through structural modification, calycosin derivatives show
significant improvements over the parent compound in solubility,
bioavailability, and pharmacological activity, demonstrating par-
ticularly promising application prospects in antitumor therapy.
Current research has clarified the anti-breast and anti-ovarian
cancer activities of some derivatives and their related mechan-
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Fig.5 Synthesis of calycosin derivatives (1)*.

676



K. Liang et al.

HO]/\C[OH
o OMe(2)
-

HO\©/OH

BF,E,0, DMF, PCI,

HO 0
="
0 OMe

Chinese Journal of Natural Medicines 24 (2026) 672-695

RO o
RBr(4B1-4B8) O )
—_— OH
KHCO,, DMSO O
0 OMe

5B1-5B8
Bl B2 B3 B4 BS B6 B7 B8
Br
R i-Bi i-P B -B
>—\ i-Bu i-Pr \©\ Q \9(,/ n n-Bu

Fig. 6 Synthesis of calycosin derivatives (2)*.

isms, but some shortcomings remain, such as relatively few in
vivo efficacy studies and the need for deeper exploration of the
mechanisms of action. Beyond its antitumor applications, the
core anti-inflammatory and antioxidant properties of calycosin
suggest that its derivatives also hold potential for treating cardi-
ovascular and neurodegenerative diseases. For example, these
derivatives may offer therapeutic benefits in pathological pro-
cesses driven by chronic inflammation and oxidative stress, such
as atherosclerosis and Alzheimer’s disease. In the future, further
in vivo experimental research on calycosin derivatives should be
conducted to thoroughly investigate their molecular mechanisms
of action, providing a more solid theoretical basis for their clinic-
al application. Synthesis methods should also continue to be op-
timized to develop more efficient and low-toxicity calycosin de-
rivatives, expanding their application in the treatment of other
diseases.

5. Biological effects of calycosin via multiple pathways

5.1. Biological effects of calycosin via modulation of the NF-kB sig-
naling pathway

Nuclear Factor-kappa B (NF-kB) is a family of transcription
factors widely present in eukaryotic cells, primarily consisting of
protein complexes formed by homo- or heterodimers of Rel fam-
ily proteins. Common members include p65 (RelA), RelB, c-Rel,
p50 (NF-kB1), and p52 (NF-kB2), with the p65/p50 heterodimer
being the predominant active form **. Typically, NF-xB is bound
to its inhibitory protein, IkB (such as IkBa), and retained in the
cytoplasm in an inactive state. When cells are stimulated (e.g., by
inflammatory factors, pathogens, or oxidative stress), IkB is
phosphorylated and degraded, leading to the release and nuclear
translocation of NF-kB. NF-kB then binds to promoter or enhan-
cer regions of target genes to initiate gene transcription >’
Therefore, it is also an important target for current drug develop-
ment (e.g., anti-inflammatory and anti-tumor drugs) *. Calycosin,
a major active component of Astragalus, has been demonstrated
in various disease models in recent years to exert broad biologic-
al activities by modulating the NF-kB signaling pathway, with its
mechanisms of action showing disease specificity and diversity in
pathway regulation.

In inflammatory disease models, the inhibitory effect of ca-
lycosin on the NF-kB pathway may be its core anti-inflammatory
mechanism. In a dextran sulfate sodium (DSS)-induced mouse
colitis model, calycosin significantly inhibited the phosphoryla-
tion of IkBa and p65, reduced the expression of pro-inflammat-
ory factors such as IL-1f and IL-6 in colon tissue, and amelior-
ated intestinal mucosal damage and inflammatory cell infiltra-
tion, suggesting that it alleviates intestinal inflammation by
blocking the NF-kB-mediated inflammatory cascade *. Similarly,
Dong et al. ** confirmed in LPS-stimulated RAW 264.7 macro-
phages that calycosin decreased the transcriptional activity of
p65, iNOS, and COX-2, and reduced the secretion of NO, PGE2,
and pro-inflammatory cytokines, further validating its inhibitory
effect on the NF-kB pathway. In allergic inflammation, calycosin
targeted the TLR4-MyD88-TAK1 axis, inhibited NF-kB activation,
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reduced the release of TSLP and IL-33, and simultaneously upreg-
ulated the expression of tight junction proteins occludin and ZO-
1, indicating that calycosin has dual roles in maintaining epitheli-
al barrier integrity and exerting anti-inflammatory effects **. The
pathological core of acute pancreatitis is an excessive inflammat-
ory response triggered by pancreatic acinar cell injury, in which
activation of the NF-kB pathway is a key driver of the massive re-
lease of pro-inflammatory factors (e.g., TNF-a and IL-6) *. Stud-
ies showed that calycosin inhibited the phosphorylation of p38
MAPK, blocking its activation of NF-kB, thereby downregulating
the expression of pro-inflammatory factors such as IL-1f and IL-
6, reducing neutrophil infiltration, and alleviating pancreatic ed-
ema and acinar cell necrosis *°. The onset of gouty arthritis is
closely related to the inflammatory cascade induced by urate
crystal deposition, and the synergistic effect of AIM2 inflamma-
some activation and the NF-kB pathway is a key link in amplify-
ing the inflammatory response *’. Tian et al. ** found that calycos-
in upregulated the expression of p62, promoted its binding to
Keapl, and thereby relieved Keap1’s inhibition of Nrf2. It also
competitively inhibited the interaction between the AIM2 inflam-
masome and NF-kB, reducing Caspase-1-mediated IL-1( release.
The central inflammatory response in parasitic meningitis is
mainly caused by persistent activation of the NF-kB pathway due
to pathogen stimulation, leading to the release of excessive pro-
inflammatory factors (e.g., IL-1B and TNF-a) and resulting in
meningeal edema and neural damage *°. Research by Lu et al.
confirmed that calycosin induced the expression of heme oxy-
genase-1 (HO-1), indirectly inhibiting the nuclear translocation of
NF-kB p65 and reducing the secretion of pro-inflammatory
factors. This mechanism indicates that calycosin achieves dual
suppression of central inflammation in parasitic meningitis
through the antioxidant-anti-inflammatory cross-regulation of
HO-1/NF-xB. The aforementioned studies demonstrate that ca-
lycosin exerts therapeutic effects in different inflammatory dis-
eases by directly inhibiting the NF-kB pathway.

In metabolic disease and organ injury models, the regulation
of the NF-kB signaling pathway by calycosin demonstrates tissue-
protective properties. Diabetic nephropathy (DN) is one of the
most common microvascular complications of diabetes and a
leading cause of end-stage renal disease (ESRD). Its high incid-
ence and poor prognosis pose a major challenge to global public
health *. Zhang et al. **, using a high glucose-induced db/db
mouse model, found that calycosin significantly inhibited IxBo
and NF-xB p65, reduced the expression of TNF-a and IL-1f in the
kidneys, and alleviated glomerulosclerosis and renal interstitial
fibrosis, suggesting that calycosin improves renal inflammatory
injury by inhibiting the NF-kB pathway. In severe acute pancreat-
itis-associated acute lung injury (SAP-ALI), studies confirmed
that calycosin directly bound to HMGB1, blocked its interaction
with TLR4, subsequently downregulated NF-kB p65 expression,
and reduced neutrophil infiltration and pulmonary inflammatory
cytokine levels, thereby mitigating lung injury *. Nuclear factor
erythroid 2-related factor 2 (Nrf2) is a key signaling molecule
regulating intracellular antioxidant stress. It can alleviate excess-
ive inflammation by inhibiting the nuclear translocation of NF-«B
or reducing the expression of its downstream pro-inflammatory
factors *“. In an intracerebral hemorrhage model, it was found
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that calycosin could synergistically activate Nrf2 to inhibit NF-kB,
thereby reducing cerebral oxidative stress and inflammatory re-
sponse, reflecting the characteristic of multi-pathway synergistic
regulation . These studies suggest that calycosin’s regulation of
the NF-kB pathway is not limited to direct inhibition but can also
achieve tissue protection by targeting upstream molecules (e.g.,
HMGB1 and TLR4) or synergizing with other pathways (e.g.,
Nrf2).

Furthermore, in cancer research, calycosin exhibits bidirec-
tional regulation of the NF-kB pathway. In HepG2 liver cancer
cells, Liu et al. *° found that calycosin induced ROS generation to
activate the NF-kB pathway, upregulated the expression of Bax
and caspase-3, and induced mitochondria-dependent apoptosis.
In osteosarcoma studies, Qiu et al. ¥’ observed that calycosin
downregulated miR-223, inhibited the expression of NF-kB p65,
decreased Bcl-2, and increased caspase-3 activation, thereby in-
hibiting cell proliferation. Subsequent research further con-
firmed that calycosin inhibited the NF-kB-mediated IkBa/ECT2
pathway, reduced MMP2 expression and cell migration ability,
and exerted anti-metastatic effects *°. This bidirectional regula-
tion may be related to tumor type, cellular microenvironment,
and drug concentration, indicating the need for precise dose con-
trol in potential tumor therapy.

In summary, calycosin regulates the NF-kB signaling path-
way in a disease-specific manner, with three core regulatory pat-
terns. In inflammatory diseases, it primarily directly inhibits NF-
kB core molecules (IkBa and p65) or upstream activation axes
(TLR4-MyD88 and p38 MAPK), supplemented by crosstalk with
pathways such as Nrf2 and HO-1, to block NF-kB-mediated pro-
inflammatory responses. In metabolic diseases and organ injury,
it focuses on tissue protection, either by directly inhibiting NF-«xB
activation in target organs or by targeting upstream molecules
such as HMGB1 and synergizing with the Nrf2 pathway to allevi-
ate tissue damage caused by inflammation and oxidative stress.
In cancer, it exhibits context-dependent bidirectional regulation:
activating NF-kB to induce tumor cell apoptosis in liver cancer
(HepG2 cells), and inhibiting NF-kB to block cell proliferation and
metastasis in osteosarcoma—both serving antitumor effects.

However, its tissue specificity, dose dependency, and clinical
translation potential still require in-depth exploration. On the one
hand, it is necessary to identify the key molecular differences in
NF-«kB pathway regulation across different diseases to provide a
basis for precise targeting. On the other hand, the connection
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between preclinical research and clinical trials should be
strengthened to verify its efficacy and safety in humans. Future
research could focus on the detailed interactions between calyc-
osin and key proteins of the NF-kB pathway, as well as synergist-
ic regulation strategies combined with other drugs, to lay the
foundation for clinical application (Fig. 7).

5.2. Biological effects of calycosin via modulation of the PI3K/AKT
signaling pathway

The phosphatidylinositol 3-kinase/protein kinase B (PI3K/
AKT) signaling pathway is a crucial intracellular pathway regulat-
ing survival and metabolism. Its aberrant activation is closely as-
sociated with the pathological processes of various diseases, in-
cluding tumorigenesis, fibrosis, inflammation, and neural dam-
age . Phosphatidylinositol 3-kinase (PI3K), a key regulator of
this pathway and numerous cellular processes, is a heterodimer-
ic lipid kinase composed of a p85 regulatory subunit and a p110
catalytic subunit, possessing dual activities of phosphatidylinosit-
ol kinase and serine/threonine protein kinase *”*'. Protein kinase
B (Akt, also known as PKB) is an evolutionarily highly conserved
serine/threonine kinase. As a downstream effector of PI3K, it is
primarily involved in cell metabolism, growth, survival, and pro-
liferation **. PI3K phosphorylates phosphatidylinositol-4,5-bi-
sphosphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate
(PIP3). PIP3 acts as a second messenger by binding to the PH do-
main of AKT, recruiting it to the plasma membrane. Upon recruit-
ment, AKT is phosphorylated and activated by phosphoinositide-
dependent kinase 1 (PDK1) and the mammalian target of rapa-
mycin complex 2 (mTORC2) (key phosphorylation sites are
Thr308 and Ser473) *. Activated AKT exerts its biological func-
tions by phosphorylating downstream target molecules.

Calycosin can exert therapeutic effects in various disease
models, such as fibrosis and neural damage, by modulating the
PI3K/AKT signaling pathway. In oncology, the inhibitory effect of
calycosin on the PI3K/AKT pathway is a core mechanism of its
antitumor activity. In colorectal cancer research, calycosin inhib-
ited PI3K/AKT pathway activation and reduced the expression of
the anti-apoptotic protein Bcl-2. This ultimately inhibited the
proliferation and induced apoptosis of HCT116 and SW480 cells,
and significantly suppressed tumor growth in a nude mouse
xenograft model **. Similarly, in ER-positive MG-63 osteosarcoma
cells, Sun et al. > found that calycosin inhibited the PI3K/AKT/

3 Calycosin

3
J

NF-kB complex

L
B ° \
G
C @aéi)

Degraded IkB

DCED

KO
€5

5

A

Inflammato:

v factors o
apoptotic
p65/c-Rel gropt)eins

N STNINNG

Fig. 7 Calycosin regulates NF-kB signaling pathway. NF-kB: Nuclear Factor Kappa-B; IkB: Inhibitor of NF-kB; TLR: Toll Like Receptors; HMGB1: High mobility group box-1

protein.



K. Liang et al.

mTOR pathway and induced cell apoptosis. In glioblastoma, ca-
lycosin indirectly inhibited the PI3K/AKT pathway and down-
stream MMP9 expression by downregulating the c-Met receptor,
thereby inhibiting the invasion and proliferation of U251 and U87
cells °**’. These studies indicate that calycosin’s inhibition of the
PI3K/AKT pathway is tumor-type specific and often associated
with targeting upstream molecules (e.g., c-Met) or downregulat-
ing downstream effectors.

In fibrotic diseases, calycosin alleviates tissue fibrosis by in-
hibiting the PI3K/AKT pathway. In a bleomycin-induced pulmon-
ary fibrosis model, calycosin significantly reduced the phos-
phorylation levels of AKT and GSK3, thereby blocking the epi-
thelial-mesenchymal transition (EMT) process and reducing the
expression of mesenchymal markers such as a-SMAand vi-
mentin. This effect could be reversed by the AKT activator
SC79 *°. This suggests that calycosin inhibits fibrosis via the
PI3K/AKT/GSK3B/B-catenin axis.

Furthermore, in neuroprotection and inflammation-related
diseases, the regulation of the PI3K/AKT pathway by calycosin
exhibits “bidirectional” or “synergistic” characteristics. In an H,0,-
induced astrocyte injury model, calycosin was found to activate
the PI3K/AKT pathway, promote the nuclear translocation of
nuclear factor erythroid 2-related factor 2 (Nrf2), and upregulate
the expression of heme oxygenase-1 (HO-1) and superoxide dis-
mutase (SOD), thereby mitigating oxidative stress damage. This
protective effect could be reversed by the PI3K inhibitor
LY294002 *. In spinal cord injury research, Li et al. ®* found that
rehabilitation training enhanced the activating effect of calycosin
on the PI3K/AKT pathway, further inhibiting ASK1/p38-medi-
ated oxidative stress and apoptosis, and promoting neurological
functional recovery. Additionally, in an osteoarthritis model, ca-
lycosin inhibited the PI3K/AKT/Fox01 pathway, reducing IL-1f3-
induced chondrocyte apoptosis, the release of inflammatory
factors (TNF-a and IL-6), and extracellular matrix degradation.
The PI3K activator 740Y-P attenuated this protective effect *’

In summary, the regulation of the PI3K/AKT signaling path-
way by calycosin is disease-dependent: in cancer, it primarily in-
hibits pathway activity, exerting antitumor effects by downregu-
lating molecules related to proliferation and invasion; in fibrotic
and inflammatory diseases, it either inhibits excessive pathway
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activation to alleviate tissue damage or activates the pathway to
enhance antioxidant and repair capacities. Its core mechanisms
involve directly regulating PI3K/AKT phosphorylation, targeting
upstream receptors (e.g., ERB and c-Met), and synergizing with
downstream transcription factors (e.g., Nrf2 and Fox01). Future
research should further clarify its dose-effect relationship and tis-
sue-specific molecular targets in different diseases to provide an
experimental basis for clinical translation (Fig. 8).

5.3. Biological effects of calycosin via modulation of the MAPK sig-
naling pathway

The mitogen-activated protein kinase (MAPK) signaling path-
way belongs to the serine/threonine protein kinase family and is
a core transduction network through which cells respond to ex-
ternal stimuli. When the cell membrane is stimulated, the up-
stream MAPK kinase kinase (MAPKKK) and MAPK kinase (MAP-
KK) undergo sequential phosphorylation ** *, MAPKK performs
dual phosphorylation on the C-terminal TXY motif, thereby activ-
ating downstream MAPK, which subsequently participates in reg-
ulating numerous physiological processes such as cell growth, ap-
optosis, proliferation, and inflammatory responses. To date, 12
MAPKs have been identified in mammals, primarily including
subtypes such as extracellular signal-regulated kinase (ERK1/2),
p38 MAPK, and c-Jun N-terminal kinase (JNK) *“.

p38 MAPK, a core target in signal transduction research,
plays an indispensable pivotal role in mediating cellular events
such as inflammatory and stress responses. Its regulatory mech-
anism exhibits dual dimensions: on one hand, p38 MAPK activ-
ates transcription factors such as ATF-2 and ELK1 through phos-
phorylation, driving the transcription of downstream target
genes (e.g., pro-inflammatory factors and apoptosis-related
genes) to regulate cell function ®*; on the other hand, p38 MAPK
can directly activate kinases such as p38-regulated protein kinase
(PRAK), which, via a phosphorylation cascade, activates the low-
molecular-weight heat shock protein HSP27, inducing actin fila-
ment remodeling and mediating adaptive changes in cell morpho-
logy and function under stress conditions *°.

ERK1/2 regulates cell proliferation by phosphorylating tran-
scription factors such as cellular oncogene fos (c-Fos) and cellu-
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lar oncogene Jun (c-Jun), promoting the formation of the activat-
or protein-1 (AP-1) complex and facilitating the transition from
the G, to S phase of the cell cycle. In addition, ERK1/2 is involved
in cellular stress responses and metabolic regulation, indirectly
affecting cell survival by acting on oxidative metabolism and en-
ergy balance "%,

The JNK-MAPK pathway can be activated by inflammatory
factors or growth factors. Upon receptor-ligand binding, intracel-
lular mitogen-activated protein kinase kinase kinase 1 (MEKK1),
mitogen-activated protein kinase kinase 3 (MKK3/MAP2K3), and
apoptosis signal-regulating kinase 1 (ASK1) are activated. These
in turn activate downstream MAPKKK4/7, leading to the activa-
tion of JNK1/2 *. Ultimately, activated JNK1/2 translocates into
the nucleus and binds to target genes such as c-Jun, activating
transcription factor-2 (ATF-2), ELK1, and p53, thereby regulat-
ing transcription. Furthermore, ASK1 can directly promote apop-
tosis ",

Recent studies have found that calycosin exerts significant
protective effects against various diseases, including neural in-
jury, cancer, and fibrosis, by modulating the MAPK signaling
pathway. You et al. ”* discovered in a cerebral ischemia-reperfu-
sion model that calycosin significantly increased the pERK/ERK
ratio and reduced SH-SY5Y cell apoptosis and rat cerebral infarc-
tion volume. However, its neuroprotective effects were reversed
upon application of the ERK inhibitor (U0126 or pERK-siRNA),
indicating that the phosphorylation and activation of ERK1/2 is
the core mechanism by which calycosin protects against ischem-
ic brain injury. This finding is consistent with the classical role of
ERK1/2 in pro-survival signaling, suggesting that calycosin may
maintain neuronal survival by enhancing ERK1/2 activity.

In a colon cancer model, Hu et al. ”* found that calycosin dose-
dependently downregulated p-ERK1/2 expression and inhibited
the proliferation and migration of Caco2 and HT-29 cells, accom-
panied by upregulation of the epithelial-mesenchymal transition
(EMT) marker E-cadherin and downregulation of N-cadherin and
vimentin. Its inhibitory effect was significantly correlated with in-
activation of the ERK1/2 pathway. Conversely, in an osteosar-
coma 143B cell model, calycosin activated the p38 MAPK path-
way, upregulated pro-apoptotic proteins Bax, cleaved caspase-
3/9, and PARP, decreased the mitochondrial membrane poten-
tial, and induced cell apoptosis "*. Furthermore, Liu et al., through
network pharmacology analysis, identified MAPK3 (ERK1) as one
of the core targets of calycosin against nasopharyngeal
cinoma, involved in regulating cell apoptosis and proliferation
signals, further supporting the broad-spectrum role of the MAPK
pathway in its antitumor effects *

The regulation of the MAPK pathway by calycosin may exhib-
it bidirectionality depending on the tumor microenvironment.
Zhang et al. ”° stablished an orthotopic pancreatic cancer xeno-
graft mouse model and found that calycosin, on one hand, pro-
moted EMT and migration of MIA PaCa-2 cells by activating the
Raf/MEK/ERK pathway; on the other hand, it induced cell cycle
arrest and apoptosis. This paradox was associated with TGF-$1
upregulation. TGF-B1 inhibits tumor growth via the ERK path-
way in early stages but promotes metastasis through the same
pathway in later stages. This bidirectionality suggests that calyc-
osin’s regulation of the MAPK pathway may depend on the stage
of tumor development. In a gastric cancer model, calycosin in-
duced ROS generation, activated the p38 and JNK pathways while
inhibiting ERK phosphorylation, synergistically regulated the
MAPK/STAT3/NF-kB axis, and induced apoptosis and G,/G;q
phase arrest in AGS cells, demonstrating its coordinated regulat-
ory effect on different MAPK subtypes.

In fibrotic diseases, calycosin primarily alleviates the patho-
logical process by inhibiting the MAPK pathway. Ding et al. °
found in an Ang Il-induced glomerular mesangial cell model that
calycosin downregulated p-ERK1/2 expression and reduced cell

car-
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proliferation and the expression of autophagy markers LC3 and
Beclin-1, thereby mitigating renal interstitial fibrosis.

In summary, calycosin exerts effects in neuroprotection, tu-
mor suppression, and inflammation reduction by selectively reg-
ulating subtypes such as ERK1/2, p38 MAPK, and JNK. Its regulat-
ory mode exhibits disease type and pathway subtype specificity.
Future research should further clarify the details of its interac-
tion with key molecules of the MAPK pathway and its dose-eff-
ect relationship to provide a precise basis for clinical application

(Fig. 9).

5.4. Biological effects of calycosin via modulation of the STAT3 sig-
naling pathway

The signal transducer and activator of transcription (STAT)
family plays a key role in cell proliferation, apoptosis, and inflam-
matory responses. Its aberrant activation is closely associated
with various diseases, including neural injury, myocardial
ischemia, fibrosis, and cancer ”’. STAT3 is a member of the STAT
family, primarily composed of an N-terminal domain (NTD), a
coiled-coil domain (CCD), a DNA-binding domain (DBD), a linker
domain (LD), a Src homology 2 (SH2) domain, and a trans-activa-
tion domain (TAD) "*”’. Under pathological conditions, cytokines
such as IL-6, interferon-alpha (IFN-a), epidermal growth factor
(EGF), and fibroblast growth factor bind to cell surface receptors,
causing dimerization of the receptor extracellular domains,
which in turn activates the Janus tyrosine kinases (JAKs) associ-
ated with the receptor intracellular regions *’. Activated JAKs
phosphorylate specific tyrosine residues on the receptor cyto-
plasmic tails and recruit STAT3 to the receptor complex via inter-
action with its SH2 domain. Subsequently, JAKs phosphorylate
the key tyrosine residue at Tyr705 of STAT3. The phos-
phorylated STAT3 (p-STAT3) forms homo- or heterodimers
through SH2 domain interactions. After dissociation, the p-STAT3
monomer binds to importin 1 (IMPB1) and is transported into
the nucleus, where it regulates the transcription of downstream
target genes '

Ischemic stroke (IS), a common cerebrovascular disease in
the elderly, is characterized by high disability and mortality rates.
Excessive autophagy triggered by IS is closely related to neuron-
al death, making the inhibition of excessive autophagy a poten-
tial new direction for IS treatment. Xu et al. ** established a rat
middle cerebral artery occlusion/reperfusion (MCAO/R) model
using the suture method and simulated cerebral ischemic injury
in vitro using oxygen-glucose deprivation/reoxygenation (OGD/
R). They found that calycosin significantly downregulated the
phosphorylation levels of STAT3 and FOXO3a, decreased the
LC3II/LC3I ratio, and upregulated the expression of the auto-
phagy substrate SQSTM1. By inhibiting excessive autophagy, ca-
lycosin reduced cerebral infarction volume and neurological defi-
cits in rats. The STAT3 inhibitor Stattic reversed this protective
effect, indicating that calycosin inhibits excessive autophagy by
downregulating the STAT3/F0X03a pathway. This discovery re-
veals a novel mechanism by which calycosin exerts neuroprotect-
ive effects in ischemic brain injury through negative regulation of
the STAT3 pathway. Furthermore, Liu et al. ** established a
myocardial ischemia-reperfusion injury mouse model by ligating
the left anterior descending (LAD) coronary artery. They found
that calycosin upregulated the expression of IL-10, p-JAK2, and p-
STATS3, and this effect could be blocked by an IL-10 receptor ant-
agonist, suggesting that the IL-10/JAK2/STAT3 axis is a key path-
way for the cardioprotective effect of calycosin. Thus, calycosin
demonstrates clear protective effects in both cerebral and
myocardial ischemic injury. Although both mechanisms involve
the STAT3 pathway, they are achieved through distinct routes:
downregulating STAT3/FOX03a to inhibit autophagy (cerebral
ischemia) and upregulating IL-10/JAK2/STAT3 to exert anti-in-
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flammatory effects (myocardial ischemia). This exemplifies the
multi-pathway regulation and tissue adaptability of natural
products. This finding not only provides a new candidate drug for
the treatment of ischemic diseases but also offers an experiment-
al paradigm for research on precise regulation based on tissue
specificity.

In a study on oxidative damage in spinal cord astrocytes, it
was found that calycosin could alleviate H,0,-induced cell apop-
tosis by inhibiting the JAK/STAT3 signaling pathway, simultan-
eously downregulating the level of the pro-inflammatory cy-
tokine IL-6. The STAT3 inhibitor Stattic could reverse its promot-
ive effect on cell proliferation **. These findings suggest that ca-
lycosin mitigates oxidative stress-mediated astrocyte damage
through negative regulation of the JAK2/STAT3 pathway. In a liv-
er fibrosis model, Wang et al. ® found that that overexpression of
estrogen receptor beta (ERB) enhanced the inhibitory effect of ca-
lycosin on STAT3 phosphorylation, synergistically reducing the
expression of fibrosis markers such as a-SMA and Col-1, while up-
regulating MMP-1 to promote collagen degradation. Inhibition of
the JAK2/STATS3 signaling pathway may be the primary mechan-
ism by which calycosin exerts its anti-fibrotic effects. Further-
more, in gastric cancer precancerous lesions, calycosin signific-
antly downregulated STAT3 protein expression, inhibited the in-
tegrin 31/NF-kB pathway, reduced intestinal metaplasia and dys-
plasia, and improved gastric mucosal ultrastructural damage *.
Its mechanism of action likely involves inhibiting STAT3-medi-
ated angiogenesis and inflammatory responses, thereby blocking
the progression of precancerous lesions.

In summary, the regulation of the STAT3 signaling pathway
by calycosin exhibits significant disease specificity: it primarily
negatively regulates STAT3 to inhibit autophagy and oxidative
stress in neural and spinal cord injury; it exerts protective effects
by activating JAK2/STAT3 in myocardial injury; and it alleviates
pathological processes by inhibiting STAT3 phosphorylation in
liver fibrosis and gastric precancerous lesions. This diversity is
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closely related to its selective regulation of different STAT sub-
types and its crosstalk with signals such as ERB and cytokines
(Fig.10).

5.5. Biological effects of calycosin via modulation of the AMPK sig-
naling pathway

Adenosine monophosphate-activated protein kinase (AMPK),
a key regulatory element in maintaining cellular material and en-
ergy metabolic balance, is widely involved in fundamental
physiological processes such as cell growth, development, and
programmed cell death *. It is primarily composed of an a cata-
lytic subunit and f, y regulatory subunits. The a subunit has two
isoforms: al (PRKAA1) and a2 (PRKAA2); the (3 subunit includes
81 (PRKAB1) and 82 (PRKAB2); and the y subunit includes y1
(PRKAG1), y2 (PRKAG2), and y3 (PRKAG3) *’. When intracellular
energy levels are low, ATP bound to the regulatory y subunit of
AMPK is replaced by AMP, promoting the phosphorylation of the
AMPK a subunit at threonine-172, thereby activating AMPK. Sub-
sequently, AMPK blocks anabolic pathways of ATP synthesis and
initiates catabolic pathways of ATP breakdown, inhibiting energy
consumption and maintaining energy homeostasis ***’. This func-
tion in maintaining energy dynamics allows AMPK to play a signi-
ficant role in various pathological processes such as vascular cal-
cification, airway injury, abnormal osteogenesis, skeletal muscle
atrophy, and adipose tissue dysfunction. Recent studies have
found that calycosin exerts unique therapeutic effects in different
disease models by targeting AMPK and its downstream molecu-
lar network.

Vascular calcification (VC) is a common pathological phe-
nomenon in patients with chronic diseases such as atherosclero-
sis, chronic kidney disease, and diabetes. In a calcifying environ-
ment, vascular smooth muscle cells (SMCs) transform into osteo-
blast-like cells, leading to loss of smooth muscle contraction
markers such as smooth muscle a-actin and smooth muscle 22a
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protein (SM22a), and an increase in the expression levels of os-
teogenic markers such as osteopontin (OPN), RUNX2 transcrip-
tion factor, and bone morphogenetic protein 2 (BMP2) ”. Zhou et
al. ”* established a vascular calcification model using rat thoracic
aortic smooth muscle cells (A7r5) in vitro and found that calycos-
in activated the AMPK/mTOR signaling pathway. On one hand, it
initiated autophagy onset by phosphorylating ULK1 (Unc-51 like
autophagy activating kinase 1); on the other hand, it promoted
the formation of the soluble N-ethylmaleimide-sensitive factor at-
tachment protein receptor (SNARE) complex (STX17-SNAP29-
VAMP8), restoring autophagosome-lysosome fusion. This signi-
ficantly reduced the expression of RUNX2, BMP2, and OPN, as
well as calcium deposition, ultimately inhibiting the vascular cal-
cification process. In a human bronchial epithelial cell injury
model constructed by PM2.5 exposure, calycosin dose-depend-
ently activated the AMPK signaling pathway and inhibited the
nuclear translocation of NF-kB p65, thereby reducing inflammat-
ory cell infiltration and inhibiting the release of pro-inflammat-
ory factors such as IL-6 and IL-8. Further studies showed that the
AMPK inhibitor Compound C reversed the protective effect of ca-
lycosin, suggesting that AMPK is a key target for its inhibition of
airway inflammation **. In osteoblast differentiation, Gong et al. **
sed omics and a chemical knockout method (constructing Dang-
gui Buxue Tang extract DBT without calycosin) and found that ca-
lycosin, as a key active component of Danggui Buxue Tang, pro-
moted osteoblast differentiation by regulating the AMPK-related
pathway (synergizing with MAPK/ERK and Wnt/B-catenin path-
ways), upregulating the expression of osteogenic markers such as
ALP, Runx2, and secreted protein acidic and cysteine rich (Sparc,
osteonectin). Its effect was significantly weakened in DBT, indic-
ating that calycosin coordinates the osteogenic effect of the full
prescription through AMPK signaling and is the core component
maintaining osteogenic activity. Skeletal muscle atrophy is a com-
mon and serious complication of chronic kidney disease (CKD).
Oxidative stress and autophagy are the main molecular mechan-
isms leading to muscle atrophy. Hu et al. ” used a 5/6 nephrec-
tomy (5/6 Nx) CKD rat model and a TNF-a-induced C2C12
myotube model and found that calycosin downregulated AMPK
expression, inhibited the nuclear translocation of FOXO3a,
thereby reducing the expression of autophagy markers (LC3A/B,
ATG7); simultaneously, it upregulated SKP2 to decrease CARM1
and H3R17me?2a levels, thus inhibiting excessive autophagy and
oxidative stress and alleviating muscle fiber atrophy. In an obese
mouse model of perivascular adipose tissue (PVAT) dysfunction,
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calycosin upregulated adiponectin secretion, activated the
AMPK/eNOS signaling pathway, promoted eNOS phosphoryla-
tion and NO generation, and restored the anti-contractile activity
of PVAT. Concurrently, it reduced superoxide generation and TNF-
a levels in PVAT, improving vascular endothelial function. These
effects were reversed by an AMPK inhibitor or an adiponectin re-
ceptor blocking peptide *.

In summary, through precise modulation of the AMPK signal-
ing pathway, calycosin exerts diverse protective effects in vascu-
lar calcification, airway injury, osteogenic differentiation, skelet-
al muscle atrophy, and PVAT dysfunction: it primarily activates
AMPK in vascular calcification, airway injury, osteogenic differen-
tiation, and PVAT dysfunction, whereas it mainly inhibits AMPK
activity in skeletal muscle atrophy. This difference is closely re-
lated to its selective regulation of downstream AMPK targets
(such as mTOR, NF-kB, SKP2, and eNOS). These findings provide
an important experimental basis for understanding the pharma-
cological effects of calycosin and expanding its clinical applica-
tions (Fig. 11).

5.6. Biological effects of calycosin via modulation of the TGF-
B1/Smad signaling pathway

Members of the transforming growth factor-beta (TGF-f)
family include TGF-f subtypes (TGF-B1, TGF-B2, and TGF-f3),
growth differentiation factors (GDFs), glial-derived neurotrophic
factors (GDNFs), and 33 other homodimeric superfamily liga-
nds ”. Among them, TGF-B1 is the most abundant subtype,
primarily expressed in smooth muscle, fibroblasts, and epithelial
cells, and is considered a key mediator in the progression of dis-
eases such as cancer and fibrosis **. Smad family proteins are the
core transcription factors of the TGF- pathway, capable of trans-
ducing the signal from ligand-receptor interaction from the cyto-
plasm into the nucleus. Based on their function, they can be di-
vided into three categories: receptor-activated Smads (R-Smads),
including Smad1, Smad2, Smad3, Smad5, and Smad8; the com-
mon-mediator Smad4 (Co-Smad); and inhibitory Smads (I-
Smads), including Smadé and Smad7 *°. TGF-B1 typically exists in
an inactive form on the cell surface and within the extracellular
matrix (ECM). It is activated by inflammation, oxidative stress, or
the action of enzymes such as plasmin and cathepsins. Activated
TGF-B1 binds to cell surface TBR-II, which then recruits and
phosphorylates TBR-I. The activated T@R-I phosphorylates
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Smad2 and Smad3 at C-terminal serine residues. Phosphorylated
Smad2/3 then forms a complex with Smad4, which translocates
into the nucleus to mediate the biological effects of the TGF-
B1/Smad signaling pathway '*.

Multiple studies have found that calycosin can exert interven-
tional effects in diseases such as breast cancer, intestinal fibrosis,
myocardial fibrosis, and renal fibrosis by modulating the TGF-
B1/Smad signaling pathway. The basic leucine zipper ATF-like
transcription factor (BATF) can directly bind to the P1 region of
the TGF-P1 promoter to promote its expression. Zhang et al. '*’,
using T47D and MCF-7 breast cancer cells as research models,
found that calycosin dose-dependently downregulated BATF ex-
pression and inhibited the TGF-B1/Smad signaling pathway-me-
diated epithelial-mesenchymal transition (EMT) process (upregu-
lating the epithelial marker E-cadherin and downregulating the
mesenchymal markers N-cadherin, vimentin, MMP-2, and MMP-
9), thereby inhibiting the migration and invasion of breast cancer
cells. In a TGF-Bl-induced human intestinal fibroblast (CCD-
18Co) model, calycosin dose-dependently reduced TGF-B1 levels
and downregulated the expression of phosphorylated Smad2,
Smad3, and Smad4, while upregulating Smad7 (an endogenous
inhibitor of the TGF-B1 pathway). This consequently reduced the
synthesis and deposition of the fibrosis markers a-smooth muscle
actin (a-SMA) and collagen I, alleviating pathological intestinal
fibrosis '*’. Chen et al. ', using a left anterior descending coron-
ary artery ligation-induced myocardial infarction (MI) mouse
model and primary cardiac fibroblast (CF) experiments, revealed
that calycosin directly targets and binds to TGF- receptor 1
(TGFBR1), inhibits TGF-B1 activation, and subsequently blocks
the phosphorylation and nuclear translocation of downstream
Smad2/3. This reduced the expression of collagen I and III in
myocardial tissue, decreased collagen deposition in the infarct
area, and improved left ventricular ejection fraction (EF) and
fractional shortening (FS), ultimately alleviating myocardial
fibrosis and improving cardiac function. Obstructive nephro-
pathy, often caused by urinary tract obstruction, leads to renal
dysfunction and renal parenchymal destruction. Hu et al. ", us-
ing a unilateral ureteral obstruction (UUO)-induced mouse renal
fibrosis model, found that calycosin downregulated the expres-
sion of TGF-B1 and Smad2/Smad3, while simultaneously redu-
cing the levels of TNF-a and its receptor 1 (TNFR1), thereby syn-

683

ergistically inhibiting renal tubular epithelial cell injury and ren-
al interstitial collagen deposition. This effect might be related to
the enhanced dual inhibition of the TGF-f1/Smad2/Smad3 and
TNF-a pathways by calycosin-primed MSCs.

In summary, calycosin modulates the TGF-f31 signaling path-
way through network pharmacology effects: in cancer, it targets
upstream transcription factors (e.g., BATF) to inhibit TGF-B1 ex-
pression; in fibrotic diseases, it acts directly on the receptor
(TGFBR1) or downstream Smad molecules, or synergizes with
other pathways (e.g., TNF-o/TNFR1). This specific regulatory
pattern provides an experimental basis for its clinical application
in diseases related to tumor metastasis and tissue fibrosis
(Fig. 12).

5.7. Biological effects of calycosin via modulation of the NLRP3 sig-
naling pathway

The NOD-like receptor protein 3 (NLRP3) inflammasome, a
core molecule in innate immune responses, is a multiprotein
complex composed of NLRP3 protein, apoptosis-associated speck-
like protein containing a CARD (ASC), and pro-cysteine aspartase-
1 (pro-caspase-1) '”°. The activation of the NLRP3 inflammasome
primarily involves a two-signal cascade. The first signal is the
“priming signal”, whose core biological function is to upregulate
the expression levels of inflammation-related factors. Toll-like re-
ceptors (TLRs) recognize their corresponding ligands, or cy-
tokines like TNF-a mediate signal transduction, thereby trigger-
ing the activation of the NF-«kB signaling pathway, which ulti-
mately promotes the expression of NLRP3 and the inflammasome-
dependent cytokine pro-IL-1B '**'”. The second signal is the “ac-
tivation signal”, whose core role is to trigger the assembly pro-
cess of the NLRP3 inflammasome. Exogenous pathogen-associ-
ated molecular patterns (PAMPs) and endogenous damage-asso-
ciated molecular patterns (DAMPs) can be specifically recog-
nized by pattern recognition receptors (PRRs) on the surface of
immune cells, subsequently inducing downstream endogenous
signals (such as ion transmembrane flux and changes in organ-
elle structure and function), and ultimately initiating the asse-
mbly and activation of the NLRP3 inflammasome complex '** ',

Yosri et al. '’ in a streptozotocin (STZ)-induced diabetic rat
model via intraperitoneal injection, found that calycosin dose-de-
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pendently downregulated the expression of NLRP3 in kidney tis-
sue, reduced IL-1p release, decreased the activation level of Cas-
pase-1, and thereby improved renal function and pathological
kidney damage. Its mechanism of action might be related to in-
hibition of the binding of thioredoxin-interacting protein (TXNIP)
to NLRP3, thereby blocking inflammasome assembly. In a doxor-
ubicin (DOX)-induced cardiotoxicity mouse model, calycosin alle-
viated myocardial injury by inhibiting NLRP3 inflammasome ac-
tivation. Further in vitro studies showed that calycosin reduced
DOX-induced mitochondrial reactive oxygen species (ROS) gener-
ation and decreased the interaction between NLRP3 and ASC or
pro-caspase-1, thus inhibiting the cleavage and activation of Cas-
pase-1 and the release of IL-18 """ This research reveals the mo-
lecular basis for calycosin’s mitigation of chemotherapy drug car-
diotoxicity through a dual mechanism of “antioxidant-inhibition
of NLRP3". Xia et al. "%, using lipopolysaccharide (LPS) combined
with cecal ligation and puncture (CLP) to construct a sepsis-in-
duced acute lung injury (ALI) mouse model, found that calycosin
reduced the expression of NLRP3 and ASC, the activity of Caspase-
1, and the release of IL-1f3 and IL-18 in lung tissue. It also de-
creased the lung wet/dry weight ratio and myeloperoxidase
(MPO) activity, improving lung histopathology. Further in vitro
experiments confirmed that its inhibitory effect on NLRP3 de-
pended on the scavenging of mitochondrial ROS, and the mito-
chondrial-targeted antioxidant MitoTEMPO synergistically en-
hanced this effect, indicating that mitochondrial ROS is a key up-
stream signal for calycosin’s regulation of NLRP3 ', Additionally,
Yuan et al. ', through network pharmacology and animal experi-
ments, found that calycosin, asa core component of the As-
tragalus-Safflower herb pair, could inhibit the assembly of the
NLRP3 inflammasome by binding to the active sites of NLRP3 and
caspase-1. Further studies in an ApoE™~ mouse model revealed
that calycosin reduced the expression of NLRP3 in aortic plaques,
decreased IL-1f release, and simultaneously inhibited the pyrop-
tosis of vascular smooth muscle cells, suggesting its anti-inflam-
matory and plaque-stabilizing effects in atherosclerosis.

In summary, the regulation of the NLRP3 signaling pathway
by calycosin exhibits “multi-step” characteristics. In metabolic
diseases (e.g., diabetes), it primarily acts by inhibiting the
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TXNIP/NLRP3 axis; in drug toxicity and sepsis, its core action is
clearing mitochondrial ROS and blocking inflammasome
sembly; while in coronary heart disease, it may directly bind to
the NLRP3 protein to inhibit its activity. This specificity is closely
related to its selective intervention on ROS levels and upstream
regulatory molecules (e.g., TXNIP) in the pathological microenvir-
onment (Fig. 13).

as-

5.8. Biological effects of calycosin via modulation of the EGFR sig-
naling pathway

The epidermal growth factor receptor (EGFR) is a receptor
tyrosine kinase and a key member of the erythroblastosis onco-
gene B (ErbB) family (including EGFR, ErbB2, ErbB3, and ErbB4).
It is expressed in many tissues and is primarily involved in cell
proliferation, division, and cancer development '**'*. In a patho-
logical injury environment, binding of specific ligands to the ex-
tracellular domain of EGFR promotes homodimerization and het-
erodimerization, thereby activating intracellular protein tyrosine
kinase activity. This leads to autophosphorylation of tyrosine
residues in the C-terminal domain, providing docking sites for
signaling molecules containing Src homology 2 (SH2) domains
and phosphotyrosine-binding (PTB) domains. Consequently, it
initiates downstream pathways such as PI3K/AKT and MAPK,
which participate in physiological and pathological processes inc-
luding cell proliferation, differentiation, and damage repair """,
Recent studies have shown that aberrant activation or dysfunc-
tion of the EGFR signaling pathway is closely associated with dis-
eases such as osteoarthritis and impaired diabetic wound healing.
Calycosin can exert disease-intervening effects by targeting and
modulating the EGFR signaling pathway. For instance, Su et al. "'’
using network pharmacology and molecular docking, demon-
strated that calycosin directly binds to EGFR (at binding sites in-
cluding SER14, SER201, and LYS207). Further validation in a
mouse osteoarthritis (0OA) model established by anterior cruciate
ligament transection confirmed that calycosin significantly inhib-
ited activation of the EGFR signaling pathway and the expression
of its downstream inflammation-related molecules COX-2 and
MMP-9, while upregulating the expression of cartilage synthesis
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markers type II collagen (Col-2) and Sox-9. This improved the im-
balance between chondrocyte anabolism and catabolism and alle-
viated OA cartilage damage. Diabetic ulcers are recognized as one
of the most common complications in diabetic patients, pot-
entially leading to disability or even death in severe cases. Liu et
al. '’ observed, in a db/db diabetic mouse wound model, that ca-
lycosin, as one of the main absorbed components of Huiyang
Shengji Tang, upregulated the expression of EGFR in wound tis-
sue, promoted epidermal cell proliferation, accelerated granula-
tion tissue formation and epithelialization, and significantly in-
creased the wound healing rate. In vitro experiments further con-
firmed that calycosin promoted the proliferation of human kerat-
inocytes (HaCaT) by activating the EGFR/PI3K/AKT pathway,
and this effect could be partially reversed by an EGFR inhibitor.

In summary, the regulation of the EGFR signaling pathway by
calycosin exhibits a bidirectional characteristic: in OA, it primar-
ily inhibits EGFR activity to exert anti-inflammatory and anti-
catabolic effects, whereas in diabetic wound healing, it upregu-
lates EGFR expression and its downstream pathway to promote
tissue repair. This discrepancy may be related to the basal activ-
ity state of EGFR in the specific disease microenvironment and
the specific activation of downstream target molecules. These
studies provide an experimental basis for the clinical application
of calycosin in inflammation-related diseases, cancer, and tissue
repair. However, its selectivity for EGFR subtypes and its dose-ef-
fect relationship still require in-depth exploration (Fig. 14).

5.9. Biological effects of calycosin via modulation of the HIF signal-
ing pathway

Hypoxia-inducible factor (HIF) is a core transcription factor
regulating oxygen homeostasis in the body. It is a heterodimer
composed of HIF-1a and HIF-1f subunits and plays a highly spe-
cific regulatory role in oxygen homeostasis '*'. Under normoxic
conditions, HIF-la is ubiquitinated by prolyl hydroxylases
(PHDs) and rapidly degraded. In a hypoxic environment, HIF-1a
translocates to the nucleus, binds to the HIF-1f subunit to form
an active HIF-1 heterodimer, and binds to hypoxia response ele-
ments (HREs), promoting the upregulation of genes such as vas-

cular endothelial growth factor (VEGF), erythropoietin (EPO), in-
ducible nitric oxide synthase (iNOS), and heme oxygenase-1 (HO-
1). This subsequently regulates a series of physiological pro-
cesses including cell proliferation, differentiation, apoptosis, an-
giogenesis, and energy metabolism “* "%, Calycosin exerts thera-
peutic effects in various physiological and pathological processes,
such as inflammatory responses, tumor progression, hematopoi-
etic function, and epithelial barrier maintenance, by mediating
the HIF signaling pathway.

In a cobalt chloride (CoCl,)-induced hypoxia model of retinal
pigment epithelial (RPE) cells, it was found that calycosin signi-
ficantly reduced the release of pro-inflammatory cytokines IL-6
and IL-8 and decreased the levels of apoptosis-related proteins
(Cleaved caspase-3, Cleaved PARP), thereby ameliorating the
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hypoxia-induced decrease in RPE cell viability. This process likely
occurs by blocking the synergistic activation of the HIF-1a/NF-kB
axis, alleviating cellular inflammatory damage and apoptosis.
This suggests that calycosin can exert a protective effect in hyp-
oxia-related eye diseases, such as retinopathy of prematurity, by
inhibiting HIF-1a '**. Research by Zhang et al. '** on radioresist-
ance in lung cancer cells showed that calycosin, by targeting and
binding to HIF-1a (key binding sites include TYR-131 and GLN-
133), directly inhibited the overactivation of the HIF-1a/VEGF
pathway. This subsequently reduced the clonogenic ability of
lung cancer cells (NCI-A549 and NCI-H1299) and promoted the
expression of apoptosis-related proteins (Bax and cleaved cas-
pase-3). In vivo experiments further confirmed that calycosin re-
duced transplanted tumor volume, decreased the levels of HIF-1a
and VEGF in tumor tissue, and showed no significant toxicity to
normal liver tissue. This mechanism indicates that calycosin en-
hances the sensitivity of lung cancer cells to radiotherapy by in-
hibiting HIF-1a, providing a new strategy to address radioresist-
ance. Regarding the regulation of hematopoietic function, Zheng
et al. "*° found, using human embryonic kidney fibroblast
(HEK293T) cells as a model, that calycosin promotes HIF-1a ac-
cumulation through a dual mechanism. On one hand, it upregu-
lates the mRNA transcription level of HIF-1a; on the other hand,
it inhibits its ubiquitin-mediated degradation (similar to the ef-
fect of the proteasome inhibitor MG132). The accumulated HIF-
1o binds to the HRE of the erythropoietin (EPO) gene, activating
its transcription and expression. Subsequent studies in embryon-
ic stem cells (NT2/D1 and PC12) further verified that calycosin-
induced EPO expression depends on HIF-la accumulation, re-
vealing the molecular basis for its regulation of hematopoietic
function through HIF-1a activation and providing theoretical sup-
port for the treatment of diseases such as anemia '*’. Jia et al. '**,
in a FITC-induced allergic contact dermatitis mouse model, found
that calycosin significantly reduced the release of HIF-1la-medi-
ated inflammatory initiators (TSLP and IL-33), while upregulat-
ing the expression of tight junction proteins (occludin, CLDN1,
and Z0-1), alleviating skin barrier damage and Th2-type inflam-
matory responses. Furthermore, HIF-1a knockout experiments
confirmed that the barrier repair and anti-inflammatory effects of
calycosin depend on the downregulation of HIF-1a, suggesting
that calycosin maintains epithelial barrier integrity in allergic
skin diseases by inhibiting HIF-1a.

In summary, the regulation of the HIF signaling pathway by
calycosin exhibits significant pathological adaptability. In retinal
injury, lung cancer radioresistance, and allergic dermatitis, it ex-
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erts anti-inflammatory, pro-apoptotic, or barrier repair effects by
inhibiting HIF-1a and its downstream pathways. In contrast, in
the regulation of hematopoietic function, it promotes HIF-1a ac-
cumulation to enhance EPO expression. This specific regulation is
closely related to its selective effects on HIF-1a transcription, de-
gradation, and downstream target molecules (Fig. 15).

5.10. Biological effects of calycosin via modulation of other signal-
ing pathways

The Keap1/Nrf2/HO-1 signaling pathway is one of the core
defense pathways for cells to counteract oxidative stress, inflam-
mation, and other stimuli. Under normal conditions, Nrf2 binds to
the DGR domain of its negative regulator, Kelch-like ECH-associ-
ated protein 1 (Keap1), forming a hinge-latch-like complex that is
retained in the cytoplasm. Nrf2 is maintained at low activity
levels through Keapl-mediated polyubiquitination and degrada-
tion by E3 ubiquitin ligase "*’. Under oxidative stress, conforma-
tional changes in Keap1 or inhibition of its binding to Nrf2 lead to
Nrf2 dissociation and translocation into the nucleus. There, it ac-
tivates the transcription of antioxidant response element (ARE)-
dependent genes, including antioxidant genes such as HO-1,
NAD(P)H quinone reductase 1 (NQO1), and superoxide dis-
mutase (SOD), thereby synergistically alleviating oxidative dam-
age and cellular stress """, In a bleomycin (BLM)-induced pul-
monary fibrosis mouse model, calycosin upregulated the expres-
sion of Nrf2 and HO-1, reduced MDA levels, restored SOD and
total antioxidant capacity (TAC) activity, and alleviated oxidative
stress damage. Simultaneously, calycosin increased the levels of
Beclinl and PINK1, promoted the conversion of LC3-I to LC3-II,
reduced p62 accumulation, upregulated the expression of LAMP1
and TFEB, and decreased legumain levels, thereby improving
autophagic-lysosomal function '**. Therefore, calycosin alleviates
BLM-induced pulmonary fibrosis by activating the Nrf2/HO-1
pathway to exert antioxidant effects and by regulating the auto-
phagic-lysosomal pathway to clear damaged material (Fig. 16).

Aberrant activation of the Wnt/B-catenin signaling pathway
plays a key role in tumorigenesis and development. Upon path-
way activation, Wnt3a binds to the Frizzled/LRP5/6 receptors,
leading to the accumulation of B-catenin in the cytoplasm and ac-
tivation of downstream target genes. Glycogen synthase kinase-
3B (GSK-3B) maintains pathway homeostasis by promoting (-
catenin degradation '**. In glioblastoma multiforme (U87 cells),
calycosin inhibited the expression of phosphorylated GSK3f
(pGSK3ser9, the inactive form of GSK3), reduced the intracel-

G Calycosin
.

Allergic contact
dermatitis

4%

Lung cancer

Fig. 15 Calycosin regulates HIF-1a signaling pathway. VHL: Von Hippel-Lindau; HIF-1a: Hypoxia-inducible factor 1o; HIF-1p: Hypoxia-inducible factor 1B; VEGF:Vascular

endothelial growth factor; NF-kB: Nuclear Factor Kappa-B.
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Fig. 16 Calycosin regulates the Keapl/Nrf2/HO-1 signaling pathway. MDA:
Malondialdehyde; SOD: Super Oxide Dismutase; PINK1: PTEN induced kinase 1;
Nrf2: Nuclearfactor erythroidderived 2-like 2.

lular accumulation of B-catenin, and consequently suppressed the
expression of the downstream oncogene c-Myc '**. Furthermore,
calycosin, by mediating the Wnt/GSK3/B-catenin signaling path-
way, exerted antioxidant and pro-apoptotic effects, selectively in-
hibiting U87 cell proliferation without significant toxicity to nor-
mal BV2 microglial cells, providing a potential direction for the
treatment of glioblastoma (Fig. 17).

IL-33, a member of the IL-1 family, participates in anti-in-
flammatory responses to regulate immunity but can also pro-
mote inflammatory reactions, exhibiting a dual role. Upon tissue
damage, IL-33 is rapidly released into the extracellular space as a
damage-associated molecular pattern (DAMP) and binds to its re-
ceptor ST2, ultimately driving the expression of specific cy-
tokines and chemokines '*. In a high-fat diet combined with
streptozotocin (HFD/STZ)-induced type 2 diabetes mellitus
(T2DM) rat model, calycosin inhibited the activation of the IL-
33/ST2 signaling pathway, thereby inhibiting NF-kB p65 nuclear
translocation, reducing the levels of TGF-f, TNF-a, IL-1fB, and
MDA, and alleviating renal fibrosis "*° (Fig. 18).

5.11. Cross-talk network of signaling pathways

As the core active component of Astragalus membranaceus,
calycosin exerts its biological effects through cross-talk among
multiple signaling pathways rather than regulation of a single
pathway, forming a synergistic network tailored to different dis-
eases (Table 1). Mechanistically, the crosstalk among core path-
ways is mainly reflected in three categories. First, the antioxid-
ant-anti-inflammatory synergy between NF-«kB and Nrf2. For ex-
ample, in parasitic meningitis or diabetic nephropathy, calycosin
induces HO-1 to scavenge ROS, while Nrf2 directly binds to NF-kB
p65 to inhibit its nuclear translocation, thereby dually alleviating
inflammatory and oxidative damage. Second, the proliferation-
apoptosis balance between PI3K/AKT and MAPK. For instance, in
colorectal cancer, inhibition of PI3K/AKT reduces ERK1/2 phos-
phorylation, and in osteosarcoma, inhibition of PI3K/AKT en-
hances p38-mediated apoptosis, both jointly achieving antitumor
effects. Third, the co-inhibition of fibrosis and inflammation by
TGF-B/Smad and NF-kB. For example, in renal fibrosis or myocar-
dial fibrosis, calycosin simultaneously inhibits TGF-1/Smad-me-
diated collagen deposition and NF-kB-mediated inflammation, re-
lieving tissue damage. This crosstalk exhibits disease adaptabil-
ity: in inflammatory diseases, a multi-pathway antagonistic net-
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Fig. 17 Calycosin regulates the Wnt/(-catenin signaling pathway. APC: Antigen-
presenting cell; CKla: Cyclin dependent kinase inhibitor a; GSK-3p: Glycogen syn-
thase kinase-3f; TCF/LEF: T cell factor/lymphoid enhancer factor family; c-Myc:
Myelocytomatosis viral oncogene homolog.
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Fig. 18 Calycosin regulates the IL-33/ST2 signaling pathway. IL-33: Interleukin-
33; IL-6: interleukin- 6; IL-8: interleukin- 8; TGF-B: Transforming growth factor-f3;
TNF-a: Tumour necrosis factor a; NF-kB: Nuclear Factor Kappa-B.

work centered on NF-kB is formed (e.g., dual antagonism of NF-
kB by AMPK and ROS-NLRP3 in sepsis-induced ALI); in tumors, a
dynamic balance network is formed through bidirectional regula-
tion of PI3K/AKT and MAPK (e.g., synergistic pro-apoptosis by
NF-kB and ERK1/2 in liver cancer, and balance of ERK1/2-in-
duced metastasis risk by PI3K/AKT in pancreatic cancer); in
fibrotic diseases, a multi-pathway blocking network centered on
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Table 1 Biological effects of Calycosin via multiple pathways.
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Signaling pathway Subjects Dosage

Administration method Mechanism of action References

NF-kB signaling pathway Mice 25,50 mg-kg™

RAW 264.7 Macrophages 5, 12.5, 25, 50 umol-L™

i.g. IkBa, p651; IL-1B, IL-6 32
Calycosin was pretreated for 2 h, then
LPS (1 pg-mL™) was added for co-

culture
L.g.; Pretreated with Calycosin for 6 h,

IkBat, p65LiNOS, COX-21; NO, PGE2! 33

Mice; 0.4,2,10 mg-kg™;
HaCaT cells 1,10 pmol-L™
Mice; 25,50 mg-kg™;
A549 cells 1,5, 10, 20 pmol-L™
Mice 25,50 mg-kg™
Mice; B
PBMC lC'(;HP 1 50 mgg
s/THP- 10 pmol-L™"
macrophages
Mice 30 mg-kg™
Mice; 10 mg-kg™; 0.01-10
mTEC cells pmol-L™
Mice; 25,50 mg-kg ™
A549 cells 1,5, 10, 20 pmol-L™
Mice 10, 25, 50, 75 mg-kg ™"

HepG2, Hep3B, and Huh7
cells
Nude mice;
143B cells
Nude mice;
143B cells
PI3K/AKT signaling
pathway

Mice; HCT116, SW480 cells

Nude mice;
MG-63, U2-0S cells

U251, U87 cells

Mice;
MLE-12 cells

HEK293T, U251, U81 cells 12.5, 25, 50, 100 pmol-L™

Rat

CP-H096 cells

MAPK signaling pathway Rat
HT29, Caco2 cells

143B cells

Mice; MIA PaCa-2, PANC1 15,30 mg-kg’; 25, 50, 100,

cells; Pan02 cells

GMCs cells

Rat;

STATS3 signaling pathway FER el
cells

Mice;
HIC2 cells

Primary rat spinal
astrocytes

LX-2 cells

Rat

1,3, 10, 30,100 pmol-L™

0, 30, 60, 120 mg-kg™;
60, 120, 180 mmol-L™
30, 60, 120 mg-kg;
60,120, 180 umol-L™";
20, 40, 60 mg-kg™;
0,50, 100, 200 pmol-L™";
2,4,8mgkg™;
0,25, 50, 100 pmol-L™;
0, 25, 50, 100, 200, 400,
800 pmol-L™
7,14 mg-kg™;

10, 20, 40, 60, 80 pmol-L™*

50 mg-kg™
1,5, 10, 20 pmol-L™*
20 mg-kg™
3.125-200 pmol-L™"

0-160 pg-mL™*

200 pmol-L™";

0.1,1,10 pmol-L™"

7.5,15, 30 mg-kg™
1-120 pg-mL™*

30 mg-kg™;
1 pmol-L™

5,10, 20 umol-L™

25-200 pmol-L™

40,80 mg-kg™

and then co-cultured with LPS (10 TSLP, IL-33!; occludin; ZO-17 34
ugmL™)
ip;
The cells were pretreated with TNF-a, IL-64; 35
Calycosin for 1 h, and then co-cultured HMGB1, p-p65!
with LPS (1 pg-mL™)
ip. IL-1B, IL-6; p65, IxBal; p38 MAPKL 36
ip;
The cells were pretreated with TNF-a, IL-61; AIM2, caspase-1!; p- a8
Calycosin for 1 h, and then co-cultured p65, p-IkBal; p62-KeaplT
with MSU (0.2 mg-mL™)
ip. p65, IL-18, TNF-al 40
ip;
Pretreated with Calycosin for 2 h, and )
_1 IkBa, p654; TNF-a, IL-1BL 42
then added AGEs (50 pg-mL™) for co-
culture
ip;
The cells were pretreated with
. NF-kB, p65!; TNF-a, IL-6, HMGB1l 43
Calycosin for 1h and then co-cultured
with LPS (1 pg-mL™)
i.p. TNF-a, IL-61; Nrf2/SOD17T 45
. o Bax, caspase-31; TGF-B1/SMAD2/3/
Add Calycosin for cultivation . . 46
SLUG/Vimentin!l; p21/p277
ip; Bcl-2, PARP!; caspase-3T; miR-223, 47
Add Calycosin for cultivation NF-xBp65, IkBal
ip; MMP2, PCNA, IkBa, ECT2J; MMP2, 18
Add Calycosin for cultivation IkBa, ECT2, IL-61
ip.;
e o ErB, PTENT; p-AKT/AKT!; Bcl-21 54
Add Calycosin for cultivation
ip; p-PI3K, p-AKT, p-mTOR!; cleaved =
0, 25, 50, 100 pmol-L; caspase-3T ’
. L MMP9, p-AKT!; c-Met, Dtk, Lyn, 56
Add Calycosin for cultivation
PYK2l 57
ig,; AKT, GSK3, B-catenin!; E-cadherinT; cq
Add Calycosin for cultivation vimentin, a-SMA, fibronectinl
Add Calycosin for cultivation Nrf2, HO-1, SODT; ROS! 59
i.p. SOD, GSHT; MDA, NO, ROS, LDH{ 60
The cells were pretreated with
Calycosin for 24 h, and then co- TNF-a, IL-61; PI3K, AKT, Fox01l 61
cultured with IL-18 (10 ng-mL™)
ip. pERK/ERKT 71
. L p-ERK1/2!; E-cadherin®; N-cadherin,
Add Calycosin for cultivation § i 72
Vimentinl; ERK1/21
. o Bax, Cleaved-caspase-3/9 , PARPT;
Add Calycosin for cultivation p38-MAPKT; Bel-2. 73
ip.; MMP-2, MMP-9T; Snail, CD31, 75
Add Calycosin for cultivation CD206T; TGF-B1/Raf/MEK/ERKT ;
} p-ERK1/2, LC3, Beclin-11; p621;
Add Calycosin and Ang II for co-culture BaxT, Bel-24 76
ig;
After 4 h of OGD and 24 h of STAT3, FOX03a, LC3II/LC31; 82
reperfusion, Calycosin was added at SQSTM1T1; STAT3/FOX03al
the time of reperfusion
i.v.; Calycosin pretreatment was added
IL-10, p-JAK2, p-STAT3? 83
before OGD/R treatment
Calycosin was pretreated and then
B IL-6, p-JAK2, p-STAT3, p-AKT,
H,0, (100 pmol-L™") was added for co- 84
GP130!
culture
The cells were pretreated with
; ) a-SMA, Col-I, TIMP-14;
Calycosin, and then co-cultured with 85
G MMP-11; p-STAT3L
TGF-B1 (10 ng-mL™)
ig. STAT3, integrin f1/NF-kBl 86
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Continued
Signaling pathway Subjects Dosage Administration method Mechanism of action References
The cells were treated with Calycosin
AMPK signaling pathway A7r5 cells 0,5,10,20 pmol-L™"  for 24 hours and then cultured in -GP AMPK/mTORT; RUNX2, BMP2, OPN{ 92
(10 mmol-L™") medium
M 25 mgkg Cal
ice; ip; i treat t
ice 0,1,10,50, 100,500, 1000 P bacosin pretreatmentwas P65, IL-6, IL-81 93
Beas-2B cells 4 followed by PM2.5 co-culture
umol-L™;
Primary osteoblasts of rats 693 ng~mg’1 Join Calycosin for co-cultivation ALP, Runx2, Sparc? 94
ip;
15 mg'kg%; The cells were pretreated with AMPK, LC3A/B, ATG7!; SKP2T;
Rat; C2C12 cells 1 . . 95
7.5 ug-mL Calycosin and then co-cultured with CARM1, H3R17me2al
TNF-a (40 ng'-mL™)
Mice 50 mg-kg™ ig. AMPK, eNOST; TNF-al 96
o ) BATF!
TGF-B1/Smad signaling T47D, MCF-7 cells 0,25, 50, 100 pmol-L™! ) ) HE o E-cadherint; N-cadherin, Vimentin, 101
pathway Join Calycosin for co-cultivation CD147, MMP-2, MMP-94
The cells were pretreated with TGF-B1 I
CCD-18Co cells 12.5, 25, 50 pmol-L™ BO L) e e aforedmin Coo L Gl TEH, pinesl, o
. p-Smad3, Smad4!; Smad71
Calycosin
Mice; 25,50 mg~kg’1; ig;
-1 . . L CDK2, CDK4, PCNA!; TGFBRIL 103
CFs cells 10, 20, 40 pmol-L Join Calycosin for co-cultivation
Mice; 200 pg-mL; iv.; TGF-B1, Smad2/Smad3!; TNF-a, o
MSCs, PTECs cells 200 p.g~mL’1 Join Calycosin for co-cultivation TNFR1{
. . 5 10 ! . NLRP3, IL-1p, Caspase-1, p65,
NLRP3 signaling pathway Rat , 10 mg-kg ig. TXNIPL 110
. ig; IL-1p, IL-18, BNP, LDH, CRP, MCP-1,
Mice; 50 mg-kg ; .
5 10.20 pemL Calycosin was pre-treated and then ROS, MDAL; NLRP3/caspase- 111
H9¢2 cells -10.20pg DOX was added for co-culture 1/GSDMDY; SOD, GSH-Px, ATPT
Mice; 125.25,50mgkg e d and then LPS NLRP3, ASC, C 1IL-1B, 1180 112
_ alycosin was pretreated and then s , Caspase-1, IL-16, IL-
BMDMs cells 2.5, 5,10 pmol-L™ Y p P B
and ATP were added to co-culture
EGFR signali h Mice; ATDCS chond >0 mg~kg’1; Lg; COX-2, MMP-9!; Col-2, Sox-9T 119
signaling pathwa ice; chondrocytes _ -2, -91; Col-2, Sox-
s g pathway 4 0, 16, 32, 64 pmol-L ! Join Calycosin for co-cultivation x
X 16.25, 32.5, 65, 130 Lg,;
Mice; Hacat cells = . . o EGFR/PI3K/AktT 120
umol-L Join Calycosin for co-cultivation
; : -1 . . - IL-6, IL-8, Cleaved caspase-3, Cleaved
HIF signaling pathway ARPE-19 cells 1, 5,10 pmol-L Join Calycosin for co-cultivation 124
PARP!; HIF-1a/NF-kB!
Mice, Nude mice; 1
40 mg-kg; . . . L HIF-1a/VEGF!; Bax, Cleaved caspase-
NCI-A549, NCI-H1299, 1 i.p.; Join Calycosin for co-cultivation 125
25 pmol-L 37
Lewis cells
HEK293T, B ) ) o
0.1-10 pmol-L Join Calycosin for co-cultivation HIF-1a, EPOT 126
HepG2 cells
NT2/D1, PC12 cells 0.1-30 pmol-L™" Join Calycosin for co-cultivation HIF-1a, EPOT 127
Mice; >0 mg~kg’1; i.p.; Join Cal; in fo Itivati TSLP, IL-33; Occludin, CLDN1, ZO-1T 128
_ i.p.; Join Calycosin for co-cultivation , IL-33{; Occludin, ,Z0-
HaCaT cells 0.1,1, 10 pmol-L™* P v
. . SOD, TAC, Nrf2/HO-1, Bcl-2, HK-
Nrf2/HO-1 signaling . - . i
th Mice 14 mg-kg ig. 2,Beclin1, PINK1, LC3-II, LAMP1, 132
athwa
1 v TFEBT; Bax, p62, legumainl
SOD, CAT, GSH, Bax/Bcl-2, Caspase-9,
Wnt/B-catenin signalin, o
/8 N U87 cells 1-100 pgmL™ Join Calycosin for co-cultivation Caspase-3T; ROS, p-GSK3p(Ser9), - 134
pathway q
catenin, c-Mycl
TGF-B/Smad is formed (e.g., co-inhibition of EMT and collagen Based on published studies utilizing HPLC-MS/MS, UHPLC-

synthesis by PI3K/AKT, MAPK, and Nrf2 in pulmonary fibrosis).
Moreover, the overall regulation presents characteristics of tar-
get orientation (e.g., EGFR as a common upstream of PI3K/AKT
and MAPK to achieve bidirectional regulation), pathological ad-
aptability (e.g., HIF-1a is inhibited in hypoxic injury but activated
in hematopoietic regulation), and effect synergy (e.g., synergy of
PI3K/AKT and Nrf2 in neuroprotection during spinal cord injury,
and synergy of multiple MAPK subtypes in inducing apoptosis in
gastric cancer). These features define its multi-pathway mechan-
ism of action and provide a theoretical foundation for clinical
translation. Future studies should further clarify the details of
molecular interactions and regulatory thresholds (Table 2).

6. Pharmacokinetics (PK) of calycosin

Calycosin, a major active component of Astragalus mem-
branaceus, exhibits a wide range of pharmacological activities.
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MS/MS, and LC-MS/MS, this section systematically reviews the
absorption, distribution, metabolism, and excretion (ADME)
characteristics of calycosin. It analyzes its pharmacokinetic differ-
ences under various formulations, pathological states, and drug
combinations, and discusses the regulatory roles of sulfotrans-
ferases and transporters on its in vivo processes, providing a ref-
erence for its clinical application and formulation optimization.

6.1. Absorption and first-pass effect

The absorption of calycosin is closely related to its precursor
form. When administered orally as calycosin-7-0-f-D-glucoside,
it requires deglycosylation by intestinal glycosidases to calycosin
for effective absorption. In vitro studies showed that the intestin-
al permeability of calycosin was significantly higher than that of
calycosin-7-0-f-D-glucoside, with an apparent permeability coef-
ficient (Papp) of approximately 3.5 x 10-5 cm/s, 20-40 times
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that of the glucoside (about 1 x 10 cm/s). This is attributed to
the absence of the glucose moiety and higher lipophilicity of ca-
lycosin *’. Studies using Caco-2 cells to investigate the absorp-
tion and transport characteristics of calycosin and its glucoside
found that both are primarily absorbed via passive diffusion, and
the absorption process is not affected by inhibitors of multidrug
and toxin extrusion (MATE) proteins such as P-glycoprotein (P-
gp) and multidrug resistance-associated protein 2 (MRP2) '**. In
Huanggqi Chifeng Decoction (HQCF), calycosin exhibited a double-
peak absorption profile in rat plasma after oral administration.
The first peak time (Tp,,,) was 1.5 h, likely related to direct intest-
inal absorption; the second absorption peak might originate from
enterohepatic circulation. In contrast, the Tmax of its precursor,
calycosin-7-0-B-D-glucoside, in Fangji Huangqi Decoction was
0.35 h, suggesting that excipients or other components in differ-
ent formulations may affect the absorption rate *’. Compared to
normal rats, the area under the curve (AUC,.,, AUC,_.,) and half-
life (T, ;) of calycosin were significantly increased in pulmonary
fibrosis (PF) rats after oral administration of Fei Kang Fu mixture
(a Chinese herbal formula containing calycosin 124.4 pg-g™'), in-
dicating that the PF state might enhance the absorption of calyc-
osin '*. Furthermore, using an in situ single-pass intestinal perfu-
sion model in rats, it was found that within the concentration
range of 5-20 ug-mL™", the effective permeability coefficient and
absorption rate constant of calycosin gradually decreased with
increasing concentration in various intestinal segments, showing
self-concentration inhibition. This suggests possible involvement
of active transport mechanisms. Its absorption was better in the
colon than in the duodenum, jejunum, and ileum, indicating that
the colon is one of its primary absorption sites. Combined with
Caco-2 cell model studies, the ratio of apparent permeability
coefficients for low, medium, and high concentrations of calycos-
in was 1.38 < 1.5, indicating that its absorption is primarily via
passive transport, with a contribution from active transport
mechanisms .

The hepatic first-pass effect is a key factor leading to low sys-
temic exposure of calycosin. After oral administration of calycos-
in-7-0-B-D-glucoside to rats, the peak concentration (C,,,) of ca-
lycosin in portal vein plasma was 2563.0 + 487.6 ng-mL™", signi-
ficantly higher than that in systemic circulation plasma (34.8 +
2.0 ng-mL™), with a hepatic extraction ratio (ER) as high as
98.5%. This phenomenon is related to highly expressed metabol-
ic enzymes in the liver, such as sulfotransferases (SULT1A1 and
SULT1B1), which rapidly catalyze calycosin into sulfate conjug-
ates, reducing its transfer into the systemic circulation. In con-
trast, calycosin-7-0-B-D-glucoside has a weaker hepatic first-pass
effect (ER = 0.3%), as it is less recognized by hepatic metabolic
enzymes and enters the systemic circulation more in its proto-
type form; however, it ultimately still requires conversion to ca-
lycosin to exert activity ***.

6.2. Distribution characteristics

Calycosin exhibits specific tissue distribution in vivo. After

Table 2 Example table of cross-talk between key pathways regulated by calycosin.
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oral administration of calycosin-7-0-3-D-glucoside to rats, calyc-
osin was only detected in enriched amounts in the liver, kidneys,
and heart. The highest concentration was in the liver (Cp . =
8514.7 + 332.1 ng-g™'), which was 212.1 times the plasma con-
centration; concentrations in the kidneys and heart were 30.5
times and 4.7 times the plasma concentration, respectively '*.
This distribution pattern is consistent with its pharmacological
target organs; for example, its hepatoprotective effect might be
directly related to its high accumulation in the liver. After oral ad-
ministration of Zhenqi Fuzheng Capsules, the order of calycosin
(CA) tissue distribution concentration in rats was: spleen > heart
> thymus > lung > kidney > liver > stomach > testis '**. After oral
administration of Buzhong Yiqi Decoction concentrated granules,
the peak concentration of calycosin in rats appeared in the stom-
ach, liver, and kidneys at 30 minutes, and in the small and large
intestines at 3 hours '**. In a cerebral ischemia model, the distri-
bution of calycosin in brain tissue significantly increased (ap-
proximately 4.98 times that in normal rats), potentially related to
increased blood-brain barrier permeability and enhanced active
transport, providing an anatomical basis for its neuroprotective

effects **°.

6.3. Metabolism and excretion

The metabolism of calycosin is dominated by Phase II reac-
tions, primarily sulfation and glucuronidation. Mouse intestinal
perfusion models and pharmacokinetic studies demonstrated
that calycosin is metabolized to calycosin-3'-sulfate in the intest-
ine and liver, and sulfotransferase 1A1 (SULT1A1) and sulfo-
transferase 1B1 (SULT1B1) are primarily responsible for the
sulfation of calycosin "*°. Similarly, Yun et al. found that the main
metabolic reactions of calycosin are glucuronidation and sulfa-
tion ', Sulfotransferases (SULT1A1 and SULT1B1) are key en-
zymes for sulfation, with SULT1A1 exhibiting the highest catalyt-
ic efficiency (V. = 11.01 + 3.27 nmol-min "-mg™"), generating ca-
lycosin-3'-sulfate (C-3'-S). This metabolite is the main form in
vivo, accounting for over 80% of the total exposure in plasma.
Glucuronidation is mediated by UGT1A9 and UGT1A1, generat-
ing glucuronic acid conjugates. However, under HQCF combina-
tion, the proportion of sulfated metabolites was significantly
higher than that of glucuronidated products, suggesting that oth-
er components may regulate metabolic enzyme selectivity "*’.
Studies using rat liver microsomes showed that calycosin is
primarily metabolized in the liver, involving Phase I and Phase II
reactions. The Phase I metabolic rate was 9.41%, and the Phase II
metabolic rate was 20.58%, indicating Phase II metabolism is
dominant. In Phase II metabolism, it serves as a common sub-
strate for UGT1A1, UGT1A3, UGT1A6, UGT1A9, and UGT2B7,
generating conjugates through reactions like glucuronidation "*'.
Gut microbiota can hydrolyze calycosin glucoside to calycosin,
which is further metabolized to daidzein and formononetin; in
primary hepatocytes, hydrolysis and glucuronidation primarily
occur, generating corresponding conjugates, verifying key steps
of in vivo metabolism **°.

Pathway combination Cross-talk mechanism

Involved disease model Biological effect

Nrf2 eliminates ROS through HO-1 and
directly binds to NF-kB p65 to inhibit its
nuclear translocation
PI3K/AKT inhibition can weaken ERK1/2
phosphorylation and dual inhibit tumor
proliferation
PI3K/AKT inhibition reduces the expression
of Bcl-2 and enhances the apoptotic effect
mediated by p38
Calycosin simultaneously inhibited TGF-B1/
Smad-mediated fibrosis and NF-kB mediated
inflammation

NF-xB + Nrf2

PI3K/AKT + MAPK(ERK1/2)

PI3K/AKT + MAPK(p38)

TGF-B/Smad + NF-kB

Parasitic meningitis, diabetic nephropathy

Colorectal cancer (HCT116 cell)

Synergistically inhibit inflammation and
oxidative stress to protect tissue damage

Inhibit cell proliferation and EMT, and reduce
the risk of tumor metastasis

143B cell Synergistically induce apoptosis of tumor cells

Reduce collagen deposition and inflammatory

Renal fibrosis model S . . L
! infiltration in the renal interstitium
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The excretion of calycosin metabolites is regulated by the
breast cancer resistance protein (BCRP). The MDCKII/BCRP cell
model showed that BCRP overexpression increased the apical ex-
cretion of C-3'-S by 14-fold; whereas the BCRP inhibitor Ko143
reduced excretion by 2-fold. In Berpl™”™ mice, the AUC,, of
plasma C-3'-S increased 40-fold compared to wild-type, and in-
testinal excretion decreased by 82.6%-98.2%, confirming BCRP
is a key transporter for intestinal excretion. Biliary excretion is
also an important route; the concentration of C-3'-S in rat bile
was significantly higher than in plasma, but the cerebral ischem-
ic state had no significant effect on biliary excretion '*’. Other
studies have shown that after oral administration of Astragalus
extract to rats, the plasma concentration of calycosin was consist-
ently below the lower limit of quantification. This might be re-
lated to partial excretion of calycosin from intestinal epithelial
cells back into the intestinal lumen via transporters, leading to
cycling between intestinal epithelial cells and the gastrointestin-
al tract tract ',

In summary, calycosin has low oral bioavailability but high
exposure in target organs (e.g., heart and kidneys), which may be
related to the targeted distribution of its metabolites. Further-
more, calycosin glucoside can act as a prodrug, being converted
to calycosin in vivo after oral administration, increasing its expos-
ure in plasma and tissues, and providing the material basis for its
efficacy. The pharmacokinetic characteristics of calycosin are as
follows: absorption depends on the deglycosylation of calycosin-7-
0-B-D-glucoside, with a significant hepatic first-pass effect; tissue
distribution is organ-specific, with significant enrichment in the
liver and kidneys; metabolism is dominated by sulfation; excre-
tion is regulated by BCRP; and its in vivo processes are signific-
antly influenced by formulation compatibility and pathological
state (Table 3).

At present, it has been confirmed that calycosin’s sulfated
metabolites (such as C-3'-S) are the main form present in vivo
(accounting for over 80% of total plasma exposure). However, re-
search on the direct pharmacological activity (such as anti-in-
flammatory, antioxidant, anti-fibrotic effects) of these metabol-
ites is still in the preliminary stage. There is insufficient experi-
mental data to confirm whether they have biological effects simil-
ar to or unique to the parent drug, nor is it clear whether they are
inactive terminal metabolites. Subsequent research should focus
on the pharmacological activity of calycosin’s sulfated and
glucuronidated metabolites, clarify their synergistic or independ-
ent effects with the parent drug, and provide experimental basis
for comprehensively explaining the in vivo basis of calycosin’s
true pharmacologically active substances and optimizing clinical
administration regimens.

7. Safety evaluation of calycosin

In recent years, as the application prospects of calycosin in
disease treatment and prevention have attracted increasing at-
tention, comprehensive and systematic evaluation of its safety
profile has become particularly important. This section reviews
the relevant content on the safety of calycosin, aiming to provide
a reference for its further research and application.

Table 3 Identified metabolites of calycosin and key characteristics.
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Multiple studies have investigated the cytotoxicity of calycos-
in using various cell-based assays. In studies on human bronchial
epithelial cells (BEAS-2B), calycosin applied at concentrations of
1,10, 50, and 100 umol-L™ for 24-72 h showed no significant ef-
fect on cell absorbance (a measure of cell viability), and cell sur-
vival rates did not markedly decrease. However, when the con-
centration reached 500 pmol-L™" and 1000 pmol-L™, absorbance
significantly decreased, indicating that calycosin exerted cytotox-
ic effects on BEAS-2B cells at these high concentrations 93. In hu-
man renal cortical proximal tubule epithelial cells (HK-2), treat-
ment with different concentrations of calycosin (0, 10, 20, 40, 60,
and 80 pmol-L™") for 24 h, assessed by CCK-8 assay and LDH
activity measurement, revealed no toxic effects on HK-2 cells *’.
Research has shown that, while exerting pharmacological effects,
calycosin has minimal impact on normal cells and tissues. In the
normal cervical epithelial cell line Ectl/E6E7, calycosin at con-
centrations of 10, 20, 30, and 40 pmol-L™ for 48 h showed no sig-
nificant effects on cell viability or LDH release, with only a slight
upregulation of miR-375 expression observed at 50 pmol-L™" "',
In normal brain tissue of animals, calycosin alleviated neuronal
damage induced by advanced glycation end products (AGEs) and
showed no significant adverse effects on normal brain tissue.
These findings suggest that calycosin, while acting on diseased
cells and tissues, causes minimal damage to normal cells and tis-
sues, indicating a certain degree of targeting and safety *>. Over-
all, calycosin exhibits no significant toxicity toward various cell
types within a certain concentration range (typically 1-100
umol-L™"). However, cytotoxicity may occur at excessively high
concentrations (e.g., 500 umol-L™" and above), and this toxic ef-
fect appears to be cell type-specific.

Based on existing research, calycosin demonstrates a favor-
able safety profile in various cell types and experimental animals
at appropriate concentrations and doses, with no significant tox-
ic reactions and minimal impact on normal cells and tissues. Its
safety is closely related to the specificity of its mechanism of ac-
tion, allowing it to exert pharmacological effects while reducing
interference with normal physiological processes. However, cur-
rent research on the safety of calycosin still has some limitations.
For example, there is a relative lack of safety data concerning
long-term, high-dose use, differences among various animal spe-
cies, and insufficient data from human clinical trials. Future stud-
ies should further expand the scope of research, conducting long-
term toxicity tests, teratogenicity and carcinogenicity studies,
and human clinical trials, to evaluate the safety of calycosin more
comprehensively and accurately, thereby providing a more solid
theoretical basis for its clinical application.

8. Conclusion and prospects

Calycosin, as a core active component of Astragalus mem-
branaceus, has been extensively studied across multiple dimen-
sions, ranging from its isolation and purification to its potential
for clinical application. In terms of isolation and purification, the
combined use of various techniques (such as flash extraction
coupled with macroporous adsorption resin enrichment, and the
combination of silica gel column chromatography with high-

Metabolite name Metabolic reaction Catalyzing enzyme (s) Experimental model for identification Reference
. . Gut Microbiota / Intestinal . .
Calycosin (Aglycone) Hydrolysis Glycosidases In vivo (Rat), In vitro 137,148
Calycosin-3'-Sulfate (C-3'-S) Sulfation SULT1A1, SULT1B1 finvitee (0%, Lows), MP GNP GNimodeh, 5100 5105 107

Calycosin glucuronide(s) Glucuronidation

Daidzein Degradation/further metabolism

Formononetin Degradation/further metabolism

UGT1A1, UGT1A3, UGT1A6,
UGT1A9, UGT2B7

Gut Microbiota

Gut Microbiota

Recombinant enzyme assay

Rat liver microsomes, Recombinant enzyme assay 139, 141, 147
In vitro (Gut microbiota incubation) 148

In vitro (Gut microbiota incubation) 148
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speed counter-current chromatography) has enabled its efficient
preparation, providing the material foundation for pharmacolo-
gical research. The elucidation of its biosynthetic pathways (in-
cluding the phenylpropanoid pathway in planta, the chemical
“one-pot” method in vitro, and the construction of microbial cell
factories) offers diverse strategies for large-scale production.
Structural derivatization, particularly through modifications at
the 7- and 3'-hydroxyl groups, has significantly improved its solu-
bility and activities such as antitumor efficacy. Investigations in-
to its pharmacological mechanisms have revealed that calycosin
exerts multi-pathway and low-toxicity effects in diseases such as
inflammation, cancer, and neural injury by modulating multiple
signaling pathways, including NF-«kB, PI3K/AKT, and MAPK.
Pharmacokinetic studies indicate that its oral bioavailability is
regulated by first-pass effects and metabolic enzymes, and its tis-
sue distribution is organ-specific. Safety evaluations have shown
low toxicity at therapeutic concentrations, indicating potential
advantages for clinical use.

Despite significant progress in calycosin research, its clinical
translation faces multiple scientific and technical bottlenecks,
specifically:

(1) Insufficient depth of mechanistic understanding. Al-
though current studies confirm its regulation of multiple signal-
ing pathways, the crosstalk mechanisms between these path-
ways (e.g., the synergy between NF-kB and Nrf2 in anti-inflam-
mation, and the interaction between PI3K/AKT and MAPK in can-
cer) remain unclear. Furthermore, the cell specificity of certain
effects (e.g., AMPK activation in vascular calcification versus its
inhibition in skeletal muscle atrophy) lacks molecular-level ex-
planations, hindering the precise design of targeted intervention
strategies. Future research should integrate technologies such as
single-cell sequencing and protein interactomics to map dynamic
“disease-pathway-target” regulatory networks and identify core
effector molecules. (2) Pharmacokinetic characteristics limiting
clinical application. Its oral bioavailability is low (a hepatic first-
pass effect leads to an extraction ratio of up to 98.5%), its meta-
bolism is dominated by sulfation (sulfate metabolites account for
over 80% in plasma), and the activity of these metabolites is un-
known. Concurrently, the mechanisms underlying the influence
of pathological states (e.g., pulmonary fibrosis) on its absorption
and distribution have not been elucidated, making it difficult to
formulate individualized dosing regimens. There is a need to de-
velop novel delivery systems (e.g., nanocarriers targeting the en-
terohepatic circulation) and to utilize metabolomics to track act-
ive metabolites, establishing PK-PD models that account for the
synergistic effects of the “parent compound-metabolites”. (3)
Disconnect between preclinical research and clinical needs. Exist-
ing studies are predominantly based on in vitro cell or animal
models, and data from human clinical trials are lacking. The syn-
ergistic effects of calycosin within Astragalus complex formula-
tions (e.g., regulation of metabolic enzymes by other compon-
ents) and the safety of long-term, high-dose use (e.g., potential ef-
fects on the endocrine system) have not been evaluated.
Moreover, the dose-response relationship in different diseases
(e.g., the threshold difference between antitumor efficacy and
cytotoxicity to normal cells) is unclear, limiting the precision of
clinical medication. Future work should involve efficacy assess-
ments using patient-derived organoids and the design of early-
stage clinical trials to explore dose-response curves. (4) Industri-
al technological bottlenecks restricting material supply. Current
isolation and purification techniques suffer from high organic
solvent consumption and cumbersome processes (e.g., complex
solvent system selection for HSCCC). Although microbial synthes-
is has achieved a glycoside yield of 10.5 g-L™", the efficient syn-
thesis of the calycosin monomer remains unattained. There is a
pressing need to develop green separation technologies (e.g., mo-
lecularly imprinted polymer adsorption) and high-yield engin-
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eered strains (optimizing metabolic pathways through synthetic
biology) to reduce production costs and improve product purity.

In conclusion, future research should focus on achieving
breakthroughs across the entire chain of “mechanistic elucida-
tion - formulation optimization - clinical validation”. Interdiscip-
linary approaches (integrating chemical biology, pharmaceutical
engineering, etc.) are essential to propel calycosin from the labor-
atory to the clinic, thereby providing a paradigm for the modern
development of natural medicines.

Funding

This work was supported by the Outstanding Doctoral Stu-
dent Project of Gansu Province (No. 25]JRRA258).

Declaration of Competing Interests
The authors declare no conflicts of interests.

References

1 Chen Z, Liu L, Gao C, et al. Astragali Radix (Huanggqi): a promising edible
immunomodulatory herbal medicine. ] Ethnopharmacol. 2020;258:112895.
https://doi.org/10.1016/j.jep.2020.112895

2 ShiY, Shi X, Zhao M, et al. Pharmacological potential of Astragali Radix for
the treatment of kidney diseases. Phytomedicine. 2024;123:155196. https:/
/doi.org/10.1016/j.phymed.2023.155196.

3 YuRY, Zhao WC, Yang ZY, et al. Research progress on the anti-inflammatory
effects of calycosin. Chin Tradit Herb Drugs. 2025;56(6):2238-2248. https:/
/doi.org/CNKI:SUN:ZCY0.0.2025-06-032

4 Dai YT, Zhang XY, Wang YX, et al. Modern research progress of Astragalus
membranaceus and predictive analysis of its quality markers. China ] Chin
Mater Med. 2022;47(7):1754-1764. https://doi.org/10.19540/j.cnki.cjcmm.
20211213.201.

5 Zhang Y, Chen Z, Chen L, et al. Astragali Radix (Huanggi): a time-honored
nourishing herbal medicine. Chin Med. 2024;19(1):119. https://doi.org/10.
1186/s13020-024-00977-z

6 Ye], Huang Y, Jiang X, et al. Research on the interaction of astragaloside IV
and calycosin in Astragalus membranaceus with HMGB1. Chin Med. 2023;18
(1):81. https://doi.org/10.1186/s13020-023-00789-7.

7 Chang Y, Li Z, Wang M, et al. Calycosin inhibits porcine reproductive and
respiratory syndrome virus replication and activates RIG-1/IRF3 signaling
pathway. Front Vet Sci. 2025;12:1674259.

8 Lu XQ, Qin S, Li J. Radical scavenging capability and mechanism of three
isoflavonoids extracted from Radix Astragali: a theoretical study. Molecules.
2023;28(13):5039. https://doi.org/10.3390/molecules28135039.

9 Wang XZ, Zhang XY, Mou Y, et al. Research progress on the antitumor

effects and mechanisms of calycosin. Chin | Exp Tradit Med Form. 2021;27

(23):210-217. https://doi.org/10.13422 /j.cnki.syfjx.20212321.

Cui W, Yang L, Zhang L, et al. Rapid quantitative analysis of 19 bioactive

components in Fangji Huangqi Decoction based on UHPLC-MS/MS. |

Chromatogr Sci. 2023;61(9):852-862. https://doi.org/10.1093/chromsci/

bmac085.

11 Chen YR. Study on the flash extraction process and fingerprint of Astragalus
polysaccharides, saponins, flavonoids, Lycium barbarum polysaccharides,
and Polygonatum sibiricum polysaccharides. Wuhan: Huazhong University
of Science and Technology; 2011.

12 Pan C, Wang H, Shan H, et al. Preparative isolation and purification of
calycosin and formononetin from Astragali Radix using hydrolytic
extraction combined with high speed countercurrent chromatography. J
Chromatogr Sci. 2021;59(5):412-418. https://doi.org/10.1093/chromsci/
bmab021.

13 Niu HZ. Extraction, separation, and in vitro activity of isoflavones from

legume plants Cicer arietinum and Glycine max. Changchun: Changchun

Normal University; 2022. https://doi.org/10.27709/d.cnki.gccsf.2022.

000290

Chen CY. Enrichment, separation, purification, and antioxidant activity of

calycosin and formononetin from Astragalus membranaceus. Harbin:

Northeast Forestry University; 2012.

15 Zhang P, Wu N, Song ZJ, et al. Optimization of macroporous resin

purification process for calycosin from Astragalus membranaceus by

response surface methodology. Sci Technol Food Ind. 2021;42(10):209-214.
https://doi.org/10.13386/j.issn1002-0306.2020110048.

Wang X, Tang SA, Duan HQ. Study on the flavonoid chemical constituents of

Astragalus membranaceus. ] Tianjin Med Univ. 2016;22(5):409-411. https://

doi.org/10.20135/j.issn.1006-8147.2016.05.012.

17 Ma XF, Tu PF, Chen Y], et al. Separation and purification of formononetin

and calycosin from Astragalus membranaceus by high-speed counter-

current chromatography. Chin ] Chromatogr. 2005;23(3):299-301. https://
doi.org/CNKI:SUN:SPZZ.0.2005-03-023

Zhang YZ, Xu F, Liang ], et al. Study on the isoflavone chemical constituents

of Astragalus membranaceus var. mongholicus. Chin | Chin Mater Med.

2012;37(21):3243-3248. https://doi.org/CNKI:SUN:ZGZY.0.2012-21-021

19 Hao Y. Biosynthetic pathway analysis of isoflavonoids in Astragalus

10

14

16

18


https://doi.org/https://doi.org/10.1016/j.jep.2020.112895
https://doi.org/10.1016/j.phymed.2023.155196
https://doi.org/10.1016/j.phymed.2023.155196
https://doi.org/10.1016/j.phymed.2023.155196
https://doi.org/10.19540/j.cnki.cjcmm.20211213.201
https://doi.org/10.19540/j.cnki.cjcmm.20211213.201
https://doi.org/10.19540/j.cnki.cjcmm.20211213.201
https://doi.org/https://doi.org/10.1186/s13020-024-00977-z
https://doi.org/https://doi.org/10.1186/s13020-024-00977-z
https://doi.org/https://doi.org/10.1186/s13020-024-00977-z
https://doi.org/https://doi.org/10.1186/s13020-024-00977-z
https://doi.org/https://doi.org/10.1186/s13020-024-00977-z
https://doi.org/https://doi.org/10.1186/s13020-024-00977-z
https://doi.org/https://doi.org/10.1186/s13020-024-00977-z
https://doi.org/https://doi.org/10.1186/s13020-024-00977-z
https://doi.org/10.1186/s13020-023-00789-7
https://doi.org/10.1186/s13020-023-00789-7
https://doi.org/10.1186/s13020-023-00789-7
https://doi.org/10.1186/s13020-023-00789-7
https://doi.org/10.1186/s13020-023-00789-7
https://doi.org/10.1186/s13020-023-00789-7
https://doi.org/10.1186/s13020-023-00789-7
https://doi.org/10.1186/s13020-023-00789-7
https://doi.org/10.3390/molecules28135039
https://doi.org/10.3390/molecules28135039
https://doi.org/10.13422/j.cnki.syfjx.20212321
https://doi.org/10.13422/j.cnki.syfjx.20212321
https://doi.org/10.1093/chromsci/bmac085
https://doi.org/10.1093/chromsci/bmac085
https://doi.org/10.1093/chromsci/bmac085
https://doi.org/10.1093/chromsci/bmab021
https://doi.org/10.1093/chromsci/bmab021
https://doi.org/10.1093/chromsci/bmab021
https://doi.org/https://doi.org/10.27709/d.cnki.gccsf.2022.000290
https://doi.org/https://doi.org/10.27709/d.cnki.gccsf.2022.000290
https://doi.org/10.13386/j.issn1002-0306.2020110048
https://doi.org/10.13386/j.issn1002-0306.2020110048
https://doi.org/10.13386/j.issn1002-0306.2020110048
https://doi.org/10.20135/j.issn.1006-8147.2016.05.012
https://doi.org/10.20135/j.issn.1006-8147.2016.05.012
https://doi.org/10.20135/j.issn.1006-8147.2016.05.012
https://doi.org/10.20135/j.issn.1006-8147.2016.05.012
https://doi.org/10.20135/j.issn.1006-8147.2016.05.012

K. Liang et al.

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

membranaceus. Jinan: Shandong University; 2024. https://doi.org/10.
27272/d.cnki.gshdu.2024.003872

Xu X]. Effects of LED light on the growth of Astragalus membranaceus hairy
roots and the biosynthesis of formononetin and calycosin. Harbin:
Northeast Forestry University; 2022. https://doi.org/10.27009/d.cnki.
gdblu.2022.001133

Jin HY, Yu Y, Quan XL, Wu SQ. Promising strategy for improving calycosin-7-
0-B-D-glucoside production in Astragalus membranaceus adventitious root
cultures. Ind Crops Prod. 2019;141:111792. https://doi.org/10.1016/j.
indcrop.2019.111792.

Gai QY, Jiao ], Wang X, et al. Chitosan promoting formononetin and
calycosin accumulation in Astragalus membranaceus hairy root cultures via
mitogen-activated protein kinase signaling cascades. Sci Rep. 2019;9(1):
10367. https://doi.org/10.1038/s41598-019-46820-6.

Fu XW, Wang X, Pu WC, et al. Synthesis and antitumor activity of calycosin
and its derivatives. Chin J Synth Chem. 2015;23(3):223-226. https://doi.org
/10.15952/j.cnki.cjsc.1005-1511.2015.03.0223.

Hu Y, Min ], Qu Y, et al. Biocatalytic synthesis of calycosin-7-0-B-D-
glucoside with uridine diphosphate-glucose regeneration system. Catalysts.
2020;10(2):258. https://doi.org/10.3390/catal10020258.

Yang FH. Synthesis of calycosin derivatives and their anti-ovarian cancer
activity. Guilin: Guilin Medical University; 2023. https://doi.org/10.27806/
d.cnki.gglyx.2023.000109

Yin F, Zhang X, Li Y, et al. In silico analysis reveals the core targets and
mechanisms of CA028, a new derivative of calycosin, in the treatment of
colorectal cancer. Intell Med. 2022;2(3):127-133. https://doi.org/10.1016/j.
imed.2022.03.002

Wei W. Study on the anti-breast cancer activity of calycosin derivative H10.
Guilin: Guilin Medical University; 2023. https://doi.org/10.27806/d.cnki.
gglyx.2023.000072

Alaaeldin R, Eisa YA, El-Rehany MA, Fathy M. Vincamine alleviates
intrahepatic cholestasis in rats through modulation of NF-kB/PDGF/KLF6/
PPARy and PI3K/Akt pathways. Naunyn Schmiedebergs Arch Pharmacol.
2024;397(10):7981-7994. https://doi.org/10.1007/s00210-024-03119-2.
Lawrence BD, Infanger DW. Effect of silk fibroin protein hydrolysis on
biochemistry, gelation kinetics, and NF-kB bioactivity in vitro. Int ] Biol
Macromol. 2024;272(Pt 1):132702. https://doi.org/10.1016/j.ijbiomac.
2024.132702

Zhang L, He ], Zhao W, et al. CD2AP promotes the progression of
glioblastoma multiforme via TRIM5-mediated NF-kB signaling. Cell Death
Dis. 2024;15(10):722. https://doi.org/10.1038/s41419-024-07094-7.

Liu F, Zhao Y, Pei Y, Lian F, Lin H. Role of the NF-«B signalling pathway in
heterotopic ossification: biological and therapeutic significance. Cell
Commun Signal. 2024;22(1):159. https://doi.org/10.1186/s12964-024-
01533-w.

Chao L, Zheng P, Xia L, et al. Calycosin attenuates dextran sulfate sodium
(DSS)-induced experimental colitis. [ran ] Basic Med Sci. 2017;20(9):1056-
1062. https://doi.org/10.22038/1/BMS.2017.9276.

Dong L, Yin L, Chen R, et al. Anti-inflammatory effect of calycosin glycoside
on lipopolysaccharide-induced inflammatory responses in RAW 264. 7 cells.
Gene. 2018;675:94-101. https://doi.org/10.1016/j.gene.2018.06.057.

Tao Y, Wang Y, Wang X, et al. Calycosin suppresses epithelial derived
initiative key factors and maintains epithelial barrier in allergic
inflammation via TLR4-mediated NF-kB pathway. Cell Physiol Biochem.
2017;44(3):1106-1119. https://doi.org/10.1159/000485416.

Fortson BL, Abu-El-Haija M, Mahalingam N, et al. Pancreas volumes in
pediatric patients following index acute pancreatitis and acute recurrent
pancreatitis. Pancreatology. 2024;24(1):1-5. https://doi.org/10.1016 /j.pan.
2023.10.025.

Ma R, Yuan F, Wang S, et al. Calycosin alleviates cerulein-induced acute
pancreatitis by inhibiting the inflammatory response and oxidative stress
via the p38 MAPK and NF-kB signal pathways in mice. Biomed
Pharmacother. 2018;105:599-605. https://doi.org/10.1016/j.biopha.2018.
05.080.

Herdiana Y, Wardhana YW, Kurniawansyah IS, et al. Current status of gout
arthritis: current approaches to gout arthritis treatment: nanoparticles
delivery systems approach. Pharmaceutics. 2025;17(1):102. https://doi.org
/10.3390/pharmaceutics17010102.

Tian J, Zhou D, Xiang L, et al. Calycosin represses AIM2 inflammasome-
mediated inflammation and pyroptosis to attenuate monosodium urate-
induced gouty arthritis through NF-xB and p62-Keap1 pathways. Drug Dev
Res. 2022;83(7):1654-1672. https://doi.org/10.1002/ddr.21985.

Wu LL, Shi WD, Peng WF, Li GY. Unraveling the interplay between
meningitis and mitochondria: etiology, pathogenesis, and therapeutic
insights. Int Inmunopharmacol. 2025;147:113985. https://doi.org/10.1016
/jintimp.2024.113985.

Lu CY, Chen KM, Kuo WW, et al. Calycosin attenuates Angiostrongylus
cantonensis-induced parasitic meningitis through modulation of HO-1 and
NF-kB activation. Parasitology. 2023;150(4):311-320. https://doi.org/10.
1017/50031182022001408.

Hu H, Ding G, Liang W. Dietary therapy to halt the progression of diabetes
to diabetic kidney disease. Food Funct. 2025;16(7):2622-2636. https://doi.
org/10.1039/d4fo06011c.

Zhang YY, Tan RZ, Zhang XQ, et al. Calycosin ameliorates diabetes-induced
renal inflammation via the NF-xB pathway in vitro and in vivo. Med Sci
Monit. 2019;25:1671-1678. https://doi.org/10.12659/MSM.915242.

Zhu CJ, Yang WG, Li DJ, et al. Calycosin attenuates severe acute pancreatitis-
associated acute lung injury by curtailing high mobility group box 1-
induced inflammation. World ] Gastroenterol. 2021;27(44):7669-7686.
https://doi.org/10.3748/wijg.v27.i44.7669.

Sahu M, Jain U. Activation, interaction and intimation of Nrf2 pathway and
their mutational studies causing Nrf2 associated cancer. Biochim Biophys

693

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

Chinese Journal of Natural Medicines 24 (2026) 672-695

Acta Mol Basis Dis. 2025;1871(5):167764. https://doi.org/10.1016/j.bbadis.
2025.167764.

Chen C, Cui J, Ji X, et al. Neuroprotective functions of calycosin against
intracerebral hemorrhage-induced oxidative stress and neuroinflammation.
Future Med Chem. 2020;12(7):583-592. https://doi.org/10.4155 /fmc-2019-
0311.

Liu Y, Piao XJ, Xu WT, et al. Calycosin induces mitochondrial-dependent
apoptosis and cell cycle arrest, and inhibits cell migration through a ROS-
mediated signaling pathway in HepG2 hepatocellular carcinoma cells.
Toxicol In Vitro. 2021;70:105052. https://doi.org/10.1016/j.tiv.2020.
105052.

Qiu R, Li X, Qin K, et al. Antimetastatic effects of calycosin on osteosarcoma
and the underlying mechanism. Biofactors. 2019;45(6):975-982. https://
doi.org/10.1002/biof.1545.

Qiu R, Ma G, Li X, et al. Clinical case report of patients with osteosarcoma
and anticancer benefit of calycosin against human osteosarcoma cells. J Cell
Biochem. 2019;120(6):10697-10706. https://doi.org/10.1002/jcb.28360.
Morimoto A, Takasugi N, Pan Y, et al. Methyl vinyl ketone and its analogs
covalently modify PI3K and alter physiological functions by inhibiting PI3K
signaling. J Biol Chem. 2024;300(3):105679. https://doi.org/10.1016/j.jbc.
2024.105679.

Abdelilah-Seyfried S, Ola R. Shear stress and pathophysiological PI3K
involvement in vascular malformations. J Clin Invest. 2024;134(10):
€172843. https://doi.org/10.1172/]C1172843.

Pan |, Yao Q, Wang Y, et al. The role of PI3K signaling pathway in
Alzheimer’s disease. Front Aging Neurosci. 2024;16:1459025. https://doi.
org/10.3389/fnagi.2024.1459025.

Blaustein M, Piegari E, Martinez Calejman C, et al. Akt is S-palmitoylated: a
new layer of regulation for Akt. Front Cell Dev Biol. 2021;9:626404. https://
doi.org/10.3389/fcell.2021.626404.

Harris JW, de Oliveira Simdes FA, Ryerson EN, et al. Live-cell NanoBRET
assay to measure AKT inhibitor binding to conformational states of AKT.
ACS Chem Biol. 2025;20(7):1635-1645. https://doi.org/10.1021/
acschembio.5c00213.

Zhu L, Liu S, Liao YF, et al. Calycosin suppresses colorectal cancer
progression by targeting ERB, upregulating PTEN, and inhibiting PI3K/Akt
signal pathway. Cell Biol Int. 2022;46(9):1367-1377. https://doi.org/10.
1002 /cbin.11840.

Sun H, Yin M, Qian W, et al. Calycosin, a phytoestrogen isoflavone, induces
apoptosis of estrogen receptor-positive MG-63 osteosarcoma cells via the
phosphatidylinositol 3-kinase (PI3K)/AKT/mammalian target of rapamycin
(mTOR) pathway. Med Sci Monit. 2018;24:6178-6186. https://doi.org/10.
12659/MSM.910201.

Nie X, Zhou Y, Li X, et al. Calycosin down-regulates c-Met to suppress
development of glioblastomas. J Biosci. 2019;44(4):96. https://doi.org/10.
1007/s12038-019-9904-4.

Wang Q, Lu W, Yin T, Lu L. Correction to: calycosin suppresses TGF-§-
induced epithelial-to-mesenchymal transition and migration by
upregulating BATF2 to target PAI-1 via the Wnt and PI3K/Akt signaling
pathways in colorectal cancer cells. Exp Clin Cancer Res. 2019;38(1):288.
https://doi.org/10.1186/s13046-019-1298-5.

Liu X, Shao Y, Zhang X, et al. Calycosin attenuates pulmonary fibrosis by the
epithelial-mesenchymal transition repression upon inhibiting the AKT/
GSK3p/B-catenin signaling pathway. Acta Histochem. 2021;123(5):151746.
https://doi.org/10.1016/j.acthis.2021.151746.

Lu CY, Day CH, Kuo CH, et al. Calycosin alleviates H,0,-induced astrocyte
injury by restricting oxidative stress through the Akt/Nrf2/HO-1 signaling
pathway. Environ Toxicol. 2022;37(4):858-867. https://doi.org/10.1002/
tox.23449.

Li M, Huan Y, Jiang T, et al. Rehabilitation training enhanced the therapeutic
effect of calycosin on neurological function recovery of rats following spinal
cord injury. ] Chem Neuroanat. 2024;136:102384. https://doi.org/10.1016/
jjchemneu.2023.102384.

Guo X, Pan X, Wu ], et al. Calycosin prevents IL-1f3-induced articular
chondrocyte damage in osteoarthritis through regulating the PI3K/AKT/
FoxO1 pathway. In Vitro Cell Dev Biol Anim. 2022;58(6):491-502. https://
doi.org/10.1007/s11626-022-00694-7.

Cao M, Day AM, Galler M, et al. A peroxiredoxin-P38 MAPK scaffold
increases MAPK activity by MAP3K-independent mechanisms. Mol Cell.
2023;83(17):3140-3154.e7. https://doi.org/10.1016/j.molcel.2023.07.018.
Kciuk M, Gieleciniska A, Budzinska A, et al. Metastasis and MAPK pathways.
Int ] Mol Sci. 2022;23(7):3847. https://doi.org/10.3390/ijms23073847.
Usta D, Sigaud R, Buhl JL, et al. A cell-based MAPK reporter assay reveals
synergistic MAPK pathway activity suppression by MAPK inhibitor
combination in BRAF-driven pediatric low-grade glioma cells. Mol Cancer
Ther.2020;19(8):1736-1750. https://doi.org/10.1158/1535-7163.MCT-19-
1021.

Ayatollahi Z, Kazanaviciute V, Shubchynskyy V, et al. Dual control of MAPK
activities by AP2C1 and MKP1 MAPK phosphatases regulates defence
responses in Arabidopsis. ] Exp Bot. 2022;73(8):2369-2384. https://doi.org
/10.1093/jxb/erac018.

Ma H, Chen ], Zhang Z, et al. MAPK kinase 10. 2 promotes disease resistance
and drought tolerance by activating different MAPKSs in rice. Plant ]. 2017;92
(4):557-570. https://doi.org/10.1111/tpj.13674.

Li M, Cui L, Feng X, et al. Losmapimod protected epileptic rats from
hippocampal neuron damage through inhibition of the MAPK pathway.
Front Pharmacol. 2019;10:625. https://doi.org/10.3389 /fphar.2019.00625.
Chen X, Lv Q, Ma ], Liu Y. PLCy2 promotes apoptosis while inhibits
proliferation in rat hepatocytes through PKCD/JNK MAPK and PKCD/p38
MAPK signalling. Cell Prolif. 2018;51(3):e12437. https://doi.org/10.1111/
cpr.12437.

Ye G, Lin C, Zhang Y, et al. Quercetin alleviates neuropathic pain in the rat


https://doi.org/https://doi.org/10.27272/d.cnki.gshdu.2024.003872
https://doi.org/https://doi.org/10.27272/d.cnki.gshdu.2024.003872
https://doi.org/https://doi.org/10.27009/d.cnki.gdblu.2022.001133
https://doi.org/https://doi.org/10.27009/d.cnki.gdblu.2022.001133
https://doi.org/10.1016/j.indcrop.2019.111792
https://doi.org/10.1016/j.indcrop.2019.111792
https://doi.org/10.1016/j.indcrop.2019.111792
https://doi.org/10.1038/s41598-019-46820-6
https://doi.org/10.1038/s41598-019-46820-6
https://doi.org/10.1038/s41598-019-46820-6
https://doi.org/10.1038/s41598-019-46820-6
https://doi.org/10.1038/s41598-019-46820-6
https://doi.org/10.1038/s41598-019-46820-6
https://doi.org/10.1038/s41598-019-46820-6
https://doi.org/10.1038/s41598-019-46820-6
https://doi.org/10.15952/j.cnki.cjsc.1005-1511.2015.03.0223
https://doi.org/10.15952/j.cnki.cjsc.1005-1511.2015.03.0223
https://doi.org/10.15952/j.cnki.cjsc.1005-1511.2015.03.0223
https://doi.org/10.15952/j.cnki.cjsc.1005-1511.2015.03.0223
https://doi.org/10.15952/j.cnki.cjsc.1005-1511.2015.03.0223
https://doi.org/10.3390/catal10020258
https://doi.org/10.3390/catal10020258
https://doi.org/https://doi.org/10.27806/d.cnki.gglyx.2023.000109
https://doi.org/https://doi.org/10.27806/d.cnki.gglyx.2023.000109
https://doi.org/https://doi.org/10.1016/j.imed.2022.03.002
https://doi.org/https://doi.org/10.1016/j.imed.2022.03.002
https://doi.org/https://doi.org/10.27806/d.cnki.gglyx.2023.000072
https://doi.org/https://doi.org/10.27806/d.cnki.gglyx.2023.000072
https://doi.org/10.1007/s00210-024-03119-2
https://doi.org/10.1007/s00210-024-03119-2
https://doi.org/10.1007/s00210-024-03119-2
https://doi.org/10.1007/s00210-024-03119-2
https://doi.org/10.1007/s00210-024-03119-2
https://doi.org/10.1007/s00210-024-03119-2
https://doi.org/10.1007/s00210-024-03119-2
https://doi.org/10.1007/s00210-024-03119-2
https://doi.org/https://doi.org/10.1016/j.ijbiomac.2024.132702
https://doi.org/https://doi.org/10.1016/j.ijbiomac.2024.132702
https://doi.org/10.1038/s41419-024-07094-7
https://doi.org/10.1038/s41419-024-07094-7
https://doi.org/10.1038/s41419-024-07094-7
https://doi.org/10.1038/s41419-024-07094-7
https://doi.org/10.1038/s41419-024-07094-7
https://doi.org/10.1038/s41419-024-07094-7
https://doi.org/10.1038/s41419-024-07094-7
https://doi.org/10.1038/s41419-024-07094-7
https://doi.org/10.1186/s12964-024-01533-w
https://doi.org/10.1186/s12964-024-01533-w
https://doi.org/10.1186/s12964-024-01533-w
https://doi.org/10.1186/s12964-024-01533-w
https://doi.org/10.1186/s12964-024-01533-w
https://doi.org/10.1186/s12964-024-01533-w
https://doi.org/10.1186/s12964-024-01533-w
https://doi.org/10.1186/s12964-024-01533-w
https://doi.org/10.22038/IJBMS.2017.9276
https://doi.org/10.22038/IJBMS.2017.9276
https://doi.org/10.1016/j.gene.2018.06.057
https://doi.org/10.1016/j.gene.2018.06.057
https://doi.org/10.1159/000485416
https://doi.org/10.1159/000485416
https://doi.org/10.1016/j.pan.2023.10.025
https://doi.org/10.1016/j.pan.2023.10.025
https://doi.org/10.1016/j.pan.2023.10.025
https://doi.org/10.1016/j.biopha.2018.05.080
https://doi.org/10.1016/j.biopha.2018.05.080
https://doi.org/10.1016/j.biopha.2018.05.080
https://doi.org/10.3390/pharmaceutics17010102
https://doi.org/10.3390/pharmaceutics17010102
https://doi.org/10.3390/pharmaceutics17010102
https://doi.org/10.1002/ddr.21985
https://doi.org/10.1002/ddr.21985
https://doi.org/10.1016/j.intimp.2024.113985
https://doi.org/10.1016/j.intimp.2024.113985
https://doi.org/10.1016/j.intimp.2024.113985
https://doi.org/10.1017/S0031182022001408
https://doi.org/10.1017/S0031182022001408
https://doi.org/10.1017/S0031182022001408
https://doi.org/10.1039/d4fo06011c
https://doi.org/10.1039/d4fo06011c
https://doi.org/10.1039/d4fo06011c
https://doi.org/10.12659/MSM.915242
https://doi.org/10.12659/MSM.915242
https://doi.org/10.3748/wjg.v27.i44.7669
https://doi.org/10.1016/j.bbadis.2025.167764
https://doi.org/10.1016/j.bbadis.2025.167764
https://doi.org/10.1016/j.bbadis.2025.167764
https://doi.org/10.4155/fmc-2019-0311
https://doi.org/10.4155/fmc-2019-0311
https://doi.org/10.4155/fmc-2019-0311
https://doi.org/10.4155/fmc-2019-0311
https://doi.org/10.4155/fmc-2019-0311
https://doi.org/10.4155/fmc-2019-0311
https://doi.org/10.1016/j.tiv.2020.105052
https://doi.org/10.1016/j.tiv.2020.105052
https://doi.org/10.1016/j.tiv.2020.105052
https://doi.org/10.1002/biof.1545
https://doi.org/10.1002/biof.1545
https://doi.org/10.1002/biof.1545
https://doi.org/10.1002/jcb.28360
https://doi.org/10.1002/jcb.28360
https://doi.org/10.1016/j.jbc.2024.105679
https://doi.org/10.1016/j.jbc.2024.105679
https://doi.org/10.1016/j.jbc.2024.105679
https://doi.org/10.1172/JCI172843
https://doi.org/10.1172/JCI172843
https://doi.org/10.3389/fnagi.2024.1459025
https://doi.org/10.3389/fnagi.2024.1459025
https://doi.org/10.3389/fnagi.2024.1459025
https://doi.org/10.3389/fcell.2021.626404
https://doi.org/10.3389/fcell.2021.626404
https://doi.org/10.3389/fcell.2021.626404
https://doi.org/10.1021/acschembio.5c00213
https://doi.org/10.1021/acschembio.5c00213
https://doi.org/10.1021/acschembio.5c00213
https://doi.org/10.1002/cbin.11840
https://doi.org/10.1002/cbin.11840
https://doi.org/10.1002/cbin.11840
https://doi.org/10.12659/MSM.910201
https://doi.org/10.12659/MSM.910201
https://doi.org/10.12659/MSM.910201
https://doi.org/10.1007/s12038-019-9904-4
https://doi.org/10.1007/s12038-019-9904-4
https://doi.org/10.1007/s12038-019-9904-4
https://doi.org/10.1007/s12038-019-9904-4
https://doi.org/10.1007/s12038-019-9904-4
https://doi.org/10.1007/s12038-019-9904-4
https://doi.org/10.1007/s12038-019-9904-4
https://doi.org/10.1007/s12038-019-9904-4
https://doi.org/10.1007/s12038-019-9904-4
https://doi.org/10.1186/s13046-019-1298-5
https://doi.org/10.1186/s13046-019-1298-5
https://doi.org/10.1186/s13046-019-1298-5
https://doi.org/10.1186/s13046-019-1298-5
https://doi.org/10.1186/s13046-019-1298-5
https://doi.org/10.1186/s13046-019-1298-5
https://doi.org/10.1186/s13046-019-1298-5
https://doi.org/10.1016/j.acthis.2021.151746
https://doi.org/10.1002/tox.23449
https://doi.org/10.1002/tox.23449
https://doi.org/10.1002/tox.23449
https://doi.org/10.1016/j.jchemneu.2023.102384
https://doi.org/10.1016/j.jchemneu.2023.102384
https://doi.org/10.1016/j.jchemneu.2023.102384
https://doi.org/10.1007/s11626-022-00694-7
https://doi.org/10.1007/s11626-022-00694-7
https://doi.org/10.1007/s11626-022-00694-7
https://doi.org/10.1007/s11626-022-00694-7
https://doi.org/10.1007/s11626-022-00694-7
https://doi.org/10.1007/s11626-022-00694-7
https://doi.org/10.1007/s11626-022-00694-7
https://doi.org/10.1007/s11626-022-00694-7
https://doi.org/10.1007/s11626-022-00694-7
https://doi.org/10.1016/j.molcel.2023.07.018
https://doi.org/10.1016/j.molcel.2023.07.018
https://doi.org/10.3390/ijms23073847
https://doi.org/10.3390/ijms23073847
https://doi.org/10.1158/1535-7163.MCT-19-1021
https://doi.org/10.1158/1535-7163.MCT-19-1021
https://doi.org/10.1158/1535-7163.MCT-19-1021
https://doi.org/10.1158/1535-7163.MCT-19-1021
https://doi.org/10.1158/1535-7163.MCT-19-1021
https://doi.org/10.1158/1535-7163.MCT-19-1021
https://doi.org/10.1158/1535-7163.MCT-19-1021
https://doi.org/10.1158/1535-7163.MCT-19-1021
https://doi.org/10.1093/jxb/erac018
https://doi.org/10.1093/jxb/erac018
https://doi.org/10.1093/jxb/erac018
https://doi.org/10.1111/tpj.13674
https://doi.org/10.1111/tpj.13674
https://doi.org/10.3389/fphar.2019.00625
https://doi.org/10.3389/fphar.2019.00625
https://doi.org/10.1111/cpr.12437
https://doi.org/10.1111/cpr.12437
https://doi.org/10.1111/cpr.12437

K. Liang et al.

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

CCI model by mediating AMPK/MAPK pathway. ] Pain Res. 2021;14:1289-
1301. https://doi.org/10.2147 /JPR.S298727.

Wang C, Zhang S, Huang L, et al. Chemerin promotes MAPK/ERK activation
to induce inflammatory factor production in rat synoviocytes. Exp Ther Med.
2022;24(5):684. https://doi.org/10.3892/etm.2022.11620.

You S, Wang Y, Guo Y, et al. Activation of the ERK1/2 pathway mediates the
neuroprotective effect provided by calycosin treatment. Neurosci Lett.
2023;792:136956. https://doi.org/10.1016/j.neulet.2022.136956.

HuY, Zhai W, Tan D, et al. Uncovering the effects and molecular mechanism
of Astragalus membranaceus (Fisch.) Bunge and its bioactive ingredients
formononetin and calycosin against colon cancer: an integrated approach
based on network pharmacology analysis coupled with experimental
validation and molecular docking. Front Pharmacol. 2023;14:1111912.
https://doi.org/10.3389/fphar.2023.1111912

Tian W, Wang ZW, Yuan BM, et al. Calycosin induces apoptosis via p38-
MAPK pathway-mediated activation of the mitochondrial apoptotic
pathway in human osteosarcoma 143B cells. Mol Med Rep. 2020;22(5):
3962-3968. https://doi.org/10.3892/mmr.2020.11471.

Liu F, Pan Q, Wang L, et al. Anticancer targets and mechanisms of calycosin
to treat nasopharyngeal carcinoma. Biofactors. 2020;46(4):675-684. https:/
/doi.org/10.1002/biof.1639.

Zhang Z, Auyeung KK, Sze SC, et al. The dual roles of calycosin in growth
inhibition and metastatic progression during pancreatic cancer
development: a “TGF-f paradox”. Phytomedicine. 2020;68:153177. https://
doi.org/10.1016/j.phymed.2020.153177.

Ding X, Lv ], Luan ], et al. Calycosin may alleviate Ang Il-induced pro-
proliferative effects on glomerular mesangial cells by partially inhibiting
autophagy and ERK signaling pathway. Biol Pharm Bull. 2020;43(12):1893-
1898. https://doi.org/10.1248/bpb.b20-00520.

JiX, Hu Q, Yang C, et al. Exploring the therapeutic effect of Pen Yan Kang Fu
Decoction on SPID rats based on LIF/JAK2/STAT3 signaling pathway. AMB
Express. 2024;14(5):134. https://doi.org/10.1007 /s13205-024-03981-0.
Ciftel S, Mercantepe F, Mercantepe T, et al. Dexmedetomidine on the
interplay of IL-6 and STAT3 pathways in adrenal gland damage-induced
scalding burns in rats. Naunyn Schmiedebergs Arch Pharmacol. 2025;398(1):
641-655. https://doi.org/10.1007/s00210-024-03300-7.

Gan L, Geng L, Li Q, et al. Allicin ameliorated high-glucose peritoneal
dialysis solution-induced peritoneal fibrosis in rats via the JAK2/STAT3
signaling pathway. Cell Biochem Biophys. 2025;83(2):1847-1859. https://
doi.org/10.1007/s12013-024-01593-2.

Wang S, Taledaohan A, Tuohan M, et al. Jinmaitong alleviates diabetic
neuropathic pain by inhibiting JAK2/STAT3 signaling in microglia of
diabetic rats. ] Ethnopharmacol. 2024;333:118442. https://doi.org/10.1016
/jjep.2024.118442.

Xiao S, Zhang Y, Wang S, et al. The SYVN1 inhibits neuronal cell ferroptosis
by activating STAT3/GPX4 axis in rat with spinal cord injury. Cell Prolif.
2024;57(10):e13658. https://doi.org/10.1111/cpr.13658.

Xu S, Huang P, Yang ], et al. Calycosin alleviates cerebral ischemia/
reperfusion injury by repressing autophagy via STAT3/FOX03a signaling
pathway. Phytomedicine. 2023;115:154845. https://doi.org/10.1016/].
phymed.2023.154845.

Liu Y, Che G, Di Z, et al. Calycosin-7-0-3-D-glucoside attenuates myocardial
ischemia-reperfusion injury by activating JAK2/STAT3 signaling pathway
via the regulation of IL-10 secretion in mice. Mol Cell Biochem. 2020;463(1-
2):175-187. https://doi.org/10.1007/s11010-019-03639-z.

Song Y, Li X, Liu X, et al. Calycosin alleviates oxidative injury in spinal
astrocytes by regulating the GP130/JAK/STAT pathway. J Oleo Sci. 2022;71
(6):881-887. https://doi.org/10.5650/jos.ess21174.

Wang Y, Wu C, Zhou J, et al. Overexpression of estrogen receptor § inhibits
cellular functions of human hepatic stellate cells and promotes the anti-
fibrosis effect of calycosin via inhibiting STAT3 phosphorylation. BMC
Pharmacol Toxicol. 2022;23(1):77. https://doi.org/10.1186/s40360-022-
00617-y.

Li D, Zhao L, Li Y, et al. Gastro-protective effects of calycosin against
precancerous lesions of gastric carcinoma in rats. Drug Des Devel Ther.
2020;14:2207-2219. https://doi.org/10.2147 /DDDT.S247958.

Yan WJ, Wang DB, Ren DQ, et al. AMPKal overexpression improves
postoperative cognitive dysfunction in aged rats through AMPK-Sirt1 and
autophagy signaling. J Cell Biochem. 2019;120(7):11633-11641. https://doi.
org/10.1002/jcb.28443.

Zhang X, Ren X, Sun W, et al. PFOA exposure induces aberrant glucose and
lipid metabolism in the rat liver through the AMPK/mTOR pathway.
Toxicology. 2023;493:153551. https://doi.org/10.1016/j.tox.2023.153551.
Zhao JJ, Zhao B, Bai X, et al. Aucubin promotes activation of AMPK and
alleviates cerebral ischemia/reperfusion injury in rats. Cell Stress
Chaperones. 2023;28(6):801-809. https://doi.org/10.1007/s12192-023-
01372-7.

Tu Y, Gu L, Chen D, et al. Rhein inhibits autophagy in rat renal tubular cells
by regulation of AMPK/mTOR signaling. Sci Rep. 2017;7:43790. https://doi.
org/10.1038/srep43790.

Mohammed HM. Zingerone ameliorates non-alcoholic fatty liver disease in
rats by activating AMPK. ] Food Biochem. 2022;46(7):e14149. https://doi.
org/10.1111/jfbc.14149.

Zhou Z, Li Y, Jiang W, et al. Molecular mechanism of calycosin inhibited
vascular calcification. Nutrients. 2023;16(1):99. https://doi.org/10.3390/
nul6010099.

Li S, Qian R, Xie W, et al. AMPK regulates the anti-pulmonary fibrosis effects
of tracheloside. Chin J Nat Med. 2025;23(12):100005. https://doi.org/10.
1016/j.cjnm.2025.100005.

Gong AGW, Duan R, Wang HY, et al. Calycosin orchestrates osteogenesis of
Danggui Buxue Tang in cultured osteoblasts: evaluating the mechanism of
action by omics and chemical knock-out methodologies. Front Pharmacol.

694

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

Chinese Journal of Natural Medicines 24 (2026) 672-695

2018;9:36. https://doi.org/10.3389 /fphar.2018.00036.

Hu R, Wang MQ, Liu LY, et al. Calycosin inhibited autophagy and oxidative
stress in chronic kidney disease skeletal muscle atrophy by regulating
AMPK/SKP2/CARM1 signalling pathway. J Cell Mol Med. 2020;24(19):
11084-11099. https://doi.org/10.1111/jcmm.15514.

Han F, Li K, Pan R, et al. Calycosin directly improves perivascular adipose
tissue dysfunction by upregulating the adiponectin/AMPK/eNOS pathway
in obese mice. Food Funct. 2018;9(4):2409-2415. https://doi.org/10.1039/
c8fo00328a.

Peng D, Fu M, Wang M, et al. Targeting TGF-$ signal transduction for
fibrosis and cancer therapy. Mol Cancer. 2022;21(1):104. https://doi.org/
10.1186/s12943-022-01569-x.

Aashaq S, Batool A, Mir SA, et al. TGF-f signaling: a recap of SMAD-
independent and SMAD-dependent pathways. ] Cell Physiol. 2022;237(1):59-
85. https://doi.org/10.1002 /jcp.30529.

Wu M, Wu S, Chen W, et al. The roles and regulatory mechanisms of TGF-f
and BMP signaling in bone and cartilage development, homeostasis and
disease. Cell Res. 2024;34(2):101-123. https://doi.org/10.1038/s41422-
023-00918-9.

Lan XQ, Deng CJ], Wang QQ, et al. The role of TGF-f signaling in muscle
atrophy, sarcopenia and cancer cachexia. Gen Comp Endocrinol. 2024;353:
114513. https://doi.org/10.1016/j.ygcen.2024.114513.

Zhang Z, Lin M, Wang ], et al. Calycosin inhibits breast cancer cell migration
and invasion by suppressing EMT via BATF/TGF-B1. Aging (Albany NY).
2021;13(12):16009-16023. https://doi.org/10.18632 /aging.203093.

Liu ], Deng T, Wang Y, et al. Calycosin inhibits intestinal fibrosis on CCD-
18Co cells via modulating transforming growth factor-g/Smad signaling
pathway. Pharmacology. 2019;104(1-2):81-89. https://doi.org/10.1159/
000500186.

Chen G, Xu H, Xu T, et al. Calycosin reduces myocardial fibrosis and
improves cardiac function in post-myocardial infarction mice by
suppressing TGFBR1 signaling pathways. Phytomedicine. 2022;104:154277.
https://doi.org/10.1016/j.phymed.2022.154277.

Hu Q, Zhu B, Yang G, et al. Calycosin pretreatment enhanced the therapeutic
efficacy of mesenchymal stem cells to alleviate unilateral ureteral
obstruction-induced renal fibrosis by inhibiting necroptosis. ] Pharmacol
Sci. 2023;151(2):72-83. https://doi.org/10.1016/j.jphs.2022.12.001.

Vande Walle L, Lamkanfi M. Drugging the NLRP3 inflammasome: from
signalling mechanisms to therapeutic targets. Nat Rev Drug Discov. 2024;23
(1):43-66. https://doi.org/10.1038/s41573-023-00822-2.

Kodi T, Sankhe R, Gopinathan A, et al. New insights on NLRP3
inflammasome: mechanisms of activation, inhibition, and epigenetic
regulation. / Neuroimmune Pharmacol. 2024;19(1):7. https://doi.org/10.
1007/s11481-024-10101-5.

Ren W, Sun Y, Zhao L, et al. NLRP3 inflammasome and its role in
autoimmune diseases: a promising therapeutic target. Biomed
Pharmacother. 2024;175:116679. https://doi.org/10.1016/j.biopha.2024.
116679.

Hashim N, Babiker R, Mohammed R, et al. NLRP3 inflammasome in
autoinflammatory diseases and periodontitis advance in the management. J
Pharm Bioallied Sci. 2024;16(Suppl 2):51110-S1119. https://doi.org/10.
4103/jpbs.jpbs_1118_23

Jin ], Zhang M. Exploring the role of NLRP3 inflammasome in diabetic
nephropathy and the advancements in herbal therapeutics. Front
Endocrinol. 2024;15:1397301. https://doi.org/10.3389 /fendo.2024.
1397301.

Yosri H, El-Kashef DH, El-Sherbiny M, et al. Calycosin modulates NLRP3 and
TXNIP-mediated pyroptotic signaling and attenuates diabetic nephropathy
progression in diabetic rats: an insight. Biomed Pharmacother. 2022;155:
113758. https://doi.org/10.1016/j.biopha.2022.113758.

Zhang L, Fan C, Jiao HC, et al. Calycosin alleviates doxorubicin-induced
cardiotoxicity and pyroptosis by inhibiting NLRP3 inflammasome
activation. Oxid Med Cell Longev. 2022;2022:1733834. https://doi.org/10.
1155/2022/1733834.

Xia Y, Cao Y, Sun Y, et al. Calycosin alleviates sepsis-induced acute lung
injury by the inhibition of mitochondrial ROS-mediated inflammasome
activation. Front Pharmacol. 2021;12:690549. https://doi.org/10.3389/
fphar.2021.690549.

Zhang Q, Yang C, Ma S, et al. Shiwei Qingwen decoction regulates TLR4/NF-
kB signaling pathway and NLRP3 inflammasome to reduce inflammatory
response in lipopolysaccharide-induced acute lung injury. J
Ethnopharmacol. 2023;313:116615. https://doi.org/10.1016/j.jep.2023.
116615.

Yuan Y, Liu H, Meng Q. The cardioprotective effects and mechanisms of
Astragalus-safflower herb pairs on coronary heart disease identified by
network pharmacology and experimental verification. Front Biosci. 2023;28
(5):94. https://doi.org/10.31083/.fb12805094.

Borgeaud M, Parikh K, Banna GL, et al. Unveiling the landscape of
uncommon EGFR mutations in NSCLC: a systematic review. ] Thorac Oncol.
2024;19(7):973-983. https://doi.org/10.1016/j.jth0.2024.03.016.

Leonetti A, Sharma S, Minari R, et al. Resistance mechanisms to osimertinib
in EGFR-mutated non-small cell lung cancer. Br ] Cancer. 2019;121(9):725-
737. https://doi.org/10.1038/s41416-019-0573-8.

Zhou ], Ji Q, Li Q. Resistance to anti-EGFR therapies in metastatic colorectal
cancer: underlying mechanisms and reversal strategies. Exp Clin Cancer Res.
2021;40(1):328. https://doi.org/10.1186/s13046-021-02130-2.

Liang K, Ta Y, Xu L, et al. Trans-sodium crocetinate ameliorates high-
altitude acute lung injury via modulating EGFR/PI3K/AKT/NF-kB signaling
axis. Nutrients. 2025;17(15):2406. https://doi.org/10.3390/nu17152406.
Su H, Yan Q, Du W, et al. Calycosin ameliorates osteoarthritis by regulating
the imbalance between chondrocyte synthesis and catabolism. BMC
Complement Med Ther. 2024;24(1):48. https://doi.org/10.1186/s12906-


https://doi.org/10.2147/JPR.S298727
https://doi.org/10.2147/JPR.S298727
https://doi.org/10.3892/etm.2022.11620
https://doi.org/10.3892/etm.2022.11620
https://doi.org/10.1016/j.neulet.2022.136956
https://doi.org/10.1016/j.neulet.2022.136956
https://doi.org/https://doi.org/10.3389/fphar.2023.1111912
https://doi.org/10.3892/mmr.2020.11471
https://doi.org/10.3892/mmr.2020.11471
https://doi.org/10.1002/biof.1639
https://doi.org/10.1002/biof.1639
https://doi.org/10.1002/biof.1639
https://doi.org/10.1016/j.phymed.2020.153177
https://doi.org/10.1016/j.phymed.2020.153177
https://doi.org/10.1016/j.phymed.2020.153177
https://doi.org/10.1248/bpb.b20-00520
https://doi.org/10.1248/bpb.b20-00520
https://doi.org/10.1248/bpb.b20-00520
https://doi.org/10.1248/bpb.b20-00520
https://doi.org/10.1007/s13205-024-03981-0
https://doi.org/10.1007/s13205-024-03981-0
https://doi.org/10.1007/s13205-024-03981-0
https://doi.org/10.1007/s13205-024-03981-0
https://doi.org/10.1007/s13205-024-03981-0
https://doi.org/10.1007/s13205-024-03981-0
https://doi.org/10.1007/s13205-024-03981-0
https://doi.org/10.1007/s13205-024-03981-0
https://doi.org/10.1007/s00210-024-03300-7
https://doi.org/10.1007/s00210-024-03300-7
https://doi.org/10.1007/s00210-024-03300-7
https://doi.org/10.1007/s00210-024-03300-7
https://doi.org/10.1007/s00210-024-03300-7
https://doi.org/10.1007/s00210-024-03300-7
https://doi.org/10.1007/s00210-024-03300-7
https://doi.org/10.1007/s00210-024-03300-7
https://doi.org/10.1007/s12013-024-01593-2
https://doi.org/10.1007/s12013-024-01593-2
https://doi.org/10.1007/s12013-024-01593-2
https://doi.org/10.1007/s12013-024-01593-2
https://doi.org/10.1007/s12013-024-01593-2
https://doi.org/10.1007/s12013-024-01593-2
https://doi.org/10.1007/s12013-024-01593-2
https://doi.org/10.1007/s12013-024-01593-2
https://doi.org/10.1007/s12013-024-01593-2
https://doi.org/10.1016/j.jep.2024.118442
https://doi.org/10.1016/j.jep.2024.118442
https://doi.org/10.1016/j.jep.2024.118442
https://doi.org/10.1111/cpr.13658
https://doi.org/10.1111/cpr.13658
https://doi.org/10.1016/j.phymed.2023.154845
https://doi.org/10.1016/j.phymed.2023.154845
https://doi.org/10.1016/j.phymed.2023.154845
https://doi.org/10.1007/s11010-019-03639-z
https://doi.org/10.1007/s11010-019-03639-z
https://doi.org/10.1007/s11010-019-03639-z
https://doi.org/10.1007/s11010-019-03639-z
https://doi.org/10.1007/s11010-019-03639-z
https://doi.org/10.1007/s11010-019-03639-z
https://doi.org/10.1007/s11010-019-03639-z
https://doi.org/10.1007/s11010-019-03639-z
https://doi.org/10.5650/jos.ess21174
https://doi.org/10.5650/jos.ess21174
https://doi.org/10.1186/s40360-022-00617-y
https://doi.org/10.1186/s40360-022-00617-y
https://doi.org/10.1186/s40360-022-00617-y
https://doi.org/10.1186/s40360-022-00617-y
https://doi.org/10.1186/s40360-022-00617-y
https://doi.org/10.1186/s40360-022-00617-y
https://doi.org/10.1186/s40360-022-00617-y
https://doi.org/10.1186/s40360-022-00617-y
https://doi.org/10.2147/DDDT.S247958
https://doi.org/10.2147/DDDT.S247958
https://doi.org/10.1002/jcb.28443
https://doi.org/10.1002/jcb.28443
https://doi.org/10.1002/jcb.28443
https://doi.org/10.1016/j.tox.2023.153551
https://doi.org/10.1016/j.tox.2023.153551
https://doi.org/10.1007/s12192-023-01372-7
https://doi.org/10.1007/s12192-023-01372-7
https://doi.org/10.1007/s12192-023-01372-7
https://doi.org/10.1007/s12192-023-01372-7
https://doi.org/10.1007/s12192-023-01372-7
https://doi.org/10.1007/s12192-023-01372-7
https://doi.org/10.1007/s12192-023-01372-7
https://doi.org/10.1007/s12192-023-01372-7
https://doi.org/10.1038/srep43790
https://doi.org/10.1038/srep43790
https://doi.org/10.1038/srep43790
https://doi.org/10.1111/jfbc.14149
https://doi.org/10.1111/jfbc.14149
https://doi.org/10.1111/jfbc.14149
https://doi.org/10.3390/nu16010099
https://doi.org/10.3390/nu16010099
https://doi.org/10.3390/nu16010099
https://doi.org/10.1016/j.cjnm.2025.100005
https://doi.org/10.1016/j.cjnm.2025.100005
https://doi.org/10.1016/j.cjnm.2025.100005
https://doi.org/10.3389/fphar.2018.00036
https://doi.org/10.3389/fphar.2018.00036
https://doi.org/10.1111/jcmm.15514
https://doi.org/10.1111/jcmm.15514
https://doi.org/10.1039/c8fo00328a
https://doi.org/10.1039/c8fo00328a
https://doi.org/10.1039/c8fo00328a
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1186/s12943-022-01569-x
https://doi.org/10.1002/jcp.30529
https://doi.org/10.1002/jcp.30529
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1038/s41422-023-00918-9
https://doi.org/10.1016/j.ygcen.2024.114513
https://doi.org/10.1016/j.ygcen.2024.114513
https://doi.org/10.18632/aging.203093
https://doi.org/10.18632/aging.203093
https://doi.org/10.1159/000500186
https://doi.org/10.1159/000500186
https://doi.org/10.1159/000500186
https://doi.org/10.1016/j.phymed.2022.154277
https://doi.org/10.1016/j.jphs.2022.12.001
https://doi.org/10.1016/j.jphs.2022.12.001
https://doi.org/10.1038/s41573-023-00822-2
https://doi.org/10.1038/s41573-023-00822-2
https://doi.org/10.1038/s41573-023-00822-2
https://doi.org/10.1038/s41573-023-00822-2
https://doi.org/10.1038/s41573-023-00822-2
https://doi.org/10.1038/s41573-023-00822-2
https://doi.org/10.1038/s41573-023-00822-2
https://doi.org/10.1038/s41573-023-00822-2
https://doi.org/10.1007/s11481-024-10101-5
https://doi.org/10.1007/s11481-024-10101-5
https://doi.org/10.1007/s11481-024-10101-5
https://doi.org/10.1007/s11481-024-10101-5
https://doi.org/10.1007/s11481-024-10101-5
https://doi.org/10.1007/s11481-024-10101-5
https://doi.org/10.1007/s11481-024-10101-5
https://doi.org/10.1007/s11481-024-10101-5
https://doi.org/10.1007/s11481-024-10101-5
https://doi.org/10.1016/j.biopha.2024.116679
https://doi.org/10.1016/j.biopha.2024.116679
https://doi.org/10.1016/j.biopha.2024.116679
https://doi.org/https://doi.org/10.4103/jpbs.jpbs_1118_23
https://doi.org/https://doi.org/10.4103/jpbs.jpbs_1118_23
https://doi.org/10.3389/fendo.2024.1397301
https://doi.org/10.3389/fendo.2024.1397301
https://doi.org/10.3389/fendo.2024.1397301
https://doi.org/10.1016/j.biopha.2022.113758
https://doi.org/10.1016/j.biopha.2022.113758
https://doi.org/10.1155/2022/1733834
https://doi.org/10.1155/2022/1733834
https://doi.org/10.1155/2022/1733834
https://doi.org/10.3389/fphar.2021.690549
https://doi.org/10.3389/fphar.2021.690549
https://doi.org/10.3389/fphar.2021.690549
https://doi.org/10.1016/j.jep.2023.116615
https://doi.org/10.1016/j.jep.2023.116615
https://doi.org/10.1016/j.jep.2023.116615
https://doi.org/10.31083/j.fbl2805094
https://doi.org/10.31083/j.fbl2805094
https://doi.org/10.1016/j.jtho.2024.03.016
https://doi.org/10.1016/j.jtho.2024.03.016
https://doi.org/10.1038/s41416-019-0573-8
https://doi.org/10.1038/s41416-019-0573-8
https://doi.org/10.1038/s41416-019-0573-8
https://doi.org/10.1038/s41416-019-0573-8
https://doi.org/10.1038/s41416-019-0573-8
https://doi.org/10.1038/s41416-019-0573-8
https://doi.org/10.1038/s41416-019-0573-8
https://doi.org/10.1038/s41416-019-0573-8
https://doi.org/10.1186/s13046-021-02130-2
https://doi.org/10.1186/s13046-021-02130-2
https://doi.org/10.1186/s13046-021-02130-2
https://doi.org/10.1186/s13046-021-02130-2
https://doi.org/10.1186/s13046-021-02130-2
https://doi.org/10.1186/s13046-021-02130-2
https://doi.org/10.1186/s13046-021-02130-2
https://doi.org/10.1186/s13046-021-02130-2
https://doi.org/10.3390/nu17152406
https://doi.org/10.3390/nu17152406
https://doi.org/10.1186/s12906-023-04314-z
https://doi.org/10.1186/s12906-023-04314-z
https://doi.org/10.1186/s12906-023-04314-z

K. Liang et al.

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

137

023-04314-z.

Liu Q, Zhang ], Han X, et al. Huiyang Shengji Decoction promotes wound
healing in diabetic mice by activating the EGFR/PI3K/ATK pathway. Chin
Med. 2021;16(1):111. https://doi.org/10.1186/s13020-021-00497-0.
Maimaitiaili N, Zeng Y, Ju P, et al. NLRC3 deficiency promotes hypoxia-
induced pulmonary hypertension development via IKK/NF-kB p65/HIF-1a
pathway. Exp Cell Res. 2023;431(2):113755. https://doi.org/10.1016/j.
yexcr.2023.113755.

Xiao Z, Jiang S, Fu S, et al. Unveiling the therapeutic mechanism of
Epimedium Herba on prostate cancer through network pharmacology and
experimental validation. Chin ] Nat Med. 2025;23(12):100016. https://doi.
org/10.1016/j.cjnm.2025.100016.

Shen Z, Yu N, Zhang Y, et al. The potential roles of HIF-1a in epithelial-
mesenchymal transition and ferroptosis in tumor cells. Cell Signal.
2024;122:111345. https://doi.org/10.1016/j.cellsig.2024.111345.

Zhu T, Wang B, Huang W, et al. Anti-inflammatory effect of calycosin on
hypoxia-induced retinal pigment epithelium cells. Discov Med. 2025;37
(194):525-534. https://doi.org/10.24976/Discov.Med.202537194.44.
Zhang YM, Miao ZM, Chen YP, et al. Ononin promotes radiosensitivity in
lung cancer by inhibiting HIF-1a/VEGF pathway. Phytomedicine. 2024;125:
155290. https://doi.org/10.1016/j.phymed.2023.155290.

Zheng ZX, Liu EY, Wu QY, et al. The flavonoids induce the transcription of
mRNA encoding erythropoietin in cultured embryonic stem cells via the
accumulation of hypoxia-inducible factor-1a. Chem Biol Interact. 2023;382:
110609. https://doi.org/10.1016/j.cbi.2023.110609.

Zheng KY, Choi RC, Cheung AW, et al. Flavonoids from Radix Astragali
induce the expression of erythropoietin in cultured cells: a signaling
mediated via the accumulation of hypoxia-inducible factor-1a. ] Agric Food
Chem. 2011;59(5):1697-1704. https://doi.org/10.1021/jf104018u.

Jia Z, Wang X, Wang X, et al. Calycosin alleviates allergic contact dermatitis
by repairing epithelial tight junctions via down-regulating HIF-1a. J Cell Mol
Med. 2018;22(9):4507-4521. https://doi.org/10.1111/jcmm.13763.

Ding C, Wu Y, Zhan C, et al. Research progress on the role and inhibitors of
Keap1 signaling pathway in inflammation. Int Immunopharmacol. 2024;141:
112853. https://doi.org/10.1016/j.intimp.2024.112853.

Huang Y, Zhang X, Chen L, et al. Lycium barbarum ameliorates neural
damage induced by experimental ischemic stroke and radiation exposure.
Front Biosci (Landmark Ed). 2023;28(2):38. https://doi.org/10.31083/j.
fbl2802038

Zhang Q, Liu ], Duan H, et al. Activation of Nrf2/HO-1 signaling: an
important molecular mechanism of herbal medicine in the treatment of
atherosclerosis via the protection of vascular endothelial cells from
oxidative stress. | Adv Res. 2021;34:43-63. https://doi.org/10.1016/j.jare.
2021.06.023.

Liu H, Bai X, Wei W, et al. Calycosin ameliorates bleomycin-induced
pulmonary fibrosis by suppressing oxidative stress, apoptosis, and
enhancing autophagy. Evid Based Complement Alternat Med. 2022;2022:
9969729. https://doi.org/10.1155/2022/9969729.

Ma Q, Yu J, Zhang X, et al. Wnt/B-catenin signaling pathway: a versatile
player in apoptosis and autophagy. Biochimie. 2023;211:57-67. https://doi.
org/10.1016/j.biochi.2023.03.001.

Song ], Yang JP, Yang JK, et al. Wnt/GSK3B/B-catenin signaling pathway
regulates calycosin-mediated anticancer effects in glioblastoma multiforme
cells. Arab ] Chem. 2023;16(5):104567. https://doi.org/10.1016/j.arabjc.
2023.104567.

Shakerian L, Kolahdooz H, Garousi M, et al. IL-33/ST2 axis in autoimmune
disease. Cytokine. 2022;158:156015. https://doi.org/10.1016/j.cyto.2022.
156015.

Elsherbiny NM, Said E, Atef H, et al. Renoprotective effect of calycosin in
high fat diet-fed/STZ injected rats: effect on IL-33/ST2 signaling, oxidative
stress and fibrosis suppression. Chem Biol Interact. 2020;315:108897. https:
//doi.org/10.1016/j.cbi.2019.108897.

Guan J, Wang L, Ji Y, et al. UHPLC-MS/MS method for quantifying
Fangchinoline, Tetrandrine and Calycosin-7-0-B-D-glucoside of Fangji
Huanggqi decoction in rat plasma and its application to a pharmacokinetic

695

138

139

140

141

142

143

144

146

147

148

149

150

151

152

Chinese Journal of Natural Medicines 24 (2026) 672-695

study. / Chromatogr Sci. 2022;60(5):458-464. https://doi.org/10.1093/
chromsci/bmab116.

Wen XD, Qi LW, Li B, et al. Microsomal metabolism of calycosin,
formononetin and drug-drug interactions by dynamic microdialysis
sampling and HPLC-DAD-MS analysis. ] Pharm Biomed Anal. 2009;50(1):
100-105. https://doi.org/10.1016/j.jpba.2009.03.038.

Gu Y, Piao X, Zhu D. Simultaneous determination of calycosin, prim-O-
glucosylcimifugin, and paeoniflorin in rat plasma by HPLC-MS/MS:
application in the pharmacokinetic analysis of HQCF. J Int Med Res. 2020;48
(11):300060520972902. https://doi.org/10.1177/0300060520972902
Zhao J, Ren Y, Qu Y, et al. Pharmacodynamic and pharmacokinetic
assessment of pulmonary rehabilitation mixture for the treatment of
pulmonary fibrosis. Sci Rep. 2017;7(1):3458. https://doi.org/10.1038/
s41598-017-02774-1.

Zhou L. Study on the absorption and metabolic characteristics of the active
ingredient calycosin from Astragalus membranaceus. Nanjing: Nanjing
University of Chinese Medicine; 2014.

Tian X, Chen S, Zhang Y, et al. Absorption, liver first-pass effect,
pharmacokinetics and tissue distribution of calycosin-7-0-f-D-
glucopyranoside (C7G) and its major active metabolite, calycosin, following
oral administration of C7G in rats by LC-MS/MS. | Pharm Biomed Anal.
2018;148:350-354. https://doi.org/10.1016/j.jpba.2017.10.027.

Liu XH, Zhu R], Hu F, et al. Tissue distribution of six major bio-active
components after oral administration of Zhenqi Fuzheng Capsules to rats
using ultra-pressure liquid chromatography-tandem mass spectrometry. J
Chromatogr B Analyt Technol Biomed Life Sci. 2015;986-987:44-53. https://
doi.org/10.1016/j.jchromb.2015.01.033

He M, Chen W, Wang M, et al. Simultaneous determination of multiple
bioactive components of Bu-zhong-yi-gi-tang in rat tissues by LC-MS/MS:
application to a tissue distribution study. /] Chromatogr B Analyt Technol
Biomed Life Sci. 2017;1044-1045:177-184. https://doi.org/10.1016/j.
jchromb.2017.01.023

Chen Q, Wan ], Zhang Y, et al. Pharmacokinetic-pharmacodynamic
modeling analysis for hydroxysafflor yellow A-calycosin in compatibility in
normal and cerebral ischemic rats: a comparative study. Biomed
Pharmacother. 2022;150:112950. https://doi.org/10.1016/j.biopha.2022.
112950.

Yu J, Zhu L, Zheng H, et al. Sulfotransferases and breast cancer resistance
protein determine the disposition of calycosin in vitro and in vivo. Mol
Pharm.  2017;14(9):2917-2929.  https://doi.org/10.1021/acs.molphar
maceut.7b00042.

Yun WJ, Yao ZH, Fan CL, et al. Systematic screening and characterization of
Qi-Li-Qiang-Xin capsule-related xenobiotics in rats by ultra-performance
liquid chromatography coupled with quadrupole time-of-flight tandem
mass spectrometry. /| Chromatogr B Analyt Technol Biomed Life Sci.
2018;1090:56-64. https://doi.org/10.1016/j.jchromb.2018.05.014.

Chen S]J. Study on the in vivo process of calycosin-7-0-f3-D-glucopyranoside
and its aglycone in rats. Shanghai: Shanghai Normal University; 2018.

Shi J, Zheng L, Lin Z, et al. Study of pharmacokinetic profiles and
characteristics of active components and their metabolites in rat plasma
following oral administration of the water extract of Astragali radix using
UPLC-MS/MS. ] Ethnopharmacol. 2015;169:183-194. https://doi.org/10.
1016/j.jep.2015.04.019.

Yu Y, Sun P. Calycosin alleviates lupus nephritis by activating the Nrf2/HO-
1 signaling pathway. Rev Bras Farmacogn. 2023;33(5):1052-1059. https://
doi.org/10.1007/s43450-023-00435-1.

Zhang D, Sun G, Peng L, et al. Calycosin inhibits viability, induces apoptosis,
and suppresses invasion of cervical cancer cells by upregulating tumor
suppressor miR-375. Arch Biochem Biophys. 2020;691:108478. https://doi.
org/10.1016/j.abb.2020.108478.

An F, Zhao R, Xuan X, et al. Calycosin ameliorates advanced glycation end
product-induced neurodegenerative changes in cellular and rat models of
diabetes-related Alzheimer’s disease. Chem Biol Interact. 2022;368:110206.
https://doi.org/10.1016/j.cbi.2022.110206.


https://doi.org/10.1186/s12906-023-04314-z
https://doi.org/10.1186/s12906-023-04314-z
https://doi.org/10.1186/s12906-023-04314-z
https://doi.org/10.1186/s12906-023-04314-z
https://doi.org/10.1186/s12906-023-04314-z
https://doi.org/10.1186/s13020-021-00497-0
https://doi.org/10.1186/s13020-021-00497-0
https://doi.org/10.1186/s13020-021-00497-0
https://doi.org/10.1186/s13020-021-00497-0
https://doi.org/10.1186/s13020-021-00497-0
https://doi.org/10.1186/s13020-021-00497-0
https://doi.org/10.1186/s13020-021-00497-0
https://doi.org/10.1186/s13020-021-00497-0
https://doi.org/10.1016/j.yexcr.2023.113755
https://doi.org/10.1016/j.yexcr.2023.113755
https://doi.org/10.1016/j.yexcr.2023.113755
https://doi.org/10.1016/j.cjnm.2025.100016
https://doi.org/10.1016/j.cjnm.2025.100016
https://doi.org/10.1016/j.cjnm.2025.100016
https://doi.org/10.1016/j.cellsig.2024.111345
https://doi.org/10.1016/j.cellsig.2024.111345
https://doi.org/10.24976/Discov.Med.202537194.44
https://doi.org/10.24976/Discov.Med.202537194.44
https://doi.org/10.1016/j.phymed.2023.155290
https://doi.org/10.1016/j.phymed.2023.155290
https://doi.org/10.1016/j.cbi.2023.110609
https://doi.org/10.1016/j.cbi.2023.110609
https://doi.org/10.1021/jf104018u
https://doi.org/10.1021/jf104018u
https://doi.org/10.1111/jcmm.13763
https://doi.org/10.1111/jcmm.13763
https://doi.org/10.1016/j.intimp.2024.112853
https://doi.org/10.1016/j.intimp.2024.112853
https://doi.org/https://doi.org/10.31083/j.fbl2802038
https://doi.org/https://doi.org/10.31083/j.fbl2802038
https://doi.org/10.1016/j.jare.2021.06.023
https://doi.org/10.1016/j.jare.2021.06.023
https://doi.org/10.1016/j.jare.2021.06.023
https://doi.org/10.1155/2022/9969729
https://doi.org/10.1155/2022/9969729
https://doi.org/10.1016/j.biochi.2023.03.001
https://doi.org/10.1016/j.biochi.2023.03.001
https://doi.org/10.1016/j.biochi.2023.03.001
https://doi.org/10.1016/j.arabjc.2023.104567
https://doi.org/10.1016/j.arabjc.2023.104567
https://doi.org/10.1016/j.arabjc.2023.104567
https://doi.org/10.1016/j.cyto.2022.156015
https://doi.org/10.1016/j.cyto.2022.156015
https://doi.org/10.1016/j.cyto.2022.156015
https://doi.org/10.1016/j.cbi.2019.108897
https://doi.org/10.1016/j.cbi.2019.108897
https://doi.org/10.1016/j.cbi.2019.108897
https://doi.org/10.1093/chromsci/bmab116
https://doi.org/10.1093/chromsci/bmab116
https://doi.org/10.1093/chromsci/bmab116
https://doi.org/10.1016/j.jpba.2009.03.038
https://doi.org/10.1016/j.jpba.2009.03.038
https://doi.org/https://doi.org/10.1177/0300060520972902
https://doi.org/10.1038/s41598-017-02774-1
https://doi.org/10.1038/s41598-017-02774-1
https://doi.org/10.1038/s41598-017-02774-1
https://doi.org/10.1038/s41598-017-02774-1
https://doi.org/10.1038/s41598-017-02774-1
https://doi.org/10.1038/s41598-017-02774-1
https://doi.org/10.1038/s41598-017-02774-1
https://doi.org/10.1038/s41598-017-02774-1
https://doi.org/10.1038/s41598-017-02774-1
https://doi.org/10.1016/j.jpba.2017.10.027
https://doi.org/10.1016/j.jpba.2017.10.027
https://doi.org/https://doi.org/10.1016/j.jchromb.2015.01.033
https://doi.org/https://doi.org/10.1016/j.jchromb.2015.01.033
https://doi.org/https://doi.org/10.1016/j.jchromb.2017.01.023
https://doi.org/https://doi.org/10.1016/j.jchromb.2017.01.023
https://doi.org/10.1016/j.biopha.2022.112950
https://doi.org/10.1016/j.biopha.2022.112950
https://doi.org/10.1016/j.biopha.2022.112950
https://doi.org/10.1021/acs.molpharmaceut.7b00042
https://doi.org/10.1021/acs.molpharmaceut.7b00042
https://doi.org/10.1021/acs.molpharmaceut.7b00042
https://doi.org/10.1016/j.jchromb.2018.05.014
https://doi.org/10.1016/j.jchromb.2018.05.014
https://doi.org/10.1016/j.jep.2015.04.019
https://doi.org/10.1016/j.jep.2015.04.019
https://doi.org/10.1016/j.jep.2015.04.019
https://doi.org/10.1007/s43450-023-00435-1
https://doi.org/10.1007/s43450-023-00435-1
https://doi.org/10.1007/s43450-023-00435-1
https://doi.org/10.1007/s43450-023-00435-1
https://doi.org/10.1007/s43450-023-00435-1
https://doi.org/10.1007/s43450-023-00435-1
https://doi.org/10.1007/s43450-023-00435-1
https://doi.org/10.1007/s43450-023-00435-1
https://doi.org/10.1007/s43450-023-00435-1
https://doi.org/10.1016/j.abb.2020.108478
https://doi.org/10.1016/j.abb.2020.108478
https://doi.org/10.1016/j.abb.2020.108478
https://doi.org/10.1016/j.cbi.2022.110206

	1 Introduction
	2 Isolation and purification of calycosin
	2.1 Extraction techniques
	2.1.1 Flash extraction
	2.1.2 Hydrolytic extraction
	2.1.3 Ultrasound-assisted enzymatic hydrolysis (UAEH)

	2.2 Separation and purification methods
	2.2.1 Enrichment by macroporous adsorption resin (MAR)
	2.2.2 Purification by silica gel column chromatography (SGCC)
	2.2.3 Refinement by high-speed counter-current chromatography (HSCC)
	2.2.4 Semi-preparative high-performance liquid chromatography (S-pHPLC)


	3 Synthesis pathways of calycosin
	3.1 Biosynthesis pathway
	3.2 Chemical synthesis methods
	3.3 Microbial synthesis methods

	4 Calycosin derivatives and their pharmacological activities
	5 Biological effects of calycosin via multiple pathways
	5.1 Biological effects of calycosin via modulation of the NF-κB signaling pathway
	5.2 Biological effects of calycosin via modulation of the PI3K/AKT signaling pathway
	5.3 Biological effects of calycosin via modulation of the MAPK signaling pathway
	5.4 Biological effects of calycosin via modulation of the STAT3 signaling pathway
	5.5 Biological effects of calycosin via modulation of the AMPK signaling pathway
	5.6 Biological effects of calycosin via modulation of the TGF-β1/Smad signaling pathway
	5.7 Biological effects of calycosin via modulation of the NLRP3 signaling pathway
	5.8 Biological effects of calycosin via modulation of the EGFR signaling pathway
	5.9 Biological effects of calycosin via modulation of the HIF signaling pathway
	5.10 Biological effects of calycosin via modulation of other signaling pathways
	5.11 Cross-talk network of signaling pathways

	6 Pharmacokinetics (PK) of calycosin
	6.1 Absorption and first-pass effect
	6.2 Distribution characteristics
	6.3 Metabolism and excretion

	7 Safety evaluation of calycosin
	8 Conclusion and prospects
	Funding
	Declaration of Competing Interests
	References

